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Abstract

For decades, neuroscientists have sought to understand the neural basis of
learning and memory. As yet no unified model has emerged, although it is
widely agreed that synaptic plasticity plays a pivotal role. In consequence, a
great deal of research has focused upon the characterisation of synaptic
plasticity both in vitro and in vivo. While the advances have been impressive,
substantial gaps remain that may be slowing the identification of the precise
relationship between synaptic plasticity and learning and memory: (1) there is a
paucity of research examining presynaptic plasticity mechanisms and
presynaptic receptor functions; (2) synaptic dynamics are studied in behaving
animals without consideration of the impact of endogenous factors, even though
it looks to be clear that hormone signalling impacts upon synaptic processes:
(3) An accurate assessment of synapse biology with respect to cognitive
function can only arise from studies in living animals, an ambition that will
require the development of new imaging tools. In this thesis | begin to address
each of these points. First, using a combination of optical and
electrophysiological tools | provide a functional framework for presynaptic
NMDA receptor signalling that has been previously lacking. | show that the
specific subunit expression at presynaptic terminals is important as it regulates
Ca?* dynamics. Second, | demonstrate that oestrogen, a neuromodulator,
lowers the threshold of plasticity in several brain regions, emphasising how
important it is to consider hormone status when studying synaptic dynamics.
Finally, | implement several advances to a multimode fibre based minimally

invasive system for high-resolution brain imaging, including the first examples of



two-photon MMF imaging of biological tissue and successive imaging cycles

through a multimode fibre.
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1. Prologue - Synaptic plasticity: new tools and perspectives

Learning and remembering shape our everyday lives. In the words of the

neuroscientist Eric Kandel:

'Has it ever struck you ... that life is all memory, except for the one present
moment that goes by you so quickly you hardly catch it going? It’s really all

memory ... except for each passing moment.’

In a time where artificial intelligence and learning algorithms impact our society
more than ever, it is peculiar that the fundamental neurobiological processes
defining physiological learning and memory remain undiscovered. Nonetheless,
over the last decades, our understanding of learning and memory mechanisms
has vastly increased. Numerous neuronal circuits and networks that contribute
to learning and memory have been identified, and recently researchers have
begun to localise and study the sites of memory formation and consolidation.
The interest in synaptic plasticity and its relation to learning and memory
remains great, partly related to the fact that altered synaptic plasticity
mechanisms have been associated with memory loss and learning deficits both
in age and in neurodegenerative diseases (van Spronsen and Hoogenraad,
2010). Due to the rapidly changing demographics of society, there is a pressing
need to identify suitable treatments to alleviate such age-related cognitive
impairments, and in order to develop such treatments a thorough understanding
of synaptic plasticity processes and their role in learning and memory will be

required.
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A great many studies published over more than 60 years have identified in
some detail various molecular players and regulatory mechanisms underlying
synaptic transmission and plasticity. In more recent studies neuroscientists
have begun to investigate synaptic plasticity in the context of behavioural
paradigms in vivo. Even though the data obtained over the years leaves little
doubt that synapse dynamics are important for cognitive functions, profound
gaps in our knowledge persist. Some topics in synaptic research have been
underrepresented, even though they are essential for a comprehensive
understanding of synaptic transmission. This includes the regulation of synaptic
plasticity specifically at the presynaptic compartment of the synapse. Moreover,
although endogenous neuromodulators, such as hormones, have been shown
to have strong regulatory effects on synaptic plasticity, their exact functions
remain unclear. However, describing and understanding these effects is
relevant, especially if synaptic dynamics are studied in intact organisms where
endogenous neuromodulators are constantly active. Finally, studying synaptic
transmission and plasticity in vivo has been extremely challenging, mostly due
to a lack of suitable technologies that allow direct observation of synaptic

dynamics in relevant brain structures in behaving animals.

The above presents the basis of my research motivation. More specifically, in
the project presented in this thesis | focused on three extraordinary but
important aspects in the context of synaptic plasticity research: understanding
presynaptic transmission, the effects of endogenous neuromodulators and the
development of new imaging tools. These individual advances contribute
towards one overarching goal: to understand how synapses relate to learning

and memory. Importantly, while | have alluded to both traditional models of

11



synaptic plasticity and recent advances establishing links between synaptic
dynamics and learning and memory in the general introduction of this thesis for
contextualization purposes, they do not feature as central components for the
experiments presented in this work. As the title states, the goal of this project
was to shed light on new perspectives of synaptic plasticity by studying some
important plasticity components that have not been attended to in the past and
by providing innovative ideas that might change the way we study synaptic

plasticity in the future.

2. General Introduction

2.1. Synaptic plasticity in the hippocampus

A fundamental goal in neuroscience is to understand cognitive functions,
especially learning and memory. The founder of modern neuroscience, Ramon
y Cajal was first to demonstrate that neurones are connected and potentially
communicate via small structures such as synapses (Ramén y Cajal, 1911).
Some decades later, Donald Hebb proposed that synaptic connections and
activity-dependent changes thereof lead to changes in the strength of synaptic
transmission (Hebb, 1949). He suggested that if two cells fire together, the
strength of their connections should increase and that these mechanisms
represent the cellular substrate of learning and memory (Hebb, 1949). These
initial ideas on synaptic plasticity have shaped and directed the research
motivation of neuroscientists until today (Bi and Poo, 2001). Over the years, a
tremendous amount of experimental as well as theoretical and computational
work has been published investigating synaptic plasticity across the brain. It has

become evident that there are multiple forms of synaptic plasticity, differentially
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expressed in brain regions and cell types. Even at the subcellular level, different
forms of synaptic plasticity have been described, varying between pre- and

postsynaptic terminals.
2.1.1. The classic view on postsynaptic plasticity

The first direct experimental evidence for synaptic plasticity was the discovery
of long-term potentiation (LTP) in the hippocampus (Bliss and Lgmo, 1973;
Lgmo, 2003). Long-term depression (LTD) was later established as a
counterpart for LTP, emphasising the neurone’s potential for bidirectional
plasticity (Collingridge et al., 2010; Malenka, 1994; Malenka and Bear, 2004). In
traditional studies, both LTP and LTD depend on postsynaptic N-methyl-d-
aspartate receptor (NMDAR) -mediated influx of Ca?*. LTP is induced via strong
depolarisation of the postsynaptic cell parallel to activation of postsynaptic
glutamate receptors by presynaptic release (Bear and Malenka, 1994; Bliss and
Collingridge, 1993; Malenka, 1995, 1994). The depolarisation causes relief of
the Mg®* block which, together with glutamate binding, results in strong Ca**
influx into the postsynapse, triggering downstream signalling cascades (LUscher
and Malenka, 2012; Malenka, 1995; Malenka and Bear, 2004; Nicoll, 2017).
LTD on the other hand is induced by low frequency stimulation resulting in a
more moderate Ca®" influx (Collingridge et al., 2010; Connor and Wang, 2015;
Malenka and Bear, 2004). Thus, whether LTP or LTD is induced depends
strongly on the amount of Ca** entering the cell (Liischer and Malenka, 2012;
Malenka, 1994). Downstream signalling molecules differ between LTP and LTD,
as strong Ca?" influx activates calcium/calmodulin-dependent kinase |
(CaMKIl), whereas moderate Ca®" influx activates calcineurin and other

phosphatases (Collingridge et al., 2010; Connor and Wang, 2015; Luscher and
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Malenka, 2012; Malenka and Bear, 2004; Malinow et al., 1989; Mulkey et al.,
1993). CaMKIIl and calcineurin differentially affect AMPA receptors (AMPARS),
either increasing or decreasing phosphorylation, respectively (Huganir and
Nicoll, 2013; Luscher and Malenka, 2012). Ultimately, dephosphorylation of
AMPARSs leads to their internalization and, thus, depression of synaptic strength
(LTD), while phosphorylation increases channel conductance leading to long-
lasting synaptic potentiation (LTP; Collingridge et al., 2010; Luscher and

Malenka, 2012).

Early on the question was raised as to whether LTP is a result of increased
presynaptic neurotransmitter release or increased postsynaptic sensitivity to
glutamate (Bliss and Collingridge, 2013, 1993; Huganir and Nicoll, 2013; Nicoll,
2017). Several facts support the idea that the expression of LTP is largely
postsynaptic. It was originally proposed that postsynaptic NMDAR activation is
essential for LTP induction (Bliss and Collingridge, 2013, 1993; Luscher and
Malenka, 2012; Nicoll, 2017). Moreover, experimental evidence emphasised the
importance of postsynaptic AMPA receptors in LTP (Huganir and Nicoll, 2013;
Kauer et al.,, 1988; Nicoll, 2017). It has been demonstrated that AMPAR
expression is plastic, and LTD can lead to AMPAR endocytosis whereas LTP
and synaptic strengthening cause AMPAR insertion; processes summarized as
AMPAR trafficking (Ehlers, 2000; Huganir and Nicoll, 2013; Park, 2018; Shi et
al., 1999). Convincing evidence for a postsynaptic expression mechanism came
with studies using glutamate uncaging to specifically activate NMDARs at
postsynaptic terminals to induce LTP (Harvey and Svoboda, 2007; Matsuzaki et

al., 2004). Furthermore, uncaging experiments have shown that the activation
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of postsynaptic signalling molecules such as CaMKIl, is required for LTP

induction (Lee et al., 2009).
2.1.2. Presynaptic plasticity

The traditional view of a postsynaptic expression of long-term plasticity was
challenged shortly after the initial discovery of LTP. Dolphin and colleagues
provided the first evidence for a presynaptic expression, showing that LTP is
correlated with an increase in glutamate release (Dolphin et al., 1982). Optical
quantal analysis provoked a major breakthrough towards studying presynaptic
changes, as single synaptic events could be imaged, directly reflecting the
probability of neurotransmitter release. Excitatory postsynaptic calcium
transients (EPSCaTs) can be recorded at spines in response to single stimuli to
calculate release probability (Emptage et al., 1999, 2003; Padamsey et al.,
2019). Using this technique Emptage et al. demonstrated that following LTP
induction, release probability is increased at most synapses. Other studies
confirmed these results, supporting the idea that LTP is partially expressed via
presynaptic changes (Bliss and Collingridge, 2013; Emptage et al., 2003; Enoki
et al., 2009; McGuinness et al., 2010). Following years of intense research and
debating, it is now agreed upon that NMDAR independent forms of LTP are
expressed presynaptically (Citri and Malenka, 2008; Nicoll and Schmitz, 2005).
Postsynaptic and presynaptic LTP are mechanistically different: while
postsynaptic LTP depends on Ca®" influx from NMDARSs, presynaptic LTP relies
on Ca® influx from L-type voltage-gated calcium channels (L-VGCCs; Citri and

Malenka, 2008; Padamsey et al., 2017; Padamsey and Emptage, 2014).
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Long-term plasticity can be divided into two phases: early-LTP lasts for a few
hours and is followed by late-LTP that can last from hours to days (Abraham,
2003). Alongside long-lasting changes in synaptic strength, synapses undergo
plasticity processes lasting from tens of milliseconds to several minutes. Known
as short-term plasticity, synaptic strength can be enhanced (facilitation) or
reduced (depression) within millisecond time scales or within minutes
(augmentation and post-tetanic potentiation, PTP; Fioravante and Regehr,
2011; Regehr, 2012; Zucker and Regehr, 2002). From early recognition that
synaptic transmission can be dynamically enhanced (Eccles et al., 1941) short-
term plasticity was properly characterised in the late 90s (Abbott et al., 1997;
Markram and Tsodyks, 1996a, 1996b; Stevens and Wang, 1995; Tsodyks and

Markram, 1997; Varela et al., 1997).

Short-term plasticity

Short-term plasticity occurs if two (paired pulse) or more (burst) stimuli are
delivered within a short time interval and is based on changes in the probability
of transmitter release (pr; Zucker and Regehr, 2002). Thus, short-term plasticity
is almost exclusively a presynaptic phenomenon and short-term enhancement
occurs without any changes in postsynaptic effectiveness (Fisher et al., 1997;
Zucker and Regehr, 2002). While synapses with high initial transmitter release
(high-p, synapses) typically depress, low-p; synapses tend to facilitate their
response and thus raise p, for subsequent stimuli (Citri and Malenka, 2008;
Dobrunz and Stevens, 1997; Fioravante and Regehr, 2011; Regehr, 2012).
During short-term synaptic enhancement, including facilitation, augmentation

and PTP, p: is increased due to either an increase in the probability that a
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release site is occupied by a docked vesicle or increased probability of
exocytosis of the vesicle (Zucker and Regehr, 2002). Both are directly affected
by the accumulation of presynaptic calcium following stimulation (Neher and
Sakaba, 2008). Presynaptic Ca®" levels during bursts of stimuli comprise of
Ca?* build-up known as residual Ca®* (Erulkar and Rahamimoff, 1978; Katz and
Miledi, 1968), and Ca?" that floods the terminal with each action potential,
respectively (Zucker and Regehr, 2002). Subsequently, facilitation can be
affected by numerous processes, all triggered by Ca?". For example, in
conditions of high-Ca?*, endogenous Ca®" buffers such as calcium-binding
proteins will be saturated, allowing more Ca?* to reach release sites. Compared
to such direct effects of Ca®* on neurotransmitter release, presynaptic Ca**
could also regulate the activity of other presynaptic proteins triggering
downstream signalling cascades that ultimately modify Ca?* levels and release
(Greengard et al., 1993). Presynaptic Ca** can also be enhanced directly by an
increased influx through P/Q-type Ca?* channels in repeated APs (Brody and
Yue, 2000). In contrast, the inactivation of voltage-dependent calcium channels
can result in short-term depression (Forsythe et al., 1998; Xu and Wu, 2005), as
reduced Ca®" within the synapse slows processes that underlie the exocytosis
of synaptic vesicles (Citri and Malenka, 2008; Fioravante and Regehr, 2011;
Regehr, 2012; Zucker and Regehr, 2002). Besides a reduction in Ca** influx,
short-term depression can be a result of vesicle depletion (Schneggenburger et
al., 2002). Generally, a readily releasable pool (RRP) of vesicles determines the
number of vesicles released during activity, and if firing frequency is faster than
RRP replenishment, fewer vesicles will be released for each stimulus leading to

synaptic depression (Fioravante and Regehr, 2011; Regehr, 2012; Rizzoli and
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Betz, 2005). Alternatively, release sites can be inactivated due to ongoing
vesicle fusion processes (Fioravante and Regehr, 2011; Hosoi et al., 2009;
Neher and Sakaba, 2008; Regehr, 2012). Metabotropic and ionotropic
autoreceptors have been assigned important roles in short-term plasticity, since
the activation of such autoreceptors can provide feedback control often leading
to homosynaptic inhibition and reduced p; (Kwon and Castillo, 2008;
MacDermott et al., 1999; McGuinness et al., 2010; Wu and Saggau, 1997). Fig.

1 summarizes important short-term plasticity processes.

Fig. 1: Short-term plasticity mechanisms. Short-term plasticity is regulated at
synaptic terminals involving the following mechanistic sites: (1) AP waveform (2) Ca*
channel activation (3) internal Ca?* concentration (4) readily releasable pool (5) Ca*
binding proteins (6) metabotropic and ionotropic autoreceptors (7) postsynaptic
receptor desensitization.

