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Abstract

The retrosplenial cortex (RSC) is a cortical area found in rodents, primates and
humans, and is thought to be involved in various cognitive functions including
spatial navigation and episodic memory. One of the defining characteristics of the
RSC is the high interconnectivity it shares with a range of distal brain regions.
This connectivity is likely critical to its function, as reciprocal connections have
been anatomically identified with other nodes in the extended memory circuit
such as the thalamus and the hippocampal formation. The RSC has also been
proposed as a site of covert pathology during Alzheimer’s disease (AD). It exhibits
many pathological changes during the early stages of the disease, and is highly

susceptible to deafferentation following damage to distally-connected areas.

The synaptic strength and specificity of inputs into the RSC are still relatively
unknown. Here, the anatomical and functional connectivity of afferent projections
into the RSC were examined using a combination of viral anatomical tracing and
patch clamp electrophysiology in ex vivo slices. Optogenetic interrogation of
projections from the anterior cingulate cortex, the dorsal subiculum and the
anterior thalamic nuclei in C57BL/6J mice revealed synaptic connectivity
differences between inputs as well as between the granular and dysgranular
subdivisions of the RSC. The results also showed that anatomical connectivity
does not necessarily predict functional connectivity in RSC.

| then investigated whether the anterior thalamic nuclei to RSC projection is
disrupted in an amyloidogenic mouse model of AD: the PDGF-APPSw,Ind (J20)
transgenic line. While J20 mice exhibited RSC amyloid plague deposition, there
was no change in basal neuronal activity or disruption to synaptic responses.
These findings were highly unexpected and speak to the complexity of the RSC
and its circuitry. Overall, the work presented in this thesis improves our
understanding of the RSC and its circuitry in both healthy and AD conditions. This
work increases our knowledge of a brain region that is relatively under-
represented in research, but plays a critical role in our cognition by integrating
information from all over the brain to help form the complex representations

necessary for navigating the world.
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1.1 | The retrosplenial cortex

1.1.1 | RSC neuroanatomy
1.1.1.1 | Architecture of the RSC

The rodent RSC is located at the midline, dorsal to the corpus callosum and
posterior to the midcingulate cortex (MCC), and spans across the anterior-
posterior axis in mice (Paxinos and Franklin, 2001). The architecture of the RSC
has been described previously in mice and rats (Vogt and Paxinos, 2014; Vogt
and Peters, 1981), and follows a standard cortical laminar delineation into six
cytoarchitectonically distinct layers. The RSC can also be further subdivided into
two distinct sub-regions, the granular (gRSC) and dysgranular (dRSC), which are
analogous to Brodman'’s areas 29 and 30 in humans (Vann et al., 2009). These
sub-region and laminar architectonic distinctions are conserved across
mammalian brains, and are similarly described within the human retrosplenial
cortex (Morris et al., 2000). Of note is the variation in subdivision within the gRSC
and dRSC depending on species and author preference; therefore in this thesis
the gRSC and dRSC will be referred to as a collective of their subdivisions in

accordance with Aggleton et al. (2021).

Anatomical differentiation of the gRSC and dRSC regions is immediately
apparent from neuronal or cellular staining; the clearest cytoarchitectonic
difference being the cell density in the superficial layers. gRSC layers 2-4 exhibit
a much denser organisation than the dRSC, and the internal granular layer (2) is
much thicker and more densely populated (see Figure 1.1). The external granular
layer (4) is also more pronounced in the gRSC, and is negligible in the dRSC.
The gRSC and dRSC also exhibit unique long-range circuitry, discussed in
Section 1.1.2.

Finally, it should be noted that whilst the architecture of the RSC is similar through
the anterior-posterior axis there are some differences: in particular, a small
increase in thickness of the dRSC layer 4 in the posterior RSC (Vogt and Paxinos,
2014). Topographic organisation of RSC efferents and afferents also occurs

along the anterior-posterior axis.
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Figure 1.1 | RSC cytoarchitecture and position. A Sub-region and

laminar distinctions of the (i) anterior and (ii) posterior RSC in the mouse
brain. B Position of the RSC in context with other regions of the extended
memory circuit in the (i) rodent and (ii) human brain (ATN: anterior thalamic
nuclei; HF: hippocampal formation; MB: mammillary bodies; PFC: prefrontal
cortex). Figure adapted from the Allen Brain Atlas (https://mouse.brain-
map.org) (A) and (Barnett et al., 2018) (B).
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1.1.1.2 | Pyramidal cell subpopulations in the RSC

Cortical brain regions, like the RSC, typically contain two broad neuron subtypes
(Molyneaux et al., 2007): excitatory glutamatergic neurons, of which pyramidal
cells (PCs) are the most common type, and inhibitory GABAergic (gamma
aminobutyric acid) interneurons (IN). Notably, the RSC exhibits substantial
heterogeneity of PC subpopulations within the gRSC region. In rats, the majority
of PCs within layers 2 and 3 exhibit a phenotype termed ‘late-spiking’ (LS). These
PCs have small somata, and demonstrate weak hyper-polarisation activated
cation currents and increased latency to fire at supra-threshold depolarisation
(Kurotani et al., 2013). Similar small PCs are found in the mouse superficial
gRSC, and demonstrate a hyperexcitability phenotype compared to regular
spiking (RS) PC (Brennan et al., 2020). This phenotype appears specific to the
gRSC and perirhinal cortices (Beggs et al., 2000), and is suggested to support
synaptic integration and information encoding for larger temporal delays of

several hundred milliseconds (Kurotani et al., 2013).

Additionally, a small subset of burst-spiking (BS) PC have been identified in the
rat gRSC layer 5 (Yousuf et al., 2020), and were related to RS PC with an
unusually pronounced afterdepolarisation. These gRSC PC subpopulations are
not present in juvenile rats, suggesting changes in neuronal firing within the RSC
that emerge with age and experience. The dRSC also displays some PC
heterogeneity, however focus has been on the subpopulations within layer 5 and
not superficial PC (Sempere-Ferrandez et al., 2018). Within the dRSC, PCs in
layers 2-3 are more hyperpolarised at rest and have a significantly smaller
hyperpolarisation-activated current (sag) than PCs in layer 5, while two sub-
populations of PCs in layer 5 are distinguished by differences in soma area, input

resistance and sag.

1.1.2 | Connectivity of the RSC

One of the hallmark characteristics of the RSC is its high interconnectivity with
many other areas of the brain. Neuroanatomical tracing studies in rats have
demonstrated reciprocal connections with other cortical regions, including
prefrontal cortex (PFC) structures, as well as hippocampal and limbic structures
(Groen and Wyss, 2003, 1992, 1990). These connections have mostly been



confirmed in the mouse brain (Aggleton et al., 2021), and are conserved in the
primate brain (Kobayashi and Amaral, 2003; Vogt et al., 1987). There is however
a lack of information regarding RSC connectivity in the mouse brain, both
neuroanatomically and functionally, which is necessary for understanding this

area in context of its role in behaviour and within wider brain circuitry.

Whilst the dRSC and gRSC receive comparable density of inputs for many of
these pathways, there are some key differences in connectivity between the sub-
regions. In the rat brain, the gRSC preferentially receives inputs from the
hippocampal formation, such as the CA1 region of the hippocampus (HPC) and
the dorsal subiculum (dSub) (Wyss and Van Groen, 1992). These connections
are organised along the anterior-posterior axis; the anterior RSC is primarily
connected to the anterodorsal HPC and the posterior RSC to the posteroventral
HPC. Additionally, the gRSC has denser connections with the anterodorsal
nucleus and anteroventral nucleus of the anterior thalamic nuclei (ATN) (Groen
and Wyss, 2003, 1990). The dRSC instead receives greater input from the
primary visual cortex (V1) and extrastriate visual cortices, as well as the
anteromedial nucleus and the lateral dorsal nucleus of the thalamus (Groen and
Wyss, 1992).

As well as receiving a wide variety of long-range inputs, the RSC also sends
many projections to distal brain regions. Most of these connections are reciprocal
in nature and distributed evenly across the RSC sub-regions; however, one
noteworthy difference between afferent and efferent connections of the RSC is
the relative lack of direct input into the hippocampal formation from the RSC
(Sugar et al., 2011). Instead, it is proposed the RSC exerts influence on the
hippocampal formation via an indirect pathway through the entorhinal cortex and
ATN (Prasad and Chudasama, 2013), highlighting the need to consider the RSC
as part of a distributed neuronal circuit when examining its function and
connectivity. Figure 1.2 illustrates the afferent and efferent connectivity of the
rodent gRSC and dRSC.
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and reflects the non-preferential targeting of the visual cortices and gRSC

inputs to the anteromedial thalamic nucleus in the mouse brain.

Currently, an extensive neuroanatomical dissection of the mouse RSC
connectivity is lacking; however, a review of the Allen Mouse Brain Connectivity
Atlas indicated a lack of input preference for the visual cortices and some minor
differences in the RSC to thalamus projections (Aggleton et al., 2021). Therefore,
although existing literature on the rat brain is useful for informing hypotheses of

the murine RSC, further important differences may come to light in the future.

Long-range inputs into the RSC also show preferential targeting of specific layers
within the region. For example, in the gRSC axon terminations from the dSub are
found primarily in layer 3 whilst projections from the ATN terminate mainly in
layers 1 and 3. In contrast, whilst projections from the claustrum (CLA) and
anterior cingulate cortex (ACC) are prominent in layer 1, they also target layer 5
extensively (Brennan et al., 2021). Projections from the secondary motor cortex
(M2) preferentially terminate in layers 2-3 in the dRSC (Yamawaki et al., 2016).
Further laminar targeting of the RSC by its afferents has been qualitatively
described (Wyss and Van Groen, 1992), but its role in circuit function is yet to be

fully explored.

Whilst the neuroanatomy of RSC connectivity has been extensively described,
particularly in the primate and rat brain, there is limited evidence of the
functionality of these connections. The literature indicates excitatory inputs into
the gRSC from the dSub, ACC, AD/AV, CLA and M2 (Brennan et al., 2021; Nitzan
et al., 2020; Yamawaki et al., 2016). Contrastingly, inputs from the CA1 region of
the HPC primarily inhibit the gRSC, and intercept the ATN excitatory inputs
(Opalka et al., 2020; Yamawaki et al., 2019b). Afferent inputs from different
regions may also be associated with specific synaptic plasticity mechanisms:
dSub, ACC and CLA projections into the gRSC exhibit short-term facilitation
whereas ATN and CAl projections are depressing (Brennan et al., 2021,
Yamawaki et al.,, 2019a). Further dissection of these pathways indicates
differences in strength or direction of innervation dependent on layer and cell-
type (Brennan et al., 2021; Opalka et al., 2020). These afferent projections are
also not independent of the rest of the brain; monosynaptic dSub inputs are

invariably excitatory however a disynaptic inhibitory circuit has also been



described (Yamawaki et al., 2019a). Understanding the function of these circuits
is crucial to dissecting the role the RSC plays in behaviour (see Section 1.1.3.3),
therefore further research is required. In particular, there has been little to no
examination of the function of the afferent connections into the dRSC.

Another approach to examining RSC connectivity is to consider the effects
following the disconnection of specific pathways. The RSC is highly sensitive to
deafferentation following damage to distally-connected brain regions.
Significantly, decreased neuronal activity is observed following lesions in the
HPC (Albasser et al., 2007; Jenkins et al., 2006), mammillothalamic tract (Frizzati
et al., 2016) and ATN (Jenkins et al., 2004), whilst ATN lesions also cause a loss
of synaptic plasticity (Garden et al., 2009) and transcriptional deregulation
(Poirier et al., 2008) as well as decreased dendritic spine density (Wolff and Vann,
2019) in the RSC. These findings indicate the importance of RSC connections to
its normal functioning, and further support the concept of the RSC as a critical

node in an extended circuit.

On a final note, whilst the long-range inputs into the RSC are the focus of this
thesis, it is also important to consider the micro-circuitry of the area. Within the
RSC, there is evidence of connections between the dRSC and gRSC as well as
bi-directional connections along the anterior-posterior axis (Shibata et al., 2009).
Interhemispheric connectivity within the RSC is also seen via callosal input into
the dRSC and gRSC (Robles et al., 2020; Sempere-Ferrandez et al., 2018), and
this micro-circuitry also displays distinct cellular and laminar specificity. In fact, in
primates up to 78% of RSC afferent and efferent connections originate and
terminate within this area (Kobayashi and Amaral, 2003). Therefore, when
discussing any layer or sub-region input specificity we must remain mindful of the
extensive cortico-cortical pathways within the RSC itself.

1.1.3 | Behavioural function of the RSC
All behavioural studies discussed in Section 1.1.3 were conducted in rats unless

stated otherwise.



1.1.3.1 | Silencing studies

Silencing of the RSC is a useful approach to study the necessity of this brain
structure for different behaviours, and silencing methods can be permanent
(lesioning) or transient (optogenetic, chemogenetic or pharmacological
inactivation). Through these studies we have come to understand the importance
of the RSC in spatial memory (see Mitchell et al., 2018 for review). Following
lesions in the rodent RSC, impairments in tasks requiring spatial learning and
memory were observed: such as the Morris water maze (Vann and Aggleton,
2004, 2002; Whishaw et al., 2001), radial arm maze (Keene and Bucci, 2009;
Vann and Aggleton, 2004), matching-to-place (Whishaw et al., 2001) and object-
in-place tasks (Parron and Save, 2004). Furthermore, RSC lesioning also leads
to deficits in recall of contextually-conditioned fear responses when disrupted
both pre- and post-training (Fournier et al., 2019a; Keene and Bucci, 2008a), and
impairs performance in associative learning paradigms such as sensory pre-
conditioning (Fournier et al., 2020; Keene and Bucci, 2008b; Robinson et al.,
2011) and negative patterning discrimination (Fournier et al., 2019b).

The complex role of the RSC in learning and memory is evident in tasks in which
RSC disruption leads to little or no perturbation in task performance. For example,
the spatial memory deficits correlated with RSC disruption are mostly seen in
tasks that require allocentric, not egocentric, spatial processing using distal visual
cues (Hindley et al., 2014; Pothuizen et al., 2010; Vann and Aggleton, 2005).
However, inactivation of the RSC disrupts navigation in the dark, but not light
(Cooper et al., 2001), suggesting that the RSC is not solely concerned with
allocentric processing. Disruption of the RSC also affects spatial processing
when animals are required to discriminate between relevant and irrelevant cues
regardless of whether they are distal or local (Nelson et al., 2015; Wesierska et
al., 2009). RSC activity is also necessary for the association of environmental
cues and related motor action to drive appropriate action selection for navigation
in mice (Franco and Goard, 2021). Therefore, it is suggested that the RSC is
crucial for both the integration of allocentric and egocentric information, as well
as spatial strategy shifting and decision making (Mitchell et al., 2018). Subtleties
within the radial arm maze task also indicate a nuanced role of the RSC; rats with
RSC lesions showed increased errors of omission but not commission when a

short delay was imposed between arm choices; however, when the delay was



increased errors of commission became evident (Keene and Bucci, 2009). This
suggests that while the RSC is important in reference memory (errors of
omission), the effect of RSC disruption on spatial working memory (errors of
commission) is limited to highly taxing tasks.

Similar specific impairments can also be seen in associative learning paradigms.
Whilst RSC lesioning impairs contextual conditioned fear responses, it does not
affect fear response to a simple conditioned stimulus (CS) (Keene and Bucci,
2008c). Pavlovian responses to a reward-associated single CS are similarly not
affected, however performance impairment is seen in tasks with multiple CS
(Keene and Bucci, 2008b) following RSC disruption. This supports another
integrative role for the RSC which includes linking separate stimuli and applying
value. One of the most striking findings, however, has been that whilst the RSC
is not necessary for the acquisition and retrieval of recent simple CS associations,
lesioning of the RSC after consolidation significantly reduces fear response to a
CS (Todd et al., 2016). Moreover, optogenetic disruption of the mouse RSC
prevents retrieval of an associate relationship formed during the latent learning
pre-conditioning phase, but later disruption during standard conditioning phases
does not affect associative learning (Barros et al., 2021). Therefore, the RSC may
be important for storage and retrieval of “remote” associative memories, and this
mechanism is driven by N-methyl-d-aspartate (NMDA) receptors in mice
(Corcoran et al., 2011). Evidence from a primate RSC lesion study also confirms
the role of the RSC in memory retrieval, as bilateral lesioning of the RSC disrupts
retrograde, but not anterograde, spatial memory in an object-in-place task
paradigm (Buckley and Mitchell, 2016).

There is evidence of topographical organisation of behavioural function in the
RSC, as the severity of the behavioural impairments has been shown to be
modulated by the extent and placement of lesions along the anterior-posterior
axis (Vann and Aggleton, 2004, 2002). Furthermore, silencing of the dRSC and
gRSC are associated with distinct deficits: dRSC disruption primarily affects
behaviours requiring visual cue information whilst contextual memory is affected
following gRSC disruption (Aggleton et al., 2021). However, there is a lack of
research directly comparing the two, and the evidence so far also indicates a

large overlap in behavioural functions of the two RSC sub-regions.



The majority of knowledge of behavioural outcomes of RSC silencing comes from
rodent research, as there is limited literature examining the effect of RSC-specific
lesions in humans due to the rarity of localised damage. The data that are
available do confirm a role for the RSC in spatial learning and memory, but also
suggest a hemispheric lateralisation. Damage to the right RSC results in spatial
impairments including navigation and orientation (Hashimoto et al., 2010;
Maguire, 2001), whilst damage in the left RSC is associated with anterograde
and retrograde episodic memory amnesia (Kim et al., 2007; Maguire, 2001;
Valenstein et al., 1987). Furthermore, whilst the extent of cognitive impairment
and future prognosis are heavily affected by the size and placement of the
damage; prognosis is still generally good even with bilateral RSC lesions (Kim
et al., 2007).

1.1.3.2 | Neuronal activity and activation studies

A complementary approach to understanding the function of a particular brain
area is to measure the changes in activity during behavioural tasks and infer
causality. Histological analysis of markers of neuronal activity, such as the
immediate early genes (IEG) Fos and zif268, indicate increases in RSC activity
immediately following a spatial working memory task (Pothuizen et al., 2009). In
mice, RSC neuronal activity during memory retrieval is also potentiated after
consolidation (1 day vs 30 day post-training), unlike in the hippocampus,
suggesting learning and long-term storage are both RSC-dependent (Maviel et
al., 2004). Fos protein expression also increases following contextual associative
learning and retrieval in mice (Toropova et al.,, 2020), as well as following

instrumental conditioning in rats (Svarnik et al., 2005).

Importantly, the presence of elevated Fos appears a valid indicator of learning
and memory in the RSC. Two-photon imaging studies in mice have shown that
training in spatial memory tasks recruits specific neuronal ensembles (or
engrams) that are then re-instated during retrieval, and that the stability of these
engrams are also directly predictive of future performance (Milczarek et al.,
2018). Furthermore, optogenetic re-activation of behaviourally-tagged neuronal
ensembles in the RSC — using the mouse Fos Tet Tag system — re-instates

contextual fear behaviour (Cowansage et al., 2014). Re-activation of contextual



fear ensembles using high-frequency stimulation potentiates consolidation by
decreasing time for a recent memory to exhibit remote memory features in mice:
such as decreased hippocampal dependence, context generalisation and greater
engagement of neocortical regions (de Sousa et al., 2019). Finally, blocking Fos
activation in the RSC prevents long term retention of fear memory (Katche and
Medina, 2017).

Not only does the RSC present encoding of behavioural neuronal ensembles
similar to the HPC, but there is also substantial evidence of complex spatially-
and functionally-tuned neurons. Head-direction (HD) cells have long been
identified in rats in the dRSC and gRSC (Chen et al., 1994b), however their
direction preferences are often modulated by locomotion or visual cue rotation
(Chen et al., 1994a) and their firing is anticipatory (Cho and Sharp, 2001; Lozano
et al., 2017). Further research has also identified sub-populations of neurons
which encode visual landmarks and cues (Fischer et al., 2020; Powell et al.,
2020) and locomotor activity in mice (Powell et al., 2020), as well as reward
location (Vedder et al., 2017) and spatial border locations (van Wijngaarden et
al., 2020) in rats. “Place cells” have also been found in the mouse RSC, however
these spatially-tuned cell formations show unique characteristics compared to
those found in the HPC as they are experience-dependent and develop gradually
over time (Mao et al., 2018). Additionally, the “border cells” found in the rat RSC
differ from those in the medial entorhinal cortex as they are less specific,
responding to multiple walls and various preferred distances, and are
egocentrically tuned (Alexander et al., 2020; van Wijngaarden et al., 2020).

In order to understand the role of the RSC in cognition in humans, functional
magnetic resonance imaging (fMRI) has proved a useful tool to measure
correlates of neuronal activity during tasks in a non-invasive manner. Research
has focused on the role of the RSC in spatial navigation, and this region has been
found to be engaged when encoding heading direction (Baumann and Mattingley,
2010), spatial location (Marchette et al., 2014), visual landmarks (Auger et al.,
2012), and map-like representations of an environment (Henderson et al., 2011;
Wolbers and Buichel, 2005). RSC engagement is also a good predictor of spatial
navigation ability with good navigators showing significantly higher BOLD signal
in the RSC (Auger et al., 2017, 2012). Moreover, the RSC is highly activated
during path integration — which requires knowledge of locomotion, orientation and



location — indicating an integrative function of the RSC similar to that observed in
rodents (Sherrill et al., 2013). RSC activity is also associated with both egocentric
and allocentric information processing, and EEG data indicates strong RSC
engagement during a virtual task requiring translation of egocentric visual flow
into an allocentric model of their location (Gramann et al., 2010). As well as
spatial processing, meta-analysis of fMRI studies has implicated the RSC in
retrieval of recent and remote autobiographical episodic memories (Svoboda et
al., 2006) and emotional processing (Maddock, 1999).

1.1.3.3 | RSC connectivity is crucial to its behavioural function

The neuronal silencing and activation studies reviewed in Sections 1.1.3.1 and
1.1.3.2 indicate that the RSC is a functionally distinct area of the brain necessary
to drive behaviours such as spatial processing and memory consolidation and
retrieval. However, the RSC is highly interconnected and functional connectivity
between the RSC and other brain regions is important in RSC-dependent
behaviours. Indeed, the RSC is considered a critical node in two key neural
circuits underlying these behaviours: the default mode network (DMN) and
extended memory circuit (EMC), formerly known as the Papez circuit (Vann et
al., 2009). Brain areas comprising these two circuits are not mutually exclusive,
and the RSC is suggested to be a “gateway” between the medial temporal lobe
(MTL) — part of the EMC which contains brain regions such as the hippocampus
— and the DMN (Kaboodvand et al., 2018). This “gateway” role may underlie the
function of the RSC in transforming and integrating egocentric and allocentric
information as part of a gain-field circuit, in which neurons conjunctively encode
both self-referenced (e.g. body motion) and externally referenced (e.g.
environmental) information (Bicanski and Burgess, 2018; Byrne et al., 2007). The
complexity of the spatial and mnemonic representations encoded in the RSC
supports this theory of a gain-field circuit, as these representations rely on
combining multiple sources of information processed in distal brain regions. For
example, landmark-encoding cells in the rodent RSC are dependent on
integration of visual, motor and spatial information (Fischer et al., 2020). Whilst
in humans path integration requires recruitment of the RSC, HPC, medial PFC

and parahippocampal cortex (Chrastil et al.,, 2015). Therefore, disrupting



information flow in or out of the RSC could have significant negative effects on its

function.

Models of long-term memory consolidation have posited the HPC as a site of
rapid learning which induces changes in the neocortex for stable storage
(McClelland et al., 1995), as is suggested by increased activity and cortical
reorganisation in the RSC following HPC activity after a spatial memory task in
mice (Maviel et al., 2004). Critically, the formation of certain memories within the
RSC has been shown to be HPC-dependent. Whilst Fos gene expression is
necessary for memory formation in both the HPC and RSC at recent and remote
time points respectively (Katche et al., 2010; Katche and Medina, 2017),
disruption of either area during the critical window for the other prevents
maintenance of the memory (Katche et al., 2013). Furthermore, disruption of the
HPC is sufficient to abolish the detection of place cells in the mouse RSC (Mao
etal., 2018), and conversely inactivation of the RSC reorganises spatial encoding
in the HPC itself in rats (Cooper and Mizumori, 2001).

One proposed mechanism for transfer of information from the HPC to the cortex
is the propagation of high frequency neural activity patterns, named sharp wave-
ripples (SWRs) (Buzsaki, 2015). SWRs are thought to support memory
consolidation and retrieval in the HPC (Joo and Frank, 2018), and bursts of
oscillatory activity in the ripple frequency band have been observed in the RSC
(Khodagholy et al., 2017). SWRs in the HPC are correlated with large peaks in
activity in the RSC — measured using a voltage sensitive dye and a glutamate-
sensing fluorescent reporter — and this increase in activity was greater than in
any other neocortical region in mice (Karimi Abadchi et al., 2020). Moreover, this
relationship is bidirectional as RSC activity modulates hippocampal SWR
generation; activity increases in the RSC before SWR generation and is
suggested to mediate initial information flow in the neocortical-hippocampal-
neocortical information loop. Additionally, SWR activity in the RSC is coupled with
that in the HPC, and ensembles within the HPC mediate gRSC SWRs via
excitatory projections from the subiculum in mice (Nitzan et al., 2020). The mouse
RSC also shows anticipatory local disinhibition combined with decreased
thalamic input (Chambers et al., 2022) 1-2 seconds before SWR activity,
demonstrating that external afferents to the RSC can gate local circuit activity.
Other forms of neuronal ensemble encoding are also regulated by different



pathways into the RSC, such as border cell encoding, which relies on input from

the medial entorhinal cortex (van Wijngaarden et al., 2020).

Transient silencing of specific pathways in mice has further elucidated the
importance of RSC afferents for normal behavioural function. Chemogenetic
silencing of the excitatory ATN to RSC pathway attenuates context-induced
freezing responses, whilst silencing the inhibitory CAl to RSC pathway
potentiates this behaviour (Yamawaki et al., 2019b). Contrastingly, optogenetic
silencing of dorsal HPC (dHPC) projection terminals in the RSC impaired context-
induced freezing (Opalka and Wang, 2020). However, in this study viral injections
into the dHPC targeted both the CA1 region of the HPC and the dSub; therefore,
it is likely behavioural impairment is due to silencing of the excitatory subicular
efferents as the RSC receives substantially denser projections from this region.
Specific targeting of different cell types in the presynaptic region can also alter
behavioural outcome. Input into the RSC from the dSub can be separated into
two sub-groups of excitatory projection neurons: those expressing vesicular
glutamate transporter 1 (vGlutl) and vGlut2. Optogenetic stimulation of these
axons triggers different inhibition and excitation patterns in the RSC, and
chemogenetic silencing of vGlutl projections impairs recent memory retrieval
whilst vGlut2 silencing disrupts remote memory (Yamawaki et al., 2019a).
Although there is currently limited evidence for the distinct functions of specific
pathways in behaviour, it is clear that the RSC relies on — and also significantly
modulates — activity in the distal regions it is directly and indirectly connected to
in order to drive normal learning and memory processes. Finally, the RSC may
allow integration of multiple sources of behaviourally salient information derived
from upstream brains areas as well as internally between the gRSC and dRSC
(Sigwald et al., 2019).

1.2 | Alzheimer's disease

1.2.1 | Introduction to Alzheimer’s disease

Dementia is classified as a syndrome whose symptoms include memory loss,
confusion and problems with language and understanding. Alzheimer’s disease
(AD) is the most common cause of dementia, accounting for between 60-70% of
cases. AD is characterised by the deposition of extracellular plaques and



intracellular neurofibrillary tangles (NFT) in the brain, which are formed by
aggregation of amyloid-B (AB) proteins and hyperphosphorylated microtube-
associated protein tau (tau) respectively (Serrano-Pozo et al., 2011). AD is an
increasingly prevalent neurodegenerative disorder which leads to gross
morphological and synaptic degradation (Knobloch and Mansuy, 2008), and its
neuropathological markers are correlated with irreversible and progressive
memory loss and decreases in other cognitive functions such as attention and

decision making (Duyckaerts et al., 2009).
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expressing amyloidopathy in the prodromal stages. Figure is adapted from
Jack et al. (2010) and Jucker and Walker (2011).

AD is typically considered to progress through 3 clinical stages: pre-symptomatic,
mild cognitive impairment (MCI) and dementia (Jack et al., 2010). The
neuropathological progression of AD has also been extensively described (Braak
and Braak, 1991a; Thal et al., 2002) and follows distinct spatial-temporal patterns
(Figure 1.3 B). When considering the timeline of AD development, the primary
neuropathological marker of early-stage — or pre-clinical — AD appears to be
amyloidopathy which presents before all other neurodegenerative markers and
cognitive decline (Jack et al., 2010) (Figure 1.3 A). While amyloidopathy is not
the only pathology present at onset of MClI, it is still an essential marker of later
prodromal and clinical AD. Understanding how the brain is affected in prodromal
AD is important for identifying therapeutic targets to prevent or delay subsequent
severe cognitive decline. Functional changes in the RSC in AD patients — such
as glucose hypometabolism and hypoactivity — are some of the earliest
biomarkers of the disease (Vann et al.,, 2009), and disrupted functional
connectivity of the RSC distinguishes patients with mild AD from normal cognitive
aging (Greicius et al., 2004). These functional biomarkers in the RSC coincide
with increased amyloid deposition in the region during MCI (Buckner et al., 2005),
and the research in this thesis focuses on the effects of amyloidopathy on RSC

circuitry.

1.2.2 | Amyloidopathy and the amyloid cascade hypothesis

Amyloid precursor protein (APP) is a transmembrane protein that is converted by
proteolytic processing into several fragments, including AB (Muller and Zheng,
2012). APP plays a fundamental role in both the developmental and adult central
nervous system (CNS), and is necessary for regulating neuronal excitability,
synaptic plasticity and learning and memory (S. H. Lee et al., 2020)., however

deregulation of its downstream product AB is synonymous with AD.