What are the functional consequences of short-term plasticity? Via short-term
plasticity (STP), a presynaptic neurone influences the firing of its postsynaptic
target, thus, STP plays an important role in the communication between

neurones and how information is transmitted (Regehr and Abbott, 2004).
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Traditionally, STP is seen as the presynapse’ ability to act as a filter (Tong et
al., 2020). Low-p facilitating synapses act as high-pass filters, which allows
reliable transmission of high-frequency bursts. In contrast, high-p,, depressing
synapses more efficiently transmit low-frequency activity and therefore act as
low-pass filters (Citri and Malenka, 2008; Fortune and Rose, 2001; Regehr and
Abbott, 2004). Filtering properties of STP have been demonstrated in several
experimental and theoretical studies in the cortex and hippocampus
(Kandaswamy et al., 2010; MacLeod et al., 2007; Pan and Zucker, 2009;
Tsodyks et al., 1998; Tsodyks and Markram, 1997). In hippocampal synapses,
STP can act as adaptive filter during high-frequency natural spike patterns
(Klyachko and Stevens, 2006). In vivo recordings have shown that short-term
depression is important for adaptation during repeated sensory stimulation

(Chung et al., 2002).

The individual forms of STP (facilitation, depression, augmentation) all play
distinct roles in synaptic operations (Deng and Klyachko, 2011). On the
behavioural level, facilitation serves as substrate for short-term memory and
decision-making in the cortex (Deng and Klyachko, 2011). For example,
Mongillo et al. have demonstrated that short-term synaptic facilitation mediated
by increased residual calcium levels at presynaptic terminals serves as cellular
substrate for transiently holding a memory. This mechanism provides an energy
efficient option for short-term memory (Deng and Klyachko, 2011; Mongillo et
al., 2008). In decision-making, short-term memory is relevant because two
stimuli are compared at different times, requiring the first stimulus to be held in
memory. Deco et al. have demonstrated that neurones can use synaptic

facilitation to hold this memory, enabling comparison with the second stimulus
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later in time (Deco et al., 2010; Deng and Klyachko, 2011). Moreover, STP is
suggested to be involved in a number of other cognitive functions including
sensory memory, attention and perceptual learning (Jaaskelainen et al., 2011).
Although such models have yet to be confirmed in vivo, STP nonetheless
appears to be much more than a theoretical approach for synaptic computation
as it might underpin fundamental cognitive functions such as short-term

memory and decision-making.

Interacting: pre- and postsynaptic plasticity mechanisms

New literature has taught us that the maijority of plasticity processes are never
exclusively pre- or postsynaptic, but most likely a combination of both (Bliss and
Collingridge, 2013) and that unique plasticity rules for the pre- and
postsynapse, respectively, are implemented to optimise their function (Tong et
al., 2020). This was recently demonstrated by Padamsey and colleagues,
showing that presynaptic long-term plasticity might not require glutamate
signalling and therefore radically differs from traditional models of postsynaptic
plasticity (Padamsey et al., 2017b). Experimental evidence for the coexistence
of pre- and postsynaptic plasticity is available. For example, the discovery of
silent synapses (Isaac et al., 1995; Liao et al., 1995) that are synapses that only
express NMDARs but not AMPARs was presented as convincing evidence that
LTP is expressed postsynaptically (Kerchner and Nicoll, 2008). Following LTP
induction, these synapses undergo insertion of a population of AMPA receptors,
turning them into ‘fully functional’ synapses (Kerchner and Nicoll, 2008).
However, Ward et al. have demonstrated that although LTP-inducing

stimulation caused an initial postsynaptic response without altering p: via the
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insertion of synaptic AMPA receptors, subsequent potentiation is expressed
presynaptic by an increase in pr (Bliss and Collingridge, 2013; Ward et al.,
2006). Even in short-term plasticity, thought to be a presynaptic phenomenon,
the postsynaptic terminal has shown to be involved, since the desensitization of
postsynaptic receptors can lead to use-dependent decreases in synaptic
strength (Jones and Westbrook, 1996; Zucker and Regehr, 2002; Fig.1). The
interaction of pre- and postsynaptic plasticity processes appears even more
evident when turning towards other forms of synaptic plasticity such as
homeostatic plasticity. To avoid hyper- or hypoactivity within neural circuits,
regulatory mechanisms are necessary to prevent saturation of synaptic
strengths, termed “run-away”, or quiescence (Turrigiano, 2012; Turrigiano and
Nelson, 2004). Pushing a neural network towards one of both extremes will
compromise capacity for information storage and processing. Homeostatic
plasticity is a collective term for mechanisms underlying the stabilization of
neuronal activity (Turrigiano, 2012; Turrigiano and Nelson, 2004) and involves
both pre- and postsynaptic mechanisms (Pozo and Goda, 2010). It has been
shown that if network activity is suppressed pharmacologically with tetrodotoxin
(TTX) or glutamate receptor blockers, readily releasable vesicles and thus p;
can be increased (Moulder et al., 2006; Murthy et al., 2001). While these
experiments focussed on global homeostatic adjustments, it has also been
demonstrated that p, can be homeostatically adapted in a subset of synapses
(Branco et al., 2008). Besides such presynaptic changes, postsynaptic strength
is adjusted during homeostatic plasticity via trafficking and subunit combination
of AMPA receptors (Bredt and Nicoll, 2003; Diering and Huganir, 2018; Fu et

al., 2011; Pozo and Goda, 2010; Santos et al., 2009). It is still not fully
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understood how exactly pre- and postsynaptic homeostatic plasticity interact

and if, following specific triggers, one precedes the other.

2.1.3. Structural plasticity

One form of homeostatic plasticity at central synapses is synaptic scaling, a
mechanism that occurs when network activity is manipulated for longer time
periods (Turrigiano et al., 1998). A dramatic increase or decrease in network
activity causes an adjustment of synaptic strength to compensate for the
changes in excitability and maintain stable function (Turrigiano, 2008;
Turrigiano et al.,, 1998). In synaptic scaling, one way of regulating synaptic
strength is to increase or decrease the abundance of AMPARs and NMDARSs in
the postsynaptic membrane (reviewed in Turrigiano, 2012, 2008). The number
of AMPA receptors at spines positively correlates with spine size (Matsuzaki et
al.,, 2001), thus compensatory effects accompanying synaptic scaling are
detectable as changes in activity as well as morphology. Indeed, following
sensory deprivation by inducing retinal lesions, activity levels in the visual
cortex are significantly decreased inducing synaptic scaling mechanisms
including increases in spine size (Keck et al., 2013). Such morphological
changes of synapses not only occur in homeostatic plasticity, but also in
Hebbian plasticity and in response to many other protocols that alter synaptic
activity. Collectively, structural rearrangements of synapses in response to
stimuli, including synapse enlargement, shrinkage and elimination, can be
summarized under the term structural plasticity. Structural plasticity can be
induced at single spines using glutamate photolysis causing a rapid and
selective enlargement of stimulated spines that can either be transient or long

lasting (Matsuzaki et al., 2004). Besides glutamate uncaging, structural LTP has
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been observed following conventional LTP protocols using electrophysiological
(Yang et al., 2008) or chemical (Stewart et al., 2005) stimulation. To date,
structural LTP and its counterpart, structural LTD, have both been identified and
extensively studied at dendritic spines in vitro (Engert and Bonhoeffer, 1999;
Lang et al., 2004; Nagerl et al., 2004; Popov et al., 2004; Sun et al., 2021;
Wiegert and Oertner, 2013; Zhou et al., 2004) and in vivo (Grutzendler et al.,
2002; Gu et al., 2014; Holtmaat et al., 2005; Noguchi et al., 2019, 2011; Poll
and Fuhrmann, 2018; Trachtenberg et al., 2002; Zuo et al., 2005). Presynaptic
morphological changes following potentiation have also been observed (Ash et
al., 2018; Bailey and Chen, 1988; Becker et al., 2008; Bohme et al., 2019; De
Paola et al., 2006; Qiao et al., 2016) and presynaptic remodelling has been
shown to trigger the formation of new postsynaptic densities following plasticity

induction (Nikonenko et al., 2003).

What are the underlying mechanisms of postsynaptic structural plasticity? Long
lasting increases in spine size are accompanied by actin cytoskeleton
remodelling and the translocation of specific proteins such as cofilin and
postsynaptic density (PSD) proteins to the spine (Bosch et al., 2014). Following
plasticity induction, increases in spine size, PSD and presynaptic bouton size
closely correlate (Meyer et al., 2014). The underlying molecular mechanisms of
structural plasticity are complex, as depicted in Figure 2. Broadly, these
mechanisms can be divided in three classes: second messenger mechanisms,
local regulation of protein synthesis, and actin cytoskeleton remodelling (Caroni
et al., 2012; Lai and lp, 2013; Luscher et al., 2000; Patterson and Yasuda,
2011). One group of second messengers involved in structural plasticity are

Rho GTPases and their inhibition negatively affects sustained spine growth
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(Hedrick and Yasuda, 2017; Murakoshi et al., 2011; Patterson and Yasuda,

2011).
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Fig. 2: Molecular mechanisms involved in structural plasticity. Structural plasticity
at postsynaptic terminals is associated with an enlargement of the spine and an
increase in synaptic efficacy accompanied by changes in protein expression of PSD95
(postsynaptic density protein of 95 kDa), SHANKs (SH3 and multiple ankyrin repeat
domains proteins), neuroligins, N-cadherins, AMPA receptors (AMPARs) and NMDA
receptors (NMDARSs). Other signalling molecules contributing to spine enlargement,
stability and LTP maintenance are kinases such as PKC (protein kinase C) and CaMKI|
(calcium/ calmodulin protein kinase Il). Such signalling molecules affect the actin
cytoskeleton (F-actin). In addition, local protein synthesis (for example of BDNF (brain-
derived neurotrophic factor), TRKB (tyrosine kinase B), MAPK (mitogen-activated
protein kinase) are important for some forms of structural plasticity. Adapted from
Caroni et al., 2012.
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The Ca* influx through NMDA receptors activates multiple other signalling
molecules, including kinases such as CaMKIl. In transgenic mice lacking
CaMKIl activity structural LTP is impaired suggesting that CaMKII is necessary
for spine enlargement (Yamagata et al., 2009). Studies using CaMKII inhibitors
confirmed that CaMKII plays a key role in structural plasticity (Harvey et al.,
2008; Lee et al., 2009; Matsuzaki et al., 2004) especially since it binds and
modifies actin filaments (Borovac et al., 2018). Actin is highly enriched in
synaptic terminals and represents the major cytoskeletal component that
regulates structural plasticity (Borovac et al., 2018). Inhibition of actin regulatory

proteins such as cofilin impairs structural LTP (Bosch et al., 2014).

Studies over the years have concluded, that local protein synthesis in synaptic
terminals is required for many forms of long-term plasticity (reviewed in Sutton
and Schuman, 2006). This includes certain forms of structural LTP, as
persistent increases in spine size could be blocked by application of protein
synthesis inhibitors anisomycin or cyclohexamide (Yang et al.,, 2008).
Furthermore, bath application of brain-derived neurotrophic factor (BDNF)
parallel to glutamate uncaging can trigger protein synthesis dependent spine
potentiation (Tanaka et al., 2008). Although most studies focused on the
structural plasticity of the postsynapse, some research has been conducted
focusing on presynaptic plasticity mechanisms. Similar to postsynaptic
densities, presynaptic structural plasticity can manifest in either growth of
presynaptic terminals or maturation and remodelling of existing boutons (Rekart
et al., 2007). Thereby, presynaptic potentiation can be modulated by recruiting
active zones or by generating new boutons (Reiff et al., 2002). A recent study

by Chéreau et al. using superresolution microscopy, demonstrated that
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following high-frequency AP firing, synaptic boutons are subject to rapid and
transient enlargement followed by delayed axon shaft widening, providing a
structural plasticity mechanism for fine-tuning AP conduction velocity (Chéreau
et al., 2017). On the molecular level, the presynaptic growth protein GAP-43
might play a key role in presynaptic structural plasticity, as it regulates actin
dynamics (Holahan, 2017; Laux et al., 2000). Downregulation of GAP-43
caused a decrease in synaptic bouton count (Grasselli et al., 2011). It has also
been reported that the positioning of mitochondria within presynaptic terminals
influences bouton stability (Lees et al.,, 2020). The previous sections present
only a small overview of structural plasticity mechanisms and many more have
been identified. For example, recent studies have shown that structural LTP at
postsynaptic terminals is regulated by neurotrophins such as BDNF (Harward et
al., 2016; Hedrick and Yasuda, 2017). Moreover, BDNF is involved in the
structural plasticity of axons and boutons (Andreska et al., 2014; Lalo et al.,

2018; Lowenstein and Arsenault, 1996).

2.1.4. Relevance of studying the presynaptic terminal

As described in the foregoing chapters, multiple forms of plasticity are
expressed at both pre- and postsynaptic terminals. Generally speaking,
synapses within the central nervous system (CNS) exhibit a great diversity in
functional responses to activity — some synapses depress and some facilitate,
thereby creating individual response patterns to stimuli (Andreae and Burrone,
2014). This synapse individuality is important for information processing
(Regehr and Abbott, 2004), which becomes evident if one considers information

transfer in neuronal networks: a single neurone communicates with a large
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number of other neurones, all involved in different neural circuits within different
parts of the brain. How can a single input be diversified into multiple specified
outputs? Given the stochastic nature of neurotransmitter release, further
modified by short-term plasticity processes, a neurone’s output consists of a
large variety of synapse-specific signals, thus expanding the range of
communication. This is important if a neurone connects with two different cell
types, such as interneurones and other excitatory neurones, necessitating
differential signals and connections (Andreae and Burrone, 2014; Pala and
Petersen, 2015). Indeed, studies have demonstrated that the presynaptic
properties of hippocampal synapses differ according to the type of target cell
(Scanziani et al., 1998; Schinder et al., 2000). In this scenario, the postsynaptic
terminal belonging to the follower cell provides retrograde information, strongly
influencing synaptic transmission at these terminals. However, individual
synapses of a single neurone connecting with the same follower cell can also
elicit different postsynaptic responses, indicating that in this second scenario,
presynaptic properties determine the specification of each synapse (Atwood
and Karunanithi, 2002; Markram et al., 1998a, 1998b; Thomson, 2000). Thus,
basic signal transmission is affected by a number of both pre- and postsynaptic
factors, however, a great part of synaptic diversity can be ascribed to

presynaptic features.

Differential synaptic transmission was originally studied in large synaptic
terminals that are experimentally accessible such as the vertebrate and
crustacean neuromuscular junction (NMJ), the giant synapse of the squid, and
later the calyx of Held, shaping our understanding of neural transmission and

the role of Ca®* in neurotransmitter release. These early studies already pointed
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towards the importance of the presynaptic terminal in the regulation of synaptic
transmission and plasticity (Bollmann et al., 2000; Del Castillo and Katz, 1954;
Dudel and Kuffler, 1961; Fatt and Katz, 1952; Forsythe, 1994; Katz and Miledi,
1968; Schneggenburger and Neher, 2000; Thomson, 2000). But it was not until
the 1990s that properties of individual synaptic transmission were thoroughly
studied in small mammalian synapses, and the idea of synaptic individuality
was supported by experimental evidence (Markram et al., 1998a; Thomson,
2000). Following several experimental studies, it was proposed that synapses in
the hippocampus exhibit unique sets of synaptic parameters, even if they arise
from the same axon, fundamentally increasing the computational power for
neural information processing (Markram et al., 1998a). Biologically, these
parameters include differences in p, and diversity in receptor expression
(Murthy et al., 1997; Shigemoto et al., 1997), both influenced by presynaptic

mechanisms (Atwood and Karunanithi, 2002).

The importance of the presynaptic terminal for basic transmission and
functional diversity as well as its key role in many plasticity processes has been
demonstrated for years, as pointed out above and by others (Atwood and
Karunanithi, 2002; Citri and Malenka, 2008; Padamsey et al., 2017b; Regehr
and Abbott, 2004; Tong et al., 2020; Zucker and Regehr, 2002). Nevertheless,
there is still a significant lack in studies investigating the functional outcomes of
presynaptic plasticity mechanisms, its regulation at individual terminals and how
presynaptic structural and molecular differentiation direct synaptic diversity. It
has been challenging to close these gaps, for a number of reasons: firstly,
compared to the size of the dendritic tree, the axon is thin and it is difficult to

identify boutons that are suitable for studies (Fig. 3). Even with today’s
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advances in microscopy, it is still challenging to identify and image presynaptic
terminals, mainly because of the physiological properties of the axon. The axon
travels far, through multiple layers of tissue leaving superficial boutons that are
suitable for experiments to be located a significant distance away from the

neurone under study (Debanne et al., 2011; McGuinness et al., 2010).

Fig. 3: Hippocampal pyramidal neurone: axon and bouton morphology. Images of
a CA3 pyramidal neurone labelled with fluorescent dye via patch-clamp technique. The
arrows indicate the position of the axon. (A) The axon is thin and harder to track
compared to the brightness and size of the dendritic tree. (B) Once the axon is
identified, thinner and superficial branches must be located to identify boutons for
experiments (indicated with asterisks). (C) Emphasises the morphological differences
of the axon (indicated with arrows) with individual boutons compared to much brighter
and thicker dendrites with a large number of spines clearly visible.

Secondly, in experimental set-ups studying synaptic plasticity, it is challenging

to dissect pre- from postsynaptic plasticity and thus it is difficult to investigate its
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individual functional impact in experiments. Finally, the molecular composition
at synaptic terminals is extremely complex and we have only started to identify
receptor types and signalling molecules that direct synaptic mechanisms. New
technologies such as superresolution microscopy are generally focused on
postsynaptic terminals, identifying dynamics of small molecules during synaptic
transmission and plasticity (Hruska et al., 2018; Inavalli et al., 2019; Nagerl et
al., 2008; Nagerl and Bonhoeffer, 2010; Pfeiffer et al., 2018; Steffens et al.,
2021; Tgnnesen et al., 2014; Wegner et al., 2018 but see Chéreau et al., 2017;
Tgnnesen et al., 2011; Willig et al., 2006). There is an abundance of studies,
characterising and labelling postsynaptic receptors, such as AMPARSs, and their
dynamics in vitro as well as in vivo (Inavalli et al.,, 2019; Ju et al., 2004;
MacGillavry et al., 2013; Nair et al., 2013; Petrini et al., 2009; Roth et al., 2020;
Tardin et al., 2003; Zhang et al., 2015). Few such studies exist for the
presynaptic terminal; hence individual regulatory mechanisms thereof remain
largely unexplored. Partially, reasons for this relate to the enhanced difficulty of
labelling receptor types that are presynaptically expressed, such as NMDARSs,
compared to well established staining protocols for postsynaptic AMPARs
(Kellermayer et al., 2018). Labelling techniques for postsynaptic AMPARs have
developed ahead of those for NMDARs, and today endogenous AMPAR
dynamics on hundreds of thousands of synapses can be tracked in behaving
mice (Graves et al., 2021). In comparison, studies tracking NMDAR receptor
dynamics are still performed in vitro (Ferreira et al., 2017; Kellermayer et al.,
2018; Yong et al., 2021). Most high-resolution studies at the presynapse use
electron microscopy for direct visualisation of vesicles and transmitter release in

fixed preparations (Ultanir et al., 2007; Zuber and Luci¢, 2019) and some
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progress has been made visualising synaptic vesicle recycling using STED
(Willig et al., 2006). Multiple studies consider presynaptic molecules but only
investigate them in relation to the postsynaptic terminal, rather than their

individual regulations and functions (Hruska et al., 2018; Inavalli et al., 2019).

The fact that synaptic performance is specifically regulated depending on the
respective neural pathway emphasises the importance of synaptic regulation for
neural transmission. For example, it was shown that the capacity for individual
synapse dynamics, generating pathway-specific synaptic responses, enable
temporal coding of correlated multisensory inputs by single neurones (Chabrol
et al., 2015). Since the presynaptic terminal profoundly impacts synaptic
signalling, for instance via the regulation of p,, Ca®* dynamics, and short-term
plasticity, it is essential to study presynaptic regulatory mechanisms. Only then
we can understand information transmission and processing in the brain, which
underlies all cognitive functions. Understanding the basic principles of synaptic
transmission, meaning how neurones communicate with each other, before we
study these effects in vivo allows us to design more specific studies

investigating how exactly synaptic and neuronal signalling relate to behaviour.

2.1.5. Synaptic plasticity as substrate for learning and memory

The preceding chapters hint at the complexity of plasticity at synapses and the
sheer extent of plasticity mechanisms that have been investigated in different
study designs. The scope of experimental studies ranges from presynaptic
versus postsynaptic plasticity mechanisms or both combined occurring on
different timescales including long- and short term, through plasticity induced

alterations in synaptic activity and molecular signalling, up to plasticity induced
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morphological changes. This is not to mention the large variety of experimental
systems and technologies used to study these mechanisms, including
electrophysiological, imaging and behavioural studies with in vitro as well as in
vivo set-ups. Yet, the core motivation for all studies on synaptic plasticity has
remained the same over the years: we want to understand the brains’ ability to
learn, remember and forget — cognitive functions that, as Hebb originally
proposed over 70 years ago, are driven by experience-dependent synaptic

changes (Hebb, 1949).

In the 1990s, hippocampal long-term plasticity (LTP and LTD) was excessively
studied and resembled the dominant model of activity-dependent synaptic
plasticity in the mammalian brain (Bliss and Collingridge, 1993). Early studies
linking LTP to learning and memory used pharmacological or genetic inhibition
of key players in synaptic plasticity, such as NMDA receptors or CaMKII, which
blocked not only LTP but also the animal’s ability to learn and memorise in
behavioural tasks (Giese et al., 1998; Grant et al., 1992; Morris et al., 1986;
Silva et al., 1992). Moreover, overexpression of NMDARs in the forebrains of
transgenic mice has been shown to not only enhance synaptic potentiation but
also increase ability in learning and memory in these animals in various
behavioural tests (Tang et al., 1999). Thus, this positive correlation between
long-term synaptic plasticity and learning provided compelling evidence for

synaptic alterations as substrates for learning and memory.

The SPM hypothesis

These early studies laid the foundation for the synaptic plasticity and memory

(SPM) hypothesis, an idea that has been developed, advanced, and debated
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until today (Martin and Morris, 2002). Like many other theories, the SPM
hypothesis experienced several setbacks over the years. Some studies
reported normal spatial learning despite inhibition of NMDA receptor dependent
LTP (Bannerman et al., 1995; Nosten-Bertrand et al., 1996; Saucier and Cain,
1995 but see Bannerman et al., 2012). Thus, it became apparent that
establishing a relationship between synaptic plasticity and behaviour is far more
complex than showing that some types of learning are impaired following
NMDA receptor blockade (Goda and Stevens, 1996; Stevens, 1998). There are
important factors that need to be considered when studying synaptic plasticity in
relation to learning and memory: (1) There are many different forms of learning
and memory broadly separated into explicit (declarative) memory, for facts and
events, people, places, and objects; and implicit (nondeclarative) memory, for
perceptual and motor skills (Kandel et al., 2014). Explicit and implicit memory is
further divided into numerous subgroups ranging from fear conditioning through
spatial memory up to motor learning. (2) Learning and memory consist of
several interacting processes including encoding of new information, short-term
memory, consolidation and maintenance of long-term memory, memory
retrieval and expanding a given memory with other memories (Gallistel and
Matzel, 2013; Kandel et al., 2014). Thus, the terms ,learning’ and ,memory’
must be defined carefully in experimental studies. (3) Learning and memory are
never confined to individual but involve multiple brain regions, and mechanisms
will differ depending on the respective structure under investigation. For
example, fear conditioning and memory occur in various brain sites including
amygdala, hippocampus, cortex and cerebellum (Kim and Jung, 2006). To

avoid getting lost in the complexity of synaptic plasticity and memory memory a
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consistent approach using simple and robust criteria should be applied to test
the SPM hypothesis regardless of the system of study (Martin et al., 2000;
Martin and Morris, 2002; Takeuchi et al., 2014). To this end, a number of
criteria have been proposed, that are relevant for the assessment of the SPM
hypothesis: (1) detectability of changes in synaptic efficacy following learning
and memory; (2) anterograde intervention to prevent synaptic changes during
learning should impair the animals’ learning and memory behaviour; (3)
retrograde intervention; changes in synaptic efficacy that have been detected
following a learning experience are modified which should affect the animals’
memory; and (4) mimicry, artificially inducing known changes in synaptic
efficacy for a given memory should display this memory in a naive animal
without previous experience (Martin et al., 2000; Martin and Morris, 2002;
Takeuchi et al., 2014). Over the last 30 years, exciting discoveries have been
made in each of those categories. New imaging techniques and in vivo
approaches allow detection and investigation of small molecule dynamics
during learning, such as AMPA receptor trafficking, which confirmed a critical
role for AMPA receptors in learning as originally proposed in slices (Matsuo et
al., 2008; Mitsushima et al., 2011; Penn et al., 2017; Roth et al., 2020; Zhang et
al., 2015). The study from Penn et al. also fulfils the second criterion of
anterograde intervention, as immobilizing AMPA receptors prevented plasticity
and learning (Penn et al., 2017). Following early studies manipulating NMDAR
signalling (Morris et al., 1986) inhibition or knockout of NMDA receptors has
emerged as powerful tool for anterograde intervention to investigate synaptic
plasticity and memory (Nakazawa et al., 2003, 2002), although these studies

must be carefully interpreted given the existence of NMDAR independent forms
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of synaptic plasticity. Mutating genes of downstream signalling molecules
allows manipulation of other proteins such as PSD proteins or kinases and
phosphates (Takeuchi et al.,, 2014). The best way of using retrograde
intervention mechanisms is to tag and subsequently manipulate synapses that
have undergone plasticity during a specific learning task. This has been
demonstrated in an elegant study by Hayashi-Takagi et al. in which recently
potentiated spines were specifically labelled with an optoprobe and then
selectively shrunken which disrupted motor learning (Hayashi-Takagi et al.,
2015). To realize the idea of mimicry, to artificially alter synaptic strength
thereby inducing a ,memory’ without previous experience, would provide
particularly strong evidence for synaptic plasticity as basis for learning and
memory. Some forms of mimicry have been demonstrated, for example, during
fear conditioning where a foot shock is usually combined with tone delivery to
induce fear learning and memory, optogenetic stimulation of specific neurones
during tone delivery can generate an artificial fear memory without the actual
foot shock (Johansen et al., 2010). Recently, ,artificial memories’ of odours
have been created in mice by optogenetic stimulation of specific olfactory
glomeruli and optogenetic stimulation of distinct inputs into the ventral
tegmental area that mediate either aversion or reward (Vetere et al., 2019). As
a result, mice either approached or avoided an odour that they had never
experienced before, purely based on the stimulation protocol induced by the

researchers (Vetere et al., 2019).

Engram cells

The latter studies use optogenetic activation of subsets of neurones that are

considered as cellular substrates for specific memories. These ‘engram cells’
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are populations of neurones that are activated and modified by a learning
experience and subsequent reactivation of those cells, either naturally or
artificially, leads to memory retrieval of that experience (Josselyn and
Tonegawa, 2020; Ryan et al., 2021; Tonegawa et al., 2018). In other words, the
memory engram, as representation of a past experience, can manifest within
neuronal assemblies providing biophysical conditions through which memories
are stored in the brain (Josselyn and Tonegawa, 2020). To identify neurones
that have been active during a specific memory task later on they must be
marked. Several methods identifying cellular tags have been developed, for
example, the first demonstration of engram cells made use of the fact that
neurones expressing higher levels of cyclic adenosine monophosphate
response element-binding protein (CREB) are preferentially activated by fear
memory expression. Specifically ablating these neurones robustly blocked
expression of that fear memory (Han et al., 2009). Such loss-of-function studies
were followed by gain-of-function studies, in which memory retrieval was
induced artificially by activating engram cells in absence of natural cues,
through optogenetics (Cowansage et al., 2014; Lacagnina et al., 2019; Liu et
al., 2012; Redondo et al., 2014). Most of those studies use cFos-tetracycline
transactivator protein (tTA) transgenic mouse lines to label neurones that are
active during specific experiences (Reijmers et al., 2007; Tanaka et al., 2018).
Engram cells have been identified and their functions have been studied in the
context of various forms of memories across multiple brain regions (extensively
reviewed in Josselyn and Tonegawa, 2020) ranging from the location of social
memory storage (Okuyama et al., 2016) and the recovery of "lost" infant

memories (Guskjolen et al.,, 2018) to the identification of a "cocaine-engram”

36



(Hsiang et al., 2014). Some place cells, CA1 hippocampal neurones that fire
location-specifically (O’Keefe and Dostrovsky, 1971), function as engram cells

providing context information during memory recall (Tanaka et al., 2018).

The role of synapses in learning and memory has been complicated by the
emergence of the cellular engram paradigm (Abraham et al., 2019). If memories
can be generated, simply by activating neuronal ensembles, then what is the
role of the synapse and how does synaptic plasticity fit into the picture (Han et
al., 2021)? We do not have precise answers to this question yet, mainly related
to the fact that studying engram cells in memory is a relatively new
phenomenon and it will take time to integrate previous research on synaptic
plasticity into engram cell studies. Several theories have been proposed which
establish different roles for synapses in learning and memory: for example,
Tonegawa et al. reported that while synaptic plasticity matters for normal
memory function, engram cells can retain memory information even in the
absence of synaptic plasticity, following protein synthesis inhibition (Ryan et al.,
2015). Based on this data, they suggest that memories are not stored in
synapse dynamics per se, but rather in specific connectivity patterns between
engram cells, which can be modified by synaptic plasticity mechanisms
(Tonegawa et al., 2015b, 2015a). The concept of this new theory can be traced
back to old suggestions questioning the SPM theory by proposing that synaptic
plasticity processes set the conditions for learning and memory instead of
actually encoding and storing memories (Shors and Matzel, 1997). The concept
of cell-intrinsic memory storage has been supported by others (Gallistel and

Matzel, 2013; Johansson et al., 2014; Langille and Gallistel, 2020).
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Synaptic tagging

Even though there is still some confusion about the role of synaptic plasticity in
learning and memory, an interesting role has been proposed for synapses in
the memory ‘consolidation’ process that follows initial experience and memory
encoding. In laboratory settings, learning and memory formation are strongly
simplified, often related to one individual experience and its outcome as linear
events in time. However, in reality memorable experiences happen
simultaneously and the memorability of an experience will be affected by
previous and future experiences (Redondo and Morris, 2011). Thereby, each
memory can potentially be consolidated into long-term memory, however some
memories fade. The fate of each memory is not decided at the time of
encoding, since that would require enormous computational power; initially
encoded memories rather manifest as ‘synaptic tags’ (Frey and Morris, 1997;
Martin and Kosik, 2002; Redondo and Morris, 2011; Rogerson et al., 2014).
Synapses that have been stimulated during memory encoding can be tagged
via local molecular changes, such as increased AMPAR trafficking and release
sites, independent of protein synthesis (Redondo and Morris, 2011; Shires et
al.,, 2012). Later on, these tagged synapses can capture plasticity-related
proteins to maintain synapse potentiation over longer time periods underpinned
by structural and functional changes (Frey and Morris, 1998; Martin and Kosik,
2002; Redondo and Morris, 2011; Rogerson et al., 2014). Synaptic tagging
provides a temporal buffer, extending the time course and flexibility for long-
term memory formation (Redondo and Morris, 2011). In other words, synaptic
tagging is a potential mechanism to ,prepare’ synapses for potential long-term

stabilizing plasticity processes underlying memory consolidation. The fact that
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memories can be recalled by optogenetic stimulation of engram neurones even
under protein synthesis inhibition (as demonstrated by Ryan et al., 2015) does
not necessarily exclude the possibility that synapses are important for memory
storage after all. The results of Ryan et al. are reminiscent of studies
investigating synaptic tags and capture, where LTP can be induced in synapses
even in conditions of protein synthesis inhibition (Redondo and Morris, 2011;
Shires et al., 2012). One could speculate that optogenetic stimulation induces
the capture process within synapses that have been tagged by the initial
memory experience, and that this mechanism, which is indeed protein synthesis

independent, underlies memory storage.