APP undergoes proteolytic cleavage via two principal pathways characterised as
either being amyloidogenic (AR generating) or non-amyloidogenic (non-Ap
generating), by way of specific protease processing (Chow et al., 2010; Hefter et

al., 2020). In the non-AB generating pathway, a-secretase cleaves APP to create



soluble APPa (sAPPa) and a C-terminal fragment, CTF83, which is further
cleaved by y-secretase to produce the short peptide p3 and the amino-terminal
APP intracellular domain (AICD) (Figure 1.4 A). Importantly, cleavage by a-
secretase occurs at a site located within the AB peptide sequence — thereby
preventing ApB generation through this pathway — whilst sAPPa is neuroprotective
in its own right (Mockett et al., 2017). Conversely, B-secretase cleavage of APP
occurs at the N-terminus of the AR sequence to generate CTF999; subsequent
y-secretase processing of CTF999 results in creation of AR peptides as well as
the AICD (Figure 1.4 B). AB fragments can range from 38-43 amino acids in
length, and certain forms are considered more pathogenic than others (Chow et
al., 2010). Finally, a third APP processing pathway has been recently identified
in which n-secretase cleaves APP after the N-terminus of the AB sequence, which
allows for subsequent a- and B-secretase cleavage (Willem et al., 2015) (Figure
1.4 C). Therefore, this pathway can be both amyloidogenic and non-
amyloidogenic, and whilst its function is currently unknown there is preliminary

evidence of the products being synaptotoxic.

The classic amyloid cascade hypothesis suggests that aggregation of AB initiates
a pathogenesis cascade in AD, so that neuropathologies such as NFT, cell loss
and cognitive decline are a downstream result of AR deposition (Hardy and
Higgins, 1992). AB monomers formed after (3-secretase cleavage of APP are
prone to aggregate into various forms including soluble oligomers and insoluble
fibrils (Figure 1.4 D), and the 42 amino acid AB42 isoform, in particular, is more
likely to aggregate due to its structure and increased hydrophobicity (Chen et al.,
2017; Long and Holtzman, 2019). Whilst AR plaques are an easily recognisable
neuropathological marker of AD, and application of fibrils to in vitro cultured cells
is highly neurotoxic (Lorenzo and Yankner, 1994), evidence suggests the
damaging effects of AR in vivo are more likely due to the action of Ap oligomers
on the brain (Klein, 2013). Neuronal death, tau hyperphosphorylation and
synaptic dysfunction are suggested to be downstream effects of AB binding to
various neuronal receptors (Chen et al., 2017). Furthermore, AB aggregates are
suggested to become prion-like, allowing for self-propagation through the brain
and intracellular accumulation (Watts and Prusiner, 2018). Acute application of
AR oligomers, but not monomers, has also been shown to disrupt cognitive

function in wild-type animals (Cleary et al., 2005).
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The amyloid cascade hypothesis is supported by evidence of a genetic
component of early-onset familial AD (EOFAD): around 50% of EOFAD patients
carry mutations in either the APP gene or the presenilin (PSEN) 1 and 2 genes
which encode for subunits of y-secretase (Wu et al., 2012). There are currently
210 mutations found within these genes that are confirmed or suspected to be
pathogenic for AD (ALZFORUM, 2022), and they are generally associated with
alterations in AB production and processing. Alterations caused by these
mutations can include increases in total AB, elevated AB42/AB40 ratio, and
increased propensity for AR aggregation and fibrilisation (Long and Holtzman,
2019). Furthermore, triplicate copies of the APP gene are associated with AD and
increased amyloid burden in people with trisomy of human chromosome 21

(Down’s Syndrome) (Salehi et al., 2016). However, EOFAD only accounts for



around 5% of total AD diagnoses, and as few as 13% of those cases are inherited
in an autosomal dominant manner for more than 3 generations (Bekris et al.,
2010). The most common subtype of AD is late-onset AD (LOAD) which presents
much later in life and is often sporadic in occurrence with no dominant genetic
cause. Genetic risk factors have been identified for LOAD, such as the
apoliproptein E (APOE) €4 polymorphism which significantly increases the
chance of developing AD in later life (Corder et al., 1993). The APOE ¢4 allele
does not directly affect AR production however, but instead disrupts clearance of
soluble AB allowing increased accumulation in the brain (Castellano et al., 2011).
AB clearance can occur through a variety of different mechanisms — including
transvascular clearance across the blood brain barrier, enzymatic degradation
and microglial phagocytosis (Rogers et al., 2002; Yoon and Jo, 2012) — providing
multiple potential points of failure in the system. Therefore, for most forms of AD
it may be better to consider pathogenesis as arising from a deficiency in

clearance of cerebral AB rather than over-production (Mawuenyega et al., 2010).

There are problems with the amyloid cascade hypothesis however, suggesting
that an update of the model is needed. Genetically modified rodent models
expressing EOFAD mutations show AR deposition in the brain and behavioural
impairments, but not NFT formation or neuronal cell death (Elder et al., 2010).
However, this may be due to rodents not possessing humanised tau and
therefore missing a crucial step in the cascade. Mice and humans both express
tau protein, but their isoform profiles are different (Andorfer et al., 2003). Humans
generate 6 isoforms, which are described as either 3 repeat (3R) or 4 repeat (4R)
and are found in equal levels in the brain, while mice only generate 4R isoforms.
While NFTs found in AD patients contain both 3R and 4R tau (Jellinger and
Attems, 2007), NFTs found in brain regions which exhibit early tau depositions
predominantly contain 3R (Kitamura et al., 2005). Moreover, when AD-patient-
derived pathological tau is injected into a mouse model of amyloidopathy, AB
aggregates facilitate formation and spread of NFTs (He et al., 2018). Additionally,
in a chimeric model of AD, human pluripotent stem cells transplanted into a
mouse model of amyloidopathy developed tauopathy and neurodegeneration
(Espuny-Camacho et al., 2017). Furthermore, amyloid deposits are found in
cognitively normal people (Davis et al., 1999), suggesting that the development

of some amyloid pathology is a feature of normal aging. Also, whilst high amyloid



burden is predictive of AD, a small percentage of clinically-probable patients who
fulfil other clinical criteria for AD do not show increased amyloid load (Edison et
al., 2007) and cognitive impairment better correlates with NFT burden in the
neocortex (Nelson et al., 2012). Finally, the amyloid cascade hypothesis posits
that AR depositions directly cause tauopathy, however the spatial-temporal

progression of these two neuropathologies is remarkably different (Figure 1.3 B).

A recent alternative to the classical ‘amyloid hypothesis’ has been proposed
called the “cellular phase of AD” hypothesis (De Strooper and Karran, 2016). This
theory attempts to reconcile evidence that AR has limited predictive validity for
AD, and suggests that amyloidopathy and tauopathy evolve separately in a
biochemical phase of AD that initially has little symptomatology due to
compensatory mechanisms. It is only when the two pathologies interact that AD
manifests in a cellular phase, after homeostasis can no longer be maintained due
to excessive cellular stress that causes neurodegeneration to occur. This
degeneration is a result of multiple factors and feedback loops, including
disrupted clearance of AR and tau, and eventually leads to breakdown of the
cellular homeostasis culminating in the clinical phase of AD in which cognitive
impairments appear. Therefore, whilst AB pathology plays a crucial role in AD
development, it has a more complex relationship with the disease than simply
causative. However, it is important to understand the effects of AR deposition in
the early stages of AD — before tauopathy development and subsequent cellular
death — to describe the initial effects of cellular stress on cellular and synaptic
function. Identifying these effects could point us towards future preclinical or

prodromal AD biomarkers.

1.2.3 | Effects of amyloidopathy on synaptic function
1.2.3.1 | Synaptic loss

The ability of the brain the brain to collect, transfer and store information is
enabled by communication between neurons via synaptic transmission, and any
disruption or degradation of synaptic transmission through diseases such as AD
can have devastating effects on cognitive function. Synaptic impairment is
suggested to be the basis of memory loss in prodromal AD, and synapse loss is

highly correlated with severity of cognitive symptoms in AD patients (DeKosky



and Scheff, 1990; Terry et al., 1991). Synapse loss also occurs at a significantly
higher rate than neuronal loss as the synapse to neuron ratio decreases in AD
(Davies et al., 1987).

Although the cellular phase of AD hypothesis describes an interaction of A and
tau pathology as necessary for full expression of AD, the effects of amyloidopathy
on synaptic dysfunction have been well described particularly in the HPC. Mouse
models of amyloidopathy show significant synaptic loss and dendritic
abnormalities primarily localised around amyloid plaques (Pozueta et al., 2013).
Synaptic loss has also been observed in areas without plague deposition in
mouse models of hAPP overexpression (Mucke et al., 2000) — suggesting soluble
AB oligomers may be responsible for this synaptic degradation — and prior to
plaque formation these soluble AB aggregates cluster around synaptic terminals
(Klementieva et al., 2017). This theory has been tested directly through
application of soluble AB oligomers to healthy mouse brain tissue both in vitro
and in vivo, and leads to significant dendritic simplification and spine loss (Arbel-
Ornath et al., 2017; Wu et al., 2010). Interestingly, using a controllable APP
mouse model under a tTA promoter, it was found that prevention of further AR
production after initial plaque deposition leads to synaptic recovery which is
correlated with improved cognitive function (Fowler et al., 2014).

1.2.3.2 | Synaptic dysfunction

The effect of AB is not confined to morphological impairments, but also affects
synaptic function. Of interest are the effects of AB on synaptic plasticity;
mechanisms within the brain which are important for the encoding and
consolidation of memory (Takeuchi et al., 2014). Synaptic plasticity describes the
process by which the synaptic strength between neurons strengthens or weakens
(Citri and Malenka, 2008). This umbrella term typically refers to either long term
potentiation (LTP) or long-term depression (LTD), but other forms of short-term

plasticity such as facilitation and depression also play a significant role.

In very low concentrations, such as would be found in normal non-AD conditions,
AB actually facilitates both LTP and learning and memory outcomes (Morley et
al., 2008; Puzzo et al., 2011, 2008). Pathological levels of AB42 however have

very different effects: amyloidopathy mouse models exhibit both a significant



decrease in LTP and increase in LTD (reviewed by Mango et al., 2019). Similar
to the morphological changes in synapses, this effect on synaptic function is
driven by soluble AB oligomers which inhibit LTP and enhance LTD in the
hippocampus when acutely applied to either ex vivo slices (Li et al., 2009;
Shankar et al., 2008; Wang et al., 2002) or in vivo (Walsh et al., 2002). However,
it should be taken into consideration that the disruptive effect of AR oligomers on
LTP in hippocampal slices requires the presence and phosphorylation of tau
protein (Shipton et al., 2011), indicating an interactive effect of AB and tau on

synaptic plasticity in AD.

Synaptic plasticity disruption is likely a result of AR disruption of glutamatergic
signalling (see Section 1.3.3 for a discussion of the glutamatergic system) both
pre- and postsynaptically. Acute application of AR oligomers to mouse
hippocampal slices depresses excitatory neurotransmission and enhance paired
pulse facilitation (PPF) by decreasing presynaptic glutamate release probability
(He et al., 2019). Pathologically elevated AR levels in APPina mice are correlated
with significant impairment to basal synaptic transmission in hippocampal slices
from 4 weeks old — while, in the postsynaptic compartment, an increased ratio of
N-methyl-d-aspartate (NMDA) receptor response to a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor response is observed in this
mouse model from 8 months (Hsia et al., 1999). In murine organotypic
hippocampal slice cultures, inducing overexpression of human AR leads to
downregulation of AMPA receptors; which may in turn be driven by the observed
facilitation of LTD (Hsieh et al.,, 2006). Overall, the literature suggests
amyloidopathy leads to a significant imbalance in synaptic plasticity: decreased
ability to strengthen synapses via LTP combined with elevated LTD-driven
synaptic weakening. Furthermore, whilst amyloidopathy may supress synaptic
transmission, it is also associated with neuronal hyperexcitability in various
amyloidopathy mouse models such as in >20-month-old PDAPP mice (Stargardt
et al., 2015 (review); Tamagnini et al., 2015). Thus an imbalance between
synaptic function and neuronal activity is created which may perpetuate
neurodegeneration (Palop and Mucke, 2016).

The mechanisms through which AB perturbs synaptic transmission and plasticity
are still not completely understood; however, its ability to bind to various neuronal

receptors and affect secondary signalling pathways is likely an important factor.



In particular, emphasis has been given to AB actions on the NMDA receptor
(NMDAR) as acute in vivo application of AR oligomers to the rat hippocampus
significantly enhances NMDAR responses (Molnér et al., 2004). In hippocampal
cultures application of AB oligomers results in dendritic spine loss modulated via
NMDAR signalling pathways following calcium ion (Ca?*) influx (Shankar et al.,
2007), as well as demonstrating AB-mediated oxidative stress is also NMDAR-
dependent (Decker et al., 2010). AB-mediated synaptic depression can also be
similarly explained through AMPA receptor (AMPAR) endocytosis, which is a
mechanism of LTD following NMDAR activation and Ca?* influx (Tu et al., 2014).
Indeed, blocking pathological NMDAR signalling using the use-dependent
NMDAR channel blocker memantine improves cognitive function in >6-month-old
3xTg-AD mice (Martinez-Coria et al., 2010). Memantine also prevents synaptic
loss in neuronal/glial cell cultures (Talantova et al., 2013) and inhibition of LTP in
murine hippocampal slices (Martinez-Coria et al., 2010) following application of
AB oligomers. Similarly, elevated expression of postsynaptic density protein 95 —
which is normally significantly reduced in AD — protects neurons in organotypic
hippocampal slices from Ap-mediated toxicity and synaptic depression by
downregulating NMDAR signalling (Dore et al., 2021). AB also non-directly affects
the glutamatergic system by disrupting the astrocytic clearance of extracellular
glutamate following acute AB oligomer application to ex vivo neuronal slices,
causing elevated glutamate levels that spread beyond the target synapse
(Scimemi et al., 2013). Overall, AB toxicity is closely related with the excitotoxic
effects of an imbalanced glutamatergic system, leading to synaptic dysfunction

and later neuronal damage.

Of course, the glutamatergic system is not the only neurotransmitter system
affected in AD. The cholinergic system is also disrupted, with loss of cholinergic
neurons as well as muscarinic (MAChR) and nicotinic (nAChR) acetylcholine
receptors (Buckingham et al., 2009; Hampel et al., 2019; Yi et al., 2020). nAChR
activation in the brain is associated with increased performance on memory tasks
in rodents, monkeys and humans (Levin and Simon, 1998), and contributes to
synaptic transmission and plasticity (McKay et al., 2007). Interestingly, AB effects
on nAChRs follow a similar concentration pattern as lower “normal” AR peptide
levels potentiate NAChR activation in isolated hippocampal and neocortical

synaptosomes, but pathological AB levels inhibit this receptor activity (Dougherty



et al., 2003). Furthermore, M1 mAChR activation is also associated with the
regulation of synaptic plasticity (Shinoe et al., 2005), and there is a significant
loss of M1 mAChR protein in the temporal cortex of patients with AD compared
to age-matched non-disease controls (Yi et al.,, 2020). Furthermore, acute
application of AP oligomers weakens postsynaptic mAChR function in
organotypic and ex vivo hippocampal slices via aberrated activation of
metabotropic glutamatergic receptors, while administration of an MmGIUR5-
negative allosteric modulator restores novel object recognition in 6-month-old
5XFAD mice (Yi et al., 2020). Therefore, dysfunction of glutamatergic synaptic
transmission and associated plasticity imbalance in AD may be modulated by
other neurochemical systems. This highlights the importance of considering
neuronal and brain region impairments within the context of a larger

interconnected system.

It is important to be aware that much research on the effects of amyloidopathy on
synaptic plasticity have either looked at cultured neurons or focused on the HPC.
There is, however, evidence of synaptic depression in the neocortex of APP/PS1
and ABPPPS1-21 mice (Battaglia et al., 2007; Lo et al., 2013), indicating effects
beyond the HPC which deserve future attention.

1.2.4 | Looking beyond the medial temporal lobe in AD

Studies focusing on the hippocampus and other structures in the MTL have
dominated AD research. However, from examining the spatio-temporal spread of
AD pathology, it is clear that other brain areas exhibit pathological alterations —
including AB deposition — in the early stages of disease (Braak and Braak,
1991a), and are so prime targets for study into preclinical and prodromal AD
(Aggleton et al., 2016). Two such areas considered in this thesis are the RSC
and the ATN.

1.2.4.1 | RSC and AD

The hypothesis that the RSC is disrupted in AD arises from both its important role
in learning and memory (Section 1.1.3) and the fact it displays neuropathological
changes early in AD development. The RSC is one of the first regions to show
glucose hypometabolism in prodromal AD and MCI patients (Minoshima et al.,
1997; Nestor et al., 2003; Villain et al., 2008), and this metabolic decline is



correlated with cognitive impairment (Desgranges et al., 2002). The RSC also
shows atrophy of grey matter comparable to the HPC (Pengas et al., 2010), and
HPC atrophy itself is correlated highly with RSC hypometabolism (Villain et al.,
2008). Interestingly, the RSC is often grouped within the posterior cingulate
cortex (PCC) for analysis due to the limited anatomical resolution of imaging
using in the clinical assessment of AD, but it actually shows distinct functional
connectivity patterns in AD progression (Dillen et al., 2016). In prodromal AD, the
RSC fails to mediate HPC functional connectivity with other nodes in DMN
indicating a breakdown in communication across distributed neural networks
involving the RSC (Dillen et al., 2017). These disruptions in function may be due
to early accumulation of AB and tau in the RSC (Palmqvist et al., 2017; Ziontz et
al., 2021), and associated synapse loss (Scheff et al., 2015).

Various mouse models of amyloidopathy confirm RSC AR deposition during early
stages of pathological progression (Reilly et al., 2003; Whitesell et al., 2019), and
these depositions are correlated with behavioural impairment in 4-month-old
5xFAD Tg mice (Kim et al., 2020). Dysfunction of the RSC is observed before AR
aggregation into plaques in Tg2576 mice, presenting as significantly decreased
neuronal activity and increased energy metabolism following exposure to a novel
environment (Poirier et al., 2011). Amyloidopathy is also associated with
disrupted functional connectivity within the DMN, which includes the RSC, in both
developmental and mature-onset amyloidopathy mouse models (Ben-Nejma et
al., 2019; Shah et al., 2013). Additionally, disruption in neural activity patterns
related to behaviour have been observed; such as impaired PFC-RSC coupling
during sleep (Zhurakovskaya et al., 2019). However, it should be qualified that
the AP accumulation seen in the RSC - and its subsequent functional
consequences — are driven by non-endogenous promoters and not an exact

recapitulation of AD.

That the functional connectivity of the RSC is altered in AD is not surprising given
the evidence that AB pathology can disrupt synaptic function and that the RSC’s
distributed synaptic connectivity underpins its role in learning and memory.
Indeed, this interconnectivity may be the root of early neuropathological changes
in the RSC, as A propagation into the RSC requires intact synaptic transmission
(George et al., 2014). Changes in the RSC in prodromal AD may also be a result
of the area being a site of covert pathology. The RSC is highly sensitive to



deafferentation (see Section 1.1.2) and its neuronal activity and metabolic
pathology could be linked to damage in other afferent-projecting brain regions
also known to be involved in early AD such as the PFC, hippocampal formation

and various thalamic nuclei.

1.2.4.2 | ATN and AD

The thalamus consists of a range of nuclei, of which the ATN are of particular
interest in AD. The ATN can be subdivided into the anterodorsal (ADN),
anteroventral (AVN) and anteromedial (AMN) nuclei: these nuclei have a lot of
overlap in their function and connectivity but do show some topographical
differences in their connectivity to the RSC (Section 1.1.2). This introduction,
however, considers the ATN as a functional group because, whilst the individual
nuclei each contribute to learning and memory, their combined contribution is far
greater. Additionally, there is limited literature available which has isolated
individual nuclei to assess their distinct behavioural function; therefore,

historically this area is considered as a collective brain region.

The diencephalic model of memory proposes that the thalamus — in particular the
ATN — plays a crucial role in episodic memory encoding and recall (Aggleton et
al., 2011; Aggleton and Brown, 1999). Patients who have sustained damage to
the thalamus following infarction present with deficits in long-term episodic
memory (Van der Werf et al., 2003), whilst specific lesioning of the ATN in rodents
similarly disrupts behavioural measures of memory acquisition and recall
(Aggleton and Nelson, 2015). Similar to the RSC, the connectivity of the ATN with
other brain regions is critical to their effects on learning and memory. Disruption
of the ATN has significant deleterious effects on other nodes in the EMC such as
the RSC (Garden et al., 2009; Wolff and Vann, 2019) and subiculum (Frost et al.,
2021). Furthermore, disconnection of the ATN-HPC pathway disrupts learning
(Henry et al., 2004; Warburton et al., 2001).

The thalamus overall does not present such strong or early neuropathological
changes as the RSC in AD patients; but AR deposits and tauopathy are observed
especially within the ATN (Braak and Braak, 1991a, 1991b). The functional
connectivity of the thalamus is also disrupted in MCI and AD patients, with

decreased connectivity between the thalamus and the PCC of particular note



(Zhou et al., 2013). Furthermore, in AD patients reduced volume of the thalamus
correlates with both impaired cognitive performance and increased cortical
amyloid burden (de Jong et al., 2008; Pardilla-Delgado et al., 2021). Interestingly,
the effects of ATN-RSC pathway disruption are bidirectional. In patients with RSC
damage, hypoactivity is observed in the thalamus (Heilman et al., 1990), and
RSC-lesioned rats exhibit cell loss in the ATN (Neave et al., 1994). The function
of the ATN and their position in the neural circuitry of learning and memory is yet
to be fully understood in regards to AD, but there is evidence that they do play an

important role.

1.2.5 | Mouse models of AD

While some non-invasive experimental techniques such as fMRI and positron
emission tomography can be used to study AD in those living with dementia, we
need animal models of AD to truly understand the precise biological and cellular
mechanisms of the disease while maintaining intact neuronal circuitry and the
ability to assess cognitive decline. If we consider cognition as a product of activity
in neuronal circuits, then cognitive impairment would reflect a malfunction in the
circuit; thus, it is imperative AD pathologies are investigated in organisms which
model these circuits. Unfortunately, however, AD appears to be a disease almost
unique to humans. Whilst chimpanzees, dogs and cats all show age-related
amyloidopathy, tauopathy and cognitive decline (Edler et al., 2017; Head, 2013;
Sordo et al., 2021), the years to decades-long time course across which AD
pathologies develop in these species makes them unsuitable models for
preclinical research. Other more commonly used animal models do not
spontaneously display AD neuropathological changes, necessitating the
development of alternative approaches. One such approach is the genetic
modification of mice to generate models that express human transgenes
containing EOFAD mutations or altering the animal’s homologous gene of
interest (Elder et al., 2010). Many of these mouse lines model amyloidopathy via
APP or PSEN mutations, including the primary model used in this thesis; the
PDGF-APPsw,ind transgenic line (J20) (Mucke et al., 2000).

J20 mice express the mutant human APP (hAPP) gene containing the Swedish
(KM670/671NL) (Mullan et al., 1992) and Indiana (V717F) (Murrell et al., 1991)



mutations under the platelet-derived growth factor B-chain promotor (Mucke et
al., 2000). Both these substitution mutations alone increase AR levels in cultured
cells; with the Swedish mutation causing increased total AR (Citron et al., 1992)
and the Indiana mutation increasing AB42/AB40 ratio (Tamaoka et al., 1994),
acting on the B-secretase and y-secretase pathways respectively. The J20
mouse presents an amyloidogenic phenotype with increased cerebral total AR
production and AB42 ratio by age 2-4 months, and amyloid plaque formation by
age 5-7 months (Mucke et al., 2000). This line shows other neuropathological
markers of AD such as synaptic loss, neuroinflammation and neuronal loss in the
HPC (Hong et al., 2016; Wright et al., 2013), as well as cortical and hippocampal
hyperexcitability and inhibition of synaptic transmission and plasticity (Palop et
al., 2007; Saganich et al., 2006). The J20 mouse also shows impairments in
spatial learning and memory, as well as in short-term recognition memory
(Ameen-Ali et al., 2019; Etter et al., 2019; Harris et al., 2010).

The J20 line is relevant for studying RSC postsynaptic dysfunction, as this model
preferentially expresses AB deposition in the cortex and hippocampus with a
much higher plaque load in the RSC than other amyloidopathy models (Whitesell
et al., 2019), better correlating with the isocortical deposition in AD than other
APP-overexpression models. In addition, the RSC is hypothesised to be
important for integrating distal cues in spatial navigation, and the behavioural
tasks that require this associative integration of egocentric and allocentric

information are reliably impaired in the model (Karl et al., 2012).

1.3 | Synaptic transmission

Communication between neurons is the foundation of cognition and is enabled
by synaptic transmission. The average human brain has at least 10* synaptic
connections, allowing for a large amount of information to be shuttled around the
brain (Kandel et al., 2000). The majority of synaptic transmission occurs via
presynaptic neurotransmitter release and postsynaptic receptor activation at the
chemical synapse. There is a large variety of neurotransmitters released in the
vertebrate brain which can be excitatory, inhibitory or modulatory depending on
the mechanisms of action that occur following binding to their receptors. The

primary excitation system in the brain relies on glutamate release (Orrego and



Villanueva, 1993) and is the focus in this thesis due to its role in long-range
connectivity (Cotman et al., 1987) as well as learning and memory processes
(McEntee and Crook, 1993).

1.3.1 | Glutamatergic neurotransmission

Glutamate is by far the most ubiquitous neurotransmitter in the brain; around 90%
of all synapses are estimated to involve glutamate, and the glutamatergic system
accounts for around 80% of total brain energy expenditure (Andersen et al.,
2021). The excitatory nature of this neurotransmitter system however is not due
to glutamate itself, but instead is caused by the properties of the receptors that it
binds to.

Glutamate receptors are divided into two broad classifications: ionotropic and
metabotropic receptors (Niciu et al., 2012). lonotropic glutamate receptors
(iGIluR) are ligand-gated cation channels on the cell membrane, and are
responsible for fast excitatory synaptic transmission. iGIuRs can be further sub-
divided by their agonist selectivity to either NMDA, AMPA or kainate (KA). All
iGIuR have exclusively excitatory effects and are tetrameric structures formed of
four large subunits creating a central ion channel pore. Of particular interest to
learning and memory are the AMPAR and NMDAR (Peng et al., 2011), which will

be discussed in further detail.

Metabotropic glutamate receptors (mGIuR) in comparison do not directly gate ion
channels, but instead are G protein-coupled receptors (GPCR) which indirectly
gate ion channels through secondary messenger cascades. The effect of
glutamate binding can therefore be excitatory or inhibitory depending on which
GPCR subgroup the mGIuR belongs to. Whilst mGIuR are crucial to normal
function, their slow neurotransmission and modulatory actions are unsuitable to

be measured using standard optogenetic pathway interrogation.

1.3.1.1 | AMPA receptors
AMPAR assemblies are built from homo/hetrotetramer combinations of the four
main AMPAR subunits (GluA1-4). GluA1-4 are all formed of an extracellular N

terminus, an intracellular C terminus and four transmembrane domains (M1-4)



one of which forms a re-entrant loop (M2), and these different subunits alter
permeability and action kinetics of the receptors through various mechanisms
allowing for a diverse array of AMPARs available in the brain (Greger et al.,
2017). The binding of glutamate to the ligand binding domain(s) opens the pore
and allows rapid influx of sodium ions (Na*), as well as an efflux of potassium
ions (K*), creating a fast and robust excitatory postsynaptic current (EPSC) as
well as rapid decay and desensitisation. The Ca?* permeability of the AMPAR is
dependent on whether it contains the Q/R edited GIUA2 subunit: as most of the
AMPARs in the mature brain contain this subunit, endogenous AMPARs are
generally considered Ca?* impermeable (Isaac et al., 2007). Overall, AMPARS
are thought to be responsible for the majority of fast excitatory transmission in the
brain and are heavily involved in the mechanisms of synaptic plasticity.

1.3.1.2 | NMDA receptors

The subunits of NMDARs — of which three distinct families have been identified
(GIluN1-3) — have a homologous structure to AMPAR subunits, and a similar
diversity conferred by tetrameter combinations and splicing variations. NMDARs
have a higher affinity for glutamate than AMPARS, however their activity is more
tightly regulated and require co-agonism (with glycine or D-serine) for activation
as well as having many subunit-specific allosteric binding sites which modulate
activity (Hansen et al., 2018). Moreover, while AMPAR activity produces EPSCs
at resting membrane potential, NMDAR pores are blocked with extracellular
magnesium (Mg?*) in a voltage-dependent manner. Sufficient depolarisation of
the membrane is required to unblock the ion channel, but when NMDARs are
active they are permeable to Na*, Ca?* and K* and mediate a much slower EPSC.
As well as facilitating EPSCs, this influx of Ca?* also has longer-term effects by
activating various intracellular signalling pathways to regulate synapses (Fan et
al., 2014).

While the GIuN1 subunit is ubiquitously expressed across the adult CNS and is
necessary for NMDA channel function (McBain and Mayer, 1994), channel
properties depend upon regulatory GIuN2 subunit composition as most native
receptors function only as heteromeric assemblies of two GIuN1 and two GIuN2

subunits (Cull-Candy and Leszkiewicz, 2004). GIuN2 receptors are expressed



throughout the brain during early development but are restricted to the forebrain
in the adult brain. Additionally, the four GIuN2 subunits (A/B/C/D) also have
distinct developmental and regional expression patterns, and confer different
pharmacological and kinetic properties to the NMDA channel (Monyer et al.,
1994). Within the forebrain, GIuN2A and GIuN2B NMDAR subtypes predominate,
however their ratio transforms over development as GIuN2A levels increase
postnatally. Comparison of GIUN2A and GIluN2B-containing di-heteromeric
NDMARs reveals GIuN2A-containing channels exhibit faster kinetics including
rise, deactivation and decay times, while GIUN1/2A/2B tri-heteromeric channels
exhibit intermediate kinetics (Yashiro and Philpot, 2008). Furthermore, GIuUN2B-
containing NMDARs display lower peak currents, but carry more Ca?* per unit of
current and have a stronger binding affinity with the CamKIl protein downstream
signalling pathway. These differences in channel properties indicate distinct roles
in synaptic plasticity (Yashiro and Philpot, 2008), and there is evidence of AB
oligomers selectively disrupting GluN2B-containing NMDARs in the HPC —
thereby inhibiting long-term potentiation (Shipton et al., 2011). Thus, identifying
postsynaptic NMDAR subunit composition is an important step in understanding

the function, and vulnerabilities, of target circuits.