Structural plasticity in learning and memory

The fact that structural changes occur during the capture process following
synaptic tagging touches a whole other field linking synaptic dynamics to
learning and memory. Structural plasticity of synapses (see 2.1.3.) correlates
with learning, and the formation of new synapses occurs during experience and
repeated training (Bailey et al., 2015; Caroni et al., 2012; Holtmaat and Caroni,
2016; Lamprecht and LeDoux, 2004; Tropea et al., 2010; Xu et al., 2009; Yang
et al., 2008). During motor learning and memory, new spines are formed (Fu et
al., 2012; Xu et al., 2009) and sleep following motor learning tasks promotes the
generation of new spines on individual neurones (Yang et al., 2014). A standard
method to assess synapse dynamics is to measure synapse turnover, meaning
how many boutons or spines are newly formed, stable, or eliminated (Holtmaat
and Caroni, 2016; Holtmaat et al., 2005; Trachtenberg et al., 2002). As shown

by Roberts et al. enhanced spine turnover lead to greater capacity for
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subsequent learning, expressed as spine stabilization, accumulation, and
enlargement (Roberts et al., 2010). Following environmental enrichment,
synapse turnover and density was increased and this effect has been linked to
improved learning (Bednarek and Caroni, 2011). A more causal link between
structural plasticity and memory was reported recently, as specific shrinkage of
spines that have been potentiated during motor learning impaired memory
function (Hayashi-Takagi et al., 2015). While structural plasticity of synapses
most likely contributes to memory formation and consolidation, exact
mechanisms remain unclear. It will be important to unravel, how synapse
turnover processes relate to network functions, as studies have already
indicated that synapse formation does not occur randomly, but in a location-
specific manner (De Paola et al., 2006; Hofer et al., 2009; Holtmaat and Caroni,
2016; Lai et al., 2012). Recent 'engram’ studies provide other progress in this
field, showing that learning can trigger synaptic potentiation and increase
synapse density in engram cells (Choi et al., 2018; Kim and Cho, 2017; Roy et
al., 2017) that correlates with memory strength (Choi et al., 2018). Abdou et al.
emphasise the role of synapses by demonstrating that the identity of individual

memories is represented by synapse-specific plasticity (Abdou et al., 2018).

In conclusion, there is overwhelming evidence that changes in synaptic efficacy,
manifested as activity alterations, morphological changes and dynamics of the
synaptic molecular equipment, play important roles in learning and memory.
However, as exciting as the generation of ,artificial memories’ (Vetere et al.,
2019) may seem, we are still far from understanding how exactly learning and
memory work and how synaptic plasticity relates to these cognitive functions

(Rao-Ruiz et al., 2021). This is mostly due to the difficulty of study design, as in
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most cases only a correlation of synaptic plasticity and certain forms of
behaviour can be established but no causation. This is further complicated by
the broad complexity of synaptic plasticity and memory mechanisms, acting on
multiple scales and to different degrees in several brain regions, from molecular
modifications at individual synapses to network dynamics, from plasticity forms
expressed at individual terminals to large-scale homeostatic plasticity
mechanisms. Moreover, most studies, investigating learning and memory in
vivo, utilize a fear conditioning task, a valuable model system to investigate the
neurobiological mechanisms parallel to behaviour and an easy learning
paradigm for rodents (Kim and Jung, 2006). However, for a more
comprehensive understanding of learning and memory it will be important to
turn towards other, more complex forms of memory demanding the
development of new experimental designs and techniques (Humeau and
Choquet, 2019). Moreover, experimental outcomes in living organisms are
generally very difficult to interpret, as interventions of synaptic plasticity via
genetic mutations or inhibitors exhibit effects within the CNS that go beyond
changes specifically assigned to synaptic plasticity. The precise structural
substrate of memory remains elusive and the precise role of synaptic plasticity
in learning and memory will be subject to many more years of research,
especially since experimental evidence indicates that synaptic plasticity in
behaviour might significantly differ from the well-established Hebbian plasticity

models (Bittner et al., 2017).
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2.2. Synaptic plasticity and Hormones

2.2.1. Sex hormones in neuroscience

Recent studies investigating the regulation of neurones and synapses in a
memory context use experimental techniques that combine in vivo brain
imaging with behavioural tasks. Studying synaptic plasticity mechanisms in vitro
differs significantly from in vivo approaches, as brain structures in an intact
organism are subject to endogenous, physiological processes such as hormone
signalling. The interaction between the CNS and endocrine system, in other
words how the brain regulates hormonal activity and vice versa, has led to a
vast body of research compiled under the term neuroendocrinology. Several
classes of hormones have been identified and assigned distinct roles within the
CNS, including to regulate synaptic plasticity processes. Amongst them are
stress hormones, hormones that underlie the circadian cycle, hormones that
regulate the fluid and electrolyte balance, and hormones of the reproductive
system (Al-Mana et al., 2008). Naturally, hormones carry out essential functions
in synaptic transmission, as catecholamines such as dopamine and
noradrenaline are neurotransmitters and their roles in synaptic plasticity and
learning and memory have been thoroughly studied (Huang and Kandel, 1995;
Kempadoo et al.,, 2016; Lisman and Grace, 2005; Murchison et al., 2004;
Sajikumar and Frey, 2004; Tang and Dani, 2009). High levels of glucocorticoids
accumulate in the hippocampus and cortex and increase synaptic plasticity and
cognition in  physiological conditions, whereas chronically elevated
glucocorticoid levels, following stress, impair plasticity processes and decrease

spine density (McEwen and Magarinos, 2001; Sorrells et al., 2009). Whole-
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organism responses as induced by chronic stress also lead to interactions
between functional hormone groups, for example, glucocorticoids and
noradrenaline can both regulate synaptic function either alone or in synergy
(Krugers et al., 2012). Effects of hormones regulating the circadian cycle such
as melatonin have also been described, affecting long-term plasticity processes

and performance in cognitive tasks (Frank, 2016).

The neuroscience community has shown particular interest in the relation of
CNS and sex hormones, specifically androgens and oestrogen, as prominent
sex differences appear in basic sensory experiences such as pain perception
(Aloisi and Bonifazi, 2006). The range of sex hormone functions is immense
and starts as early as during development to permanently restructure male and
female brains (Arnold, 2009; McEwen and Milner, 2017). Generally, male brains
are found to be larger than in females, with increased sizes of amygdala,
putamen and globus pallidus, whereas female brains have larger hippocampi
(Goldstein et al., 2001; Paus, 2010). Additionally, relative differences between
brain hemispheres, known as functional cerebral asymmetries (FCAs) in many
cognitive domains, differ between men and women indicating that sex
hormones play a role in the regulation of the brains’ functional connectivity
(Hausmann, 2017). Besides such large-scale differences in brain organisation,
androgens and oestrogen modify ongoing dynamics of the CNS, partially by
modulating neurotransmitter receptors and ion channels (McEwen and Milner,
2017; Rupprecht et al., 2001; Rupprecht and Holsboer, 1999). Testosterone,
the most prominent androgen, acts in the CNS via androgen receptors (ARs),
which have been located in various brain regions including the amygdala,

cerebellum, cortex and hippocampus (Mhaouty-Kodja, 2018). Blockade of ARs
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in the hippocampus impaired cognitive performance (Edinger and Frye, 2007),
while treatment with testosterone alleviated castration induced spatial memory
defects (Moghadami et al., 2016). In AR knockout animals, temporal information
processing is downgraded and hippocampal glutamatergic synaptic
transmission is decreased due to a reduction in NMDAR activity resulting in
decreased LTP (Picot et al., 2016). Besides effects on long-term plasticity,
androgens impact structural synaptic plasticity by increasing spine density and
in castrated rodents can even restore spine density to wildtype levels (Hatanaka
et al., 2009; Ishii et al., 2007; Leranth et al., 2003; Mhaouty-Kodja, 2018).
Androgens are converted to oestradiol via aromatization (Lephart, 1996)
suggesting that even though some of the above effects are mediated via ARs,
effects of androgens in experimental studies might actually be related to
oestradiol (Aloisi and Bonifazi, 2006; Kawata, 1995). Compared to androgens,
much more is known about oestrogens in the CNS, as elaborated in the

following chapters.

2.2.2. Oestrogen as a neuromodulator and its effects on synaptic plasticity

Historically, it has been shown that oestrogens influence behaviours aside from
sexual behaviour such as motor control, pain sensitivity, seizure susceptibility,
mood and cognitive functions (McEwen and Alves, 1999; Van Hartesveldt and
Joyce, 1986). Accordingly, sites of oestrogen actions are widely spread across
the brain and can be detected in the brainstem, cerebellum, hypothalamus,
prefrontal cortex, and hippocampus (McEwen and Milner, 2017). Importantly,
oestrogens have neuroprotective effects against cell apoptosis, excitotoxicity, -
amyloid, oxidative stress and inflammation seizures demonstrating their

relevance in pathological conditions such as stroke and neurodegenerative
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diseases (Engler-Chiurazzi et al., 2016; Fiocchetti et al., 2012; McEwen and
Alves, 1999; Petrovska et al., 2012; Spence and Voskuhl, 2012). Oestrogen
receptors (ERs) are universally expressed in the CNS including the
hippocampus and prefrontal cortex (Cui et al., 2012; Rossetti et al., 2016), brain
regions that are considered relevant for learning and memory (Bird and
Burgess, 2008; Euston et al., 2012; Preston and Eichenbaum, 2013; Shen et
al.,, 1994). Studies indicating that oestrogen treatment modifies spatial and
declarative memory in animals and humans led to detailed investigations as to
how oestrogen affects cellular and subcellular processes, with special focus on
synaptic transmission and plasticity in the hippocampus and prefrontal cortex
(Becker et al., 1987, 1982; Luine et al., 1998; McEwen and Alves, 1999; Taxier
et al., 2020; Zurkovsky et al., 2007). Research from the early 2000s delivered a
plot twist, demonstrating that androgens and oestrogens are locally synthesised
in adult brains, by neurones and astrocytes (Cui et al., 2013; Hojo et al., 2008,
2004; Ishii et al., 2007; Kawato et al., 2002; Rune and Frotscher, 2005; Fig. 4).
Oestrogen is synthesised even in the absence of the ovaries (Kato et al., 2013),
strongly supporting the idea that oestrogen can function as a neuromodulator
and its effects in the CNS might differ from those of oestrogen produced in the
ovaries. Overall, there are three major forms of physiological oestrogens:
oestrone (E1), oestradiol (E2, or 17b-estradiol), and oestriol (E3), of which E2 is
the most prominent form and represents the brain-synthesised oestrogen.
Therefore, | will refer to oestrogen as E2 for the remainder of this thesis (Cui et
al., 2012). Although various effects of E2 on synaptic plasticity have been
demonstrated, little is known about those of brain-synthesised E2 and its

relation to circulating E2 levels produced by the ovaries.
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Brain E2 levels decrease in the brains of postmenopausal women and E2 levels
in the hippocampus are substantially higher during proestrus, suggesting that
brain E2 levels mirror those of circulating E2 (Kato et al., 2013; Rosario et al.,
2011). However, it has also been shown that brain E2 levels can significantly
differ from circulating ones as they are subject to brain-specific metabolic
processes directed by neurosteroidogenesis, sex hormone-binding globulins,
and steroid-converting enzymes in the brain (Cui et al., 2012; Rosario et al.,
2011). Moreover, the fact that E2 is produced in male and female brains alike
(Hojo et al., 2004) implies potential separate roles for E2 produced locally in

neurones.

Circulating as well as brain-derived oestrogen modulate both functional and
structural plasticity (Brinton, 2009; Ishii et al., 2007; MacLusky et al., 2006;

Woolley, 1998). Both LTP and LTD are sensitive to endogenous and externally
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induced fluctuations of oestrogen levels (Cérdoba Montoya and Carrer, 1997,
Good et al., 1999; Hojo et al., 2008; Ishii et al., 2007; Mukai et al., 2007; Warren
et al., 1995; Woolley, 1998). Generally, elevated levels of E2 enhance the
magnitude of LTP (Cérdoba Montoya and Carrer, 1997; Warren et al., 1995;
Woolley, 1998) and synthesis of androgens and E2 plays a role in determining
the direction of synaptic long-term effects (Di Mauro et al., 2015). The effects of
oestrogen on long-term plasticity are thought to be mediated by increased
NMDAR and AMPAR transmission (Foy et al., 1999; Woolley, 2007) facilitating

the magnitude of LTP (Smith and McMahon, 2006).