1.3.2 | Glutamate and synaptic plasticity

Whilst postsynaptic plasticity can be mediated by a variety of mechanisms,
NMDAR-dependent LTP and LTD are both very important for learning and
memory (LUscher and Malenka, 2012). LTP and LTD are induced by different
patterns of activity and mechanisms, however both rely on Ca?* influx
postsynaptically (Yang et al., 1999).

During LTP, large releases of glutamate presynaptically strongly activates
AMPARs and causes sufficient postsynaptic depolarisation to allow NMDAR
channels to open. The subsequent elevated Ca?* influx induces activation of
various signalling cascades such as via calmodulin-dependent protein kinase I
(CamKIl) and protein kinase A (PKA), which in turn leads to phosphorylation of
AMPARs already present at the postsynaptic membrane (increasing their
probability of opening) and/or AMPAR exocytosis (Baudry et al., 2015; Lisman et

al., 2012). These signalling pathways are also involved in further downstream



signalling which is responsible for the maintenance of LTP. There is also
evidence of a presynaptic NMDAR-dependent mechanism which increases
probability of release of glutamate (McGuinness et al., 2010). On the other hand,
LTD induction relies on decreased Ca?* levels leading to AMPAR
dephosphorylation and endocytosis via different signalling cascades such as
those involving protein phosphatase 1 (PP1) (Collingridge et al., 2010). The ability
of the cell to differentiate between LTP- and LTD-inducing stimulation can be
explained by the high sensitivity of intracellular Ca?*-sensing systems. Crucially,
antagonism of NMDARs by AP5 — a selective NMDAR antagonist — blocks
induction of LTP and LTD (Collingridge et al., 1983; Dudek and Bear, 1992);
signifying the role of NMDARSs in the normal functioning of long term synaptic

plasticity.

Whilst it should be kept in mind that | have discussed NMDAR-dependent LTP
and LTD in a simplified form here, it is abundantly clear that glutamate and its
receptors are essential to long term plasticity within the brain and therefore also
to learning and memory. One of the key functions of synaptic plasticity is to
strengthen and weaken synapses where appropriate to allow efficient activation
of specific neuronal ensembles required for memory encoding and maintenance.
Indeed, neurons recruited into these ensembles display alterations in synaptic
strength and plasticity, including increased AMPAR-mediated EPSCs (Ryan et
al., 2015). Additionally, Fos protein expression — a marker of neuronal activity
and ensembles — requires strong and sustained glutamatergic activation and is
the product of some of the same Ca?*-associated signalling cascades involved in
LTP induction (Chung, 2015). Therefore, deficits in synaptic transmission and
plasticity may be visible as alterations in Fos levels, and related to changes in

memory encoding and storage.

The glutamatergic system also presents another form of synaptic plasticity: a
short-term version which is primarily presynaptically mediated (Zucker and
Regehr, 2002). This short-term plasticity can either be facilitatory or depressive,
and is a result of changes to the synapse dynamics such as altered
neurotransmitter release probability or availability of vesicle pools. Short-term
plasticity is thought to be important in synaptic computation, information

processing and working memory (Deng and Klyachko, 2011). Due to the



integrative nature of the RSC, it is of no doubt that short-term plasticity plays an

important role in its function.

Due to the different roles that afferent inputs into the RSC play in its behavioural
function (Section 1.1.3.3), it is likely that these neural pathways exhibit different
functionality including measures of synaptic plasticity. It is clear that the
glutamatergic system is crucial for normal RSC function: indeed, blocking
AMPAR-mediated neurotransmission attenuates spatial memory (Czajkowski et
al.,, 2014) and antagonising NMDARs attenuates contextual fear memory
formation and prevents activity-dependent gene activation similar to HPC
(Baumgartel et al., 2018). Furthermore, as AB has been shown to affect synaptic
transmission and plasticity by altering glutamatergic release and receptors
(Section 1.2.3.2), it is not a great leap to suggest that some of the learning and
memory deficits seen in AD are as a result of disruption to these systems.
Therefore, identifying which pathways are affected, and when, is a crucial step to
understanding the progression of this disease.



1.4 | Hypotheses and Aims
Hypothesis 1 | Afferent projections to the gRSC and dRSC differ in synaptic

strength and specificity.

The RSC is a highly connected hub region of the brain, and understanding the
properties of RSC afferent projections is crucial to understanding the function of
this area. Whilst some research has begun to quantify afferent inputs into the
RSC, these studies have focused on the gRSC (Brennan et al., 2021; Yamawaki
et al., 2019b). Therefore, | aim to examine inputs into the RSC from three distal
areas — the ACC, ATN and dSub — measuring synaptic transmission onto PCs.
These areas were chosen as they are all important constituents of the EMC and
play different but critical roles in learning and memory (Aggleton et al., 2022).
Furthermore, inputs from these areas onto gRSC PCs have previously been
described (Brennan et al., 2021). | expect to corroborate differences in the
strength and specificity of excitatory input to the superficial and deep layers of
the gRSC, as well as describe and compare the pattern of innervation to the
dRSC. To do this, | will use optogenetic stimulation of afferent terminals arising
from ACC, ATN and dSub, respectively, combined with whole cell patch clamp

electrophysiology to measure properties of glutamatergic synaptic transmission.

Hypothesis 2 | RSC basal neuronal activity is altered in a mouse model of

amyloidopathy.

The RSC is highly susceptible to deafferentation in AD, therefore any disruption
to connected brain regions — or to the synaptic connections arising from these
pathways — could alter RSC neuronal activity. The RSC is known to present
amyloidopathy in the early stages of AD and is likely affected by the synaptotoxic
consequences of pathological AB. As AB oligomers are known to disrupt
glutamatergic signalling at presynaptic and postsynaptic loci, and Fos expression
is mediated by glutamatergic excitation, | will quantify RSC neuronal activity in
the J20 mouse model by assessing basal Fos protein expression in the area. A
previous study found decreased RSC Fos expression in mice expressing
amyloidopathy following exposure to a novel environment (Poirier et al., 2011),
and it is expected that basal neuronal activity will be similarly impaired.

Hypothesis 3 | Synaptic responses will be disrupted in the ATN to RSC pathway

in a mouse model of amyloidopathy.



While MTL disruption is a key factor in AD development, a comprehensive
understanding of the aetiology of AD requires knowledge of cellular and synaptic
dysfunction in areas outside the MTL that also exhibit pronounced pathology.
The ATN provides substantial excitatory input to the RSC, and both areas are
crucial for learning and memory. The RSC and ATN also both rely heavily on their
connectivity to drive mnemonic processes therefore | aim to assess whether this
pathway is disrupted in a model of prodromal AD. Since, amyloidopathy is
significantly correlated with synaptic dysfunction | will use the J20 mouse model
to investigate whether measures of synaptic function are altered at different

stages of AB deposition.

Overall, these hypotheses aim to elucidate the functional connectivity of the RSC
in both normal and pathological states. While the research field involving the RSC
is growing, we still lack information about this area; especially compared to other
regions of the brain that are significant to cognitive function as the RSC — such
as the PFC and HPC. The findings from this thesis can be used in the future to
inform further research into this cortical region, and its role in AD and other

neuropathological disorders.



2 | Materials and Methods
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2.1 | Animals
2.1.1 | Ethics

All animal procedures carried out in this thesis were done in accordance with the
UK Animals (Scientific Procedures) Act (ASPA) 1986 and were approved by the

University of Exeter Institutional Animal Welfare and Ethical Review Body.

2.1.2 | Housing

All mice were bred in house at the University of Exeter and kept on a 12 hour
light-dark cycle with ad libitum access to food and water. Mice were group housed
where possible. Both male and female C57BL/6J and PDGF-APPSw,Ind
transgenic (J20) (Mucke et al.,, 2000) mice were used in the experiments
described in Sections 3 and 4. Details of the mouse strain and ages used for each

study are described in sections 3.2 and 4.2.

2.2 | Intracerebral viral injection surgery

All surgeries were conducted using aseptic technique. Mice were weighed and
handled 3-5 days prior to surgery to check welfare. On the surgical day, the mice
were weighed and then anaesthetised using isoflurane (5% induction, 1.2-2.5%
maintenance) delivered in a constant flow of oxygen. Their scalp was then shaved
and they were placed in a Kopf stereotaxic frame and secured with non-rupture
ear bars. Analgesia was provided via a subcutaneous injection of buprenorphine
(0.03 mg/kg) at the start of the surgery. Isoflurane concentration was adjusted
throughout the surgery as anaesthesia level was monitored by checking pedal
reflex and breathing rate (1-2 breaths per second target). Body temperature was

maintained at 36-37°C using a feedback probe and heat mat.

lodine was applied to the scalp and the skull exposed via a vertical incision to the
skin. The skull was cleaned and flattened to ensure the z-position of bregma and
lamda did not differ by > 0.1 mm. A craniotomy was drilled at the appropriate
anterior-posterior and medial-lateral coordinates for the injection site, and a 33
gauge Hamilton needle was lowered to the appropriate dorsal ventral coordinates
(see Figure 2.2.1 for coordinates). Using a syringe and microinjection pump
connected to the needle, 0.25 pul of virus was injected at 0.1 pl/min (see Table

2.4 for details of the viruses used). The needle was left in position for 3 minutes



following the injection, then extracted by 0.1-0.2 um and left in position for a
further 4 minutes. The needle was then slowly removed from the brain, EMLA

cream (5%) was applied to the wound edges which were then sutured closed.

Immediately post-surgery, mice were given a subcutaneous injection of carprofen
(5 mg/kg) and 0.9% saline (10 ml/kg). They were monitored in heated recovery
chamber for 30-60 minutes or until consciousness was fully regained. Mice were
given a second injection of carprofen (1 mg/kg) the following day, and during the
subsequent 3 days were administered carprofen orally (5-10 mg/kg in strawberry

flavoured jelly).

ACC ATN dSub
AP +1.75 -0.71 -3.79
ML +0.20 +0.80 +2.25
DV +1.50 +2.76 +1.80

Figure 2.1 | Intracerebral injection target sites. Target injection sites for
ACC, ATN and dSub (Paxinos and Franklin, 2001). Coordinates for each
site are given above (in mm) with anterior-posterior (A-P) and medial-lateral
(M-L) coordinates defined from Bregma = 0, and dorsal-ventral (D-V)

coordinates defined from pia.

2.3 | Slice preparation
Mice were anaesthetised with 5% isoflurane and decapitated before the brain

was rapidly removed and placed in room temperature (RT) oxygenated N-methyl-



d-glucamine (NMDG) solution (Ting et al., 2014) consisting of (in mM): 135
NMDG, 10 D-Glucose, 1.5 MgClz, 0.5 CaClz, 1 KCI, 1.2 KH2PO4, 20 Choline
bicarbonate. 300 pum coronal slices corresponding to approximately Bregma
+2.25 mm to +1.25 mm (for ACC) and -0.5 mm to -4.5 mm (for RSC, ATN and
dSub) were sectioned using a Leica VT1200 vibratome. Following sectioning,
slices were transferred to a holding chamber containing artificial cerebral spinal
fluid (aCSF) perfused with a continuous flow of carbogen (95% Oz, 5% CO3). The
aCSF solution consisted of (in mM): 119 NaCl, 3 KCI, 1 NaH2PO4, 26 NaHCO3,
10 D-Glucose, 2.5 CaClz, 1.3 MgCI (pH 7.4). The slices were then incubated in
the holding chamber at 35°C for 30 minutes then for at RT for another 30 minutes
to recover before recording. For optogenetic experiments the injection site
fluorescence was visually confirmed immediately following slicing, and slices
were discarded if viral expression was absent or in an anatomically incorrect

location.

2.4 | Electrophysiological recordings

2.4.1 | Whole-cell patch clamp

RSC containing slices were attached to a 0.1% poly-L-lysine coated coverslip
and transferred to the recording chamber where they were perfused with
carbogen-saturated aCSF (4 ml/min, 32-34°C). Differential interference contrast
(DIC) and fluorescent signal imaging was performed using an Olympus BX51W1
microscope and SciCam Pro camera with a CoolLED pE-4000 LED light source.

Borosilicate glass microelectrodes (OD 1.5mm, ID 0.86mm, 3-6 MQ) were
fabricated using a P-97 Flaming Brown micropipette puller and filled with
intracellular (IC) solution; detailed in sections 2.4.2 and 2.4.3. Pyramidal cells
(PC) were tentatively identified under DIC visualisation, and assigned as being
located in the superficial (L2-4) or deep (L5-6) layers of the dRSC or gRSC sub-
regions of the RSC. Confirmation of cell-type and location was conducted for a
sub-set of cells by visualising cell morphology via post-hoc cell recovery (see
section 2.5.4).

Data were collected with a Multiclamp 700B amplifier combined with a Digidata
1440A analogue-to-digital converter and a standalone computer equipped with

pClamp software (Molecular Devices). Signals were digitised at 20 kHz and



lowpass filtered at 8 kHz. Custom MATLAB scripts were used to analyse
electrophysiological recordings unless stated otherwise. Electrophysiology traces
were inspected using Igor Pro 7 (Wavemetrics) or MATLAB (Mathworks)
software. The liquid junction potential (LJP) was calculated using the LJP
Calculator available on pClamp software. LJP was -15.7 mV for current clamp

recordings and -11.7 mV for voltage clamp recordings, and was not corrected for.

2.4.2 | Current clamp

2.4.2.1 | Current clamp recordings

Whole-cell current clamp recordings were performed using a potassium
gluconate (K-gluc) IC solution containing 2 mg/ml biocytin and consisting of (in
mM): 135 K-gluc, 3 MgClz, 0.5 EGTA, 10 HEPES, 0.3 Na>-GTP, 2 Mg-ATP. Cells
were left at their natural resting membrane potential (Vm) for the duration of all

recordings. All recordings were made in standard aCSF.

Immediately following entry in cell, a 60 second gap free recording was made of
spontaneous activity at rest without injection of any bias current. Rheobase was
measured from Vm using a 200 ms square positive current injection protocol:
beginning at -5 pA and incrementing in 2 pA steps until an action potential (AP)
was induced. All other measures were computed from a 1000 ms square positive
current injection protocol. Most cells underwent a standard protocol beginning at
-200 pA and incrementing at 50 pA steps until +400 pA; however, this was not
appropriate for all recordings and, in some cases, a protocol starting at -100 pA
and increasing to +200 pA in 25 pA steps or starting at -400 pA and increasing to
1000 pA was be applied. The 25 pA step protocol was applied if a depolarising
block presented by +150 pA during the standard protocol, and the 100 pA step
protocol was applied if the cell did not fire by +300 pA during the standard

protocol.

2.4.2.2 | Current clamp analysis
Cells were excluded from analysis if they had an access resistance (Ra) > 20 MQ
or Vm >-50 mV.



Passive membrane properties

Methods used to measure passive membrane properties are illustrated in Figure
2.1. Resting membrane potential (Vm) was calculated as the average membrane
voltage for 100 ms before current injection. Input resistance (Ri) was calculated
as mean voltage deflection during the last 200 ms (AV) — the steady state
response (ssV) — of the first hyperpolarisation current injection sweep divided by

the amplitude of the negative current injection (Al).

AV

Ri = —
Y

20-80% rise time was calculated using a first order exponential curve fitted to the
charge curve of the membrane between 20 and 80% of the peak amplitude of

voltage deflection.

100 ms
50 pA

Figure 2.2 | Calculation of passive membrane properties and In current.
Voltage trace in response to square hyperpolarising current injection.
Highlighted in red is the charging curve of the membrane used to calculate
rise time (left) and the time point used to calculate the ssV (right). The
arrows indicate the voltage deflections and inflections used to calculate AV,
Al, sag and rebound. The dashed lines indicated the mean voltage

calculated for Vm and ssV.



AP waveforms and excitability

Rheobase was calculated by manually identifying the depolarising current
injection magnitude when an AP was first generated on ClampFit software

(Molecular Devices).

The hyperpolarisation-activated cation current (In) was measured by calculating
the sag and rebound voltages of the first hyperpolarisation sweep. Sag voltage
was calculated as percentage of the difference between the maximum negative
voltage deflection (Vmin) and steady state response (ssV) divided by the
difference between Vmin and Vm. Rebound voltage was calculated as the
difference between the maximum positive voltage peak following the end of the

negative current injection step (Vmax) and Vm.

Spike characteristics were computed from the first AP of the first spike train to
contain 24 spikes. AP threshold was calculated as the voltage at which the first
derivative of the membrane potential (dV/dt) exceeded 20 mV/ms (Figure 2.3 B).
Maximal rate of rise (max dV/dt) was calculated as the peak of the first derivative
of the membrane potential. AP peak was computed as the absolute maximum
voltage of the AP waveform (Figure 2.3 A). AP half-width was calculated as the

width at half maximal voltage from AP threshold.

A B

dV/dt (V/s)
APpeak AP max dV/dt

10 ms R N
,7 AN
10mV -200 \

1150

____________ AP half-width

AP threshold leo

Figure 2.3 | Calculation of AP properties. A Voltage trace of first AP
following depolarising current injection (+50 pA). B Phase plot of 15t order

derivative of AP.



Accommodation index (Al) was calculated as the as the ratio between the first
and last inter-spike interval (I1SI). Burst index (BI) was calculated as the sum of

the inverse of the spike number squared multiplied by the ISI.

2.4.3 | Voltage clamp

2.4.3.2 | Voltage clamp recordings

Whole-cell voltage clamp recordings were performed using a cesium
methanesulfonate (CsMeSOa4) IC solution containing 2 mg/ml biocytin and
consisting of (in mM): 135 CsMeSOa4, 8 KCI, 0.5 EGTA, 10 HEPES, 0.5 QX-314,
0.1 Spermine, 0.3 Naz-GTP, 2 Mg-ATP. Cells were recorded from at a holding
membrane potential (V1) of -70 mV for recordings unless otherwise stated. All
recordings were made in standard aCSF unless otherwise stated. All optic
stimulation was carried out at a 470 nm wavelength generated by a CoolLED pe-

4000 light source at 100% power.

Following entry into the cell, a 60 second gap free recording was made of
spontaneous activity at Vi = -70 mV. Two stimulation train protocols at different
frequencies were then applied to the cell for 10-20 sweeps each. Both stimulation
train protocols consisted of a 500 ms -10 mV square voltage injection followed by
five 5 ms optic stimulation pulses at 7 Hz and 40 Hz frequencies. In order to
examine paired pulse ratio (PPR) an increasing inter-pulse interval (IP1) protocol
was applied, which consisted of: a 500 ms -10 mV square voltage injection
followed by two 5 ms optic stimulation pulses at 10, 17, 51, 100, 170, 510 and
1000 ms intervals. Finally AMPAR- and NMDAR-mediated currents were
measured using a protocol consisting of a 500 ms -10 mV square voltage injection
followed by a single 5 ms optic stimulation pulse. AMPAR-mediated currents were
measured at Vi = -70 mV in standard aCSF and NMDAR-mediated currents were
measured at Vi = +40 mV in aCSF containing antagonists for GABAa, GABAs
and non-NMDA ionotropic glutamate receptors (standard aCSF containing (in
MM): 10 Gabazine, 1 CGP-55845, 10 DNQX).



2.4.3.2 | Voltage clamp analysis

Cells were excluded from analysis if they had Ra> 20 MQ or displayed a change
in Ri (ARi) > 20%. Ri was calculated for each sweep as the mean current
deflection during the voltage injection step divided by the amplitude of the
negative voltage injection. ARi percentage was computed by subtracting the Ri of
the first sweep from the final sweep, then dividing by first sweep Ri. Average Ri

was calculated as the mean R for all sweeps.
EPSC magnitude and kinetics

EPSC magnitude and kinetics were calculated from the first optogenetic
stimulation pulse generated in the 7 Hz stimulation protocol, cells were excluded
if < 10 viable sweeps were recorded. Sweeps were averaged and normalised:
baseline current was calculated as the mean current for 500 ms following voltage
injection, and adjusted to O pA. For the C57BL/6J synaptic function
characterisation studies detailed in Section 3, a binary response rate was

calculated and responding cells were further analysed.

Magnitude and kinetic data was calculated for each stimulation pulse. The EPSC
magnitude was calculated as either the maximum negative current peak or the
current at time of the first EPSC peak; where a multi-peak response generated
defined peaks before the maximum. Identification of peaks before maximum was
computed by plotting the first order differential of the response and identifying
peaks of greater than 4 standard deviations from the differential trace (Figure
2.4). Total EPSC charge was calculated as the area under the curve (AUC)
between onset and next pulse, or for the last pulse until mean inter-pulse interval
(IPI) time had passed. Onset latency was calculated as time to respond following
initiation of optogenetic pulse, where time to respond was calculated as the first
point when amplitude = 3 SD from mean on a Hilbert transform of the trace. Rise
time was calculated as time taken for the first EPSC to rise from 20 to 80% of its
peak.

EPSC magnitude and kinetics were analysed for only the first pulse in the
stimulation train, however PPR were computed for subsequent pulses compared

to the initial response at both 7 and 40 Hz frequencies.



max EPSC

Figure 2.4 | Current trace and differential plot of multi-peak EPSC. In
black is current trace of a multi-peak optogenetic stimulation-evoked EPSC.
In red is the first differential of the trace plotted against the current trace. 15

and maximum EPSC locations are indicated.

Increasing IPlI PPR

Three replicate recordings were made for each cell, and corresponding sweeps
were averaged together. Ri calculation and baseline adjustment were computed
as described above. EPSC magnitude for each pulse was calculated as the
maximum negative current peak, and a PPR ratio was generated for each

averaged sweep by dividing the second pulse EPSC by the first pulse EPSC
AMPA-NMDA ratio

Sweeps used to compute AMPAR- and NMDAR-mediated currents were
averaged and normalised for each block. Ri and ARi were calculated for the

AMPAR-current sweeps only.

AMPAR-mediated EPSC magnitude was calculated as the maximum negative
current peak in a 200 ms window following optogenetic stimulation. NMDAR-
mediated EPSC magnitude was calculated as the maximum positive current peak
in the same time window. AMPA-NMDA ratio was then calculated by dividing
NMDAR EPSC by the AMPAR EPSC. Any cells which displayed an AMPAR but

not NMDAR were discarded from analysis due to being unable to divide by 0.



Where an NMDAR response was present, the weighted decay time constant (tw)
was calculated in Clampfit 11.2 (Molecular Devices) by fitting the following double
exponential function equation to the average current trace at +40 mV using the

least square method (Shipton et al., 2022):
1(t) = Ipe /" + [e™t/%s

where |f and Is are the amplitudes of the fast and slow component, t is time, and
Tt and ts are the fast and slow time constants. tw was computed using these

values using the following equation:

() ()
Tw =T Ts|\ 77—
W+ L) U+

2.5 | Immunohistochemistry

2.5.1 | Fixed tissue preparation

Mice were taken directly from their home cage and terminally anaesthetised with
an intraperitoneal injection of sodium pentobarbital (200 mg/kg) before being
transcardially perfused (5 ml/min) with phosphate buffered saline (PBS) for 5
mins followed by 4% paraformaldehyde (PFA) in PBS for 10 mins. The animals
were not handled or exposed to any other non-home cage stimulation for 2 hours
prior to perfusion in order to capture only basal Fos expression. Following the
perfusion, the brains were removed and stored in 4% PFA in PBS for 22 hours at
4°C, then cryoprotected in 30% Sucrose in PBS-(0.02%)Azide (PBS, 0.02%

sodium azide) for at least 3 days.

Using a freezing sledge microtome (Leica SM2010R with Physitemp BFS-5MP
temperature controller) coronal sections were taken from frozen brains (-20°C).
Sections were either directly mounted on Superfrost Plus slides and immediately
coverslipped, or stored in either PBS-(0.02%)Azide at 4°C or a cryoprotectant
solution (25% glycerol, 30% ethylene glycol, 25% 0.2 M Phosphate buffer, 20%
ddH20) at -20°C for long-term storage.

2.5.2 | Fos staining

All steps were conducted at RT unless stated otherwise. 30 um free-floating
sections stored in PBS-Azide were washed in PBS (3x 10 minutes), before being
incubated in PBS containing 0.09% hydrogen peroxide for 20 minutes to quench

endogenous peroxidase. Next, sections were washed in PBS (3x 10 minutes),



then blocked and permeabilised in PBS-(0.2%)Tx (PBS, 0.2% Triton X-100)
containing 3% normal goat serum (NGS). The sections were then incubated in
1:800 anti-Fos primary antibody in PBS-(0.2%)Tx with 3% NGS at 4°C overnight.

The following day the sections were washed in PBS (3x 10 minutes), then
incubated for 2 hours in 1:600 biotinylated anti-rabbit secondary antibody in PBS-
(0.2%)Tx with 1% NGS. Sections were washed in PBS (2x 10 minutes), then
incubated in an Avidin-Biotin complex (ABC) solution for 1 hour. After a further
three washes in PBS the sections were incubated with 0.04% 3,3-
Diaminobenzidine-tetrahydrochloride (DAB) with 0.04% hydrogen peroxide and
0.05% ammonium nickel(ll) sulfate in PBS for approximately 10 minutes. After a
final two 10 minute washes in PBS, sections were mounted on Superfrost Plus
slides and left to dry overnight. The next day, sections were serially dehydrated
in graded ethanol (EtOH) baths (all 2 minutes: 2x ddH20, 30% EtOH, 60% EtOH,
90% EtOH, 95% EtOH, 2x 100% EtOH), and then cleared in Histo-Clear Il (2x 10
minutes). Slides were then sealed and coverslipped using Histo-Mount mounting

medium.

The RSC, CA1l region of the HPC and V1 were visualised using bright-field
microscopy and images captured using a 10x objective on a Nikon Eclipse 800
microscope attached to a SPOT RT monochrome camera running SPOT Basic
imaging capture software (SPOT Imaging). Four replicates of each ROI were
captured for each mouse, taken from the left and right hemispheres of two

sections.

Image analysis (Figure 2.5) consisted of an automatic count of nuclei expressing
high levels of Fos (Fos+) in predefined regions of interest (ROI) (Paxinos and
Franklin, 2001) using Fiji software (Schindelin et al., 2012). To perform this count,
images were submitted to a fast Fourier transform bandpass filter and colour
scale inversion before being run through the 3D object counter plugin with a
brightness threshold (set to 1.7) that depended on average pixel brightness of
the filtered image (Bolte and Cordelieres, 2006). Fos+ cell counts were then

normalised to ROI area, described as Fos+/mm?.



Figure 2.5 | Fos IHC image analysis. A Raw image from a 3 month old
wild-type mouse with dRSC ROI overlay. B Automated count overlay
identifies Fos+ nuclei with 1.7 brightness threshold. Only highly stained
Fos+ nuclei were identified. (Scale bar: 100 pm)
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2.5.3 | Amyloid plaque staining

30 um free-floating sections stored in cryoprotectant solution were washed in
PBS (3x 10 minutes) before being mounted onto Superfrost Plus slides and left
to dry overnight. The following morning a hydrophobic barrier was drawn around
the sections and sections were covered in 70% ethanol for 5 minutes before being
washed with ddH20 (2x 2 minutes). Next, sections were incubated in 1:100
Amylo-Glo solution in 0.9% saline for 10 minutes. Sections were then rinsed in
0.9% saline for 5 minutes, followed by PBS washes (3x 10 minutes). Sections

were left to dry, then coverslipped with Fluoromount mounting medium.

AB plaques in the RSC, HPC and V1 were visualised using epifluorescent
microscopy (Nikon Eclipse 800 microscope with CoolLED pE-4000 LED light
source) at 365 nm excitation. Images were captured at 4x magnification using a
SPOT RT camera running SPOT Basic imaging capture software. Four replicates
of each ROI were captured for each mouse.

Image analysis was conducted using Fiji software; amyloid plaques were
quantified by measuring the area covered by plaques in predefined brain ROIs.
Plaque areas were manually drawn and measured where present (Figure 2.5.3),

then normalised as a percentage of brain area, described as Plague/Area (%).



Figure 2.6 | Amyloid plague image analysis. A Raw image from 9 month
transgenic J20 mouse with dRSC and gRSC overlays. B Manually drawn
ROIs around amyloid plaques including visible processes. Arrows indicate
plaques but are not exhaustive. Scale bar: 250 pum.



2.5.4 | Cell recovery

Immediately following electrophysiological recording, slices were transferred into
4% PFA in PBS for 1-3 days, then transferred to PBS-(0.02%)Azide. The free-
floating slices were then washed in PBS (3x 10 minutes) then blocked and
permeabilised in PBS-(0.5%)Tx with 3% NGS for 1 hour. Slices were then
incubated in 1:500 Streptavidin-DyLight 488 or Streptavidin 650 in PBS-(0.5%)Tx
with 1% NGS overnight at 4°C. The following day, the slices were washed in PBS
(3x 10 minutes) then transferred to 30% sucrose in PBS overnight for

cryoprotection.

The 300 um slices were then re-sectioned at 100 um on a freezing sledge
microtome (Leica SM2010R with Physitemp BFS-5MP temperature controller),
mounted on SuperFrost Plus slides and coverslipped with VectaShield Hardset

mounting medium containing DAPI.

Sections were first visualised using epifluorescent microscopy (Nikon Eclipse 800
microscope with CoolLED pE-4000 LED light source) at 10x magnification to
confirm cell recovery, and cell type and location. Representative images of
stained cells were taken on a MLS203 confocal microscope with a Quantalux

sCMOS camera (ThorLabs) at 20x magnification.