A series of studies have pointed out that spine density within the hippocampus
fluctuates dependent on the stage of the oestrus cycle (Woolley, 1998; Woolley
et al., 1990). Spine density is elevated during the proestrus phase, when E2
levels are highest, compared to oestrus and dioestrus (Sheppard et al., 2019),
in other words, spine density positively correlates with E2 levels. Furthermore,
these studies reported that ovariectomy caused a decrease in spine density at
CA1 hippocampal pyramidal cells, which can be prevented and rescued with
supplying E2 (Gould et al., 1990; Woolley and McEwen, 1993). Thus, it was
proposed that oestrogen could induce spinogenesis, which was extensively
tested both in vitro and in vivo (see Sheppard et al., 2019). Exogenous
application of E2, either delivered subcutaneously or via direct injection into
hippocampi, increases spine density in the hippocampus, and these effects can
be observed on different timescales (Jacome et al., 2016; MacLusky et al.,
2005; Phan et al., 2015, 2012, 2011; Sheppard et al., 2019). For these studies,
E2 was injected at doses in the range of 45 ug/kg, resulting in circulating E2

levels higher than during any stage of the oestrus cycle, thus raising E2
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concentrations to a non-physiological level (MacLusky et al., 2005). Notably,
lower doses of E2 (1.5, 2, or 3 ug/kg) were sufficient to produce an increase in
spine density (MacLusky et al., 2005; Sheppard et al., 2019). Little is known
about the effects of oestrogen on presynaptic plasticity, although one study
proposed that oestrogen can trigger the formation of new synaptic connections,
as oestrogen promotes contacts from individual presynaptic boutons to multiple
postsynaptic CA1 pyramidal cells (Yankova et al., 2001). The above results
were primarily obtained from female rodents, which raises the question to what
extend oestrogens influence synapse dynamics in male brains. Experimental
evidence reveals that testosterone, although aromatized to E2 in brain tissue,
affects spine density independent from oestrogens (Leranth et al., 2003;
MacLusky et al., 2004). Notably, E2 treatment caused an increase in spine
density in female animals and also in hippocampal slices obtained from male
animals (Jacome et al.,, 2016; Mukai et al., 2007; Murakami et al., 2006;
Tsurugizawa et al., 2005). The effects of E2 on structural plasticity are not
restricted to the hippocampus (Brinton, 2009) but have been intensively studied
in the prefrontal cortex (Shanmugan and Epperson, 2014). Similar to the
hippocampus, decreases in PFC dendritic spine density caused by ovariectomy
could be reversed by E2 administration (Chen et al., 2009; Hao et al., 2007;
Rapp et al., 2003; Shansky et al., 2010; Tang et al., 2004). E2 treatment
increased spine number in the PFC of male rodents (Hajszan et al., 2007).
Apart from the effects of E2 on PFC synapses, it has been shown that E2
improves performance in behavioural tasks that are known to be PFC

dependent (Keenan et al., 2001; Krug et al., 2006; Rapp et al., 2003).
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What are the molecular pathways that underlie oestrogen mediated effects on
neurones? Oestrogen receptors (ERs) can be divided into two subclasses:
intracellular nuclear receptors ERa and ERB, and membrane receptors
represented by G protein-coupled oestrogen receptors (GPERs; Cui et al.,
2013). Oestrogens can directly enter the cell since they are small, carbon-rich
molecules built from cholesterol to target intracellular receptors and modify
gene transcription. Alternatively, E2 can trigger signalling cascades via binding
to membrane receptors (McEwen and Milner, 2017). Not only the application of
E2 increases spine density, but similar effects have been described for ERa
and GPER agonists (Gabor et al., 2015; Mukai et al., 2007; Phan et al., 2015,
2011). To what extent each receptor contributes to the regulation of synaptic
plasticity is unclear, but distribution patterns differ and there seem to be brain
region specific preferences in receptor function and expression (Osterlund et
al., 2000; Sheppard et al., 2019). While ERa and GPERs facilitate E2 effects in
the hippocampus, ERB signalling might dominate in other brain regions (Lymer
et al., 2018). A variety of downstream signalling cascades triggered by E2
impact two critical factors that are known to drive changes in synapse
morphology: the actin cytoskeleton and protein synthesis (see 2.1.3.).
Accordingly, the effects of oestrogen have been categorized in 'genomic' and
'nongenomic' mechanisms, acting on different time scales to mediate long-term
and rapid effects of E2 (McEwen and Alves, 1999; Taxier et al., 2020). E2
influences actin remodelling by stimulating RhoA kinase (RhoA/ROCK) and
Rac/p21-activated kinase (PAK) which subsequently trigger the inactivation of

the depolymerization factor cofilin by LIM domain kinase 1 (LIMK1)-mediated
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phosphorylation enabling actin elongation and synapse growth (Briz and

Baudry, 2014; Kramar et al., 2009; Yuen et al., 2011).

Genomic actions of E2 result from ER dimerization and subsequent binding of
oestrogen response elements on target genes to regulate gene transcription
and protein synthesis (Cui et al., 2012). The effects of E2 on protein synthesis
are driven by signal molecules such as protein kinase B (Akt) and activated
extracellular signal-regulated kinase (ERK), that induce the translation of
proteins relevant for plasticity (Akama and McEwen, 2003; Briz and Baudry,
2014; Sarkar et al., 2010). Notably, the effects of E2 on translation might not be
somatic but rather modulated locally in dendrites (Sarkar et al., 2010),
suggesting a specific role for E2 in modulating synapses. In addition, E2
stimulates mMTOR (mammalian target of rapamycin) activity via the activation of
tropomyosin receptor kinase B (TrkB) ultimately inducing protein synthesis
similar to BDNF (Briz and Baudry, 2014; Panja and Bramham, 2014). E2 and
BDNF not only act via the same signalling molecules, a large range of similar
actions on excitatory transmission and synapse morphology has been
described, which suggests that BDNF might be a downstream target of E2
signalling (reviewed in Scharfman and MacLusky, 2005). However, recent
experimental evidence emphasised the potential for E2 to independently
regulate TrkB signalling and to promote memory consolidation (Gross et al.,

2021).

2.2.3. Oestrogen in cognition and fear

Cognitive improvements in rodents (Dohanich, 2003, 2002) and humans

(Sherwin, 2007) have been reported in relation to oestrogen administration

50



especially during states where endogenous oestrogen levels are low, such as
post ovariectomy or post menopause (Koebele et al., 2021). Both female and
male rodents show increased performance in conditioning and spatial memory
tasks following oestrogen treatment (Daniel, 2006; Daniel et al., 1997; Koebele
et al., 2021; Luine et al., 1998). In rodent models, the positive effects of E2 on
learning and memory functions are largely consistent, whereas variability can
be detected in human studies (Brinton, 2009). Rodent studies suggest that
oestrogen therapy could promote neurological health and reduce the risk of
neurodegenerative diseases. However, disparities in the beneficial effects of
oestrogen in clinical trials exist, probably due to differences in the basic
physiology of humans and rodents, different routes of E2 administration and
preconditions such as age and health status (Brinton, 2005). How exactly
oestrogen facilitates learning and memory, and if the latter relies on additive or
synergistic interactions with downstream targets such as BDNF (Luine and
Frankfurt, 2013), remains unknown. As argued in detail in Chapter 2.1.5.,
structural plasticity is generally considered to play a role in cognitive functions,
learning, and memory. Given the effects of E2 on structural plasticity, one might
speculate that effects of oestrogens on behaviour are partially mediated by the
regulation of structural plasticity. Indeed, correlation studies reveal an
association of E2 induced spinogenesis and memory performance in rodents
(Sandstrom and Williams, 2001) and monkeys (Rapp et al., 2003). Moreover,
decreased spine density in the PFC as a result of ovariectomy was followed by
impaired object recognition and memory tasks (Wallace et al., 2006). Notably,
the effects of E2 on spine changes match the timeline of cognitive

improvements, and similar doses of E2 and ER agonists to the ones that
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enhance spine density also facilitated learning and memory (Sheppard et al.,
2019). Whether oestrogen induced structural plasticity of synapses is the
underlying cause of oestrogen mediated differences in learning and memory
remains to be elucidated — a challenging task as the precise contribution of
synaptic plasticity to cognition is still unknown (see Chapter 2). Nevertheless,
the fact that oestrogen affects several different types of behaviour and cognitive

functions is undeniable.

To study the effects of oestrogen on different forms of learning and memory,
various behavioural paradigms are included in experimental studies (Taxier et
al., 2020). E2 administration in ovariectomized animals improved performance
in the morris water maze (Sandstrom and Williams, 2001). Similarly, systemic
administration of E2 immediately after training can improve spatial memory in
object placement and object recognition tasks (Gresack and Frick, 2006;
Inagaki et al., 2010; Luine et al., 2003). Neuroendocrine mechanisms can affect
social discrimination, thus effects of E2 on social cognition have been proposed
(Taxier et al., 2020). Indeed, the ability for long-term social recognition seems to
change in line with the oestrus cycle (Sanchez-Andrade and Kendrick, 2011)
and external administration of E2 positively regulates social memory (Spiteri
and Agmo, 2009; Tang et al., 2005). Male ERB knockout animals showed
altered social and mood-related behaviours, suggesting a role for E2 signalling
in these types of behaviours (Dombret et al., 2020). The underlying molecular
mechanisms that drive the effects of E2 on such broad range of cognitive
functions are complex and might differ between female and male animals, but

likely involve a combination of both short (membrane receptor signalling) and
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long-term (genomic) actions of oestrogen, mediated by differential activation of

the different types of ERs (Taxier et al., 2020).

Oestrogen signalling was allocated a special role in modulating the acquisition,
consolidation, and extinction of fear memory (Pearson and Lewis, 2005; Taxier
et al., 2020). While some studies showed enhanced fear conditioning in
ovariectomized animals (Jasnow et al., 2006; Morgan and Pfaff, 2001), other
studies emphasised that higher levels of E2 impair fear memory (Barha et al.,
2010; Gupta et al., 2001; Markus and Zecevic, 1997) and facilitate extinction
learning (Chang et al., 2009; Milad et al., 2009). Similarly, ER blockade and
reducing E2 levels via contraceptives impairs extinction recall (Graham and
Milad, 2013; Milad et al., 2009). Moreover, E2 might reduce fear responses via
promoting infralimbic cortex-driven activation of a neural circuit inhibiting fear
behaviour related processes in the amygdala (Taxier et al., 2020). Accordingly,
neuroimaging studies have indicated that amygdala activity is enhanced during
low oestrogen states and vice versa, proposing interactive effects between
oestrogen and amygdala activity (Goldstein et al., 2010). Physiological states of
low E2, such as during low oestradiol phases of the oestrus cycle or as a result
of ovariectomy, facilitates encoding of threat memories (Frye and Walf, 2004;
Hiroi and Neumaier, 2006). This leads to the intriguing thought, that oestrogen
exhibits protective effects against the encoding of traumatic memories (Maddox
et al., 2019). Findings from studies with human subjects support this idea, since
low levels of oestrogen promote the long-term encoding of fear and trauma
memories and impair fear extinction (Glover et al., 2013, 2012; Graham and
Milad, 2013). Another study proposed that women with lower levels of E2

display stronger intrusive memories (conditioned emotional reactions to trauma
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triggers), following a conditioned paradigm where they have been shown short

violent film clips (Wegerer et al., 2014).

2.2.4. Oestrogen signalling as a therapeutic target

The finding that higher levels of E2 might reduce the encoding of threat and fear
memory encourages to consider the potential utility of oestrogen signalling -
related pharmacological targets as potential therapeutics in diseases triggered
by trauma. Especially in the context of posttraumatic stress disorder (PTSD)
where fear extinction is impaired, oestrogen-based therapies might be
promising (Glover et al., 2015, 2012; Lebron-Milad and Milad, 2012). Based on
this, a study has been conducted investigating the effects of E2 given orally
within 48 hours following experiences of sexual assault (Ferree et al., 2012).
Reduced rates of PTSD symptoms were detected in individuals that have
undergone oestrogen therapy, as assessed in a 6-month follow-up (Ferree et

al., 2012).

Other indications for oestrogen therapies might include psychiatric disorders
(Hwang et al., 2021). It has been demonstrated that oestradiol administration
can alleviate symptoms of depression in women (de Novaes Soares et al.,
2001; Grigoriadis and Kennedy, 2002; Schmidt et al., 2000). Considering the
interactive relationship between E2 and BDNF signalling, patients suffering from
Alzheimer's and depression might benefit from E2 administration, as the
downregulated levels of BDNF could potentially be reversed via oestrogen-
dependent stimulation (Scharfman and MacLusky, 2006, 2005). Evidence that
elevated levels of oestrogen can improve cognitive abilities in humans (Krug et

al., 2006) suggests oestrogen signalling as a potential general therapeutic
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target in diseases where memory functions are impaired as in the case of
Alzheimer’s, vascular dementia, and Parkinson’s (Honjo et al., 1998; Uddin et
al., 2020). Critically, proving the clinical relevance of oestrogen treatments
requires more detailed studies including the characterisation of effects arising
from other hormones and their complex interplay with oestrogen (Garcia et al.,
2018). Moreover, side effects of prolonged oestrogen therapy must be
considered, as long-term oestrogen administration might enhance the risk for

ovarian and breast cancer (Beral et al., 2015; Greiser et al., 2005).

2.3. Imaging synaptic plasticity

2.3.1. Electrophysiological versus optical approaches

Traditionally, synaptic transmission and plasticity have been studied using
electrophysiological techniques. Originally developed by Sakmann and Neher in
the late 1970s and early 1980s, the patch clamp technique has been
extensively used to record and manipulate ionic currents flowing through single
ion channels or across the whole plasma membrane of a cell (Neher and
Sakmann, 1976; Sakmann and Neher, 1984). In neuroscience, the patch clamp
technique has been used for decades and besides the conventional whole-cell
patching of neuronal somas, even direct recordings from dendrites (Davie et al.,
2006) and boutons (Vandael et al.,, 2021) have been achieved. Thus, using
electrophysiology one can directly measure a neurone’s synaptic input and
output and even simultaneously record from connected pairs of presynaptic and
postsynaptic neurones. However, patching synaptic terminals is far from being
a standard laboratory technique, as it is extremely challenging to visualise and

manually target small synaptic structures with a patch pipette.
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Compared to electrophysiology, using light to study synaptic signalling does not
require actual physical contact with the cell or structure under investigation
(Scanziani and Hausser, 2009). Thus, using imaging approaches is a much
more convenient solution to investigate small synaptic terminals, specifically
dendritic spines and boutons. Importantly, while with electrophysiology only
signals from single structures, or in the case of field recordings an unidentified
mixture of population signals, can be recorded, a large number of synaptic
terminals can be observed independently and in parallel using imaging
approaches. Moreover, structural changes of synaptic structures, for example
structural LTP (Caroni et al.,, 2012; Lamprecht and LeDoux, 2004) can only

directly be tracked using imaging techniques.

Overall, choosing the optimal technique to study synaptic dynamics will always
depend on the type of neuroscientific question and in a vast number of
experiments, imaging and electrophysiology are closely linked and used
concomitantly. For the goal to understand the subcellular substrates of learning
and memory it is inevitable to use imaging tools to investigate synaptic
transmission and plasticity, regarding the importance of synapses as described
in previous Chapters. Thus, observing the dynamics of populations of synapses
and specific manipulations thereof are necessary — tasks that, right now, can

only be achieved using light.

2.3.2. Fluorescent tools and transgenic mouse lines

In order to use imaging approaches to investigate neuronal processes and
dynamics, a reporter is required that converts biological signals into optical

signals. Fluorescent probes have been used in a wide array of neuroimaging
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applications and have led to major discoveries and new methods changing our
approach to study the nervous system (Scanziani and Hausser, 2009; Yuste,
2005). For example, fluorescent Ca®" indicators can be used to overcome the
difficulty of measuring transmitter release in intact tissue (Emptage et al., 1999,
2003; Padamsey et al., 2019). Since the initial development of fluorescent Ca?*
dyes (Grynkiewicz et al., 1985; Tsien, 1989), numerous studies have improved
and used fluorescent Ca?* indicators to measure subcellular Ca** dynamics
(Bootman et al., 2013; Lock et al., 2015). However, the kinetics of Ca®* dyes are
slow and in order to measure subthreshold membrane depolarisations at
synaptic terminals, voltage dyes have emerged as prime candidates, allowing
the capture of even small voltage changes (Liu et al., 2021; Rowan et al., 2016,

2014; Wu et al., 1998).

Functional imaging, in vitro as well as in vivo, using Ca** and voltage indicators
gives important information about states of activity and transmission at central
synapses. Synaptic structures are plastic and change morphologically based on
the level of activity, shaped via inputs from the neuronal network (see Chapter
2.1.3.). Studying structural changes including changes in synapse size during
behaviour is necessary to gain insights about the relationship between spine
dynamics and higher cognitive functions such as learning and memory
(Lamprecht and LeDoux, 2004; Martin and Morris, 2002; Takeuchi et al., 2014).
For this purpose, structural dyes are required that reliably label processes of
interest. Several methods to label neurones and synapses are available for in
vitro as well as in vivo applications. In a common in vitro approach, namely
brain slices, Alexa dyes can be injected into the soma to visualise neurones and

synapses (Padamsey et al., 2017a) or fluorescent probes can be genetically
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expressed induced by viral transfection, bearing the advantage of specific
cellular subtype labelling. In vivo, viral injections are commonly used to target
cell populations in specific brain regions using stereotactic coordinates.
Alternatively, fluorescent probes can be expressed in transgenic mouselines,

offering the advantage of avoiding invasive surgical procedures for injections.