PC were confirmed by morphology: a rounded pyramidal shaped soma with two
distinct dendritic fields emerging from the apex (apical dendrites) and base (basal
dendrites) (Figure 2.7). In the neocortex these dendritic fields are typically
oriented with the apical dendrites ascending towards the superficial layers and
the basal dendrite fanning around the soma (Valverde, 1986). Location of soma
was confirmed by identifying distinct cortical layers in the DAPI stain using

previously described boundaries (Vogt and Paxinos, 2014).
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Figure 2.7 | Representative PC reconstruction. A Reconstructed PC in
the gRSC superficial layers. B Reconstructed PC in the dRSC deep layers.
Arrows indicate features used to identify as a PC: rounded pyramidal soma,
and distinct apical and basal dendritic fields that are characteristic of the cell
type. Scale bar: 100 pm.

2.6 | Statistical analysis

RStudio was used to conduct all statistical analyses and generate all data graphs;
all non-standard packages used are listed in Table 2.7.

For the intrinsic properties electrophysiological data (Section 3.3.1) the variable
Al was excluded because many cells has non-constant firing pattern which meant
Al was heavily skewed and no longer fully representative of the measure. The
remaining intrinsic properties variables were pre-processed by scaling each
variable between 0 and 1 to standardise between the measures, before
hierarchically clustering using Euclidean distances and Ward’s method. The
hierarchical cluster was then cut: cluster number was chosen by running multiple
iterations of K-means (max 24) and comparing variance explained, cluster plots
and other cluster index measures (such as the Hubert and silhouette indices) to
identify the likely best number of clusters. Hierarchical clustering bootstrapping
(1000 runs) using the Jaccard coefficient (Hennig, 2007) was then used to test
cluster stability. The non-standardised variables were then tested for collinearity

using Pearson’s r correlation coefficient and the correlations were clustered. Due



multiple significant correlations, a multifactorial analysis of variance (MANOVA)
was conducted to look for differences between the cell clusters, followed by post

hoc univariate analysis of variance (ANOVA) and Tukey’s HSD tests.

Synaptic response probability (Section 3.3.3) was analysed using Pearson’s chi-
squared test, followed by post hoc chi-squared tests where appropriate. For
neuroanatomical tracing and synaptic response data (Sections 3.3.2 & 3.3.3) —
when comparing between presynaptic region inputs — data was tested for
normality and parametric and non-parametric tests were used where appropriate.
To compare between independent groups one-way ANOVA, Kruskal-Wallis (one-
way) or Scheirer-Ray-Hare (two-way) tests were used, followed by post hoc
Mann-Whitney U comparisons. Two-way mixed ANOVA were used to compare
between groups for a repeated measures variable. AB plaque deposition and
basal Fos expression data (Sections 4.3.1 & 4.3.2) were analysed using two-
way independent and three-way mixed ANOVA, followed by post hoc t-test

multiple comparisons.

Mixed effect models were used for synaptic response data when comparing
between sub-regions, layers, sex, age and genotype (Sections 3.3.3 & 4.3.3).
These models included mouse ID as a random effect to control for multiple cells
belonging to the same animal within the experimental group (eg. presynaptic
region input). For independent measures data, a null model was fitted with just
mouse random effect (random slope and intercept), then a linear mixed effect
model was fitted by force-entering all independent variables as fixed effects. For
repeated measures data (such as PPR) the null model included mouse random
effect and the repeated measures data as a fixed effect factor. For the more
complex modelling in Section 4.3.3, multiple experimental models were
evaluated and sub-region and layer were always entered alone in the first model
for each outcome. Subsequent models added age, genotype and sex and are
detailed more thoroughly in the results. The goodness-of-fit for the null and mixed
experimental models was compared using the x?-likelihood ratio test and the
mixed model was reported when it generated a significant improvement upon the
null model or on prior experimental models. Goodness-of-fit was also assessed
and reported using Akaike information criterion (AIC): the model with the lowest
AIC was deemed better. AIC was used to select the best model instead of the

Bayesian information criterion as, while both estimates of goodness-of-fit correct



for number of parameters used, the AIC penalises multiple parameters less
harshly (Field, 2013). Also, the AIC is considered the best model selection tool
for predictive accuracy and is more appropriate for exploratory analysis and
imprecise modelling (Aho et al., 2014). Main fixed effects were calculated using
ANOVA, and pairwise comparisons reported as the fixed effect estimate and t-
test statistics. Where random effects were found, the contribution to variance was

reported.

All post hoc analyses were p-adjusted using the Benjamini-Hochberg correction
to control for false discovery rate, unless specified as Tukey’s HSD tests. Mice of
both sexes were used in all experiments, but sex was only controlled for in the
experiments using J20 mice in Chapter 4. Sex was controlled for here since there
was theoretical justification as females are known to present with a higher AB
burden in some AD models (Yang et al.,, 2018), and the effects of AD on
neurophysiology can be modulated by sex (Arsenault et al., 2020).

2.7 | Lists of consumables and equipment
Item Source Identifier

Adenosine 5'-triphosphate magnesium Merck Life Sciences A9187
salt (Mg-ATP)

Biocytin VWR International 90055
Borosilicate capillary glass pipettes VWR International HARV30-
0057
Calcium chloride (CaCl2) Merck Life Sciences C5080
Cesium methanesulfonate (CsMeS0O4) Merck Life Sciences C1426
CGP 55845 hydrochloride Tocris 1248
Choline bicarbonate Merck Life Sciences C7519
D-Glucose Merck Life Sciences G8270
DNQX Hello Bio HB0261
EGTA Merck Life Sciences E3889
Gabazine Hello Bio HB0901

Guanosine 5'-triphosphate sodium salt Merck Life Sciences 51120
hydrate (Na2-GTP)

HEPES Merck Life Sciences H3375
L-689,560 Tocris 0742

Magnesium Chloride (MgClz) Merck Life Sciences M2670
NMDG Merck Life Sciences M2004
Poly-L-Lysine Merck Life Sciences P8920
Potassium Chloride (KCI) Merck Life Sciences P9333

Potassium D-gluconate (K-gluconate) = Merck Life Sciences G4500



Potassium  dihydrogen
(KH2PO4)

QX-314 chloride

Silver wire

phosphate

Sodium bicarbonate (NaHCO3)

Sodium Chloride (NaCl)

Sodium dihydrogen
(NaH2PO4)
Spermine
Table 2.1 | List

of

phosphate

consumables

electrophysiology experiments

Item

Ammonium nickel(ll) sulfate

Amylo-Glo
DAB tetrachloride

DyLight 488 Streptavidin
DyLight 649 Streptavidin

Ethanol
Ethylene glycol
Fluoromount
Glycerol

Goat biotinylated anti-rabbit antibody

Histo-Clear Il

Histomount

Hydrogen peroxide 30%

ImmEdge hydrophobic barrier PAP pen

Normal goat serum
Paraformaldehyde
PBS tablets

Rabbit anti-Fos antibody

Sodium azide
Sodium pentobarbital
Sucrose

Superfrost slides
Triton X-100

Vectashield Hard Set Mounting Medium

with DAPI

Vectastain ABC-HRP Kit
List

Table 2.2 |

immunohistochemistry experiments

of

consumables

Merck Life Sciences

Hello Bio

World Precision
Instruments

Merck Life Sciences
Merck Life Sciences
Merck Life Sciences

Merck Life Sciences
and

Source

Merck Life Sciences
2B Scientific

Hello Bio

2B Scientific

2B Scientific

Merck Life Sciences
Merck Life Sciences
Merck Life Sciences
Merck Life Sciences
2B Scientific
Scientific Laboratory
Supplies

Scientific Laboratory
Supplies

Merck Life Sciences
2B Scientific

Vector Laboratories
Merck Life Sciences
VWR International

Cell Signalling
Technology
Merck Life Sciences

Covetrus

Merck Life Sciences
VWR International
Merck Life Sciences
2B Scientific

2B Scientific
and

reagents

reagents

229806

HB1030
AGT0525

S5761
S9888
S9763

S3256
used

Identifier
A1827

in

TR-300-AG

HBO687
SA-5488
SA-5649
443611
324558
F4680
G5516
BA-1000
NAT1334

NAT1310

H1009
H-4000
S-1000
158127
E404
2250

S2002
N/A
S0389
631-0108
X100
H-1000

PK-4000
used

in



ltem

Buprenorphine hydrochloride
Carprofen (Rimadyl)

EMLA cream 5% (Aspen)
Hamilton needle 33g
Isoflurane

Prolene sutures 6/0

Souce Identifier

Covetrus N/A
Covetrus N/A
Covetrus N/A
Fisher Scientific 15162654
Covetrus N/A
Medisave W8005T

Table 2.3 | List of consumables used in surgical procedures

Use Vector

Excitatory AAVs2-hSyn1l-

opsin hChR2(H134R) mCherry-
WPRE-hGHp(A)

Green AAVs;2-hSynl-chl-EGFP-

fluorescent WPRE-SV40p(a)

reporter

Red AAVs;2-hSyn1-chl-

fluorescent mCherry-WPRE-

reporter SV40p(A)

Source Identifier

7.1 x 102 ETH Zurich V124-5

Viral Vector
Facility

5.9 x 102 ETH Zurich V132-8

Viral Vector
Facility

5.6 x 10> ETH Zurich V133-8

Viral Vector
Facility

Table 2.4 | List of viral vectors used in the present study

Item

CoolLED -pE4000
Digidata 1440A digitiser
Electrode holder 1-HL-U

Gibson MiniPuls 3 peristaltic pump

Hamilton syringe

Leica SM2010R microtome
Leica VT1200 vibratome
Microinjector

Model 940 Small animal

instrument

Moving stage platform with control cube

Multiclamp 700B amplifier
Nikon Eclipse 800 microscope
Olympus BX51W1 microscope

P-97 Flaming Brown micropipette puller
PatchStar motorised micromanipulator
Physitemp BFS-5MP temperature controller

SciCam Pro camera

SPOT RT monochrome camera

Surgical drill (503598)

Temperature controller with in-line Peltier

heater SM-4600

stereotaxic

Source

CoolLED

Digidata

Molecular Devices

Gilson

Hamilton

Leica

Leica

World Precision Instruments
David Kopf Instruments

Scientifica

Molecular Devices

Nikon

Olympus

Sutter Instrument Company
Scientifica

Physitemp

Scientifica

SPOT

World Precision Instruments
Scientifica

Table 2.5 | List of equipment used in the present study



Software Source
ClampFit 10.7 Molecular Devices
Fiji National Institutes for Health
(Schindelin et al., 2012)
Igor Pro 7 Wavemetrics
MATLAB Mathworks
pClamp 10 Molecular Devices
RStudio RStudio Team (2020)
SPOT Basic Imaging Capture SPOT
Table 2.6 | List of software used in the present study
R package Source
afex https://cran.r-project.org/web/packages/afex/index.html
BBmisc https://cran.r-project.org/web/packages/BBmisc/index.html
corrplot https://cran.r-project.org/web/packages/corrplot/index.html
dendextend https://cran.r-project.org/web/packages/dendextend/index.html
factoextra  https://cran.r-project.org/web/packages/factoextra/index.htmi
flextable https://cran.r-project.org/web/packages/flextable/index.html
foreign https://cran.r-project.org/web/packages/foreign/index.html
fpc https://cran.r-project.org/web/packages/fpc/index.html
ggplot2 https://cran.r-project.org/web/packages/ggplot2/index.html
ggpubr https://cran.r-project.org/web/packages/ggpubr/index.html
gridExtra https://cran.r-project.org/web/packages/gridExtra/index.html
Ime4 https://cran.r-project.org/web/packages/Ime4/index.html
ImerTest https://cran.r-project.org/web/packages/ImerTest/index.html
mvnormtest https://cran.r-project.org/web/packages/mvnormtest/index.html
rcompanion https://cran.r-project.org/web/packages/rcompanion/index.htmi
Rmisc https://cran.r-project.org/web/packages/Rmisc/index.htmi
rstatix https://cran.r-project.org/web/packages/rstatix/index.html
SimComp  https://cran.r-project.org/web/packages/SimComp/index.html
sjPlot https://cran.r-project.org/web/packages/sjPlot/index.html
svglite https://cran.r-project.org/web/packages/svglite/index.html
tidyverse https://cran.r-project.org/web/packages/tidyverse/index.html
Table 2.7 | R packages used for statistical analysis and graph
generation
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https://cran.r-project.org/web/packages/lmerTest/index.html
https://cran.r-project.org/web/packages/mvnormtest/index.html
https://cran.r-project.org/web/packages/rcompanion/index.html
https://cran.r-project.org/web/packages/Rmisc/index.html
https://cran.r-project.org/web/packages/rstatix/index.html
https://cran.r-project.org/web/packages/SimComp/index.html
https://cran.r-project.org/web/packages/sjPlot/index.html
https://cran.r-project.org/web/packages/tidyverse/index.html

3 | The dRSC and gRSC differ in their connectivity with
the ACC, dSub and ATN in the C57BL/6J mouse
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3.1 | Introduction

The RSC is known to be involved in a variety of cognitive functions (Chrastil,
2018), including learning and memory, yet there is still much we do not know
about this brain region. For example, are there unique features in terms of cell-
to-cell communication, or neuronal physiological or synaptic properties that
contribute to the function of this region?

Characterising the neuronal populations within a brain region can help
understand the function of the area. For instance, the structural complexity of PCs
is associated with differences in cognitive specialisation between different cortical
areas (Elston, 2003). Additionally, within cortical subregions, different PC
subtypes display distinct morphology related to intracortical connectivity and
differing synaptic response to inhibitory activity (Chagnac-Amitai et al., 1990).
Different PC subtypes also show different patterns of synaptic plasticity and
mechanisms, indicating fundamental synaptic connectivity differences which may
have significant functional implications (Greenhill et al., 2015; Jacob et al., 2012).
Therefore, confirming and extending our understanding og PC diversity in the
RSC forms part of a larger picture when understanding its connectivity and
function. Some studies have identified different PC subtypes in the gRSC,
including small hyperexcitable cells in the superficial layers in the mouse
(Brennan et al., 2020), PCs with a significantly delayed spike response in the rat
(Kurotani et al., 2013), as well as burst-spiking PCs in the rat gRSC deep layers
(Yousuf et al., 2020). However, little is known about the intrinsic electrical
properties of RSC PCs, particularly compared to other better-studied areas such
as the HPC or barrel cortex. So far PCs in the dRSC have not been characterised.
This chapter reports an analysis ofPC subtypes in the gRSC and dRSC to
establish a framework through which we can understand the function of afferent

inputs into both sub-regions.

Neuroanatomical tracing studies have extensively mapped RSC connectivity in
the rodent brain (Groen and Wyss, 2003, 1992, 1990), and some studies have
identified distinct sub-region targeting (Aggleton et al., 2021), however laminar
distribution and synaptic response of these connections is still relatively unknown.
The few studies that have characterised the function of excitatory and inhibitory

afferent projections into the RSC (see Section 1.1.3) have typically focused on



the gRSC region. Therefore, there is a clear gap in the literature regarding
synaptic responses to afferent inputs in the dRSC. Additionally, while research
by Brennan et al. (2021) and Yamawaki et al. (2019) dissected synaptic
responses in individual PCs across different layers in the gRSC, generally only
the magnitude and direction of the responses have been reported. Other
measures of synaptic function, such as the properties of AMPAR- and NMDAR-
mediated EPSCs and short-term plasticity, as well as probability of response, can
provide more detailed information about these synaptic connections in the RSC.

The primary aim of the experiments reported in this chapter was to describe and
compare the neuroanatomical laminar distribution and synaptic response to
afferents in both dRSC and gRSC arising from three presynaptic areas: the ACC,
the dSub and the ATN. One very recent study investigated these inputs solely in
the gRSC (Brennan et al., 2021). Therefore examining whether and how these
inputs differ between RSC sub-regions will provide more information on functional
connectivity into the RSC. Experiments were performed using a combination of
neuroanatomical tracing and electrophysiological recordings of synaptic
responses following optogenetic stimulation of afferent terminals arising from

each presynaptic region.

3.2 | Methods and animals

Measurement of intrinsic electrical membrane properties

27 C57BL/6J mice (nmale = 12, nrematle = 15) aged between 3-6 months were used.
The age range of all the animals in this chapter was between 3 and 8 months,
and included only adult healthy mice to prevent any developmental or excessive
ageing-related effects on the results. 163 cells were recorded, of which 35 were
excluded as not being viable for analysis (Section 2.4.2.2). Of the 128 cells
remaining, 63 were anatomically reconstructed and 3 excluded for presenting
non-PC like morphology. Confidence in the remaining cells being PC is high as
false positive rate for the reconstructed cells was <5% and the excluded cells had
already been highlighted as potential INs pre-reconstruction.



Neuroanatomical viral tracing

20 (Nmate = 8, Nfemale = 12) C57BL/6J mice aged between 3-5 months were used.
Mice were injected in two of the experimental presynaptic brain regions (ACC,
dSub, ATN) with either AAVs-hSyn1-EGFP or AAVs-hSynl-mCherry (see Table
2.4 for viral vector details) and were killed by perfusion fixation 6 weeks post-
surgery. 7 mice were excluded due to a failed or misplaced injection in both
regions. Of the 11 (Nmale = 4, Ntemale = 7) remaining mice; 7 mice had one viable
injection and 4 mice had two viable injections, leaving 15 viable injections of
which 6 were in the ACC, 4 were in the ATN and 5 in the dSub. Two images from
the anterior (pre-splenium) and posterior (post-splenium) RSC were taken for
each injection. Mean fluorescent intensities were taken per sub-region then per
layer and averaged for the anterior and posterior sections. As mean fluorescent

intensities were used for analysis, fluorophore was not controlled for.
Optogenetic characterisation of long-range synaptic connectivity

All mice were from the C57BL/6J line and aged between 4 and 8 months at time
of recording. Mice were injected with AAVs-hSyn1-ChR2(H134R)-mCherry (see
Table 2.4). 24 mice were injected in the ACC; 7 mice were excluded from
recording or analysis for missing or misplaced injection sites and 3 mice were
excluded because of poor slice quality. 126 cells were recorded overall from 14
mice (Nmale = 7, Nfemale = 7), and 30 were excluded for not meeting viability criteria
(Section 2.4.3.2). 21 mice were injected in the dSub; 6 mice were excluded for
missing or misplaced injection sites and 5 mice were excluded because poor slice
quality. 84 cells were recorded overall from 10 mice (Nmate = 6, Nfemale = 4), and 19
were excluded for not meeting viability criteria. 16 mice were injected in the ATN;
5 were excluded for missing or misplaced injection site and 2 were excluded
because of poor slice quality. 52 cells were recorded overall from 9 mice (Nmale =
7, ntemale = 2), and 13 were excluded for not meeting viability criteria. In addition,
2 mice were injected with AAVs2-hSynl1-mCherry in the ATN (Nmale = 1, Nfemale =
1). 21 cells were recorded and 1 cell was excluded for not meeting viability

criteria.



3.3 | Results

3.3.1 | PC heterogeneity in the RSC forms clusters with distinct intrinsic
properties

Different features from intrinsic membrane properties (named in Figure 3.1) from
125 cells were entered into a hierarchical clustering model and 3 distinct clusters
emerged (Figure 3.1 A-B): cluster 1 (C1), cluster 2 (C2), and cluster 3 (C3),
respectively. The clusters appeared relatively distinct, however there was some
overlap between C1 and C3. Additionally, C2 and C3 were relatively disperse and
a low Dunn Index value of 0.11 (a measure of clustering validity which calculates
the ratio of the smallest inter-cluster distance to the largest intra-cluster distance)
indicated probable high intra-cluster variability. Bootstrapping (1000 runs)
indicated that C1 was highly stable (> 0.85) and C2 and C3 were moderately
stable (> 0.7) (C1: stability = 0.90, dissolutions = 2; C2: stability = 0.65,
dissolutions = 42; C3: stability = 0.76, dissolutions = 7). However, the variance
explained by 3 clusters was fairly low at 30.0% (increasing from 18.5% for 2
clusters). While variance explained did continue to increase in smaller increments
for larger numbers of clusters (ka=35.1%, ks=39.6%), cluster plots indicated these
extra clusters were highly overlapping and not distinct from each other. When
considering how the clusters were separated, it was clear that C2 was separated
from C1 and C3 along the principal component 2 (PC2) axis but was dispersed
along the principal component 1 (PC1) axis, which separated C1 and C3 (Figure
3.1 B). The variable loadings for PC1 and PC2 are presented in Figure 3.1 C,
and show that that R;, rise time, rheobase, Bl, AP max dV/dt and AP peak had
the strongest effects on clustering; which is supported by significant differences
between clusters for these measures. These clusters were not solely located to
specific RSC sub-regions or layers (Figure 3.1 E), indicating some PC diversity
within these areas. However superficial cells — especially those in the dRSC —
were predominantly sorted in cluster 3; suggesting PCs in layers 2-3 present less
heterogeneity than deep layer PCs (see also Figure 3.4). A similar number of
PCs per sub-region and cortical layer were recorded indicating this was not due
to a sampling error (ARSC superficial: 30, dRSC deep: 31, gRSC superficial:
37, gRSC deep: 27).
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Figure 3.1 | PCs in the RSC are highly heterogeneous. A Dendrogram
showing the hierarchical clustering of PCs recorded in the RSC. B
Scatterplot of principal components 1 (PC1) and (PC2) with hierarchical
clusters imposed. C Variable loadings onto PC1 and PC2. D There was a
large amount of correlation between the non-normalised variables,

significance values indicated on correlogram. E There were significantly
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different proportions of PCs from the different sub-regions of the RSC
between the clusters (x2(6) = 43.92, p < .001; Pearson’s Chi-Squared test).
Chi-squared post hoc tests showed that the cell proportions between C1
and C2 did not differ significantly (p =0.25), but did differ between C1 and
C3and C2 and C3. *p < .05, *** p <.001.
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Figure 3.2 | Cell clusters have distinct differences in intrinsic
membrane properties. Tukey’'s HSD tests were conducted and
significance values were adjusted for multiple tests. A While C1 and C2
showed no significant difference in Ri (p = 1), C3 had a significantly higher
Ri than both C1 and C2. B There was no significant effect of cluster on Vm.
C All three clusters showed significant differences in their rise time; C1 had
a higher rise time than both C2 and C3, and C2 rise time was lower than
C3. D While C1 and C3 showed no significant difference in rheobase (p =
1), C2 showed a higher rheobase than both C1 and C3. E C1 had a
significantly higher sag than C3, however C2 did not differ from C1 (p =.64)
and C3 (p = .17). F There was no significant effect of cluster on rebound. G
C1 had a significantly lower burst index than C3, whilst C2 did not differ from
Cl (p =.06) and C3 (p = .17). H There was no significant effect of cluster
on latency to first AP. | There was no significant effect of cluster on AP
threshold. J C1 had a significantly higher AP peak than C2 and C3, but C2
and C3 did not differ (p = 1). K While C1 and C3 did not show significantly
different AP halfwidths (p = .18), C2 showed a significantly lower AP
halfwidth than C1 and C3. J C3 showed a significantly lower AP max dV/dt
than C1 and C2, while C1 and C2 did not significantly differ (p = 1). Boxplots
display median (solid line), mean (dashed line), IQR and range. * p < .05, **
p <.01, **p<.001

As the non-standardised intrinsic properties variables showed a high collinearity
(Figure 3.1 D), a MANOVA was conducted and showed that intrinsic properties
differed significantly between clusters (Pillai’s trace = 1.38, F(24,224) = 20.64, p
< .001). Univariate ANOVA were then conducted to determine which properties
showed significant differences between clusters (Table 3.1) and post hoc tests
determined where those differences lay (Figure 3.2). Overall, the post hoc tests
indicated that C1 showed the highest rise time, sag and AP peak as well as the
lowest Bl. C2 showed the highest rheobase and the lowest rise time and AP
halfwidth. C3 showed the highest Ri and the lowest sag and AP max dV/dt. Table
3.1 shows mean and SD for all measures by cluster and representative traces for

each cluster are shown in Figure 3.3.
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Table 3.1 | Summary of intrinsic membrane properties between

clusters. Mean and SD deviation are shown for each cluster, and univariate

ANOVA results are presented. Rows in bold indicate significant differences

in Rj, rise time, rheobase, sag, Bl, AP peak, AP halfwidth and AP max dV/dt,

respectively.
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Figure 3.3 | Example electrophysiological recordings and cell
reconstructions for each cluster. Traces and cell recoveries are shown
for C1 (A-B), C2 (C-D) and C3 (E-F). A-F(i) Voltage response (top) to
depolarising and hyperpolarising current injections (bottom). The

depolarisation step shown was the first to induce a train of 24 spikes. A-F(ii)
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Voltage response (top) to rheobase depolarising current injection (bottom).
A-F(iii) Zoomed-in view of the first spike in (i) trace. Scale bars apply to all
recordings. A-F(iv) Biocytin-staining showing morphology of cell recorded
in (i-iii). Scale bar 100 pm.

While the different clusters of PCs were not completely sub-region and layer
specific (Figure 3.1 E), analysis of the cluster frequency in these areas showed
clear patterns of cell subtype location (Figure 3.4). The sub-regions of the RSC
showed significantly different ratios of each cell cluster type (x2(6) = 43.92, p <
.001; Pearson’s Chi-squared test). Chi-squared post hoc tests indicated that the
dRSC superficial region differed from all other regions (dRSC deep: p < .001,
gRSC superficial: p < .01, gRSC deep: p < .001). While the gRSC superficial
region differed from the gRSC deep region (p < .001) it was not significantly
different from the dRSC deep region (p = .15), which also did not differ from the
gRSC deep region (p = .09). The dRSC and gRSC superficial layers
predominately contained PCs from C3: cells with a high Ri, a small
hyperpolarisation-activated cation current (sag) and the fastest AP maximal rise
time. Cells in the dRSC deep layers were more evenly distributed in the groups,
while in the gRSC deep layers cells belonged primarily to C1 which had the

largest sag, greatest AP magnitude and the lowest Bl (see Figure 3.2).

dRSC superficial dRSC deep gRSC superficial gRSC deep

Figure 3.4 | RSC sub-regions contain different ratios of each cell
cluster type. A PCs in the dRSC superficial region showed a significant
difference in cluster allocation (x2(2) = 54.20, p < .001). No cells belonged
to C1 while the large majority belonged to C3 (96.7%). B PCs in the dRSC
deep region did not differ significantly in their cluster allocation (x2(2) = 5.88,
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p = .05). C PCs in the gRSC superficial region showed a significant
difference in cluster allocation (x2(2) = 17.57, p < .001). The largest
percentage of cells belonged to cluster 3 (64.9%). D PCs in the gRSC deep
region showed a significant difference in cluster allocation (x2(2) = 16.67, p
<.001) with the highest frequency of cells belonging to cluster 1. Pie charts

are annotated with cell percentage and count (in brackets) for each cluster.

3.3.2 | Afferent inputs from different presynaptic regions differentially target
RSC sub-regions and layers

Sections containing sites in the ACC, ATN, or dSUB injected with anterograde
viral tracer or in the anterior (pre-splenium) or posterior (post-splenium) RSC
were imaged and processed for analysis. ACC injections were primarily limited to
the ACC however there was some leakage into neighbouring regions, namely the
prelimbic (PL) cortex and M2 both of which have connections to the RSC (Figure
3.5 A). However, viral spread into the surrounding cortical areas was minor and
considered sufficiently negligible in this study. dSub injections were primarily
restricted to the target region, although some spreading into the adjacent dentate
gyrus (DG) of the HPC was seen (Figure 3.5 B). However, the DG does not have
direct input into the RSC, so this small level of leakage would not confound the
results of the tracing experiment. ATN injections did not spread into neighbouring
areas, but the ADN and AVN showed viral expression with little to no expression
in the AMN (Figure 3.5 C). It is not possible to cleanly inject all ATN in a single
injection, and so to prevent virus volume bias the ADN/AVN were targeted. The
ADN/AVN were chosen in order to compare our results with previous literature
examining the functional connectivity of RSC afferents (Brennan et al., 2021;
Yamawaki et al., 2019c). These patterns of injection site expression were
consistent across all animals, suggesting low variability in afferent terminal
density. The tracing technique used allowed for presynaptic labelling only,

therefore postsynaptic targets were not analysed at a cellular level.

In the RSC, fluorescence from afferent terminals was seen only in the ipsilateral
RSC for dSub and ATN injections (Figure 3.5 E-F & H-I). ACC injections showed
the majority of fibres projected to the ipsilateral RSC, with negligible fibre

fluorescence in the contralateral RSC (Figure 3.5 D & G). Therefore, all analyses



measured fluorescence in the ipsilateral RSC only. Mean fluorescence intensities
were calculated for each sub-region and normalised as a percentage of total
fluorescence to compare between inputs. Laminar analysis calculated mean
fluorescence intensities for each layer, normalised within sub-region to compare
the laminar distribution of terminals for the dRSC and gRSC.

ACC input - ACC input

CONTRA

CONTRA

dSub input
dSub input

CONTRA

CONTRA




Figure 3.5 | Anterograde viral tracing from the ACC, dSub and ATN
shows projections to the anterior and posterior RSC. A-C
Representative images of EGFP-labelled injection sites in the ACC (A),
dSub (B) and ATN (C). D-F Representative images of the anterior RSC
showing EGFP-labelled afferent terminals from the ACC (D), dSub (E) and
ATN (F) in the ipsilateral cortex. G-I Representative images of the posterior
RSC showing EGFP-labelled afferent terminals from the ACC (G), dSub (H)
and ATN (1) in the ipsilateral cortex. Scale bars: 250 pm.

There was a significant difference in afferent terminal distribution between sub-
regions for all inputs (Figure 3.6 A). Inputs from the ACC preferentially targeted
the dRSC compared to the gRSC, while the opposite was true for inputs from the
dSub and ATN, which had increased fibre expression in the gRSC. This pattern
of sub-region targeting was maintained along the A-P axis (Figure 3.6 B). Fibre
density was not directly compared between anterior and posterior slices — but
rather the pattern of sub-region targeting within slice was compared — due to the
inability to normalise fully because of differing callosal and neighbouring region

fluorescence artefacts along the A-P axis.