Transgenic animals expressing fluorescent proteins were developed in the
1990s including the first transgenic mice expressing green fluorescent protein
(GFP; lkawa et al., 1995; Okabe et al., 1997). Traditionally, these transgenic
mice are generated by injecting fertilized eggs with DNA fragments containing
the GFP coding sequence (Ebihara et al., 2003; lkawa et al., 1995; Okabe et
al., 1997). While a large variety of mouse colonies expressing fluorescent
proteins from all colour spectra is available today, transgenic animals
expressing GFP and its derivatives remain the most commonly used for
structural synaptic imaging labelling axons, dendrites, and synaptic terminals
over long distances (Attardo et al., 2015; Barretto et al., 2011; Ebihara et al.,
2003; Feng et al., 2000; Nagerl et al., 2004; Pfeiffer et al., 2018). This is mainly
due to their unique physical properties (Prasher, 1995). GFP is an extremely
stable protein with a highly fluorescent chromophore, thus when expressed in
vivo, the brightness of GFP can generate a large signal-to-background ratio
ideal for imaging (Chudakov et al.,, 2005; Hua et al., 2005; Prasher, 1995;
Rasse et al., 2005; Yuste, 2005). Importantly, the expression of GFP in the
brains of transgenic animals is not detectably toxic (Feng et al., 2000; Liptak et

al., 2019).

One significant advantage of GFP is that it can be mutated and several

derivatives with altered spectral properties and thermostability have been
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developed (Feng et al., 2000). These variants include red-shifted variants such
as enhanced GFP (EGFP), which fluoresces approximately 30- to 40-fold more
brightly than GFP, making them ideal candidates for labelling neuronal
processes in vivo, where signal loss occurs due to scattering of light (Feng et
al., 2000; Hadjantonakis and Nagy, 2001; Van Den Brandt et al., 2004). EGFP
was originally developed in 1996 by Cormack et al. and EGFP transgenic mice
have been widely used since in all fields of neuroscience (Jin et al., 2016;
Margrie et al., 2003; Niclou et al., 2008; Okabe et al., 1997; Vasquez-Lopez et

al., 2018).

Gene promoters allow for the regulation of the spatial and temporal expression
patterns of a fluorescent protein (Haruyama et al., 2009), which is important to
specifically label different subsets of neurones amongst the large diversity of
cell types in the CNS (Masland, 2003). A variety of promoters has been
reported that allow tissue-specific and cell type-specific expression of
fluorescent reporters (Haruyama et al., 2009). The Thy1 promoter can be used
to label neuronal processes and synaptic terminals of principal neurones
(Barnes et al.,, 2017; Chen et al., 2012) specifically expressing fluorescent
proteins in projection neurones (Caroni, 1997; Chen et al., 2012; Feng et al.,
2000; Josvay et al.,, 2014; Stefaniuk et al., 2016) for observing synapse
dynamics. Thy1 (CD90) is a cell surface glycoprotein, expressed not only in
neurones but also in T cells and thymocytes and its physiological properties
include the promotion of T cell activation and inhibition of neurite outgrowth
(Furlong et al., 2018; Haeryfar and Hoskin, 2004; Pont, 1987). Studies have
shown, that due to strong transgenic position-effect variegation, transgenic

animals that express proteins under the Thy1 promoter differ in levels and
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patterns of expression (Chen et al., 2012; Feng et al., 2000). However, it has
been reported that Thy1-lines display a heritable pattern of expression resulting
in similar and consistent expression levels among offspring (Feng et al., 2000).
Thy1-EGFP mice have been used in a wide range of studies observing synapse
dynamics in vivo (Attardo et al., 2015; Barnes et al., 2017; Chen et al., 2012;

Frank et al., 2018; Vasquez-Lopez et al., 2018), including in this work.

Using transgenic animals to genetically express fluorescent proteins offers
several advantages compared to animals that have been injected with viruses.
First, injecting animals with viruses requires a surgical procedure including a
craniotomy and insertion of an injection needle (Lowery and Majewska, 2010).
Even though this technique causes little damage to surrounding tissue, as the
micropipette is small, some inflammation will occur and because the brain has
been exposed there is a risk of infections (Lowery and Majewska, 2010).
Second, it is more challenging to titrate the level of expression when fluorescent
proteins are expressed following viral injections. Third, the deeper the brain
region of interest, the deeper the injecting needle needs to be inserted, causing
larger brain lesions that can drive tissue alterations and change the physiology
of the network (Gonzalez-Perez et al., 2010). Although recently, micropipettes
with lumen of only 50-um have been developed (Gonzalez-Perez et al., 2010),
in transgenic animals deep brain regions can be labelled without any surgical

procedures at all.

2.3.3. Imaging synaptic plasticity in vitro versus in vivo

Accessibility of deeper brain regions such as the hippocampus or the amygdala

is one of the major obstacles in brain imaging, especially for investigations on
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synaptic plasticity that require high-resolution imaging. This is problematic given
that the hippocampus is the most relevant structure regarding learning and
memory processes (Bird and Burgess, 2008). Thus, to understand synaptic
plasticity processes and how they link to learning and memory, studying
synapse dynamics in the hippocampus is essential. For this reason,
hippocampal slices have become the gold standard model system, as it is much
more convenient to image synaptic plasticity in in vitro preparations. Acute or
organotypic hippocampal slices are widely used to image synaptic plasticity,
because neurones of interest are located superficially providing ideal conditions
for light- and confocal microscopy. Moreover, due to the flat and thin structure
of slices, electrophysiological techniques such as patch-clamp can be coupled
to imaging at hippocampal synapses, which is not possible in in vivo situations.
An obvious difference between studying slices or the respective brain structure
in vivo is that it was removed from the overall brain network. Even though in
hippocampal slices the cytoarchitecture and DG-CA3-CA1 synaptic circuits are
preserved (Lein et al., 2011), neuronal projections to other brain regions are cut
off. Thus, the effects of contextual information from the remaining brain are

missing in experimental settings.

In vitro preparations have helped us to significantly advance our understanding
of synaptic plasticity in deeper brain structures such as the hippocampus.
However, considering the goal to understand how synaptic dynamics correlate
with learning and memory, these structures must ultimately be imaged in vivo. It
is necessary to observe synaptic dynamics, while animals are performing
learning and memory tasks. Moreover, since learning and memory are

processes happening over longer time spans, it is important to study synaptic
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structures over weeks or months. Chronic synapse imaging of deep brain
regions in behaving animals is a challenging task but will bring significant

advances in the field.

2.3.4. Deep-brain imaging: challenges and advances in microscopy

Why is high-resolution brain imaging in subcortical structures difficult? With
increasing imaging depths, image quality degrades due to optical aberrations
caused by tissue heterogeneities and refractive index mismatches (Beuthan et
al., 1996; Ji et al., 2012). Given that the brain consists of many different cell
types and structures, a large heterogeneity of refractive indices exists causing
optical scattering (Jacques, 2013; Tuchin, 2015, 1997). Thus, when light
propagates through tissue and interfaces, light refraction occurs, reducing the
overall imaging performance and resolution (Al-Juboori et al., 2013; Azimipour
et al., 2014). Light scattering is another important, limiting factor. When light is
scattered, its contribution to signal generation at the focus is lost which causes
the excitation to decrease exponentially with imaging depth (Helmchen and
Denk, 2005). This in turn limits the amount of fluorescent signal that can be
generated by the fluorophore. Moreover, light scattering also generates out-of-
focus fluorescence, which increases background signal thereby decreasing the
signal-to-background ratio while imaging. For biological fluorescence imaging
and depending on the modality chosen, these factors are important to consider
for both light that is sent into the tissue to excite fluorophores and for the

collection of light that is emitted.

All of the above constitute the fundamental obstacles of deep-brain imaging.

While for slice imaging only superficial penetration depths in the ym range are
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required, imaging the hippocampus in vivo requires depths beyond 1 mm. In a
mouse brain, the CA1 region of the hippocampus is located around 1.5 mm
deep, the CAS3 region even deeper (Cetin et al., 2007). Several solutions have
been proposed and implemented to allow greater imaging depths. Traditional
confocal microscopy systems use linear (one-photon) absorption processes.
However, using nonlinear optical microscopy techniques such as two-photon
(2P) or three-photon (3P) microscopy offer multiple advantages over linear
approaches making them less sensitive to scattering (Helmchen and Denk,
2005; Wang and Xu, 2020). With the idea originally developed in 1931
(Goppert-Mayer, 2009), 2P laser scanning microscopy has been widely used in
neuroscience since the 1990s (Denk et al., 1990). The most important feature
of multiphoton excitation laser scanning microscopy is optical sectioning as a
result of the nonlinear dependence of the absorption rate on the photon
concentration (Denk and Svoboda, 1997). In multiphoton microscopy, two or
three infrared photons are simultaneously absorbed by a single fluorophore. In
2P microscopy, special near-infrared (IR) femtosecond laser sources, such as
Ti:sapphire lasers are used to generate pulses delivering excitation photons in
short intervals. Given the fact that photon concentration, and therefore the
probability of two or three photons to collide, is only high enough in the focal
volume, excitation is limited to this position. Thus, no out-of-focus fluorescence
is generated and all photons that are emitted should be collected as they
contribute useful signal (Denk and Svoboda, 1997; Williams et al., 2001; Zipfel
et al., 2003). Importantly, photodamage and photobleaching are also restricted
to the focal volume, rendering multiphoton microscopy less harmful to tissue

(Stelzer et al., 1994; Williams et al., 2001; Zipfel et al., 2003). The use of longer
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excitation wavelengths, between 800 and 1000 nm in 2P microscopy enables
imaging deeper in tissue (Helmchen and Denk, 2005; Theer and Denk, 2006).
This is mainly due to the fact that the average power on the sample surface
dictates the maximum imaging depth in a logarithmic manner (Kobat et al.,
2009) and that scattering is significantly reduced (Xu et al., 1996). Another
reason for greater imaging depth is that with longer wavelengths, the
attenuation of excitation light caused by absorption by structures within the
tissue, as for example blood vessels, is reduced (Kobat et al., 2009; Williams et
al., 2001; Yaroslavsky et al., 2002). This is of particular relevance for deep brain
imaging, as the brain is highly vascularised. 2P fluorescence microscopy has
been reported in various studies imaging synapses in the cortex (Grillo et al.,
2013; Ishii et al., 2018; Korber and Stein, 2016; Sammons et al., 2018;
Svoboda et al., 1997) revealing new insights into spine dynamics (Frank et al.,
2018) and the relationship between spines and memory (Hayashi-Takagi et al.,
2015). For such studies, cranial windows are the standard technique to directly
observe neurones and synapses in specific cortical regions (Holtmaat et al.,
2009; Yang et al., 2010). These cranial windows are created by replacing small
pieces of skull by a cover glass, giving access to the tissue below. However, 2P
microscopy can also be used with endoscopic tools, allowing superficial single
spine imaging in freely behaving animals (Zong et al., 2017). Besides
experiments focussed on cortical regions, imaging synapses in the
hippocampus with 2P microscopy has also been achieved (Attardo et al., 2015;
Gu et al., 2014; Mizrahi et al., 2004; Pfeiffer et al., 2018), although it generally
necessitates cortical aspiration, i.e. the removal of cortical tissue to gain access

to the hippocampus (Dombeck et al., 2010).
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Advances in microscopy: 3P imaging and adaptive optics

3P microscopy (Hell et al., 1996) with wavelengths of more than 1300 nm has
recently shifted into focus for deep tissue imaging. Even though it was originally
believed that side effects such as tissue heating and the need of higher
excitation pulse energy make 3P excitation unsuitable for microscopy systems,
studies since 2010 have created new interest in 3PM (Denk and Svoboda,
1997; Wang and Xu, 2020). Using even longer wavelengths than for 2P
excitation will help to increase maximum imaging depth as it helps to reduce
scattering (Balu et al., 2009; Kobat et al., 2009; Xu et al., 1996). Moreover, out—
of-focus fluorescence is even more reduced, significantly improving the signal-
to-background ratio compared to 2P excitation (Horton et al., 2013; Xu et al.,
1996). Importantly, 3P excitation is optimal for a range of fluorescent indicators
to be excited at the 1700 nm spectral window that matches a one-photon
excitation of 560 nm (Horton et al., 2013; Wang and Xu, 2020). 3P microscopy
has been reported for in vivo deep brain imaging at cellular resolution in intact
mouse brains down to 1.3 mm (Horton et al., 2013; Klioutchnikov et al., 2020;
Ouzounov et al., 2017). Recently, advances have been made in using 3P
microscopy for high-resolution deep-brain imaging. Streich et al. have
demonstrated imaging of deep cortical spines down to 1.4 mm, the edge of the
mouse hippocampus (Streich et al., 2021). This was achieved, by implementing
adaptive optics (AO) into the 3P microscopy system. Indeed, adaptive optics
coupled to multiphoton excitation or other imaging techniques can dramatically
increase resolution and imaging performance (Booth, 2014, 2007; Débarre et
al., 2009; Hampson et al., 2021; Ji, 2017; Ji et al., 2012, 2010; Liu et al., 2019;

Marsh et al., 2003; Qin et al., 2020; Sinefeld et al., 2015). For example, spines
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in deep cortical layers of the mouse brain in vivo, originally invisible, could be
resolved using AO (Rodriguez et al., 2021). The working principle of AO is
straightforward. Light properties such as amplitude, phase, and polarisation can
be perturbed when travelling through tissue due to many changes in refractive
indices, and tissue structures. Thus, aberrations occur, and the performance of
the imaging system is degraded because imaging instruments are designed for
specific optical properties and are challenged by complex samples (Booth,
2014; Girkin et al., 2009; Hampson et al., 2021; Ji, 2017). As previously pointed
out, in scanning microscopy the excitation light is subject to aberrations until it
reaches the focal plane, ultimately decreasing resolution and signal-to-
background ratio. Besides sample-induced aberrations, optical systems might
be affected by intrinsic system aberrations, further impairing image quality.
Adaptive optics, using either electro-optical or computational methods, can be
used to compensate for aberrations, by actively manipulating the wavefront,
thus affecting the phase of light (Booth, 2014; Girkin et al., 2009; Hampson et
al., 2021; Ji, 2017). AO is particularly effective in deep-brain imaging, as
focusing light deeper into tissue leads to larger and more complex aberrations
(Booth, 2014; Girkin et al., 2009; Hampson et al., 2021; Ji, 2017). Moreover,
maximizing resolution is more relevant in brain areas such as the hippocampus,
as synapses are more densely packed which introduces the risk of adjacent
spines to be merged together in images (Attardo et al., 2015). Besides adaptive
optics, recent advances in increasing resolution have also been made using
superresolution microscopy. Hippocampal synapses were imaged in vivo over
longer time periods using STED microscopy (Pfeiffer et al., 2018). STED

substantially improved spatial resolution compared to conventional 2P
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microscopy and a two times higher spine density was reported emphasising the
possibility that individual spines appear as merged in 2P images (Pfeiffer et al.,

2018).

2.3.5. Fibre optic imaging and micro-endoscopy

Even though modern technologies including multiphoton or superresolution
fluorescence microscopy and adaptive optics have enabled high resolution
imaging of deep cortical layers and beyond, both technologies represent only
an extension of the depth ranges accessible for optical microscopy. Until today,
in vivo high-resolution imaging of deeper brain structures such as the DG of the
hippocampus or the amygdala could not be demonstrated — structures that play
important roles in many types of behaviours and their synaptic dynamics are
thought to underpin learning and memory (Eichenbaum et al., 1992; Girardeau
et al., 2017; Jarrard, 1993; Maren and Fanselow, 1995; Richardson et al., 2004;
Vazdarjanova and McGaugh, 1999). One promising solution to the accessibility
problem was provided, by introducing endoscopic devices, which can be

inserted into the brain at any depth.

Such devices are typically based on fibre optic fluorescence imaging. Optical
fibores can transmit and collect light; hence they are ideal for fluorescence
imaging as they can deliver excitation light as well as collect the emitted signal.
Light is guided through the fibre by a process named total internal reflection,
resulting from the fact that optical fibres are typically step-index fibres with
differing refractive indices in the fibre core and cladding, respectively (Addanki
et al., 2018). Early ideas for fibre optic in vivo imaging emerged in the 1980s

(Mayevsky and Chance, 1982) and have since been advanced to visualise
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physiological processes in many fields. In neuroscience, fibre optic devices
provide a number of useful applications for in vivo imaging. Since fibres are
flexible, they can be used to image in freely moving animals (Helmchen et al.,
2001). Furthermore, fibre based devices can be implanted within the brain for
longitudinal observations of cellular and subcellular dynamics (Attardo et al.,
2015) and they bear the potential to access deep neuronal processes in a
minimally invasive manner (Turtaev et al., 2018; Vasquez-Lopez et al., 2018).
Different classes of optical fibres have been used in a variety of designs for
fluorescence imaging in the brain. In optical fibres, light is guided in the form of
spatial modes. Single-mode optical fibres (SMFs) guide only a single mode
whereas multimode fibres (MMFs) guide several spatial modes. A third class of
optical fibres, known as gradient refractive index (GRIN) fibres are MMFs with a
gradually declining refractive index in the fibre core. All three classes of fibres
have been implemented for fluorescence endoscopy, serving a variety of
purposes. SMFs can deliver light for optical stimulation, however, since they
can only guide one mode of light, the ability to collect information is fairly low.
Thus, MMFs are generally more suitable for fluorescence imaging since they
can guide more modes and have greater numerical apertures (NA) enabling
higher resolution and the collection of more signal. Often, MMFs are coupled to
SMFs and following implantation into the brain, used for optogenetics to
stimulate specific neurones (Adamantidis et al., 2007; Aravanis et al., 2007;
Deisseroth, 2011; Delaney et al., 1994; Fenno et al., 2011; Zhang et al., 2010).
SMFs and MMFs can also be inserted as fibre bundles and have been used to
image cerebellar neurones in anaesthetised and freely behaving mice (Flusberg

et al., 2008, 2005; Szabo et al., 2014). However, to reach sufficient resolution in
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vivo fibre bundles are commonly combined with micro-objectives (Szabo et al.,
2014), requiring increased diameters of over 500 uym of these optical probes.
This in turn increases invasiveness in in vivo applications. Although low-
diameter fibre bundles exist (Vincent et al., 2006), lateral and axial resolutions

strongly depend on the number of fibres included in the bundle.

Using fibre based endoscopes to study synapses in deep brain structures in
vivo coheres with several important factors. First, the resolution of the set-up
must be high enough to resolve synaptic structures. Second, the optical probe
should be suitable for imaging at any given depth in the brain. And third,
synaptic dynamics of deep brain structures should be studied in the most
physiological way, meaning as minimally invasive as possible which directly
relates to the size of the optical probe. Compared to the complex and limited
design of fibre bundles, micro-endoscopes can be designed involving one
single MMF within optical probes with total diameters between 0.12 - 1 mm
(Flusberg et al., 2005; Jung et al., 2004; Jung and Schnitzer, 2003; Levene et
al., 2003; Turtaev et al., 2018; Vasquez-Lopez et al., 2018). Over the last two
decades, GRIN fibres have been reported as central components of micro-
endoscopes, as they can be cut to specific lengths and used as lenses for
fluorescence imaging. Experimental set-ups including GRIN lenses for deep-
brain imaging typically mirror the layout of conventional one- or multiphoton
laser-scanning microscopes, with the GRIN lens as the optical head of the
system (Jung et al., 2004). One end of the GRIN lens probe is thereby inserted
inside the brain (Levene et al., 2004). GRIN - based micro-endoscopes consist
of doublet or triplet arrangements of different types of optical lenses, at

diameters between 350 — 1000 pm (Jung et al., 2004). For multiphoton
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fluorescence endoscopy, GRIN-lens optical probes comprise an objective lens,
a relay lens, and a coupling lens that translate an image plane from outside the
coupling lens to the focal plane within a sample (Jung and Schnitzer, 2003).
Thus, the GRIN lens refocuses excitation light at a certain distance from the
distal end inside the specimen and fluorescent light is subsequently collected
back through the GRIN lens (Levene et al., 2004). Relay lenses are used to
provide sufficient length of the micro-endoscope for insertion into deep tissue
(Jung et al., 2004). Using GRIN-lens based optical probes for minimally
invasive imaging in vivo has been reported at cellular resolution (Jung et al.,
2004; Levene et al., 2004, 2003) for imaging in deep brain regions down to the
hypothalamus (Betley et al., 2015; Jennings et al., 2015; Resendez et al.,
2016). GRIN lenses have also been used combined with fibre bundles as
epifluorescence microscopes at cellular resolution in freely moving mice
enabling imaging depths down to the hippocampus (Flusberg et al., 2008).
Even though GRIN lenses were successfully used to study neuronal activity
deep within the brain, imaging synaptic dynamics adds another layer of
complexity to the experimental design, as resolutions at the cellular level are
not sufficient to resolve fine synaptic terminals. Indeed, GRIN lenses have been
used for high-resolution imaging in the hippocampus (Barretto et al., 2011) and
to study spine dynamics (Attardo et al., 2015). However, this was only possible
with cortical aspiration meaning the removal of significant amounts of tissue.
One could argue that the study performed by Attardo et al. does not require the
use of GRIN-lens based micro-endoscopes. Importantly, even though similar, or
even higher (Pfeiffer et al., 2018), resolutions were achieved for deep-brain

synaptic imaging with conventional microscope systems and hippocampal
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windows (Gu et al., 2014; Mizrahi et al., 2004), micro-endoscopes including
GRIN-lenses or other types of fibres can be used in freely behaving animals.
This is a crucial point; because to study correlations between synapses and
behaviour, synaptic dynamics must be observed while an animal is performing

behavioural tasks.

Regarding the suitability for GRIN lenses as part of micro-endoscopes to study
synapses in deep brain structures in vivo the axial and lateral resolution is high
enough to identify and track synaptic structures over several days (Attardo et
al., 2015). GRIN-lens based imaging has also been shown combined with other
methodologies such as adaptive optics (Qin et al., 2020) or Bessel-beam
design (Meng et al., 2019), further increasing resolution and imaging volume,
thus allowing long-term tracking of synapses. As for the imaging depth, GRIN
lenses could theoretically be implanted at any given depth in a mouse brain and
are commercially available in lengths of up to several tens of centimetres.
However, current approaches to image synaptic structures at the depth of the
hippocampus require the aspiration of cortical tissue, with or without GRIN-
lenses (Barretto et al., 2011; Gu et al., 2014; Mizrahi et al., 2004; Pfeiffer et al.,

2018).

Why do effects of tissue damage matter? Following the implantation of a micro-
endoscope, side effects such as neuroinflammation, cellular death and
haemorrhage will occur post-operative to varying degrees (Travis et al., 2019).
These processes might further trigger secondary pathways leading to long-term
alterations in tissue. For example, neuroinflammation can induce the onset of a
biological process called cellular senescence, characterised by a permanent

state of cell cycle arrest affecting the function of tissues (Martinez-Cué and
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Rueda, 2020). Neuroinflammation is complex, and it is difficult to evaluate the
effects of cytokines and chemokines on neuronal health and synaptic signalling
(Kokkas, 2010). Inflammation in the brain following tissue damage can involve
extrinsic cells that cross the blood-brain barrier including neutrophils and
macrophages, or CNS resident cells with inflammatory capacity such as

microglia and astrocytes (Cederberg and Siesjo, 2010).

\
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Fig. 5: Multiple effects of immune molecules on synaptic transmission and
plasticity. Cytokines and other molecules influence neurotransmitter release, post-
receptor signal transduction mechanisms and the ability of the synapse to undergo
LTP, during neuroinflammatory processes. LTP induction requires activation of
postNMDARs and several signal transduction systems. Glutamate release through
AMPA and NMDA receptors is influenced by cytokines (IL1-b, TNF-a, IL-18). During
neuroinflammation, reactive oxygen species (ROSs), prostaglandin E2 (PGE2) and
nitric oxide (NO) are overexpressed affecting the induction of LTP. Adapted from Di
Filippo et al., 2008.

72



These cell types secrete cytokines and express inflammatory mediators
including TNF-alpha, interferon-y and IL-6 in response to tissue damage
(Cederberg and Siesjo, 2010). The release of such pro-inflammatory cytokines
has been shown to affect synaptic plasticity and synaptic scaling in multiple
brain areas including the cortex, striatum and hippocampus (Rizzo et al., 2018).
Some cytokines, such as interleukin-13 and others are consequently expressed
in the healthy brain to maintain synaptic plasticity but start to exert noxious
effects on synaptic transmission in pathological situations (Rizzo et al., 2018;
Schneider et al., 1998). Such effects include altered neurotransmitter release
and receptor signalling at synapses which ultimately affect the synapse’ ability

to undergo different forms of plasticity (Di Filippo et al., 2008; Fig. 5).

The hippocampus is particularly prone to the effects of pro-inflammatory
cytokines on plasticity (Costello et al., 2011; Min et al., 2009) and it has been
shown that long-term plasticity is impaired during inflammatory processes (Di
Filippo et al., 2013, 2008). Considering the close relationship between plasticity
and cognitive functions, the effects of CNS inflammatory processes on synaptic
plasticity induced by tissue damage might have significant downstream effects

on cognitive functions such as learning and memory (Di Filippo et al., 2008).

Even though it is difficult to study the direct effects of neuroinflammation on
synaptic plasticity in relation to changes in cognitive abilities, since we are still
struggling to close that gap in physiological conditions, clear evidence for
inflammation induced tissue alterations and synaptic dysfunction is provided.
Thus, tissue damage induced by using larger micro-endoscopes will have

effects on synaptic processes, and over longer time periods as during chronic
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imaging will cause downstream events. Therefore, to study synaptic dynamics
and plasticity in vivo, the most minimally invasive approach should be chosen,
since neuroinflammation and other effects of tissue damage will affect exactly

the synaptic processes under investigation.
Multimode fibre based imaging

The research on the effects of inflammatory processes on synaptic plasticity
has encouraged the development of minimally invasive micro-endoscopes for
high-resolution deep-brain imaging in vivo. Substantial progress has been made
in using single MMFs for fluorescence micro-endoscopy. Compared to GRIN
lenses (350-1000 ym) and fibre bundles, single MMFs can be used with core
diameters of only 50 ym and total diameters of around 100 ym (Turtaev et al.,
2015). Moreover, surgical preparations of GRIN-lens based micro-endoscopes
require the removal of tissue or implantation of larger (600-1000 um) guide
cannulas (Barretto et al., 2011; Bocarsly et al., 2015; Levene et al., 2004). The
insertion of MMF micro-endoscopes however, necessitates only a small
craniotomy and tissue damage is significantly reduced following brain insertion
(Turtaev et al., 2018; Vasquez-Lopez et al., 2018). As light propagates through
MMFs by total internal reflection, unpredictable phase delays and coupling
occur between the modes causing the output intensity profile from a Gaussian
input to have a speckle-like appearance. Wavefront control can be used to fully
describe the light-field propagation through the MMF allowing the transferral of
images across a single MMF (Cizmar and Dholakia, 2011; Di Leonardo and
Bianchi, 2011; Papadopoulos et al., 2012). Wavefront shaping devices such as
spatial light modulators (SLMs) have been used for a number of applications in

neuroscience. For example, using SLMs different patterns of illumination can be
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generated, allowing individual and selective photostimulation of neurones based
on their specific functional properties (Packer et al., 2015, 2013, 2012).
Besides, SLMs can be used to determine and shape the light-field propagation
through MMFs (Vasquez-Lopez et al., 2018). To use MMF micro-endoscopes
for fluorescence imaging with point scanning, the light propagation through the
MMF is characterised in a calibration procedure. In this calibration procedure, a
transmission matrix is acquired describing the complex light-field transformation
between the fibre input and output (Popoff et al., 2010). Then, the SLM is used
to shape the light travelling through the MMF to produce a focus at the fibre
output, that can be scanned across the field-of-view (Turtaev et al., 2015). In
contrast to SMFs, MMFs can guide a considerable number of spatial modes in
a relatively small core diameter. Therefore, MMF-based endoscopes offer
imaging resolutions down to the diffraction limit, which is necessary to observe
synaptic dynamics (Caravaca-Aguirre and Piestun, 2017; Turtaev et al., 2015).
Indeed, MMFs have been recently used for deep-brain in vivo imaging of spines
(Vasquez-Lopez et al., 2018). Despite their small diameter, MMFs can be used

at relatively high NAs, which also improves imaging performance.

Owing to their small size MMFs can be inserted into the brain at any given
depth. Moreover, MMF micro-endoscope technologies feature all requirements
that are needed to combine their experimental set-up with multiphoton
excitation, superresolution microscopy and AO to increase resolution and image
quality. Contrary to GRIN-lens applications, MMF micro-endoscopes provide a
powerful tool for multisite imaging. Since MMFs are thin, multiple endoscopes
could be inserted in different areas of the brain, for instance, studying synaptic

dynamics of connected brain structures that are relevant for certain behaviours.
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With this methodology, the hippocampus and amygdala could be studied
simultaneously, as they have both been shown to be relevant in learning and
memory behaviour. Thus, MMFs serve as ideal candidates for minimally
invasive high-resolution imaging to study synaptic plasticity and dynamics at
any given depths within tissue. In chronic applications, synaptic dynamics could
be observed over longer time periods and, ultimately, in freely moving animals,
due to the flexibility of MMFs. It is therefore desirable to advance current MMF
designs (Turtaev et al., 2018; Vasquez-Lopez et al., 2018) and optimise them

for in vivo deep-brain imaging.

2.4. The hippocampus as model system

2.4.1. Organisation of the hippocampus

A substantial part of this thesis focuses on plasticity processes (Chapters 4 and
5, parts of Chapter 6) and synaptic transmission at Schaffer collateral - CA1
synapses (Chapters 4 and 5) in the hippocampus. The hippocampus plays an
important role in memory, as demonstrated by early studies showing that
damage to the hippocampus produces amnesia (Zola-Morgan et al., 1986).
Subsequent electrophysiological and imaging experiments demonstrated that
hippocampal function is especially relevant for the formation of episodic,
declarative, and spatial memories (Bird and Burgess, 2008; Neves et al., 2012).
Information storage in the hippocampus is thought to depend on activity-
dependent modifications in the efficacy of synaptic transmission, summarized
as synaptic plasticity (Malenka, 1994). The hippocampus consists of three

major subregions: The dentate gyrus (DG), which receives sensory input from
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the entorhinal cortex (EC) via the perforant path, the cornu ammonis regions

(CA1, CA2, CA3) and the subiculum (Neves et al., 2012; Fig. 6).
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Fig. 6: Hippocampal tri-synaptic pathway. Schematic of a coronal hippocampal
section illustrating the simplified information flow within the hippocampus. The
entorhinal cortex (EC) projects to the dentate gyrus (DG) via the perforant path. Axons
from DG neurones project as mossy fibres to CA3 pyramidal cells. Schaffer collaterals
from CA3 neurones connect with the apical dendrites of CA1 pyramidal cells in the
stratum radiatum. Additionally, CA1 and CA3 neurones receive direct inputs from the
EC. Adapted from Neves et al., 2012.