As there was no interaction between A-P position and sub-region, the anterior
and posterior values were combined for laminar distribution analysis. ACC input
was different between layers, but the laminar distribution did not differ between
sub-regions (Figure 3.6 C). Inspection of the fluorescence distribution indicated
increased fibre density in layer 6 while layers 1-5 were relatively similar in both
the dRSC and gRSC. Fibre density was different between layers for dSub input,
and this distribution was modulated by sub-region (Figure 3.6 D). Observation of
the fluorescence data showed that the gRSC dSub input showed the most density
in layer 3, while density was highest in layer 6 for the dRSC. Input from the ATN
also showed differences between layer modulated by sub-region (Figure 3.3.6
E): the graph shows that both the dRSC and gRSC had highest expression in
layer 6, however layer 3 in the gRSC also displayed a smaller increase compared
to the dRSC. Overall, the dSub and ATN showed similar patterns of
neuroanatomical connections in gRSC and dRSC, but the ACC had a distinct

afferent terminal pattern between RSC sub-regions.
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Figure 3.6 | Sub-region and laminar differences in anatomical inputs
to the RSC. A Mean fluorescence intensities for the dRSC and gRSC
were normalised to the total fluorescence and presented as percentages.
There was a main effect of RSC sub-region (H(1) = 11.02, p < .001;
Scheirer-Ray-Hare test), and a significant interaction between sub-region
and presynaptic region (H(2) = 29.73, p < .001). Mann-Whitney U post
hoc pairwise comparisons revealed significantly higher fluorescent signal
in the gRSC compared to dRSC for inputs from the dSub (dRSC: 5.75
(4.67 — 10.23), gRSC: 94.25 (89.77 — 95.33) %) and ATN (dRSC: 9.11
(7.86 — 15.98), gRSC: 90.89 (84.02 — 92.14) %), whilst ACC input
showed higher fluorescent signal in the dRSC compared to the gRSC
(dRSC: 54.82 (50.97-63.96), gRSC: 50.97, (63.96) %). B This input-
specific RSC sub-region pattern was maintained along the A-P axis with
a significant effect of sub-region for all presynaptic regions. For ACC
input there was a significant main effect of (H(1) = 14.74, p < .001;
Scheirer-Ray-Hare test) but no interaction between sub-region and AP
position (H(1) = 1.02, p = 0.31). The dSub and ATN inputs also showed



significant main effects of sub-region (H(1) = 10.59, p < .01 and H(1) =
12.09, p < .001 respectively) and no interaction effect with AP position
(H(1) = 0.09, p = 0.75 and H(1) = 0.69, p = .41). Post hoc tests showed
significant differences between sub-regions anterior and posterior
sections for all sub-regions. C-E Mean fluorescence for each cortical
layer normalised within sub-region. C ACC input showed a significant
main effect of layer (F(5,110) = 19.5, p <.001; 2-way mixed ANOVA with
Greenhouse-Geisser correction) but no interaction between sub-region
and layer (F(5,110 = 0.45, p = .53). D dSub input showed a significant
main effect of layer (F(5,70) = 8.30, p < .01; 2-way mixed ANOVA with
Greenhouse-Geisser correction) and a significant interaction between
sub-region and layer (F(5,70) = 9.69, p < .01). E ATN input showed a
significant main effect of layer (F(5,90) = 64.08, p < .001; 2-way mixed
ANOVA with Greenhouse-Geisser correction) and interaction between
sub-region and layer (F(5,90) = 10.41, p < .01). Descriptive statistics
display median and IQR. Boxplots display median, IQR and range. Line-
graphs show mean 1 SEM. ** p < .01, *** p <.001

3.3.3 | RSC sub-region and laminar differences in synaptic inputs from
different presynaptic regions

Following optogenetic stimulation of afferent terminals in the RSC, cells were
classed as either responding (R) or non-responding (NR) depending on whether
they showed a change in membrane current time-locked to the light stimulus
(Figure 3.7 A). All patch recordings were made in voltage-clamp mode with a
holding potential of -70 mV, but without presence of any GABAergic antagonists,
unless stated otherwise. GABAergic antagonists were omitted from the standard
aCSF as ATN stimulation generated epileptiform activity with the antagonists
present. Table 3.2 displays cell counts for all synaptic response measures

separated by input, sub-region and layer.



Count

Input Sub-region Layer Respond EPSC measures NMDA/AMPA PPR
R - z ;
ACC Se:er'c jal 2127 2 1 2
U, ICI
gRSC Deep 14120 14 7 13
oo ww 2 :
dSub Selef'c'al 10/12 10 5 5
uperfici
RSC
g Deep 28135 28 3 8
dRSC guperﬁcna.’ 1.; i ;2 152 ? :
ATN Seeprf' jal 1M/ 11 11 5 9
uperficia
RSC
g Deep 1111 11 4 8
Total 127 40 74

Table 3.2 | Recorded cells separated by presynaptic input, RSC sub-
region and cortical layer. All putative PCs were first classified as
responding or not responding to stimulation of afferent terminals, stated as
a fraction. EPSC magnitude was calculated from 127 cells total,
NMDA/AMPA ratio from 40 cells, and PPR from 74 cells.

ACC input showed the lowest response probability (R: 41/96 cells, NR: 55/96
cells) followed by dSub input (R: 47/64 cells, NR: 17/64 cells), whilst ATN input
led to responses in all cells recorded (R: 39/39) (Figure 3.7 B). Response
probability for ACC input also differed by sub-region and layer (Figure 3.7 C) but
not for dSub input (Figure 3.7 D). ATN input sub-analysis was not conducted as
100% of cells responded. All responses recorded were excitatory in nature.
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Figure 3.7 | Probability of RSC synaptic response differs between
inputs. A Representative voltage-clamp (Vu =-70 mV) traces of responsive
and non-responsive PCs: cells recorded in the superficial dRSC following
ACC and dSub input stimulation. B Probability of PC synaptic response in
the RSC significantly differs dependent on presynaptic region (x2(2) = 43.20,
p < 0.001; Pearson’s Chi-squared test). Chi-squared post hoc tests showed
each presynaptic region produced a different response probability in RSC
PC (all p <.001) with ACC input showing the lowest probability and ATN
input the highest. C-D Response probabilities for ACC and dSub input
analysed by RSC sub-region (dRSC and gRSC) and laminar group

(superficial and deep). C Probability of PC synaptic response to ACC input
89



Two mice were injected in the ATN with a virus containing only the mCherry-
fluorophore in order to confirm that synaptic responses recorded were a result of
activity-mediated synaptic transmission following activation of ChR2 receptors

presynaptically. The ATN was chosen as the presynaptic region as 100% of PCs

in

(Figure 3.7 B). 20 cells were recorded and analysed from the superficial and
deep cortical layers of the dRSC and gRSC (Figure 3.8 A), and no cells showed

any synaptic response to optical stimulation in absence of ChR2 (dRSC

was significantly different dependent on cell location within the RSC (x2(3)
=21.44, p <.001; Pearson’s Chi-squared test). Post hoc tests showed that
superficial gRSC cells had a significantly lower response probability than
those in the deep gRSC (p < .001) and both superficial and deep dRSC cells
(both p < .01). The others groupings did not significantly differ from one
another (dARSC superficial : dRSC deep p =.86; dRSC superficial : gRSC
deep p = .37; dRSC deep : gRSC deep p =.62; ). D Cell location did not
significantly affect response probability to dSub input (x2(3) =5.10, p = 0.16;

Pearson’s Chi-squared test). *** p <.001

the RSC responded to stimulation of the opsin-expressing afferent terminals

superficial R: 0/7, dRSC deep R: 0/4, gRSC superficial R: 0/4, gRSC deep R:
0/5) (Figure 3.8 B).
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Figure 3.8 | Optical stimulation in absence of presynaptic ChR2
receptors does not generate a synaptic response. A Representative
voltage-clamp (Vi = -70 mV) traces of 7 Hz optical stimulation (5 ms



stimulation period indicated by blue boxes). B 0% of cells recorded in the
RSC responded to optical stimulation of afferent terminals containing the

mCherry-fluorophore only.

To understand the general strength — irrespective of cell location — of different
afferent inputs into the RSC, measures were first averaged for each presynaptic
region combining cells from the all layers of the dRSC and gRSC. ATN input
induced larger magnitude EPSCs in the RSC than ACC and dSub input (Figure
3.9 D), but the regions did not significantly differ in their NMDA/AMPA ratio
(Figure 3.9 E) or in the weighted decay time constant (tw) of NMDAR responses
(Figure 3.9 F). PPR increased as IPI time increased for all inputs, but there was
no significant difference in average PPR or rate of PPR increase across time
between inputs (Figure 3.9 G). The average PPR for all inputs remained below
1, indicating paired pulse depression (PPD) was present in all projections. The
increasing time intervals relate to distinct neural oscillation frequency bands
(negative relationship with IPI and frequency), and PPD was exhibited at all
frequencies suggesting consistent short-term synaptic depression in these
pathways, which lessens with lower frequency stimulation. Representative traces
for EPSC magnitude, NMDA/AMPA ratio and PPR are shown in Figure 3.9 A-C.
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mediated (black) and NMDAR-mediated (grey) EPSCs. AMPAR responses
were recorded at Vu = -70 mV (standard aCSF) and NMDAR responses
were recorded at Vi = +40 mV (standard aCSF containing (in pM): 10
DNQX, 1 CGP-55845, 10 Gabazine). C Representative voltage-clamp (Vu
= -70 mV) traces showing EPSCs generated by two stimulations separated
by increasing intervals. Each trace displays 7 sweeps with intervals of (grey)
10 ms, 17 ms, 51 ms, 100 ms, 171 ms, 510 ms and (black) 1000 ms. 5 ms
optical stimulation periods indicated by blue boxes in all traces and
protocols. D EPSC magnitude significantly differed between regions of
presynaptic innervation (H(2) = 33.28, p < .001; Kruskal-Wallis test. Mann-
Whitney U post hoc tests showed that whilst the ACC (61.793 (19.37 —
119.0) pA) and dSub (48.44 (23.13 — 10.98) pA) input EPSCs did not differ
in size (p =.93), the median EPSC generated from ATN input (443.29 (126.5
—842.5) pA) was significantly larger than that from both the ACC and dSub.
E NMDA/AMPA ratio did not differ significantly between presynaptic regions
(H(2) = 4.28, p =.12; Kruskal-Wallis test; ACC: 0.17 (0.07 — 0.25), dSub:
0.21 (0.11 — 0.37), ATN: 0.29 (0.21 — 0.39)). F The tw of the NMDAR
response did not differ significantly between presynaptic regions (F(2,37) =
2.32, p =.12; 1-way independent ANOVA; ACC: 38.76 (29.69) ms, dSub:
26.06 (12.96) ms, ATN: 50.26 (25.53) ms. G There was a significant main
effect of IPI on PPR (F(6,426) = 15.71, p <.001; 2-way mixed ANOVA), with
a steady increase in ratio as IPI increased. There was, however, no overall
difference between the presynaptic regions (F(2,71) = 1.57, p = .22) nor an
interaction between presynaptic region and IPI (F(12, 426) = 1.02, p = .43).
Descriptive statistics display median and IQR or mean and SD. Boxplots
display median (solid line), mean (dashed line), IQR and range. Line graph
displays mean +1 SEM *** p < .001

Next, synaptic responses were compared between sub-region and laminar
grouping for each presynaptic region. To examine effects of sub-region and layer
grouping on synaptic responses, a null model was compared against a mixed
effect model including sub-region and layer as fixed effects. For ACC input, the
EPSC magnitude (x2(2) = 3.7, p = .16; AlCnhun = 492.4, AlCmem = 492.7) and
NMDA/AMPA ratio mixed effect models did not significantly improve upon the null
model (x2(2) = 1.2, p = .55; AlChun = 9.2, AlCmem = 12). Additionally, EPSC



magnitude showed a large random effect of mouse, with an additional 15.5% of

the variance explained by this random variable, but NMDA/AMPA ratio did not.

The mixed effect model of PPR did not show a significant improvement on the
null model (x2(2) = 0.8, p = .69; AlCnhun = 299.1, AlCmem = 302.3). However the
fitted model indicated that overall IPI had a significant effect on PPR (F(6, 194) =
4.8, p <.001; ANOVA), and the IPI level effect sizes all show significant increases
from PPR at 10 ms except at 17 and 51 ms IPI (Table 3.3). There was also a
random effect of mouse on PPR, increasing variance explained by the model by
8.3%. Therefore, EPSC magnitude, NMDA/AMPA ratio and PPR did not
significantly differ between sub-region and layer grouping for ACC input. Finally,
while mouse was a significant random effect for both the EPSC magnitude and
PPR models, the intraclass correlation coefficient (ICC) in both models indicate
a weak resemblance between different mice (Table 3.3). Figure 3.10 shows a

graphical representation of the synaptic response to ACC input.
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mediated EPSCs (grey trace) generated by optogenetic stimulation (grey box
indicates 5 ms optical stimulation period). AMPAR responses were recorded
at Vu = -70 mV (standard aCSF) and NMDAR responses were recorded at Vu
= +40 mV (standard aCSF containing (in uM): 10 DNQX, 1 CGP-55845, 10
Gabazine). C Representative voltage clamp traces (Vi = -70 mV) showing
EPSCs generated by two optogenetic stimulations separated by increasing
intervals. Each plot displays 7 sweeps with intervals of (grey traces) 10 ms, 17
ms, 51 ms, 100 ms, 170 ms, 510 ms and (red trace) 1000 ms. Optical
stimulation periods indicated by pale grey boxes. D RSC sub-region or layer
grouping did not significantly affect EPSC magnitude. E RSC sub-region or
layer did not significantly affect NMDA/AMPA ratio. F PPR significantly
increased as IPI increased, but there was no significant effect of sub-region or
layer on PPR. Boxplots display median, IQR and range. Black dashed line
indicates PPR = 1.

EPSC magnitude NMDA/AMPA ratio PPR
Fredictors Estimates t P Estimates t p Estimates t P
Intercept 112.71 4,78 <0.001 0.16 153 0.15 0.44 3.76 <0.001
(64.84 — 160.57) (-0.07 - 0.39) (0.21 - 0.87)
Sub-region: gRSC -34.05 -1.14  0.26 0.1 0.78 0.449 0.06 082 0412
(-94.42 - 26.31) (-0.18 - 0.39) (-0.08 — 0.20)
Layer: Deep -35.03 -1.16  0.254 0.06 0.42 0.679 0 -0.03 0976
(-96.31 — 26.25) (-0.24 - 0.36) (-0.16 — 0.16)
PPR: 17 ms -0.06 -0.52 0.604
(-0.30 - 0.18)
PPR: 51 ms 0.21 1.72 0.087
(-0.03 — 0.45)
PPR: 100 ms 0.28 234  0.02
(0.05 - 0.52)
PPR: 170 ms 0.39 3.2 0.002
(0.15-0.63)
PPR: 510 ms 0.3 246 0.015
(0.06 — 0.54)
PPR: 1000 ms 0.43 3.58 <0.001
(0.20 - 0.67)
Random Effects
a? 6543.56 0.07 0.22
Crouse 1358.64 0 0.02
ICC 0.17 0.09
N 13 9 8
Observations 41 18 210
Marginal R? / Conditional R*? 0.096/ 0.251 0.068 / NA 0.114/0.197

Table 3.3 | ACC input mixed model results for EPSC magnitude,
NMDA/AMPA ratio and PPR. For fixed effects, table displays effect sizes,
confidence intervals, t statistic and significance values. For random effects,

the table displays residual variance (02%), mouse variance (t?) and the ICC.



Marginal R? refers to variance explained by fixed effects only, while
conditional R? refers to variance explained by combined fixed and random

effects.

For dSub input, the EPSC magnitude mixed effect model significantly improved
on the null model (x2(2) = 6.7, p <.05; AICnhu = 604.5, AlCmem = 601.7). ANOVA
of the fixed effects showed that while cells in the gRSC differed from dRSC
(F(1,47) =7.0, p <.05; ANOVA), layer did not affect EPSC magnitude (F(1,47) =
0.0, p = .89). Overall, the fixed effects explained 13.6% of the variance in data,
and there was no random effect of mouse (Table 3.4). The NMDA/AMPA ratio
mixed model did not improve upon the null model (x2(2) = 5.9, p = .05; AlChun =
-2.6, AlCmem = -4.5), and there was no also no random effect of mouse on the
data. However it should be noted that 3 NMDA/AMPA recordings were excluded
for not containing an NMDA component, and these were all in the dRSC
superficial layer, meaning no data for this group was included in the model. It was
not known why these cells did not show an NMDAR-mediated response, but
observation of the traces suggested that it may have been a methodological
issue. The cells appeared not to return to baseline in time following the preceding

voltage step and therefore the NMDAR component could not be measured.

The PPR mixed model also significantly improved on the null model (x2(2) = 35.2,
p <.001; AICnhun = 35.4, AlCmem = 4.2). IPI had an overall significant effect on
PPR (F(6, 112.3) = 7.7, p < .001; ANOVA), and the effect estimates (Table 3.4)
indicate that subsequent IPI levels after the second (17 ms) increased PPR
compared to the first (10 ms). Sub-region and layer grouping also significantly
affected PPR (F(1,117) = 30.9, p < .001, and F(1,111.3) = 14.2, p < .001,
respectively; ANOVA). The effect estimates indicate that gRSC cells displayed
higher PPR than dRSC cells, and also that cells in the deep layers had higher
PPR than in the superficial layers. There was also a random effect of mouse,
contributing 13.4% of variance to the total explained by the model, but the ICC
score implies a weak resemblance between mice (Table 3.4). Overall, cells in the
dRSC showed larger EPSC magnitudes and lower PPR than those in the gRSC.
Deep layer cells also had a higher PPR than superficial cells. Figure 3.11 shows

a graphical representation of the synaptic response to dSub input data.
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trace) and NMDAR-mediated EPSCs (grey trace) generated by optogenetic
stimulation (grey box indicates 5 ms optical stimulation period). AMPAR
responses were recorded at Vi = -70 mV (standard aCSF) and NMDAR
responses were recorded at Vi = +40 mV (standard aCSF containing (in
puM): 10 DNQX, 1 CGP-55845, 10 Gabazine). C Representative voltage
clamp traces (Vu = -70 mV) showing EPSCs generated by two optogenetic
stimulations separated by increasing intervals. Each plot displays 7 sweeps
with intervals of (grey traces) 10 ms, 17 ms, 51 ms, 100 ms, 170 ms, 510
ms and (red trace) 1000 ms. Optical stimulation periods indicated by pale
grey boxes. D EPSC magnitude was significantly higher for cells in the
dRSC than in the gRSC, but there was no difference between cells in the
deep and superficial layers. E No significant effects of sub-region or layer
seen on NMDA/AMPA ratio. F Overall PPR significantly increased as IPI
increased. Both sub-region and layer significantly affected PPR with higher
PPR seen in gRSC vs dRSC cells, and deep vs superficial cortical layers.
Boxplots display median, IQR and range. Black dashed line indicates PPR
=1.

EPSC magnitude NMDA/AMPA ratio PPR
Predictors Estimates t p Estimates t p Estimates t P
Intercept 211.07 4.44 <0.001 0.34 2.82 0.037 0.02 0.23 0819
(115.03 — 307.11) (0.03-0.64) (-0.15-0.19)
Sub-region: gRSC -132.55 -2.64 0.012 -0.17 -1.6 0.164 0.27 5.56 <0.001
(-233.79 - -31.31) (-0.45-0.10) (0.18 = 0.37)
Layer: Deep 5.99 0.14 0.888 0.1 1.18 0.29 0.19 3.77 <0.001
(-79.46 — 91.45) (-0.12-0.32) (0.09 - 0.30)
PPR: 17 ms 0.06 0.74 0461
(-0.08 - 0.20)
PPR: 51 ms 0.33 4.37 <0.001
(0.18 — 0.47)
PPR: 100 ms 0.27 3.58 0.001
(0.12 - 0.41)
PPR: 170 ms 0.22 2.91 0.004
(0.07 - 0.37)
PPR: 510 ms 0.23 3.04 0.003
(0.08 — 0.37)
PPR: 1000 ms 0.42 5.62 <0.001
(0.27 - 0.57)
Random Effects
o’ 17196.91 0.01 0.05
Crouse 0 0 0.01
ICC 0.22
N 9 7 6
Observations 47 10 126
Marginal R® / Conditional R*  0.136 / NA 0.470 / NA 0.401/0.535

Table 3.4 | dSub input mixed model results for EPSC magnitude,
NMDA/AMPA ratio and PPR. For fixed effects, the table displays effect

sizes, confidence intervals, t statistic and significance values. For random



effects, the table displays residual variance (02), mouse variance (t?) and
the ICC. Marginal R? refers to variance explained by fixed effects only, while
conditional R? refers to variance explained by combined fixed and random

effects.

Finally, for ATN input the EPSC magnitude mixed model showed significant
improvement from the null model (x2(2) = 8.2, p <.05; AICnhun =590.2, AlCmem =
586.0). ANOVA of the fixed effects showed that sub-region, but not layer,
significantly affected EPSC magnitude (F(1,33.8) = 7.9, p <.01 and F(1, 34.1) =
0.8, p = 0.39 respectively). Effect estimates indicate that gRSC cells had a lower
EPSC magnitude than dRSC cells (Table 3.5). The mixed model for
NMDA/AMPA ratio showed no improvement from the null model (x2(2) = 0.5, p <
0.78; AlChun = 7.3, AlCmem = 10.8). There was a strong random effect of mouse
on NMDA/AMPA ratio however, increasing the variance explained by 18.5%. The
PPR mixed model also significantly improved on the null model (x2(2) = 18.1, p <
.001; AICnhun = 141.9, AlCmem = 127.8). IPI had an overall significant effect on
PPR (F(6, 168.3) = 4.4, p < .001; ANOVA), and the effect estimates (Table 3.5)
indicate that subsequent IPI levels after the second (17 ms) increased PPR
compared to the first (10 ms). Sub-region and layer grouping also significantly
affected PPR (F(1,132.4) = 7.1, p < .01 and F(1,121.7) = 12.6, p < .01,
respectively; ANOVA). The effect estimates indicate that gRSC cells displayed
higher PPR than dRSC cells, and also that cells in the deep layers had higher
PPR than in the superficial layers. There was also a small random effect of
mouse, contributing 1% of variance to the total explained by the model with a very
low ICC (Table 3.5). Overall, cells in the dRSC had larger EPSC magnitudes and
lower PPR than those in the gRSC. Deep layer cells also had a higher PPR than
superficial cells. Figure 3.12 shows a graphical representation of the synaptic

response to ATN input data.
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Figure 3.12 | Synaptic response to ATN input separated by cell
location. A Representative voltage-clamp (Vu = -70 mV) traces showing
the first EPSC generated from a 7 Hz stimulation protocol. Grey boxes
indicate the 5 ms optical stimulation period (470 nm wavelength). B

Representative voltage-clamp traces showing AMPAR-mediated (blue/red
101



trace) and NMDAR-mediated EPSCs (grey trace) generated by optogenetic
stimulation (grey box indicates 5 ms optical stimulation period). AMPAR
responses were recorded at Vi = -70 mV (standard aCSF) and NMDAR
responses were recorded at Vi = +40 mV (standard aCSF containing (in
puM): 10 DNQX, 1 CGP-55845, 10 Gabazine). C Representative voltage
clamp traces (Vu = -70 mV) showing EPSCs generated by two optogenetic
stimulations separated by increasing intervals. Each plot displays 7 sweeps
with intervals of (grey traces) 10 ms, 17 ms, 51 ms, 100 ms, 170 ms, 510
ms and (red trace) 1000 ms. Optical stimulation periods indicated by pale
grey boxes. D EPSC magnitude was significantly higher for cells in the
dRSC than in the gRSC, but there was no difference between cells in the
deep and superficial layers. E No significant effects of sub-region or layer
seen on NMDA/AMPA ratio. F Overall PPR significantly increased as IPI
increased. Both sub-region and layer significantly affected PPR with higher
PPR seen in gRSC vs dRSC cells, and deep vs superficial layers. Boxplots
display median, IQR and range. Black dashed line indicates PPR = 1.

EPSC magnitude NMDA/AMPA ratio PPR
Predictors Estimates t P Estimates t p Estimates t p
Intercept 684.53 6.42 <0.001 0.29 1.88 0.102 0.21 2.66 0.009
(467.91 - 901.15) (-0.07 — 0.66) (0.05-0.37)
Sub-region: gRSC -351.81 -2.81 0.008 0.13 0.75 0.476 0.14 2.67 0.008
(-606.12 — -97.51) (-0.28-0.53) (0.04 - 0.25)
Layer: Deep -111.06 -0.88 0.385 0.02 0.11 0.915 0.18 3.55 0.001
(-367.43 — 145.30) (-0.33-0.36) (0.08 - 0.28)
PPR: 17 ms 0.08 0.92 0.361
(-0.10 - 0.26)
PPR: 51 ms 0.29 3.18 0.002
(0.1 -0.47)
PPR: 100 ms 0.24 261 0.01
(0.08 - 0.42)
PPR: 170 ms 0.19 2.08 0.039
(0.01-0.37)
PPR: 510 ms 0.23 254 0.012
(0.05-0.41)
PPR: 1000 ms 0.42 4.56 <0.001
(0.24 - 0.60)
Random Effects
o* 140021.34 0.05 0.1
T rouse 14039.34 0.01 0
ICC 0.09 0.19 0.01
N 9 8 8
Observations 39 12 182
Marginal R? / Conditional R? ~ 0.199/0.272 0.053/0.238 0.200/0.210

Table 3.5 | ATN input mixed model results for EPSC magnitude,
NMDA/AMPA ratio and PPR. For fixed effects, the table displays effect



sizes, confidence intervals, t statistic and significance values. For random
effects, the table displays residual variance (02), mouse variance (t?) and
the ICC. Marginal R?refers to variance explained by fixed effects only, while
conditional R? refers to variance explained by combined fixed and random

effects.

3.4 | Discussion

3.4.1 | Summary

In this chapter | aimed to assess how PCs in the superficial and deep layers of
the dRSC and gRSC differed in both their intrinsic electrical membrane properties
and in their synaptic responses to afferent inputs from different presynaptic
regions. The results showed that PC diversity, and the distribution of different
sub-groups of PCs, differed between the sub-regions and layers of RSC.
Crucially, these PCs also differed in their synaptic response to three afferent
projections. ATN inputs had the strongest connectivity overall; and while the
structural connectivity indicated preferential targeting of the gRSC, cells in the
dRSC showed the largest synaptic response. Projections from the dSub also
displayed a similar discrepancy between structural and functional connectivity,
but size of synaptic response to optogenetic activation of ACC axons was similar
throughout the RSC. Finally, no evidence was found of pathway-specific
differences in NMDA/AMPA ratios, NMDAR decay kinetics or overall PPR,
although PPR did differ between sub-region and layer for dSub and ATN input.
Therefore, the short-term plasticity of these projections differs dependent on the

responding postsynaptic cell.

3.4.2 | PC diversity in the RSC

Cortical PCs are a diverse neuronal population that have generally been divided
into two sub-categories characterised by their firing properties: regular spiking
(RS) and intrinsic bursting (IB) cells (Connors and Gutnick, 1990). While most
experiments examining PC diversity have used rodent models, RS and IB cells
are found in similar proportions in the primate and human cortex (Chang and
Luebke, 2007; Moradi Chameh et al., 2021; Zaitsev et al., 2012). Findings



presented in this chapter confirm a similar diversity of pyramidal neurons in the
retrosplenial cortex: a non-biased hierarchical clustering shows three clusters
(C1-C3) with distinct intrinsic passive and active membrane properties. C1 and
C3 cells exhibited characteristics similar to RS cells, whilst C2 cells presented
with a greater propensity for burst firing. However, other properties identified as
significantly different in the C2 cluster are not necessarily associated with IB cells,
such as a shorter AP halfwidth, faster 20-80% rise time and increased rheobase
(Huggenberger et al., 2009). The relative lack of a hyperpolarisation-activated
cation current (sag) shown by C2 cells is similar to that found in PCs in the
superficial layers of other cortices (Gottlieb and Keller, 1997), which could explain

the high percentage of C2 cells found in the superficial layers of the RSC.

While the clustering of intrinsic properties shows some similarities to previously
described PC sub-types, sufficient dissimilarities occur which prevent confident
assignment to these sub-types. Furthermore, the three clusters described in the
model only explained 30% of the variance. While the current data set could not
be partitioned into more clusters without sacrificing cluster distinction, increasing
the number of cells in the model could reduce variability and allow for further sub-
categories of PCs to emerge within the broader classifications. Additionally,
although PC sub-types are often described by their firing properties, other factors
such as genetic markers could be used to reliably separate sub-types and to
explore the mechanisms underlying their differences (Tasic et al., 2016; Zeisel et
al., 2015).

As PC sub-populations have already been described in many other cortical
regions and in hippocampal structures, what is the importance of describing these
cells in the RSC? Whilst PC properties have been described as homogenous
across some different cortical regions in mice (Gilman et al., 2017), it is still
important to confirm PC diversity and associated intrinsic properties in different
cortical regions of interest due to the role these properties play in connectivity
and cognition. For example, PC diversity in the CAl enables processing of
parallel information streams and is theorised to facilitate the regions ability to
process and store multiple forms of memory (Soltesz and Losonczy, 2018). In the
cortex, PC diversity is often considered in respect to its location in a cortical
column, and there is a large amount of research showing afferent and efferent

connectivity of these PCs differs significantly (Lubke and Feldmeyer, 2007).



However, PC diversity is not solely associated with its location and many
measures of PC diversity are not unique to specific cortical layers (Groh et al.,
2010). Within the RSC itself, a small number of studies have characterised
properties of PCs in the gRSC (Brennan et al., 2020b; Kurotani et al., 2013), and
found that PCs with distinct intrinsic properties exist within the same layer. As
briefly discussed in Section 3.3.1, the intrinsic properties of a neuron are
fundamentally linked to their function. The structural and electrophysiological
properties of neurons can determine their activity patterns (Kowalski et al., 2016),
and factors such as bursting, adaptation and sag can alter processes such as
temporal integration and information encoding (Brennan et al., 2020; Van Welie
et al., 2006). These differences in intrinsic membrane properties can
consequently impact learning and memory by influencing aspects such as neural

coding and oscillatory activity (Marder et al., 1996).

The work presented in this thesis extends upon our knowledge of PC
heterogeneity in the RSC by recording from cells in both the gRSC and dRSC.
Interestingly, while latency to first AP was an important property for classifying
PCs in the rat gRSC superficial layers (Kurotani et al., 2013; Yousuf et al., 2020),
this variable was not significant in our model, similar to Brennan et al., 2020b.
However, during the analysis no cluster of PCs exhibiting low rheobase (Brennan
et al., 2020) emerged either. This may be due to the method of analysis — a
hierarchical clustering with no grouping pre-identified — requiring a larger sample

size to reliably separate these cells.

3.4.3 | Structural connectivity differences between presynaptic region
inputs

The rodent RSC neuroanatomical connectivity has been well mapped and some
sub-region specific and laminar differences have been described (Brennan et al.,
2021; Groen and Wyss, 2003, 1992, 1990; Sugar et al., 2011; Yamawaki et al.,
2019c¢), however the tracing experiments in this chapter quantified and described
pathway-specific laminar distribution of afferent terminals in both the gRSC and
dRSC. Additionally, little work has been done to link anatomical and functional
connectivity. Furthermore, until now, there has been no detailed study of afferent

inputs to the dRSC at the synaptic level.



ACC input preferentially targeted the dRSC over the gRSC, and fibres were most
abundant in layer 6 for both sub-regions. Conversely, dSub and ATN input both
preferentially targeted the gRSC and showed differences in laminar distribution
between the sub-regions. dSub afferent terminals were denser in layer 6 in the
dRSC, but in the gRSC this projection targeted layer 3. A similar pattern was
found for the ATN afferent terminals; dRSC and gRSC layer 6 had the highest
proportion of terminals but there was also an increase in targeting for layer 3 in
the gRSC. The lamination is similar to that described in the rat brain (Groen and
Wyss, 2003, 1992, 1990), with some differences such as the layer 6 targeting by
dSub and ATN. Additionally, no subicular input was found in the rat dRSC,
whereas some fibres were observed in this study in the mouse. The experiments
in this chapter allowed for quantitative, instead of subjective, comparison

between sub-regions and layers.

The sub-region targeting preferences for each input remained consistent in the
anterior and posterior RSC, however differences in overall fluorescent intensity
along the A-P axis were not measured as sections could not be normalised
against each other. However, it is likely that certain pathways may preferentially
target the anterior or posterior sections of the RSC as afferent and efferent
connections with hippocampal structures have been shown to be different
depending on the A-P position within the RSC, but also along the A-P and D-V
axes in areas such as the subiculum and CAl1 (Wyss and Van Groen, 1992).
Thalamocortical projections to the RSC from the ATN also preferentially target
the anterior and posterior RSC depending on location of the originating neurons
along the A-P and D-V axes (Sripanidkulchai and Wyss, 1986). Furthermore,
different information is relayed from the ACC, dSub and ATN to the RSC: for
example, HD signals are transmitted from the ATN (Jankowski et al., 2013) while
the dSub conveys information about speed, place and trajectory (Kitanishi et al.,
2021). In comparison, projections from the ACC to other cortical regions, such as
the visual cortex, are responsible for top-down attentional control (Norman et al.,
2021). There is evidence that the anterior and posterior areas of the RSC are
responsible for different aspects of spatial behaviour: the anterior RSC is
suggested to be important for internally-directed navigation, while the posterior
RSC is responsible for visually-guided navigation (see Vann et al., 2009 for

review). Moreover, the electrophysiological literature suggests that only neurons



in the anterior RSC respond to location, direction and movement stimuli (Vann et
al., 2009). Therefore, it is probable that projection pathways conveying dissimilar

forms of information will target the A-P axis differently.

3.4.4 | Functional connectivity differences between presynaptic region
inputs

The functional connectivity of the afferent inputs from the ACC, dSub and ATN
differed in a variety of measures. Firstly, inputs from each presynaptic region had
a differing probability of forming an excitatory synaptic connection with PCs in the
RSC. Stimulation of afferent terminals from the ATN resulted in EPSCs in every
PC recorded, but inputs from the dSub and ACC were more sparsely distributed
in the RSC. Around three quarters of cells responded to dSub terminal
stimulation, and the proportion was even lower for ACC input, which formed
connection with fewer than half of the cells recorded. This specificity of synaptic
connection onto RSC PCs was modulated by layer and sub-region for ACC input,
with the majority of non-responders being found in the gRSC superficial layer, but
not for dSub input. The frequency of connectivity in these results appears
unusual; for example, corticocortical contralateral connectivity typically does not
exceed 40%, and decreases further with increased physical distance (Goulas et
al.,, 2017). However, a study examining optogenetic stimulation of a
thalamocortical projection to V1 layer 4 observed that all PCs responded (Kloc

and Maffei, 2014), suggesting the results in this chapter are not anomalous.

This specificity of synaptic connectivity, however, relates only to excitatory
synaptic events as only EPSCs were recorded. While excitatory transmission is
often the focus of long-range connectivity research, long-range inhibitory neurons
have also been identified in cortical and hippocampal regions (Christenson Wick
et al., 2019; Tamamaki and Tomioka, 2010). These long-range GABAergic
projections are important for regulation of behaviour, and top-down cortical
inhibition of the HPC enhances spatial encoding in the CA1 and promotes object
exploration (Malik et al., 2022). Additionally, long-range inhibitory input into the
RSC has been described (Yamawaki et al., 2019c), originating from the CAl
region of the HPC; therefore the non-responding cells recorded may in fact have

received inhibitory input that was not detected. However, as GABA receptor



antagonists were not present in the standard recording aCSF this seems possibly
unlikely. Furthermore, the cortical inhibition of the CA1 described by Malik et al.
(2022) exclusively targeted INs — augmenting feed-forward inhibition — while only
PCs were recorded in these results. Finally, the possibility of postsynaptically
silent synapses (Voronin and Cherubini, 2004) can be ruled out, as no EPSC
component was seen for any of the non-responding PCs when the cell was held

above the voltage threshold for NMDAR magnesium block removal.

The strength of the synaptic connectivity also differed between inputs: inputs from
the ATN generated a median EPSC magnitude around 8-fold larger than those
from the dSub and ACC. Therefore, the ATN pathway exerts a larger AMPAR-
mediated excitatory effect on PCs in the RSC, but it is unknown whether this is
due to more synaptic connections and/or an increase in postsynaptic AMPARS.
A strong feed-forward drive of HD information from the ATN to RSC is important
for HD updating (van der Goes et al., 2022), and a projection pathway with a
strong input would allow for transmission of this information with high fidelity.

The NMDA receptor is considered a crucial component of excitatory transmission
and long-term plasticity in the brain (Citri and Malenka, 2008) and its activation
allows for Ca?* influx into the neuron facilitating slower excitatory currents as well
as regulating the synapse through various signalling pathways (Fan et al., 2014).
Therefore measuring AMPAR-mediated EPSCs alone does not give a full picture
of the functional connectivity and synaptic strength of afferent inputs into the
RSC. Firstly, there was no significant difference between presynaptic region input
in NMDAR decay kinetics suggesting no observable difference in the ratio of
GIuN2 subunits. Next, the results showed no difference in the ratio of NMDAR-
to AMPAR-mediated responses between inputs, suggesting there is no
significant difference in the proportion of NMDAR to AMPAR at the synapses for
the different pathways. Studies examining pathways known to be highly plastic,
such as CA3-CAl, normally observe NMDA/AMPA ratios between 0.6 and 1
(Schnell and Nicoll, 2001; Shipton et al., 2022). However, a much lower
NMDA/AMPA receptor ratio was observed in all RSC afferent pathways
examined, which corroborates previous findings that LTP cannot be induced in
the RSC following tetanic stimulation (Garden et al., 2009). Moreover, AMPAR-
and NMDAR-mediated glutamatergic transmission is not the only mechanism of
long-term plasticity, and there is substantial evidence of the role of other



neuromodulators in gating plasticity (Bazzari and Parri, 2019). Thus, whilst
NMDA/AMPA ratios may not be different between these pathways, other
neuromodulatory systems — such as metabotropic GIluRs or cholinergic

transmission — may display differences associated with altered plasticity.

Similarly, PPR was analysed as a measure of short-term plasticity; again, inputs
from the different presynaptic regions did not differ significantly. On average, all
inputs displayed PPD - signified by ratios of < 1 — and showed similar rates of
recovery for EPSC magnitude following increased time between stimulations.
PPD can be mediated by a variety of mechanisms, but the most basic models
suggest potential presynaptic vesicle depletion and postsynaptic receptor
desensitisation (Zucker and Regehr, 2002). This could suggest that all RSC input
pathways tested in this study showed similar levels of glutamate release and rate
of repletion (Brenowitz and Trussell, 2001; Turecek and Trussell, 2000) and/or
similar AMPAR desensitisation (Chen et al., 2002). This finding was unexpected
as previous interrogation of these pathways in the gRSC showed that only the
ATN pathway was depressing and that the ACC and dSub pathways were weakly
facilitating (Brennan et al., 2021). However, in this study, PPR was recorded from
only a particular subtype of PCs (the LR PCs) and short-term dynamics are
known to be cell subtype-specific (Markram et al., 1998; Reyes et al., 1998).
Further inspection of the data revealed variability in response with the range of
PPR extending > 1, indicating that some cells showed paired pulse facilitation.
Short-term plasticity is dynamic in vivo and can alter, and is altered by, network
activity (Benita et al., 2012). Additionally, synaptic depression can increase rate
of information transfer dependent on whether spike-evoked release depresses
less than spontaneous release (Salmasi et al., 2019). Future interrogation of

these pathways in vivo would shed light on the function of the PPD observed.

Differences in synaptic responses were also observed between RSC sub-regions
and layers for some of the afferent input pathways. No effect of sub-region or
layer was found for ACC input synaptic responses: PCs in the superficial and
deep layers of the dRSC and gRSC all responded to ACC presynaptic excitation
in a similar manner. However, synaptic strength did differ by sub-region for dSub
and ATN inputs: for both pathways, cells in the dRSC displayed stimulus-evoked
EPSCs of a greater magnitude than those in the gRSC. Although synaptic
strength did not differ for either input between cells in the superficial and deep



cortical layers. Finally, while all pathways showed PPD throughout the RSC, cells
in the gRSC had a higher PPR and therefore weaker PPD than cells in the dRSC
for both the ATN and dSub pathways. This is likely related to the finding that cells
in the gRSC had a smaller synaptic response suggesting presynaptic terminals
in the dRSC may have a higher glutamate release probability. Furthermore, deep
layer cells also showed a weaker PPD than cells in the superficial layers, but
superficial and deep cells did not differ in the strength of their synaptic
connections so the mechanism is unknown. It is theorised that extent of synaptic
depression is important for determining the neural code between PCs in the
cortex (Tsodyks and Markram, 1997), therefore the differences in PPD observed
between RSC sub-regions and layers suggests different contributions of firing
rates and temporal coherence.

3.4.5 | Conclusions

The primary aim of this chapter was to compare the strength and specificity of
afferent inputs onto PCs in the RSC from three major projection areas.
Differences in PC diversity, structural and functional connectivity were identified
between the two RSC sub-regions and their layers. The results indicate that PCs
in the dRSC receive significant input from the ACC, dSub and ATN and therefore
future research need to consider the role of this sub-region. The functional
implications of the differences between the projections and the strength and
specificity of their synaptic connections is unknown and should be explored.
Additionally, the effect of these pathways on INs in the RSC was not investigated
here and could provide crucial information regarding the function of the

projections.



4 | RSC amyloidopathy in J20 mice does not disrupt

synaptic responses to the ATN afferent pathway
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4.1 | Introduction

One of the pathological hallmarks of AD is the presence of insoluble AB plaques
in the brain, which are formed from oligomeric AB. Biomarkers of AR pathology
are observed before cognitive symptoms (Jack et al.,, 2010), and this
neuropathology may be a crucial predictor of neurodegeneration in AD. While A
pathology does occur in the early stages of AD, not at all brain areas are affected
at similar time points. AR plaque deposition follows a distinct and consistent
spatio-temporal pattern (Braak and Braak, 1991a; Thal et al., 2002), and the RSC
expresses neuropathological markers of AD — including plaques — in preclinical
and prodromal stages of the disease. In patients, prodromal AD is associated
with RSC hypometabolism, atrophy, synapse loss and AB accumulation
(Palmguvist et al., 2017; Pengas et al., 2010; Scheff et al., 2015; Villain et al.,
2008). While in mouse models of amyloidopathy, the RSC exhibits significant AR
deposition which is concurrent with neuroinflammatory responses as well as
cognitive impairment (Kim et al., 2020). The RSC also displays decreased
neuronal activity in response to a novel environment at a preclinical stage

preceding plaque deposition in Tg2576 mice (Poirier et al., 2011).

The experiments in this chapter use the J20 mouse model of amyloidopathy to
investigate RSC disruption in AD. While RSC AB deposition has been described
in the J20 mouse from 13 months (Whitesell et al., 2019), analysis at younger
pre-clinical and prodromal time points is required. In order to contextualise RSC
AB pathology, plague deposition was also analysed in the CA1 region of the HPC
and the entorhinal cortex (EC). These two brain regions are known to present
elevated levels of soluble AR at 3 months and A aggregates from 6 months in
J20 mice (Harris et al., 2010; Ying et al., 2022). The J20 transgenic mouse was
chosen for these experiments, as this model displays more severe amyloidopathy
in the RSC than other APP overexpression models (Whitesell et al., 2019).
Moreover, significant synaptic deficits have already been described in 3-month-
old J20 mice in other brain areas presenting amyloidosis including the HPC
(Harris et al., 2010); therefore it is hypothesised that if ATN input postsynaptic
cells in the RSC are vulnerable to AB then this model will provide sufficient

amyloidosis for deficits to be observed.



To determine whether amyloidopathy leads to chronic changes in RSC
excitability, baseline neuronal activity was assessed by quantifying basal Fos
expression in the region. Previous literature has found aberrant epileptiform
activity in J20 mice in the HPC and cortical networks (Palop et al., 2007) as well
as increased intrinsic excitability in PCs in the PFC (Zhang et al., 2021). However,
quantification of Fos-positive cells — a marker of neuronal activity (Chung, 2015)
— found decreased Fos expression in the dentate gyrus region of the HPC
(Gulbranson et al., 2021; Palop et al., 2003) that could be a result of abnormal
activity in inhibitory circuits. Fos expression has not been examined in the cortex
of this model, however an alternate mouse model of amyloidopathy (Tg2576)
found fewer Fos expressing cells in the RSC following exposure to a novel
environment at 5 months, which could be observed before the onset of plaque
deposition at 17 months (Poirier et al., 2011). Additionally, decreased levels of
basal and novelty-induced Fos mRNA are found in cortical regions such as the
PFC in 9-month-old APP/PS1AE9 mice (Christensen et al., 2013). Therefore, it
is expected that basal Fos expression will be decreased in J20 transgenic mice

during early stages of amyloidopathy.

Potential decreases in Fos expression in the RSC could be a product of the
region’s high interconnectivity with other areas of the brain. The RSC is
particularly sensitive to deafferentation in distally connected brain regions
including the ATN (Albasser et al., 2007; Jenkins et al., 2004; Poirier et al., 2008),
and has been proposed as a site of covert pathology in AD due to neural circuit
disruption (Jenkins et al., 2004; Vann et al.,, 2009). Synaptic dysfunction is
thought to underlie the cognitive deficits seen in AD, and soluble A oligomers
are believed to be responsible for synaptic degradation (Mucke et al., 2000).
Elevated levels of AR depress excitatory neurotransmission via both pre-synaptic
and post-synaptic mechanisms (He et al.,, 2019; Hsia et al., 1999). As Fos
expression is a result of glutamatergic receptor activation (Lerea and McNamara,
1993; Sonnenberg et al., 1989), neuropathological disruption to RSC inputs

should result in decreased Fos expression.

To further explore the effect of amyloidopathy on RSC connectivity, post-synaptic
responses of RSC PCs to optogenetic activation of ATN inputs were investigated
in J20 mice. Disruption of this pathway could have substantial effects on RSC
function due to the large excitatory influence the ATN shows on RSC PCs



(Section 3.3.3). While AD is associated with a decline in a range of cognitive
functions, deficits in spatial navigation are proposed to be a reliable marker of
prodromal stages of the disease (Coughlan 2018). Spatial navigation can be
based on egocentric and allocentric cues, and the RSC is considered a “gateway”
node that can transform and integrate these cues as part of a gain-field circuit
(Bicanski and Burgess, 2018; Byrne et al., 2007). Head direction (HD) cells are
an important aspect of spatial navigation and help form spatial representations or
‘cognitive maps’ in the brain along with other spatially-tuned cells such as place
and grid cells (Moser and Moser, 2008). The ATN contain an abundance of HD
cells (Taube, 1995), and the normal function of these cells is crucial in navigation
(Gibson et al., 2013), while around 10% of neurons in the RSC can also be
classified as HD cells (Cho and Sharp, 2001). A hierarchical model of HD signal
propagation proposes that these signals are generated sub-cortically in the lateral
mammillary bodies, and spread from the thalamus to the cortex (Jankowski et al.,
2013; Taube, 2007). Therefore the ATN to RSC pathway may be crucial for HD
cells in the RSC. Additionally, the activity of non-directional cells in the ATN has
also been suggested as a mechanism by which RSC HD cells are primed (Albo
et al., 2003). Interestingly, lesioning of the RSC also impairs HD cell
representation in the ATN (Clark et al., 2010), thus HD signals appear to
propagate in a reciprocal fashion. However, experiments investigating HD
updating suggest that the relationship between the ATN and RSC is primarily a
strong thalamocortical feedforward drive (van der Goes et al., 2022).
Furthermore, similar to the RSC, the ATN contains spatially-tuned cells beyond
HD cells — such as those resembling grid, place and border cells (Aggleton and
O’Mara, 2022) — and may be a propagate other spatial information to the RSC.
Finally, the ATN are likely not solely responsible for RSC HD cells and other
spatially-tuned cells, but are the source of one major input stream that is
processed in parallel with other pathways; allowing for HD information of

increased complexity to be encoded in the RSC (Brennan et al., 2021).

There is preliminary evidence of HD cell instability in TgF344-AD mice; another
amyloidopathy model of AD which also display impaired spatial navigation
(Berkowitz et al., 2020, 2018). Similar spatial navigation and learning deficits
have been in observed in the J20 mouse from around 3-4 months (Cheng et al.,
2007; Higa et al., 2016; Jankowski et al., 2013), and HD cell disruption could be



a potential factor in these behavioural impairments. Therefore, | aimed to
investigate whether synaptic responses in the ATN to RSC pathway are disrupted
at ages roughly analogous to transitional, prodromal and clinical stages of
amyloidopathy in J20 transgenic mice to potentially elucidate one of the
mechanisms underlying these deficits. Furthermore, the ATN to RSC pathway is
also crucial in conditioned fear retrieval (Yamawaki et al., 2019b), and fear
conditioning impairments have been found in J20 mice (Saura et al., 2005);
further supporting the argument for possible disruption to this neural pathway in
AD.

The primary aim of the experiments reported in this chapter was to investigate
neuropathological changes in the RSC of J20 mice during early and late phases
of AB accumulation. AB plaque deposition and Fos expression were analysed at
3, 6 and 9 months. Post-synaptic responses to optogenetic stimulation of afferent
terminals from the ATN were analysed to investigate whether amyloidopathy in
the RSC disrupts this important circuit.

4.2 | Animals and methods

Immunohistochemical analyses

In total, 49 wild-type (WT) and heterozygous transgenic (Tg) mice were used from
an in-house J20 breeding colony at three different age points: 3 months (3m), 6
months (6m) and 9 months (9m). 24 WT and 25 Tg mice were transcardially
perfused under deep anaesthesia immediately following removal from the home-
cage (Section 2.5.1). Mice were genotyped prior to perfusion as part of general
animal husbandry practices, and genotype was confirmed from tissue removed
from the tail after anaesthesia was applied. 30 um coronal sections were collected
and stained for Fos (Section 2.5.2) and AR plaques (Section 2.5.3), and tissue
and staining quality was assessed from Fos-stained sections. Mice were
excluded from analysis of Fos and AB deposition if sections were highly damaged
or if the Fos staining failed (assessed from an absence of staining in the olfactory
bulb, piriform cortex, somatosensory cortex and visual cortex). 9 mice were
excluded due to low tissue quality, leaving 18 WT (3m: Nmate = 4, Nfemale = 5; 6M:
Nmale = 1, Nfemale = 3; 9M: Nmate = 4, Nfemale = 1) and 22 Tg mice (3M: Nmate = 2,

Nfemale = 5; 6M: Nmale = 4, Nfemale = 3; 9M: Nmale = 5, Nfemale = 3).



Optogenetic interrogation of the ATN to RSC pathway

In total, 107 mice (WT and Tg) from the J20 in-house colony were used and were
aged at 3m, 6m or 9m at time of recording. Mice were injected with AAVs/2-hSyn1-
ChR2(H134R)-mCherry (see Table 2.4) in the ATN, and ex vivo RSC slices were
prepared a minimum of 4 weeks following surgery. 24 mice were excluded from
recording and analysis for missing or misplaced injection sites, and 15 mice were
excluded because of poor slice quality. Voltage clamp electrophysiological
recordings were undertaken in slices from 68 mice: 39 WT (3m: Nmale = 8, Nfemale
= 3; 6M: Nmale = 7, Nfemale = 9; 9M: Nmale = 5, Nfemale = 7) and 29 Tg (3M: Nmale = 4,
Nfemale = 4; 6M: Nmale = 5, Nfemale = 6; 9M: Nmale = 5, Nfemale = 5). Overall, 438 PCs
were recorded and 133 cells were excluded for not meeting viability criteria
(Section 2.4.3.2), Table 4.1 displays cell count by sub-region, layer, age and
genotype. Mice were genotyped prior to surgery as part of general animal
husbandry practices, and genotype was confirmed from tail cuttings collected
during slice preparation.

4.3 | Results

4.3.1 | AB plaque deposition increases with age in Tg J20 mice

Coronal sections containing the RSC were stained with AmyloGlo, a marker of
AB aggregates, to measure the deposition of AB plaques in this brain region in
J20 miceat three different age points: 3m, 6m and 9m. No plagues were seen in
the WT J20 mice at any age point, indicating no observable AR pathology
develops in animals without the humanised APP gene (Figure 4.1 A top).
Plaques were seen in the Tg animals at 6m and 9m, but not at 3m, suggesting
amyloid oligomers had not aggregated by 3m (Figure 4.1 A bottom). In the Tg
animals, RSC area covered by plagues (Figure 4.1 C) significantly increased with
age. Furthermore, the average size — or surface area — of the individual plaques
(Figure 4.1 B) increased with age (Figure 4.1 D). While plaques were present in
some 6m animals, not all animals showed AR plaques in the RSC (nplaque+ = 3,
Nplaque- = 4) suggesting significant variability in AB deposition at the level of the
individual animal. At the 9m age point all animals displayed plaques in RSC, and
both percentage area and plaque size measures of amyloid deposition were large

enough to be significantly differentiated from earlier age points. Both the



percentage area covered by plagues and the average plaque size were similar
between the dRSC and gRSC, therefore the two RSC sub-regions do not differ
in their development and presentation of this amyloidopathy marker.
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Figure 4.1 | AB plaque deposition in the RSC increases with age in J20
Tg mice. A Representative images (4x magnification) of AB plaque
deposition in the RSC in WT and Tg J20 mice at 3m, 6m and 9m. Arrows

indicate plaques at 6m and 9m in Tg mice. Scale bars: 250 um. B 20x



magnification images displaying representative plaques from the 6m and
9m Tg mice sections respectively (white boxes) shown in (A). Scale bars:
100 pm. C Analysis of dRSC and gRSC surface area covered by plaques
found significant main effects of age (F(2, 34) = 5.44, p < .01; 3-way mixed
ANOVA) and genotype (F(1,34) = 7.86, p < .01), as well as an interaction
between the two variables (F(2,34) = 5.44, p <.01). Tg post hoc tests found
that the area covered by plaques in the dRSC was significantly higher in the
9m group as compared to 3m and 6m (3m: 0 (0); 6m: 0.03 (0.05); 9m: 0.43
(0.38) %). Area covered by plaques at 3m and 6m did not significantly differ
(p = .82). In the gRSC, area covered was only significantly increased in the
9m group compared to 3m (3m: 0 (0); 6m: 0.08 (0.12); 9m: 0.32 (0.35) %),
and neither group differed from 6m (3m vs 6m: p =.49, 6m vs 9m: p =.08).
There was no main effect of sub-region (F(1,34) = 0.18, p = .68), or
interaction between sub-region and age (F(2,34) = 1.06, p = .36) or
genotype (F(1,34) = 0.18, p = .68). D Analysis of average surface area of
plagues in Tg mice showed a significant main effect of age (F(2,19) = 10.21,
p <.001; 2-way mixed ANOVA) but no main effect of sub-region (F(1,19) =
0.12, p =.73) or interaction of sub-region with age (F(2,19) = 1.16, p = .33).
Post hoc tests found plaque surface area increased with age for the dRSC
and gRSC: 9m plaque size was larger than 6m and 3m in the dRSC (3m: 0
(0); 6m: 110.68 (189.90); 9m: 738.64 (642.17) um?) and larger than 3m only
in the gRSC (3m: 0 (0); 6m: 216.23 (306.84); 9m: 548.71 (355.61) um?). In
the dRSC, 3m and 6m did not differ significantly (p =.62), whilst in the gRSC
6m did not differ from 3m (p = .18) or 9m (p = .10). Descriptive stats display
mean and SD. Boxplots display median (solid line), mean (dashed line), IQR

and range. *p < .05, * p<.01

To compare the development of AR deposition in RSC with other regions known
to be involved in prodromal AD (Chetelat and Baron, 2003), coronal sections
containing the CAl region of the HPC and the EC were also stained with
AmyloGlo and analysed. Again, no AB plaque deposition was observed in WT
J20 sections in the CAL (Figure 4.2 A top) or EC (Figure 4.2 D top). Similar to
the RSC, plagques were observed from 6m in the CA1 and EC (Figure 4.2A
bottom and Figure 4.2 A top) and the percentage of area covered by plaques

increased from 6m to 9m (Figure 4.2 B & E). Additionally, the average surface



area of the deposited AB plaques also increased from 6m to 9m in both areas
(Figure 4.2 C & F).
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Figure 4.2 | AB plaque deposition in the CA1 and EC increases with
age in J20 Tg mice. A Representative images (4x magnification) of AR
plaque deposition in the CA1 in WT and Tg J20 mice at 3m, 6m and 9m.
Arrows indicate plaques at 6m and 9m in Tg mice. Scale bars: 250 um. B
Analysis of CAl surface area covered by plaques found significant main
effects of genotype (F(1,34) = 9.50, p < .01; 2-way ANOVA) and age
(F(2,34) =8.27, p < .01), as well as a significant interaction between the two
(F(2,34) = 5.97, p < .01). Tg post hoc tests found area covered was
significantly higher at 9m as compared to both 3m and 6m (3m: 0 (0); 6m:
0.02 (0.04); 9m: 0.22 (0.20) %), while 3m and 6m did not differ significantly
(p =.74). C Average plaque surface area significantly increased with age in
the CAl in Tg mice (F(1,19) = 28.92, p < .001; 1-way ANOVA). Plaque size
was significantly larger at 9m than 3m and 6m (3m: 0 (0); 6m: 144.28
(247.05); 9m: 627.12 (157.12) um?). 3m and 6m plaque surface area did
not differ (p =.13). D Representative images of A3 plaque deposition in the
EC in WT and Tg J20 mice at 3m, 6m and 9m. Arrows indicate plaques at
6m and 9m in Tg mice. Scale bars: 250 um. E Analysis of EC surface area
covered by plagues found significant main effects of genotype (F(1,34) =
19.20, p <.001; 2-way ANOVA) and age (F(2,34) = 14.68, p <.001), as well
as a significant interaction between genotype and age (F(2,34) = 10.82, p <
.001). Post hoc tests showed that plaques covered significantly more EC
area in Tg mice at 9m than at 3m and 6m (3m: 0 (0); 6m: 0.03 (0.06); 9m:
0.21 (0.13) %). There was no significant difference between 3m and 6m (p
= .55). F Average plaque surface area significantly increased with age in
the EC in Tg mice (F(2,34) = 10.62, p < .001; 1-way ANOVA). Plaque size
was significantly larger at 9m than 3m and 6m (3m: 0 (0); 6m: 363.65; 9m:
1202.91 (602.35) um?), while 3m and 6m did not differ (p = .21). Descriptive
stats display mean and SD. Boxplots display median (solid line), mean
(dashed line), IQR and range. ** p < .01, *** p < .001

Therefore, progressive RSC AR plaque deposition occurs in the J20 model of
amyloidopathy, and follows a similar temporal pattern to other brain regions that
are known to show deposition of AB plaques during the prodromal phase of AD —
the CAl and EC.



4.3.2 | Basal Fos expression decreases with age but is not modulated by
AB pathology

Sections from WT and Tg J20 mice at 3, 6 and 9 month age points were
immunohistochemically stained for Fos expression. Sections containing the
dRSC and gRSC (Figure 4.3 A) were analysed to investigate whether baseline
neuronal activity was disrupted in these areas. Sections containing the CA1l
(Figure 4.4 A) and EC (Figure 4.4 B) were also analysed to compare against
other brain regions known to be neuropathologically affected in AD. Only nuclei
expressing high levels of Fos were counted (see Section 2.5.2), and counts were
normalised to ROI area resulting in a measure of Fos positive (Fos+) cells per

mm?.

Firstly, there was a significant difference in basal Fos expression between the
RSC sub-regions: the dRSC displayed significantly higher Fos expression than
the gRSC (Figure 4.3 B). Furthermore, whilst Fos expression decreased with
age — mice at the 9 month time point had the lowest expression — there was also
a significant interaction between age and sub-region. The dRSC displayed a
greater decrease in Fos+ cells as age increased. There was, however, no effect
of genotype, or a significant interaction between age and genotype. Post hoc
analyses found no significant differences between WT and Tg mice at any age
point in the dRSC (3m WT vs Tg: p =.42; 6m WT vs Tg: p =.63; 9m WT vs Tg:
p=.71) orgRSC (3m WT vs Tg: p =.39; 6m WT vs Tg: p =.82; 9m WT vs Tg:
p = .67). This suggests that while baseline neuronal activity is significantly
decreased by 9 months, amyloidopathy does not alter basal Fos expression in

this region at prodromal or clinical stages.
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Figure 4.3 | Basal Fos expression differs between RSC sub-regions
and decreases with age, but is not affected by J20 genotype. A
Representative images of basal Fos expression in the RSC in WT and Tg
J20 mice at 3m, 6m and 9m age points. Images of the dRSC and gRSC
were taken separately (10x magnification) and stitched together. Arrows
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indicate representative cells considered Fos+, but are not exhaustive of the
count. Scale bars: 250 um. B A three-way mixed ANOVA indicated a
significant main effect of sub-region (F(1,34) = 50.82, p < .001) and age
(F(2,34) =6.51, p <.01), as well as a significant interaction between the two
variables (F(2, 34) = 7.86, p <.01). Post hoc tests comparing age points in
the dRSC found significantly fewer Fos+ cells/mm? at 9m than 3m and 6m,
which did not differ from each other (p = .65) (3m WT: 100.44 (62.26); 3m
Tg: 134.15 (99.37); 6m WT: 119.39 (109.6); 6m Tg: 94.83 (57.47); 9m WT:
27.89 (12.97); 9m Tg: 24.69 (15.32) Fos+ cells/mm?). In the gRSC, there
were significantly fewer Fos+ cells/mm? at 9m than 6m, but not compared
to 3m (p = .07). 3m and 6m also did not significantly differ in Fos expression
(p = .43) (3m WT: 25.88 (12.44); 3m Tg: 35.17 (28.49); 6m WT: 33.73
(42.29); 6m Tg: 39.28 (35.08); 9m WT: 10.21 (5.73); 9m Tg: 12.97 (13.05)
Fos+ cells/mm?). There was no significant main effect of genotype (F(1, 34)
=0.08, p =.79), or interaction between genotype and age (F(2,34) = 0.45,
p = .64) or sub-region (F(1,34) = 0.06, p = .81). Finally, there was no
significant interaction between all three independent variables (F(2,34) =
0.99, p = .38). Descriptive stats display mean and SD. Boxplots display
median (solid line), mean (dashed line), IQR and range. * p < .05, ** p < .01

To examine whether this lack of effect of amyloidopathy on basal activity was
restricted to the RSC, sections containing the CA1 and EC were also counted
and analysed. Both brain regions showed a similar pattern to the dRSC and
gRSC in that Fos expression decreased with age, but was not affected by
genotype (Figure 4.4 C-D). Post hoc analyses in CAl revealed no significant
differences between wild-type and transgenic mice at each time point (3m WT vs
Tg: p=.56; 6m WT vs Tg: p =.73; 9m WT vs Tg: p = .53), and the same was
true in the EC (3m WT vs Tg: p =.25; 6m WT vs Tg: p =.51; 9m WT vs Tg: p
=.31).
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Figure 4.4 | Basal Fos expression in CAl and EC decreases with age
but is not affected by J20 genotype. A-B Representative images of basal
Fos expression in the CA1 (A) and EC (B) in WT and Tg J20 mice at 3m,
6m and 9m age points. Images were taken at 10x magnification, and arrows
indicate representative cells considered Fos+ but are not exhaustive of the
count. Scale bars: 250 um. C In CAL1 there was a main effect of age (F(2,34)
=4.75, p <.05; 2-way ANOVA), but no effect of genotype (F(1,34) = 0.002,
p = .96) or interaction between age and genotype (F(2,34) = 0.30, p = .74).
Post hoc tests found Fos expression was significantly lower at 9m than 3m,
but there was no difference between 6m and 9m (p =.11) or 3m and 6m (p
=.29) (3m WT: 20.18 (9.21); 3m Tg: 23.62 (13.90); 6m WT: 19.40 (13.43);
6m Tg: 16.78 (10.35); 9m WT: 9.67 (4.19); 9m Tg: 11.22 (4.24) Fos+
cellssfmm?). D In the EC there was a significant main effect of age (F(2,34)
= 4.46, p < .05; 2-way ANOVA), but no main effect of genotype (F(1,34) =
0.33, p = .57) or interaction between age and genotype (F(2,34) =0.11, p =
.90). Post hoc tests indicated that Fos expression at 3m was significantly
higher than 6m or 9m, while expression did not significantly differ between
those age points (p = .89) (3m WT: 36.41 (26.00); 3m Tg: 68.76 (76.55);
6m WT: 16.85 (12.45); 6m Tg: 20.98 (7.67); 9m WT: 20.77 (9.63); 9m Tg:
15.47 (8.17) Fos+ cellssmm?). Descriptive stats display mean and SD.
Boxplots display median (solid line), mean (dashed line), IQR and range. **
p<.01

4.3.3 | Synaptic responses in the RSC to the ATN afferent pathway are not
affected by age or genotype in J20 mice

Ex vivo whole-cell patch clamp recordings were undertaken in RSC-containing
sections, and optogenetic stimulation of ATN afferent terminals was used to
measure synaptic connectivity in WT and Tg J20 mice at 3, 6 and 9 months of
age. Similar to the recordings in C57BL/6J mice (Figure 3.3.3), all putative
pyramidal cells responded to stimulation of this pathway for both genotypes and
all age points. Therefore probability of synaptic connectivity was not altered by
age or genotype.



Other measures of synaptic response were then analysed to investigate the effect
of age and/or genotype after controlling for sub-region and layer. NMDA/AMPA
ratio, PPR and various EPSC measures — magnitude, time to onset and 20-80%
rise time — were analysed using mixed effect models (see Table 4.1 for cell counts

for different variables).

Count

Age Genotype Area Layer EPSC measures NMDA/AMPA PPR
moo_omen i :
WT (n=100) —
gRSC gupen‘rcwal 112 2 ;
_ eep
3m (n=189) JRSC giizrﬁcial 180 2 g
Tg (n=89) —
gRSC Superficial 11 5 10
Deep 12 2 7
JRSC Supetficial 15 8 10
WT (n=142) gsggrﬁcfa/ 1 g 3 :?
gRSC Deep 16 6 14
6m (n=284) Superficial 20 10 16
dRSC
Tg (n=142) Deep _ 13 7 11
gRSC Superficial 13 7 11
Deep 14 8 12
RC e © ‘ s
WT (n=133) Supetficial 12 6 11
gRSC Deﬁp 15 6 15
9m (n=208) Superficial 13 7 8
dRSC Deep 5 1 3
Tg (n=79) Superficial 12 5 9
gRSC
Deep 6 2 4
Total 305 127 249

Table 4.1 | Recorded cells separated by age, genotype, RSC sub-
region and cortical layer. All putative PCs recorded responded to
stimulation of ATN afferent terminals. EPSC magnitude, onset time and 20-
80% rise time were calculated from 305 cells total. NMDA/AMPA ratio was

calculated from 127 cells, and PPR from 249 cells.

To examine EPSC magnitude, a null model (random effect: mouse) and three
mixed effect models were created and goodness-of-fit (represented by AIC) was
sequentially evaluated using ¥? likelihood ratio comparisons. Model 1 (random
effect: mouse; fixed effects: sub-region and layer) significantly improved upon the
null model (x2(2) = 73.0, p < .001; AlCnhun = 4595.0, AICm1 = 4526.0), and both
sub-region (F(1,280.1) = 62.2, p <.001; ANOVA) and layer (F(1,286.1) = 286.1,
p <.001; ANOVA) significantly affected EPSC magnitude. Fixed effect estimates
(Table 4.2) indicate that cells in the gRSC and deep layers had a significantly
lower EPSC magnitude compared to those in the dRSC and superficial layers,



respectively. Inspection of the data shows that cells in the superficial layers of the
dRSC had the largest EPSC magnitude, followed by dRSC deep layer cells
(Figure 4.5). Next, model 2 added age and genotype as fixed effects (random
effect: mouse; fixed effects: sub-region, layer, age and genotype); however this
model did not improve upon model 1 (x2(3) = 3.9, p = .27; AICm2 = 4528.1).
Furthermore, the addition of sex as a fixed effect in model 3 (random effect:
mouse; fixed effects: sub-region, layer, age, genotype and sex) did not improve
upon model 2 (x2(1) = 2.8, p =0.09; AlCwms = 4527.7), and fixed effect estimates
for models 2 and 3 did not show any significant differences in EPSC magnitude
for these added factors (Table 4.2). Therefore model 1 appears to be the best
model of EPSC magnitude variability, suggesting age, genotype and sex have no
effect on this measure. There was also a random effect of mouse present in
model 1 — contributing 6.8% of variance to the total explained by the model —
however the ICC score indicates a weak resemblance between mice (Table 4.3

random effects).

EPSC magnitude

Model 1 Model 2 Model 3
Predictors Estimates t p Estimates t p Estimates t p
Intercept 638.65 15.91 <0.001 72435 1143 <0.001 692.45 10.69 <0.001
(559.64 — 717.65) (599.62 — 849.08) (564.93 — 819.96)
Sub-region: gRSC -351.77 -7.89 <0.001 -353.28 -7.95 <0.001 -353.87 -7.97 <0.001
(-439.54 - -264.01) (-440.75 - -265.80) (-441.21 - -266.52)
Layer: Deep -206.14 -4.6 <0.001 -212.49 -4.74  <0.001 -214.87 -4.79 <0.001
(-294.39 - -117.89) (-300.73 —-124.24) (-303.07 —-126.67)
Age: 6 months -51.06 -0.81 0421 -66.94 -1.07  0.285
(-175.81 - 73.69) (-189.89 - 56.01)
Age: 9 months -67.99 -1.01 0313 -81.8 -1.24 0216
(-200.39 - 64.41) (-211.74 - 48.14)
Genotype: Tg -90.72 -1.73  0.085 -91.67 -1.79  0.074
(-193.95-12.52) (-192.29 - 8.95)
Sex: Female 87.36 1.7 0.089
(-13.52 - 188.25)
Random Effects
o 146060.89 145540.38 145765.54
T e 13750.34 11751.37 9611.95
ICC 0.09 0.07 0.06
N 68 68 68
Observations 305 305 305
Marginal R? / Conditional R?  0.212/0.280 0.223/0.281 0.231/0.278

Table 4.2 | Fixed and random effect results for each mixed model

analysing EPSC magnitude. For fixed effects (predictors), the table

displays effect size, confidence intervals, t statistic and significance value.

For random effects, the table displays residual variance (0?), mouse

variance (t?) and the ICC value. Marginal R? refers to variance explained by



fixed effects only, while conditional R? refers to variance explained by

combined fixed and random effects.
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Figure 4.5 | EPSC magnitude differs between RSC sub-region and
cortical layer, but is not affected by age or J20 genotype. A
Representative voltage-clamp (Vu = -70 mV) traces showing the first EPSC

generated from a 7 Hz stimulation protocol. Grey boxes indicate the 5 ms
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optical stimulation period (470 nm wavelength). B EPSC magnitude differed
between RSC sub-region and cortical layer: magnitude appeared largest in
the superficial layers of the dRSC, followed by the deep layers dRSC whilst
gRSC superficial and deep layer EPSC magnitude appeared the smallest.
Neither age nor genotype significantly explained variance in EPSC
magnitude, and no clear difference in these factors are observed
graphically. Boxplots display median (solid line), mean (dashed line), IQR
and range.

Time to onset of EPSC was then analysed, and again model 1 (random effect:
mouse; fixed effects: sub-region and layer) significantly improved upon the null
model (random effect: mouse) (x2(2) = 23.3, p < .001; AlCnhun = 620.5, AICv1 =
601.2); with both sub-region and layer significantly affecting onset time (see
Table 4.3). Model 2 (random effect: mouse; fixed effects: sub-region, layer, age
and genotype) did not improve upon Model 1 (x2(3) = 2.7, p < .45; AlCmz2 = 604.5)
and fixed effect estimates showed no significant differences in time to onset for
age or genotype. However, the addition of sex as a factor in model 3 (random
effect: mouse; fixed effects: sub-region, layer, age, genotype and sex) did cause
an improvement against model 2 (x2(1) = 5.1, p <.05; AlCwms = 601.4), therefore
a final model (model 4) was created with fixed effects of sub-region, layer and
sex. This model significantly improved upon model 1 (x2(1) = 4.9, p < .05; AlCwma
= 598.3) and is considered the best model of time to EPSC onset. Within model
4, sub-region, layer and sex significantly affected onset time (F(1,270.0) =9.9, p
<.001; F(1,274.4) =15.5, p<.001; F(1,59.2) =5.1, p <.05; ANOVA). Fixed effect
estimates indicate that cells in the gRSC and deep layers had significantly longer
time to EPSC onset than cells in the dRSC and shallow layers (Table 4.3).
Inspection of the data suggests this effect is driven by dRSC superficial layer cells
showing the shortest onset time (Figure 4.6). Furthermore, cells collected from
female mice showed significantly faster onset time than those collected from male
mice. Finally, there was a relatively large random effect of mouse in the final
model which contributed 15.3% of variance to the total variance explained (Table
4.3 random effects), while the ICC score indicates that the correlation between

mice remained low.



Onset to EPSC

Model 1 Model 2 Model 3 Model 4
Predictors Estimates t P Estimates t p Estimates t p Estimates { p
Intercept 095 1391 <0.001 0.89 7.81  <0.001 0.98 843 <0.001 1.08 12.83 <0.001
(0.82-1.08) (0.67-1.12) (0.75-1.20) (0.90-1.22)
Sub-region: gRSC 0.22 317 0.002 0.22 3.17  0.002 0.22 317 0.002 0.22 3.15  0.002
(0.08 - 0.36) (0.08 - 0.38) (0.08 - 0.36) (0.08 - 0.36)
Layer: Deep 0.28 391 <0.001 0.28 3.99 <0.001 0.28 4.04 <0.001 0.28 394 <0.001
(0.14-0.41) (0.14-042) (0.15-042) (0.14-0.41)
Age: 6 months -0.05 043 0669 -0.01 011 0913
(-0.29-0.18) (-0.24-0.22)
Age: 9 months 0.07 053 0.598 0.1 0.78 0434
(-0.18-0.31) (-0.14-0.34)
Genotype: Tg 0.13 13 0194 0.13 1.38  0.168
(-0.07 -0.32) (-0.06 - 0.32)
Sex: Female -0.22 23 0.022 0.22 2.25 0.025
(-0.41--0.03) (-0.40--0.03)
Random Effects
ot 0.35 0.35 0.35 0.35
T e 0.08 0.08 0.07 0.07
IcC 0.19 0.18 0.16 0.17
N 68 68 68 68
Observations 305 305 305 305
Marginal R? / Conditional R* ~ 0.070/0.248 0.081/0.247 0.102/0.245 0.091/0.244

Table 4.3 | Fixed and random effect results for each mixed model

analysing time to onset of EPSC. For fixed effects (predictors), the table

displays effect size, confidence intervals, t statistic and significance value.

For random effects, the table displays residual variance (0?), mouse

variance (t?) and the ICC value. Marginal R? refers to variance explained by

fixed effects only, while conditional R? refers to variance explained by

combined fixed and random effects.



A 3 months 6 months 9 months
dRSC gRSC dRSC gRSC dRSC gRSC
Superficial Deep Superficial Deep Superficial Deep Superficial Deep Superficial Deep Superficial Deep

CEiTR e

WT
Tg
2ms
100pA[
5 Superficial Deep
4
3 o
ps)
w
O
2
n
E ] L
1 5 ——
2] =
c H
8 Genotype
Do WT
o - Tg
W
e
o4
E
'_
3 (o]
A
w
O
2
| G B 5 = |
3 6 6 9

? Age (months)
Figure 4.6 | EPSC onset differs between RSC sub-region and cortical
layers, but is not affected by age or J20 genotype. A Representative
voltage-clamp traces (Vi = -70 mV) showing onset of the EPSC generated
by the optogenetic stimulation (grey boxes indicate optical stimulation

period). B Time to EPSC onset differed between sub-region and layer:
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dRSC superficial cells appear to show the shortest onset time. Neither age
nor genotype significantly explained EPSC onset time variance, and no
clear difference in these factors are observed graphically. Boxplots display
median (solid line), mean (dashed line), IQR and range.

In addition to time to onset, 20-80% rise time of the first EPSC was analysed.
Model 1 (fixed effects: sub-region and layer) did not significantly improve upon
the null model (x2(2) = 6.0, p = .05; AIChun = 660.5, AICw1 = 658.5), and fixed
effect estimates (Table 4.4) indicated no differences in EPSC 20-80% rise time
between cells in different RSC sub-regions or cortical layers. Model 2 (fixed
effects: age and genotype) omitted sub-region and layer as factors due to the
lack of significance in model 1, but again model 2 did not significantly improve
upon the null model (x2(3) = 6.9, p = .08; AICu2 = 659.6). Moreover, adding sex
as a fixed effect in model 3 did not significantly improve upon model 2 (x2(1) =
1.5, p=.22; AlCwms = 660.0). However, whilst model 2 did not significantly improve
upon model 1, the fixed effect estimates (Table 4.4) displayed a lower 20-80%
rise time at 6m compared to 3m, but there was no overall effect of age (F(2,305.0)
= 2.8, p =.06) or a significant difference at 9m. Finally, the null model itself found
a negligible random effect of mouse on variance, which was also true of models
1-3 (Table 4.4 random effects). Therefore, EPSC 20-80% rise time was not
significantly affected by sub-region, layer, age or genotype (Figure 4.7) and did

not significantly differ between mice.

Onset to EPSC
Model 1 Model 2 Model 3
Predictors Estimates t p Eslimates t p Eslimates t P
Intercept 0.95 13.91 <0.001 0.89 781 <0.001 0.98 843 <0.001
(0.82-1.08) (0.67-1.12) (0.75-1.20)
Sub-region: gRSC 0.22 3.17  0.002 0.22 317 0.002 0.22 317 0.002
(0.08 - 0.36) (0.08 - 0.36) (0.08 - 0.36)
Layer: Deep 0.28 3.91 <0.001 0.28 3.99 <0.001 0.28 4.04 <0.001
(0.14-0.41) (0.14 - 0.42) (0.15-0.42)
Age: 6 months -0.05 -043  0.669 -0.01 -0.11 0913
(-0.29-0.18) (-0.24 - 0.22)
Age: 9 months 0.07 0.53 0.598 0.1 078 0434
(-0.18 - 0.31) (-0.14 - 0.34)
Genotype: Tg 0.13 1.3 0.194 0.13 138 0.168
(-0.07 - 0.32) (-0.06 - 0.32)
Sex: Female -0.22 -2.3 0.022
(-0.41 - -0.03)
Random Effects
o 0.35 0.35 0.35
Trose 0.08 0.08 007
ICC 0.19 0.18 0.16
N 68 68 68
Observations 305 305 305

Marginal R ? /Conditional R?  0.070/0.248 0.081/0.247 0.102 /0.245



Table 4.4 | Fixed and random effect results for each mixed model

analysing EPSC 20-80% rise time. For fixed effects (predictors), the table

displays effect size, confidence intervals, t statistic and significance value.

For random effects, the table displays residual variance (02), mouse

variance (12) and the ICC value. Marginal R? refers to variance explained

by fixed effects only, while conditional R? refers to variance explained by

combined fixed and random effects.
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Figure 4.7 | EPSC 20-80% rise time does not differ between sub-region,

cortical layer, age or J20 genotype. EPSC 20-80% rise time did not differ

between sub-region, layer, age or genotype. Boxplots display median (solid

line), mean (dashed line), IQR and range.

NMDA/AMPA ratio was computed from a sub-section of cells within the ATN to
RSC pathway. Analysis of NMDA/AMPA ratios found that model 1 (fixed effects:

sub-region and layer) did not significantly improve upon the null model (x2(2) =
2.8, p = .25; AlChun = 28.9, AlICwm1 = 30.2), and fixed effect estimates indicated



no significant differences in NMDA/AMPA ratio between sub-regions and layers
(Table 4.5). Model 2 (fixed effects: age and genotype) omitted area and layer as
factors due to the lack of significance in model 1, but again did improve upon the
null model (x2(3) = 0.6, p =.89; AlCwm2 = 34.3). Moreover, the addition of sex as a
factor to model 3 did not significantly improve on model 2 (x2(1) = 0.9, p = .35;
AlCwms = 35.4). Fixed effect estimates for age, genotype and sex in models 2 and
3 found no significant differences within these factors (Table 4.5). Finally, the null
model found a negligible random effect of mouse on variance, which was also
true in models 1-3 (Table 4.5 random effects). Therefore NMDA/AMPA ratio was
not significantly affected by sub-region, layer, age or genotype (Figure 4.8) and

did not differ significantly between mice.

NMDA/AMPA Ratio
Model 1 Model 2 Model 3
Predictors Estimates t p Estimates t p Estimates t p
Intercept 0.38 10.46 <0.001 0.38 712 <0.001 0.36 6.24 <0.001
(0.31-0.45) (0.27 - 0.48) (0.24 - 0.47)
Sub-region: gRSC 0.05 117  0.246
(-0.04 - 0.15)
Layer: Deep -0.06 1.3 0195
(-0.16 - 0.03)
Age: 6 months 0 -006 0948 -0.01 -0.18  0.86
(-0.12-0.11) (-0.13-0.11)
Age: 9 months 0.03 052 0.602 0.03 045 0.656
(-0.09 - 0.16) (-0.10 - 0.15)
Genotype: Tg -0.01 -0.23 0818 -0.01 -0.22  0.827
(-0.11 - 0.08) (-0.10 - 0.08)
Sex: Female 0.04 094 0.347
(-0.05-0.14)
Random Effects
o 0.07 0.07 0.07
T mouse 0 0 0
N 60 60 60
Observations 127 127 127
Margr'naﬁR2 / Conditional R?  0.022/NA 0.005/ NA 0.012/NA

Table 4.5 | Fixed and random effect results for each mixed model
analysing NMDA/AMPA ratio. For fixed effects (predictors), the table

displays effect size, confidence intervals, t statistic and significance value.

For random effects, the table displays residual variance (0?), mouse

variance (t?) and the ICC value. Marginal R? refers to variance explained by

fixed effects only, while conditional R? refers to variance explained by

combined fixed and random effects.
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Figure 4.8 | NMDA/AMPA ratio does not differ between sub-region
cortical layer, age or J20 genotype. A Representative voltage-clamp
traces showing AMPAR-mediated (blue/red trace) and NMDAR-
mediated EPSCs (grey trace) generated by optogenetic stimulation (grey

box indicates 5 ms optical stimulation period). AMPAR responses were
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recorded at Vi = -70 mV (standard aCSF) and NMDAR responses were
recorded at Vi = +40 mV (standard aCSF containing (in uM): 10 DNQX,
1 CGP-55845, 10 Gabazine). B NMDA/AMPA ratio did not differ between
sub-region, layer, age or genotype. Boxplots display median (solid line),

mean (dashed line), IQR and range.

PPR from increasing interval optogenetic stimulations was computed and a null
model including mouse as a random effect and a within-subjects fixed effect
factor of time between first and second stimulations — i.e. increasing pulse-
interval (IPI). Model 1 included sub-region and layer as additional fixed effects,
and model 1 significantly improved upon the null model (x2(2) = 114.5, p < .001;
AlICnu = 650.0, AICm1 = 539.5). Model 2 added age and genotype to model 1,
but did not improve upon the model (x2(3) = 1.6, p = .67; AlCmz2 = 544.0).
Moreover, the addition of sex as a fixed effect in model 3 did not improve upon
model 2 (x2(1) = 0.1, p = .72; AlCwms = 545.8). Therefore, model 1 appears the
best model of variance for PPR and all three fixed effect factors significantly
affected PPR. IPI had a significant main effect (F(6,1664.1) = 120.5, p < .001;
ANOVA), and fixed effect estimates showed a significant increase in PPR for
each IPI time compared to the first 10 ms IP1 sweep. Significant main effects were
also found for both sub-region (F(1,1660.9) = 107.7, p <.001; ANOVA) and layer
(F(1,1656.2) = 9.8, p < .01); fixed effect estimates for both factors indicate that
cells in the gRSC and deep layers had significantly higher PPR ratios than those
in the dRSC and superficial layers, respectively (Table 4.6). While PPR increased
as IPI increased, examination of the data shows that median and mean values
remained below 1 for all grouping factors (Figure 4.9 B) indicating PPD was
present in this pathway across groups. Finally, there was a fairly small random
effect of mouse in model 1 which contributed 4.6% of variance to the total
variance explained (Table 4.6 random effects), while the ICC score indicates that

the correlation between mice remained low.



PPR

Model 1 Model 2 Model 3
Predictors Estimates t p Estimates t p Estimates t p
Intercept 0.18 7.94 <0.001 0.19 6.05 <0.001 0.18 57 <0.001
(0.13-0.22) (0.13-0.25) (0.12-0.25)
IPI: 17 ms 0.23 9.35 <0.001 0.23 9.36  <0.001 0.23 9.36  <0.001
(0.18 -0.28) (0.18 - 0.28) (0.18—0.28)
IPI: 51 ms 0.44 17.72 <0.001 0.44 17.72 <0.001 0.44 17.72 <0.001
(0.39-0.49) (0.39-0.49) (0.39-0.49)
IPI: 100 ms 0.41 16.57 <0.001 0.41 16.57 <0.001 0.41 16.57 <0.001
(0.36 — 0.46) (0.36 — 0.46) (0.36 - 0.46)
IPI: 170 ms 04 16.1 <0.001 04 16.1  <0.001 04 16.1  <0.001
(0.35-0.45) (0.35-0.45) (0.35-0.45)
IPI: 510 ms 0.48 19.28 <0.001 0.48 19.28 <0.001 0.48 19.29 <0.001
(0.43-0.53) (0.43-0.53) (0.43-0.53)
IPI: 1000 ms 0.59 23.71 <0.001 0.59 23.72 <0.001 0.59 23.72 <0.001
(0.54 - 0.64) (0.54 - 0.84) (0.54 —0.64)
Sub-region: gRSC 0.15 10.38  <0.001 0.15 10.38 <0.001 0.15 10.36  <0.001
(0.12-0.17) (0.12-0.17) (0.12-0.17)
Layer: Deep 0.04 3.13  0.002 0.04 3.1 0.002 0.04 3.09 0.002
(0.02 -0.07) (0.02-0.07) (0.02-0.07)
Age: 6 months -0.03 -0.95 0.343 -0.03 -0.99 0.323
(-0.08 - 0.03) (-0.09 - 0.03)
Age: 9 months 0 0.07 0.947 0 0.02 098
(-0.06 - 0.06) (-0.06 — 0.06)
Genotype: Tg -0.01 -0.23 0.816 -0.01 -0.23 0.815
(-0.05-0.04) (-0.05-0.04)
Sex: Female 0.01 036 0.723
(-0.04 - 0.05)
Random Effects
o 0.08 0.08 0.08
T oo 0.01 0.01 0.01
ICC 0.07 0.07 0.07
N 68 68 68
Observations 1743 1743 1743
Marginale / Conditional R®  0.314/0.360 0.315/0.362 0.315/0.363

Table 4.6 | Fixed and random effect results for each mixed model
analysing PPR. For fixed effects (predictors), the table displays effect
size, confidence intervals, t statistic and significance value. For random
effects, the table displays residual variance (02%), mouse variance (t?) and
the ICC value. Marginal R? refers to variance explained by fixed effects
only, while conditional R? refers to variance explained by combined fixed

and random effects.
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Figure 4.9 | PPR differs between sub-region and layer, but is not
affected by age or J20 genotype. A Representative voltage clamp traces
(Vu = -70 mV) showing EPSCs generated by two optogenetic stimulations
separated by increasing intervals. Each plot displays 7 sweeps with
intervals of (grey traces) 10 ms, 17 ms, 51 ms, 100 ms, 170 ms, 510 ms and
(red trace) 1000 ms. Optical stimulation periods indicated by pale grey
boxes. B PPR increased with IPI for all cells, and mean/median PPR
remained below 1 (black dashed line). PPR differed between sub-region
and layer, and cells in the dRSC superficial layers appear to have a lower
PPR which slowly increases. Boxplots display median (solid line), mean

(dashed line), IQR and range.

4.4 | Discussion

4.4.1 | Summary

In this chapter, | aimed to investigate the RSC as a site of neuropathological
change in a model of prodromal AD. Using the J20 model of amyloidopathy, |
found that AB plaque deposition occurs in the RSC at a similar timescale to other
brain areas known to show AB accumulations in the early stages of AD: the CA1
region of the HPC and the EC. However, plaque deposition was not associated
with changes in baseline neuronal activity; while basal Fos expression decreased
with age in the RSC, there was no effect of J20 genotype. Finally, | examined the
ATN to RSC pathway and found no effect of age or genotype on postsynaptic
responses in RSC PCs.

4.4.2 | The dRSC and gRSC show significantly different levels of basal
neuronal activity

Baseline neuronal activity was compared between the RSC sub-regions, and
significantly more Fos+ cells were identified per mm? in the dRSC. One of the
main differences between the dRSC and gRSC is their structural and functional
long-range connectivity. Neuroanatomical tracing studies in the rat have found
that the dRSC is preferentially connected with primary and extrastriate visual

cortices (Groen and Wyss, 1992). While this difference in structural connectivity



is not as pronounced in the mouse, the function of the dRSC is more equated
with processing of visual information than the gRSC (Aggleton et al., 2021).
Therefore, the dRSC may present with increased basal neuronal activity due to
normal navigational behaviour within the home cage. Additionally, despite the
dRSC showing lower anatomical connectivity with areas such as the ATN and
dSub, PC synaptic responses to stimulation of these excitatory pathways were
significantly higher in the dRSC compared to the gRSC (Section 3.3.3 and
Section 4.3.3). Therefore, the increased basal activity seen in the dRSC may be
due to increased excitatory input into the dRSC from a range of presynaptic distal
brain region, not just from the visual cortices. This difference in basal activity
shows activity-based differentiation between the two sub-regions, and confirms
that the dRSC and gRSC should be considered as distinct brain regions. Basal
activity differences should also be taken into account when analysing the
behavioural function of the dRSC and gRSC, and care should be taken not to
directly compare neuronal activity in these areas without normalising against

appropriate controls.

4.4.3 | Cortical and hippocampal basal activity decreases with age, but is
not affected by AB pathology

The finding that Fos expression in the RSC, CA1 and EC decreased with age are
consistent with prior literature that describes decreased hippocampal and cortical
basal levels of Fos protein and mRNA in aged rats (Kitraki et al., 1993; Lee et al.,
1998). The mechanism behind this decrease is not clear, however it may be
linked to ageing-induced impairments in upstream signalling pathways such as
MAPK (Zhen et al., 1999), which is the primary pathway through which Fos
expression is mediated (Chung, 2015). While the number of Fos+ cells decreased
with age, there were no differences in basal Fos expression between WT and Tg
J20 mice at 3, 6 or 9 months of age. This was an unexpected finding, as this
marker of neuronal activity has been shown to be reduced in the RSC in another
model of AR pathology (Poirier et al., 2011). However, this reduction in Fos
induction was observed following exposure to a novel environment, and reduced

Fos mRNA expression was only observed in the CA1 when comparing AD model



Tg and WT animals following novelty-induced neuronal activity and not basal

activity (Christensen et al., 2013).

The fact that basal neuronal activity was not affected by Ap pathology in the RSC
in these experiments, but prior literature has found decreases in novelty-induced
Fos, suggests that the RSC (and the HPC and EC) may be very susceptible to
cholinergic input dysfunction. The cholinergic system is involved in a range of
cognitive processes including modulating spatial navigation, learning and
memory (Solari and Hangya, 2018). Cholinergic activity is positively related to
stimulus novelty in the insular cortex (Miranda et al., 2000), and environmental
novelty the PFC and HPC (Giovannini et al., 2001). Identifying novelty is crucial
to learning and memory as it can indicate salience and direct attention in order to
create new memories or update consolidated memories. Encoding of new
memories in the HPC and EC is posited to be reliant on the cholinergic
modulation of theta oscillations (Barry et al., 2012). Furthermore, an important
stage in the updating and reconsolidation of memory is destabilisation of the
existing memory into a labile state: a process which is dependent on cholinergic

action in a paradigm requiring reactivation novelty (Stiver et al., 2015).

The RSC receives cholinergic input from the basal forebrain, specifically the
medial septal nucleus and diagonal band of Broca (Gonzalo-Ruiz and Morte,
2000; Nyakas et al., 1987; Woolf, 1991), similar to the HPC and EC. Indeed, the
gRSC shows increased acetylcholine efflux during maze exploration that is
correlated with HPC efflux (Anzalone et al., 2009). Disruption to this pathway
could significantly impair behaviour, and explain the deficits in neuronal activity
following exposure to a novel environment. Basal activity however was not
affected in the present study as the mice were not exposed to a novel
environment, or required to navigate any space other than their home cage, in
the 90 minutes preceding brain collection. There is some early evidence that
disruption to this pathway in AD may occur postsynaptically, as the RSC displays
muscarinic receptor downregulation in the 5XFAD mouse model of amyloidopathy
(Jedrasiak-Cape and Ahmed, 2020). Cholinergic input impairment following AB
pathology does not preclude disruption to excitatory RSC inputs such as from the
ATN, and in fact could help mediate glutamatergic transmission deficits, as
acetylcholine is a significant modulator of many neurotransmitter systems
(Picciotto et al., 2012).



4.4.4 | AB pathology does not disrupt input from the ATN to the RSC

Afferent projections from the ATN to the RSC exert a very large excitatory effect
on the RSC (Section 3.3.3), and therefore are likely an important source of
information for the RSC. The findings in this chapter confirmed that synaptic
responses in the RSC to optogenetic stimulation of ATN axons were strongest in
the dRSC and shallow layers compared to the gRSC and deep layers. However,
despite the hypothesised importance of the ATN to RSC pathway in spatial
navigation and subsequent disruption in AD, there was no significant change in

synaptic response between WT and Tg mice at any age tested.

This lack of perturbation in the ATN to RSC projection correlates with the findings
that basal neuronal activity did not differ between WT and Tg mice. As the ATN
supplies substantial glutamatergic excitation onto PCs in the RSC, impaired
excitatory transmission in this pathway might have similar effects to
deafferentation following lesioning of the ATN (Jenkins et al., 2004). While this
pathway could be affected in AD during tasks requiring high fidelity transfer of
information, the evidence presented here suggests that AR pathology in the RSC
is not sufficient to alter baseline synaptic connectivity of the ATN to RSC
projections and subsequent RSC neuronal activation. Additionally, there was also
no effect of increased age on synaptic responses in this pathway, suggesting that

strength of this circuit does not change with age or general experience.

Deafferentation may be a key pathological change required for significant RSC
disruption. While AB deposits do occur in the ATN in AD patients, they do not
occur as early as in the RSC (Braak and Braak, 1991a, 1991b). Furthermore, the
J20 model of amyloidopathy presents AR pathology primarily in cortical and
hippocampal regions (Whitesell et al., 2019), and no plaques were detected in
the ATN of the mice used in Section 4.3.1. It was hypothesised that AR oligomers
present in the RSC would have synaptotoxic effects sufficient to disrupt this
pathway (Hsia et al., 1999; Reiss et al., 2018). However, the results in this chapter
indicate that post-synaptic AR pathology is not enough to impair synaptic
responses and therefore suggests that disruption of the ATN to RSC pathway
may not mediate cognitive deficits in pre-clinical and prodromal AD. This is
supported by our recent findings that chemogenetic activation of the ATN does
not improve behavioural deficits in J20 mice at 6m or 9m of age (Kohli et al.,
2021).



RSC afferent disruption may still be involved in cognitive impairment in AD, but
other pathways could be affected in the early stages of the disease. One possible
candidate is the dSub input, which also has a fairly strong excitatory influence on
the RSC (Section 3.3.3). The dSub also contains HD cells (Taube, 1998), and
sends information on speed, trajectory and place to the RSC (Kitanishi et al.,
2021). Moreover, not only does the dSub contain plaques at similar age-points to
the RSC in J20 mice (Whitesell et al., 2019), lesioning this region reduces the
spread of AB pathology into the RSC (George et al., 2014). Finally, the RSC
receives input from many brain regions, but it also sends efferents to widely
distributed brain regions. Therefore, as the RSC is one of the first regions to show
AB pathology, perhaps its connectivity dysfunction lies in its efferent outputs.
Spatial navigation and HD signals could still be affected in this model of
dysfunction. Despite the hierarchical model of HD propagation, lesions of the
RSC impair accurate HD cell orientation in the ATN (Clark et al., 2010). While
top-down feedback from the RSC to the ATN appears weak (van der Goes et al.,
2022), the excitatory projection from the RSC to the dorsal thalamic reticular
nucleus initiates feedforward inhibition of the ATN (Vantomme et al., 2020);

thereby completing the circuit.

4.4.5 | Sexual dimorphism of EPSC onset

Sexual dimorphism has been observed in a variety of synaptic and intrinsic
neuronal properties across the brain. Synaptic density is higher in females than
males in a variety of areas including the cortex and hippocampus, and there are
differences in glutamatergic subunit distribution between the sexes (see Uhl et
al., 2022 for review). Application of the sex hormone estradiol has been shown to
potentiate miniature EPSC frequency and amplitude in the hippocampus
(Oberlander and Woolley, 2016), and both presynaptic and postsynaptic

mechanisms have been suggested.

There is little to no literature examining the effect of sex on EPSC properties
following stimulation of long-range projections, however some studies have found
that inhibiting estradiol synthesis almost abolishes LTP in the amygdala and HPC
of female — but not male — mice (Bender et al.,, 2017; Vierk et al., 2012).

Therefore, sex hormone signalling may play a role in the regulation of synaptic



transmission in the RSC. Furthermore, ACC-projecting cells in the claustrum
show sex differences in their intrinsic properties (Chia et al., 2017). Thus, the
effect of sex on EPSC onset time found here could be determined by postsynaptic
factors present on RSC PCs, or by the properties of the presynaptic projection
neurons. Sex had no effect on any other measures of synaptic response,
including EPSC magnitude and measure of long and short term plasticity.
Consequently, the importance of this sexually dimorphic effect on onset time is
debatable.

Interestingly, sex was included as a fixed effect in the analysis of synaptic
response as females are known to present with a higher A burden (Yang et al.,
2018) in some models of AD, and the effects of AD on the electrophysiological
properties of neurons can be modulated by sex (Arsenault et al., 2020). However,
in the experiments in this chapter, age and genotype were poor predictors of
variability across the different synaptic response measures even when sex was
included in the model. Furthermore, preliminary analysis of area covered by AR
plagues and Fos expression in the RSC indicated no significant effects of sex.
Therefore, no sexual dimorphic interactions with A pathology were found in J20

mice.

4.4.6 | Conclusions

While the RSC displays AB pathology in the early stages of AD progression
humans and contemporaneously with EC and HPC in the J20 mouse, this
pathological marker is not associated with altered basal neuronal activity or
disruption in synaptic response to stimulation of ATN to RSC excitatory
projections. Therefore, while the RSC may still be a site of covert pathology in
prodromal AD, the ATN to RSC pathway likely does not mediate other

neuropathological or cognitive deficits in this mouse model of AD.



5 | Discussion and conclusions
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5.1 | Summary of key findings

The work presented in this thesis addressed several hypotheses, proposed in
Section 1.1.4:

1. Afferent projections to the gRSC and dRSC differ in synaptic strength and
specificity.

2. RSC basal neuronal activity is altered in a mouse model of prodromal AD.

3. Synaptic responses will be disrupted in the ATN to RSC pathway in a
mouse model of AD.

The work in Chapter 3 addressed the first hypothesis. The results showed
differences in the neuroanatomical targeting and synaptic responses evoked by
afferent projections from the ACC, dSub and ATN to different subdivisions of the
RSC.

e Neuroanatomical tracing revealed that afferent fibres from the ACC
preferentially targeted the dRSC, whilst fibres from the dSub and ATN
were almost exclusively found in the gRSC.

e Synaptic connectivity also differed between projections from the ACC,
dSub and ATN. The probability of observing a synaptic response in RSC
differed between the presynaptic regions: fewer than ¥ of RSC PCs
responded to ACC input, whilst around % of PCs responded to dSub input
and an ATN-evoked synaptic response was observed in all PCs. Synaptic
strength also differed between the afferent projections: EPSCs evoked by
stimulation of the ATN projection were significantly larger than those from
the other presynaptic regions.

e Sub-region and laminar differences were also found for synaptic
responses. ACC response probability was lowest in the gRSC superficial
layers, but synaptic strength did not differ. Conversely, probability of
synaptic response did not differ between sub-region and layers for dSub
and ATN input, but synaptic strength was higher in the dRSC for both
projections. Finally, while the ratio of AMPA to NMDA receptor-evoked
synaptic currents did not differ between presynaptic regions or within the
RSC, average PPR indicated significant PPD in all the afferent pathways,
and PPD was larger in the dRSC and superficial layers for dSub and ATN

input.



The work in Chapter 4 investigated the second and third hypotheses. The results

revealed that while AB pathology was present in the RSC in J20 mice, there was

no change in the basal activity of RSC neurons or in the properties of synaptic

responses evoked by the ATN to RSC projection.

In J20 Tg mice, the RSC displayed AB aggregates from 6 months old, and
both plaque size and total brain region covered increased with age from 6
to 9 months. This pathological pattern is similar to that seen in the CAl
region of the HPC and the EC in J20 mice; other brain regions known to
be disrupted in the early stages of AD (Harris et al., 2010; Ying et al.,
2022).

While these areas exhibited significant increases in AB plaque deposition
in J20 mice, this was not associated with amyloidopathy-induced changes
to basal neuronal activity. Basal Fos expression decreased with age in the
RSC, CA1 and EC in both WT and J20 mice, with no significant effect of
J20 genotype.

Synaptic responses in RSC PCs following stimulation of ATN afferents
were not altered by age or J20 genotype. No effect of these variables was
observed on EPSC magnitude, onset time, 20-80% rise time,
NMDA/AMPA ratio or PPR. However, the physiological properties of ATN
synaptic responses reported in Chapter 3 were corroborated and
expanded upon by experiments performed in Chapter 4. Specifically,
EPSC magnitude and PPR were found to be significantly different between
the RSC sub-regions and between superficial and deep cortical layers.
EPSC magnitude remained larger in dRSC PCs than those in the gRSC,
but was also significantly larger in neurons in the superficial layers.
Moreover, PPD was observed in all RSC PCs, and the depressive effect
of paired pulse stimulation was greater in the dRSC and in superficial cells.

5.2 | Anatomical connectivity is not a good predictor of functional

connectivity in the RSC

The work presented in Chapter 3 added to our understanding of the physiology

of the RSC. The results corroborated previously described RSC PC

heterogeneity (Brennan et al.,, 2020; Yousuf et al., 2020), and provided a



guantitative analysis of the anatomical distribution of afferent fibres across
different sub-regions and laminae of the RSC (Groen and Wyss, 2003, 1992,
1990; van Groen et al., 1993; Wyss and Van Groen, 1992). Furthermore, the
results replicate the finding that the ACC, dSub and ATN projections to the gRSC
are excitatory (Brennan et al., 2021; Yamawaki et al., 2019b, 2019a). However,
the intrinsic properties and synaptic responses of PCs in the RSC had previously
only been explored in the gRSC, and only in a few recent studies. The work
presented in this thesis investigated both the gRSC and dRSC, and improved our
knowledge of the area by describing the connectivity differences between the two
sub-regions, as well as comparing structural and functional connectivity to the
RSC.

Interestingly, while both the neuroanatomical tracing and synaptic response
results found differences between the gRSC and dRSC for each presynaptic
region, neuroanatomical connectivity was not always associated with functional
connectivity. The anatomical input from ACC was most sparse in the gRSC,
which corresponded with pyramidal cells in the gRSC superficial layers displaying
the lowest input probability. However, projections from the ATN and dSub showed
higher fibre density and thus presumable higher anatomical connectivity with the
gRSC. While input probabilities did not differ between sub-regions for either
projection, stimulation of both the dSub and ATN pathways evoked larger
synaptic responses in the dRSC rather than the gRSC. This demonstrates that
both the dSub and ATN send strong excitatory input to the dRSC, despite a
disparity in physical fibres present, and could suggest a route by which spatial
information is relayed to the dRSC. Like the gRSC, the dRSC contains a variety
of spatially-tuned cells, including place cells (Mao et al., 2017) and HD cells
(Chen et al., 1994b), and regions such as the dSub and ATN are thought to
convey the information required to form these representations to the RSC (Albo
et al., 2003; Jankowski et al., 2013; Kitanishi et al., 2021). Many of these spatially-
tuned neurons have been recorded in the dRSC however, providing a challenge
to understand how this area received the necessary input when anatomical inputs
appeared so sparse. The present results show that despite the paucity of
observable structural connectivity, the dRSC receives substantial monosynaptic
functional input that is likely sufficient to elicit firing in RSC pyramidal cells and

thus encode spatial representations.



The anatomical tracing results also revealed significant differences in structural
connectivity between different cortical layers for all inputs, but no differences in
synaptic strength were seen between neurons in superficial and deep layers.
Thus, our findings suggest that, at least within the RSC, it is not appropriate to
eqguate projection density with connection strength. While one could presume that
dendritic filtering of APs could result in attenuated somatic EPSC magnitude in
deep PCs due to presynaptic inputs arriving in superficial layers, their apical
dendrites extend to the superficial layers which contain the highest density of
fibres. Furthermore, density of afferent terminals from different projections has
also been shown not to predict synaptic connectivity. Research in the cat visual
cortex showed that thalamocortical projections to layer 4 exhibited a sparse
distribution of excitatory synapses compared to other pathways, even though
these projections generate the largest synaptic response in layer 4 cells (da
Costa and Martin, 2011). Similarly, thalamocortical projections to the rat sensory
cortex are significantly stronger than corticocortical connections despite the latter
pathway having tenfold more synaptic connections (Schoonover et al., 2014).
Specifically in the RSC, anatomical colocalisation of ATN afferent fibres and
dRSC L5 PC dendrites was not found to be an accurate predictor of synaptic
connection (Lafourcade et al., 2022). A variety of mechanisms could underlie
conflicting neuroanatomical and functional connectivity data such as the
distribution of postsynaptic receptor subtypes (Pasquale and Sherman, 2011),
proximity of synapses to postsynaptic cell soma (Richardson et al., 2009),
convergence of inputs (Schoonover et al., 2014) and synchronicity of afferent
innervation (da Costa and Martin, 2011).

Targeting of specific cell-types may also explain the discrepancy in the
anatomical and synaptic results presented in Chapter 3. Synaptic responses
were only recorded in putative PCs; however, there is evidence that some RSC
afferent pathways — such as the GABAergic input from the medial septum —
predominantly target INs (Unal et al., 2015). Feed-forward excitation (or
inhibition) of INs is important as these cells directly inhibit neighbouring PCs
(Shao and Burkhalter, 1996), thus potentially generating a net regional inhibitory
effect from a glutamatergic long-range projection. Activation of different subtypes
of INs can have different effects on local circuitry depending on their downstream

targets (see Feldmeyer et al., 2018). Therefore, despite tremendous complexity,



understanding the properties of long-range afferent inputs onto different classes
of RSC INs will be an important task, as the ability of circuits to inhibit or excite a
downstream region is critical for behavioural flexibility; for example, ventral HPC
regulation of the PFC promotes either approach or avoidance behaviours
(Sanchez-Bellot et al., 2022). Furthermore, INs play a crucial role in generating
and maintaining rhythmic patterns of neural activity, termed neuronal oscillations,
which facilitate mechanisms of learning and memory such as synaptic plasticity
and temporal coding (Buzsaki and Draguhn, 2004).

5.3 | Limitations of mouse models of Alzheimer’s disease

While there are some non-invasive techniques available to study AD in humans,
murine models of AD that express human transgenes containing EOFAD
mutations enable investigation of the neuropathology and neurophysiology of this
disease at cellular and synaptic resolution. While these models have provided an
invaluable tool to AD researchers hoping to better understand how neuronal
circuitry and cognition are affected in the disease, they are not without their

limitations.

Transgenic models, such as the J20 mouse, are better considered models of a
specific pathology rather than of AD. Various models exhibit amyloidopathy,
tauopathy or neurodegeneration, but typically these are not expressed together
(Jankowsky and Zheng, 2017). While different lines can be crossed to combine
pathologies, a full recapitulation of human AD is still not possible. Moreover, the
EOFAD-associated transgenes commonly expressed often lead to
overexpression of the pathology and is not representative of the slow progression
of LOAD (Sasaguri et al., 2017). Additionally, while APP models allow us to
investigate the effects of chronic AR exposure and aggregation, the issue of
potential developmental compensation is present in most transgenic lines. In the
J20 model for example, the APPsw,ind transgene is driven by the PDGF promoter,
and expression is observed from embryonic day 15 (Sasahara et al., 1991). The
effects of developmental overexpression of APP are not well documented;
however it is likely they will have significant effects on synaptic function, and as
the brain matures compensatory mechanisms may be acquired which attenuate

or mask subtler AR exposure effects. Some research has begun to use a mature-



onset alternative model which utilises the Tet-Off system to allow precise timing
of APP expression onset (Jankowsky et al., 2005), and deficits in spatial working
memory and HPC synaptic function have been characterised in these mice (Sri
et al., 2019). However, while this model can avoid developmental overexpression
problems it is not without caveats of its own: the effects of chronic doxycycline
administration during development are currently unknown, and the anti-
inflammatory properties of doxycycline have also led to it being proposed as a
therapeutic option in AD treatment (Balducci and Forloni, 2019). Therefore, the
mechanism by which amyloidopathy is suppressed — doxycycline administration

— may fundamentally alter the model and also affect findings.

However, while murine models of AD do have many shortcomings, they are still
an invaluable tool for understanding the pathogenesis of AD. Of particular
importance to the experiments in this thesis is the need to investigate the neural
circuitry involved in learning and memory, and murine models provide one of the
best experimental options to tackle this research. While the use of cell cultures to
study neural diseases is a useful tool, there are limitations which make them
unsuitable for these experiments such as the fact they do not develop in their
natural neuronal networks and are deprived of most physiological afferent and
efferent projections (Falkenburger and Schulz, 2006). While brain-like structures
have been cultivated in vitro, there is still significant difficulty in replicating specific
brain regions such as the HPC and certain cortical layers (D’Avanzo et al., 2015).
Furthermore, while other animal models such as drosophila can be used to
investigate a range of brain diseases (Jeibmann and Paulus, 2009), these models
often lack neural constructs directly analogous to our regions of interest in the

human brain such as the thalamus and the retrosplenial cortex.

5.4 | The role of the RSC in Alzheimer’s disease

The work presented in Chapter 4 revealed that the RSC is a main site of AB
plaque deposition in J20 mice, with AB pathology developing at a similar rate to
other brain areas associated with prodromal AD, such as the HPC. The gRSC
and dRSC did not show any differences in Ap pathology, suggesting the two sub-
regions exhibit similar pathogenesis. However, while A aggregates were present

from 6 months of age, the amount of soluble AB oligomers present was not



measured so it is unknown if soluble AR was present at 3 months in the RSC.
However, microdialysis in the HPC has shown the presence of diffusible Ap
peptides in J20 mice from 3 months of age (Hong et al., 2011), therefore it is likely

it is also present in the RSC at that age.

Although the RSC presented with AB pathology, there was no evidence of
disruption to basal neuronal activity or synaptic responses in the ATN projection
to the RSC. Previous literature has associated amyloidopathy with decreased
Fos expression in the RSC and HPC, though those findings were following
exposure to a novel environment (Christensen et al., 2013; Poirier et al., 2011).
Therefore, whilst RSC basal neuronal activity was not altered in J20 mice in this
study, behaviourally-induced neuronal activity — like that evoked by exposure to
a novel environment — may still be a target for further research in this model. For
example, B-bursting in the RSC has been suggested as a neurophysiological
correlate of novelty, and has been shown to be disrupted in J20 mice (Walsh et
al., 2022).

It was also hypothesised that synaptic input from the ATN would be disrupted in
the RSC due to the synaptotoxic effects of soluble AR (Mucke and Selkoe, 2012),
but no changes to any of the measures of synaptic response were observed in
J20 mice. This pathway was chosen for investigation as it shows strong and
reliable input to the RSC (Section 3.3.3), and lesioning of the ATN is known to
disrupt cellular activity and synaptic plasticity in the RSC (Garden et al., 2009;
Jenkins et al., 2004). The RSC has been suggested as a site of covert pathology
in AD — defined as seemingly intact cytoarchitecture combined with functional
abnormality —due to its vulnerability to deafferentation (Vann et al., 2009).
However, the results presented in Chapter 4 revealed no effects of
amyloidopathy on ATN-to-RSC synaptic responses that could indicate
deafferentation of this pathway. However, although the results of this study show
that the presence of AB pathology in the RSC is not sufficient to disrupt post-
synaptic responses, it remains possible that the RSC is a site of covert pathology
in AD.

Unlike tauopathy models, models of amyloidopathy do not show significant
neuronal atrophy (Jankowsky and Zheng, 2017). Therefore, the RSC may be

susceptible to dysfunction in human AD following the physical loss of projection



neurons in presynaptic regions. Moreover, while direct synaptic response to
stimulation of afferent terminals was not affected, the ability of the pathway to
effectively process information could be compromised. Synaptic plasticity is
critical for storing information in the brain, and altered synaptic plasticity has been
found in many murine amyloidopathy models (Mango et al., 2019). While no effect
of amyloidopathy was found on NMDA/AMPA ratios in Chapter 4, a previous
study indicated that the disrupted plasticity observed of RSC synapses following
ATN lesion is not associated with changes to NMDA/AMPA ratio (Garden et al.,
2009). Changes to EPSC/IPSC ratios were instead proposed as the mechanism
of effect, and as IPSCs were not recorded in the present experiments, this cannot

be ruled out.

Another important factor in neuronal communication is neural coding: simply put,
the ability of neurons to convey and process distinct information through specific
patterns of activity (Johnson, 2000). At a single-cell level this includes firing rate,
the temporal structure of spiking, and integration of inputs from multiple sources
(Azarfar et al.,, 2018). Population coding requires coordinated activity of
ensembles of neurons, and is impacted by network oscillatory activity in the brain
(Panzeri et al., 2015). As neural coding necessitates temporally precise spiking,
disruptions to the timing of neuronal activity could have substantial negative
effects, especially in the RSC as it is responsible for integrating a large amount
of information from multiple regions. While the present work found no evidence
that the strength of the ATN to RSC pathway is affected by AB pathology,
changes to its in vivo activity could disrupt behaviour and cognition. For example,
thalamocortical input is reduced 1-2 seconds before hippocampal SWR events in
the RSC to promote SWR-induced plasticity (Chambers et al., 2022). This brief
reduction in activity “silences” PCs in the region to strengthen the comparatively
weak memory-related hippocampal excitation, and failure of silencing could
prevent transfer of information from the HPC. Conversely, anticipatory activity in
ATN HD cells can improve speed-encoding in the RSC (Brennan et al., 2021).
Inputs from other presynaptic regions also have modulatory effects on plasticity
in the RSC: afferent projections from the dSub can prime PCs in the gRSC and
enhance their spiking and synaptic response for a short period (Gao et al., 2021).
Therefore, subtle changes to RSC afferent inputs in AD could have significant

effects on cognition and warrants further investigation.



5.5 | Future directions

The work presented in this thesis has provided new insight into the RSC,

including its connectivity and potential role in AD. The findings have also raised

guestions to be addressed in future research.

The results show that the strength and specificity of afferent projections to
RSC PCs differs dependent on presynaptic region, however there is still
much we don’t know about RSC circuitry. Firstly, in order to understand
the influence afferent projections have on the RSC, synaptic response to
long-range presynaptic inputs should be recorded in INs. Long-range
excitation of INs could modulate a range of factors in the RSC including
altering the gain, timing, tuning and bursting properties of PCs (Roux and
Buzséaki, 2015). IN activity is also crucial to neural information processing
through the generation and maintenance of neural oscillations (Buzsaki
and Draguhn, 2004), and amyloidogenic mice display IN loss and
dysfunction as well as impaired gamma oscillations (Pelkey et al., 2017).
In addition to describing RSC afferent projections, it is imperative that we
also consider its efferent projections. As well as receiving large amounts
of information, the RSC also conveys information back to regions such as
the ATN and dSub which could be important for updating spatial
representations. In fact, lesioning of the RSC disrupts HD cells in the ATN
(Clark et al., 2010). Therefore, measuring the synaptic strength and
specificity of RSC efferents is also a prime candidate for future research.
The RSC is considered an integrative hub, combining multiple information
streams as part of a gain-field circuit (Bicanski and Burgess, 2018).
Regions such as the ATN and dSub have distinct patterns of input in the
RSC, however it is unknown if individual PCs receive stronger input from
one pathway over another, or if PCs with the highest ATN synaptic
response also receive the strongest dSub input. Future studies should
combine optogenetic stimulation tools with disparate excitation
wavelengths to examine whether a sub-population of PCs act as the
conduit for the gain-field circuit. A subset of hyperexcitable PCs in the RSC
— able to maintain sustained high-frequency spiking — have already been



proposed to be uniquely suited to processing sustained input and
encoding information with high fidelity (Brennan et al., 2020).

e While the RSC displays AR pathology in early stages of AD, this work
found no association between AB pathology and basal neuronal activity or
synaptic response to ATN input. However, further exploration of this brain
region during AD progression should be undertaken. In mice, disruption to
neuronal activity has been reported in this area following exposure to a
novel environment (Clark et al.,, 2010; Poirier et al., 2011), therefore
examining Fos expression following tasks known to be affected in models
of amyloidopathy, such as spatial navigation, should be undertaken to
better understand the potential contribution of the RSC to cognitive
deficits. Moreover, the RSC is one of the first areas to show
hypometabolism in MCI patients (Desgranges et al., 2002), as well as
disrupted functional connectivity (Dillen et al.,, 2017). Therefore, the
evidence points to RSC disruption playing a key role in prodromal AD.
Investigation of whether the RSC exhibits altered synaptic plasticity or
disrupted encoding of spatial and non-spatial information are prime
candidates for research into its function and connectivity. Both longitudinal
in vivo electrophysiology and two-photon calcium imaging techniques
would be suitable for exploring RSC activity during behaviour in order to

correlate any neuronal dysfunction with cognitive decline over time.

5.6 | Final conclusions

Overall, the experiments presented in this thesis significantly contribute to our
understanding of the RSC, its connectivity and its role in AD. This work has
identified a fundamental disparity between anatomical and functional connectivity
in the RSC, and has identified PCs in the dRSC as primary recipients of input
from the ATN and dSub. Furthermore, work undertaken in a mouse model of AD
has suggested that disruption to the RSC may be subtle and behaviourally-linked,
as no effects on basal neuronal activity or synaptic response were found. In
conclusion, this thesis has not only proposed and answered important research
questions surrounding the RSC, but also provides a framework from which future

research can investigate this under-researched brain region.
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