Classically, information flow within the hippocampus is represented as a tri-
synaptic feedforward circuit (in short: EC -> DG-> CA3 -> CA1). Fibres of the
entorhinal cortex innervate DG neurones (granule cells), which in turn project to
the CAS3 region via the mossy fibres. CA3 pyramidal neurones form connections
with CA1 neurones via the Schaffer collaterals and further project to
contralateral CA3 and CA1 pyramidal neurones through comissural connections
(Knierim, 2015; Neves et al., 2012). CA1 cells send output back to the EC but
also to various other brain regions including the prefrontal cortex and amygdala

(Orsini et al.,, 2011; Thierry et al., 2000; van Strien et al., 2009). The basic
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model denoting the hippocampal formation as a tri-synaptic feedforward circuit
does not capture the full connectivity of the hippocampus. Several other
projections are involved in hippocampal function, including direct projections
from the EC to CA3 and CA1 regions (van Strien et al., 2009). Importantly, CA3
axons not only project to CA1 neurones but also to other CA3 neurones, thus
forming a recurrent pathway that has been described as an autoassociative
network (Le Duigou et al., 2014). Within DG, CA1, and CA3 areas, different
layers can be distinguished describing the topology of the projections in more
detail. The EC projections innervate the superficial layer of the DG, which is
called stratum moleculare while neurones of the DG (granule cells) send out
mossy fibres to proximal apical dendrites of CA3 neurones in the stratum
lucidum. CA3 neurones in turn project to the superficial layer of CA1 called
stratum radiatum via the Schaffer collaterals. Additionally, Schaffer collaterals
innervate basal dendrites of CA1 neurones, located in stratum oriens (van
Strien et al.,, 2009). CA2 neurones, receiving inputs from the EC, directly
connect with CA1 neurones in stratum oriens and their activity has been
reported to affect information flow within the hippocampal formation

(Chevaleyre and Siegelbaum, 2010).

In the hippocampus, a wide range of cell types can be found (Zeisel et al.,
2015). Most intensively studied are the tightly arranged glutamatergic pyramidal
neurones within CA1 and CA3 and it has been suggested that pyramidal
neurones themselves display a large heterogeneity (Cembrowski and Spruston,
2019). Other glutamatergic cell types such as mossy cells located in the hilus of
the DG have been described (Scharfman, 2016). Besides such glutamatergic

neurones, the hippocampus hosts a variety of GABAergic cell types including
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amongst others somatostatin- and parvalbumin- expressing interneurones
(Pelkey et al., 2017; Zeisel et al., 2015). In addition, various glia cell types,
including astrocytes and microglia, regulate the neuronal microenvironment and
synaptic transmission within the hippocampus (Hertz et al., 2016; Keyser and

Pellmar, 1994).

The Schaffer collateral - CA1 synapses, formed between CA3 and CA1
pyramidal cells, have been subject of many electrophysiological and imaging
studies, because the highly ordered and isolated nature of the axonal fibre
bundles that project along the stratum radiatum make them particularly
accessible for experimental interventions. Schaffer collateral — CA1 synapses
comprise of en passant boutons, formed as varicosities on Schaffer collaterals.
The physiology of these synapses has been intensely investigated in the
context of long-term plasticity (Bashir and Collingridge, 1994; Karpova et al.,
2006; Lin et al., 2008; Malenka and Nicoll, 1993; O’'Riordan et al., 2018; Zhang
et al., 2008). Moreover, short-term plasticity mechanisms are commonly studied
at the Schaffer collateral - CA1 synapse (Lee et al., 2020; Meighan et al., 2007;
Speed and Dobrunz, 2009), verifying its suitability as model system for this

thesis.

2.4.2. Hippocampal slice preparations

Two types of hippocampal slice preparations are commonly used for
electrophysiology and imaging studies: acute hippocampal slices (Lein et al.,
2011; Shetty et al., 2015) and organotypic hippocampal slice cultures (Bahr,
1995; Gogolla et al., 2006; Humpel, 2015). Besides retaining the hippocampal

circuitry, both exhibit distinct features that must be considered when designing

79



experiments. Organotypic slice cultures show increased spontaneous activity,
due to enhanced connectivity that develops as a result of constraining the
cellular network into a two-dimensional tissue piece. Furthermore, organotypic
slices are prepared from young animals (P7) and subsequently develop in vitro
which results in reorganisations of connections and morphological changes
such as increased dendritic branching (Collin et al., 1997; De Simoni et al.,
2003; Gahwiler et al., 1997). In organotypic slices, dead cells and tissue are
removed after 1-2 weeks in vitro providing excellent optical access, which is the
biggest advantage in using organotypic slice cultures to study synaptic plasticity
(Gahwiler, 1981; Lein et al., 2011). Acute hippocampal slices are prepared from
adult rodents and used on the day of slicing, thus their physiology might be
closer to the actual ’in vivo’ state of the brain at the time of harvest (Lein et al.,
2011). However, imaging quality degrades in acute compared to organotypic
slices, and drug delivery is easier in organotypic slices. Processes such as
structural plasticity should be studied in acute slices, as cell and synapse
morphology are altered in organotypic slices. Acute hippocampal slices can be
prepared from transgenic animals, preserving the genetic modification (Mathis
et al., 2011), but providing better optical access than in vivo settings, an

approach that has been used in this project.
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2.5. Thesis aims

Copious research has been conducted to reveal the mechanisms of synaptic
plasticity and how they relate to memory formation and learning. In vitro as well
as in vivo studies have investigated synaptic plasticity and its regulation on
different timescales, in various brain regions and in the context of varying
behavioural paradigms. The wide range of studies has expanded our
knowledge about functional as well as structural changes at synapses, and
molecular components of these processes have been intensively studied using
different experimental settings such as electrophysiology, imaging,
pharmacological manipulations and behavioural tests. However, a direct link
between synaptic changes and phases of learning or memory is challenging to
establish due to a) the complexity of synaptic plasticity mechanisms and b) a
lack of tools that can be used to observe and manipulate synaptic plasticity in
vivo without affecting basal neurotransmission. In the project presented in this
thesis, | intended to explore important components involved in synaptic
plasticity, whose functional consequences might have been underestimated
previously. Furthermore, | contributed to the development of a minimally
invasive, high resolution imaging method suitable for in vivo deep-brain

imaging. The work presented in this thesis is divided in three parts as followed:

(1) In chapters 4 and 5, | present work on presynaptic transmission and
plasticity, specifically presynaptic NMDA receptors (preNMDARs) at
hippocampal Schaffer collateral terminals. While postsynaptic NMDA receptors
have been intensively studied and assigned an extensive range of functions,

the role of preNMDARs remains largely unexplored. Importantly, the literature
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presents several inconsistencies with regards to preNMDAR signalling and
function. | sought to unravel NMDAR signalling mechanisms at presynaptic
terminals, that might explain controversial results in the field. Therefore, | asked
several questions: Does glutamate release trigger preNMDAR activation and
lead to autocrine feedback signals within presynaptic terminals? If so, how are
Ca?* dynamics in boutons driven by such preNMDAR mediated feedback?
What are the functional consequences of preNMDAR signalling in the context of
short-term plasticity? The goal was to build a framework for presynaptic NMDA

receptor function that is currently lacking.

(2) Chapter 6 concerns the regulation of synaptic plasicity processes by
endogenous factors such as hormones. Specifically, | studied the effects of
oestrogen on structural plasticity, since it has been shown that higher levels of
oestrogen result in increased postsynaptic densities. The influences of
oestrogen on dendritic spines have been associated with differential
performances in learning and memory tasks. Thus, studying oestrogen
signalling in the context of plasticity is of relevance to understand modulations
of cognitive functions. | therefore asked: Does oestrogen promote spine density
in acute settings? Are there any differences concerning the effects of oestrogen
with regards to different brain areas? | have also explored potential functions of

oestrogen-mediated effects on spine plasticity in the context of network activity.

(3) Finally, in chapters 7 and 8 | sought to improve a multimode fibore (MMF) -
based imaging device for minimally invasive deep-brain imaging of synapses,
previously developed by the Emptage lab (Vasquez-Lopez et al., 2018). Several
technical advances could be implemented into the system to enhance imaging

quality and applicability for in vivo imaging. MMF-based imaging devices require
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a calibration procedure prior to imaging, to characterise the light propagation
and create a focus that can be scanned across a fluorescent sample. Because
of the sensitivity of this calibration procedure, repeated high-resolution imaging
through MMFs is currently impossible. Therefore, firstly, | explored potential
effects of refractive index mismatches between the medium the calibration was
performed in and the subsequent imaging medium. Secondly, | investigated
potential advantages of the implementation of multiphoton imaging into the
MMF system. Thirdly, | proposed a solution to overcome the challenges of
repeated imaging, and aim for it to allow repeated high-resolution fluorescence
imaging through a MMF. | would like to mention that even though myself
collected all presented data in these Chapters, Dr. Raphaél Turcotte has
accompanied all projects as engineer and contributed to the programming and
installation of the technological advances. Details about contributions can be

found at the end of this thesis.

The overall goal of this work was to expand our knowledge of synaptic function,
how it relates to neuronal networks and ultimately learning and memory, and
how to effectively study such relationships with suitable imaging techniques.
Notably, the interest of understanding synaptic function, underpinning learning
and memory processes, goes beyond basic physiology, since impaired synaptic
plasticity and synapse loss have been documented in the context of a variety of
neurodegenerative diseases associated with memory loss and cognitive

impairments.
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Some results from this project have been published or are currently under

review, as indicated in the following list:

Schmidt, CC., Turcotte, R., Booth, MJ., Emptage, NJ. Repeated imaging
through a multimode optical fiber using adaptive optics. Biomedical Optics
Express 13 (2) 662-675. (2022)

Schmidt, CC., Tong, R., Emptage, NJ. Homeostatic regulation of presynaptic
NMDA receptor subunit composition modulates action potential driven Ca*
influx into boutons setting the bandwidth for information transfer. biorxiv,
doi:10.1101/2021.09.19.460978. (2021) currently under review.

Turcotte, R., Schmidt, CC., Booth, MJ., Emptage, NJ. Volumetric two-photon
fluorescence imaging of live neurons using a multimode optical fiber. Optics
Letters 45 (24) 6599-6602. (2020)

Turcotte, R., Schmidt, CC., Emptage, NJ., Booth, MJ. Focusing light in

biological tissue through a multimode optical fiber: refractive index matching.
Optics Letters 44 (10) 2386-2389. (2019)
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3. Materials and Methods

3.1. Preparation of hippocampal slices

3.1.1. Preparation of acute hippocampal slices

Acute hippocampal slices were prepared from 8-12 week-old Thy1-EGFP
transgenic mice or P14-21 Wistar rats (Harlan UK). Animals were sacrificed by
cervical dislocation and decapitation, subsequently the brain was extracted and
covered in ice-cold dissection media (in mM: 65 sucrose, 85 NaCl, 2.5 KCI, 25
NaHCOs;, 1.25 NaH;PO4, 10 D-glucose, 7 MgCl,, and 0.2 CaCl;) which was
bubbled with 95% O, and 5% CO,; for 30 minutes prior to dissection.
Afterwards, the brain was transferred to a petri dish constantly submerged in
ice-cold solution and the cerebellum was detached with a razor blade. Then, the
brain was glued onto the vibratome plate next to a 4% agar square, to stabilize
it during the cutting procedure. Using a Leica VT1000 S Vibrating blade
Microtome, 350 ym coronal slices were cut and hemispheres were separated.
Subsequently, slices were transferred to a recovery chamber containing
standard artificial cerebral spinal fluid (aCSF; in mM: 120 NaCl, 2.5 KCI, 26
NaHCOs;, 1.2 NaH,PO4, 11 glucose, 1MgCl,, and 2 CaCly) constantly bubbled
with 95% O, and 5% CO,. Slices were then placed in a water heating bath (37
°C) for 10 min to flatten the slice surface before keeping them at room
temperature for 1.5 hours prior to experiments. To ensure slice health, slices

were maintained at room temperature for no more than 5 hours.

3.1.2. Preparation of organotypic hippocampal slices

Transverse 350 ym organotypic hippocampal slices were prepared from male
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P6-P8 Wistar rats (Harlan UK, Nihon SLC) using a Mcllwain tissue chopper
(Mickle Laboratory Engineering Co. Ltd. and Cavey Laboratory Engineering Co.
Ltd.), as previously described (Emptage et al., 2003; Stoppini et al., 1991). In
brief, rats were sacrificed by cervical dislocation and decapitation. Dissected
brains were then incubated in ice-cold Earle’s Balanced Salt solution (EBSS)-
based dissection buffer with additional 21 mM Hepes and 27.8 mM D-glucose
(pH-corrected with 5 mM NaOH). After dissection, slices were cultured on
Millicell CM membranes (0.4 um pore size, Merk Millipore) and maintained in
culture media at 37°C and 5% CO, for 7-14 days prior to use. Culture media
comprised of 78.8% Minimum Essential Media, GlutaMAX (Gibco), 20% heat-
inactivated horse serum, 30 mM HEPES, 26 mM D-glucose, 5.8 mM NaHCOs,
1 mM CaClz, 2 mM MgSO,4 and 1% B-27 Plus Supplement (Gibco). The media
was replaced every 2-3 days to ensure optimal and constant conditions for the

slices.

3.1.3. Preparation of fixed brain slices

At the end of experiments, Thy1-EGFP transgenic mice were overdosed with
sodium pentobarbital (240 mg/kg). Subsequently, transcardial perfusion with
phosphate buffered saline (PBS) then 4% paraformaldehyde was performed to
fix brains. Afterwards, fixed brains were extracted and kept in PBS for 1-2
weeks. Fixed brains were sectioned into 60 um thick slices with a Vibratome
designated for fixed tissue. Slices were then mounted on a coverglass and
covered with a coverslip prior to imaging. Images of fixed slices were obtained

with an Olympus BX40 microscope.
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3.2. Electrophysiology

3.2.1. Electrophysiological recordings in organotypic slices

Cultured slices on their supporting membranes were transferred to a recording
chamber and fixed with vacuum grease (glisseal® HV, Borer). During the
experiments slices were constantly perfused with oxygenated (95% O» and 5%
CO,) artificial cerebrospinal fluid (aCSF; composition in mM: 145 NaCl, 2.5 KCl,
1 MgCl,, 3 CaCly, 1.2 NaH,PO4, 16 NaH,COs;, 11 glucose) heated to near-
physiological temperature (33-35°C) using a custom made heater. Ascorbic acid
(0.2 mM) and Trolox (1 mM, Sigma Aldrich) were further added to minimize
photodynamic damage. The aCSF also contained 200 nM NBQX (Abcam) to

avoid unwanted spiking in the network.

Electrophysiological data was recorded in whole-cell patch clamp mode with
WinWCP (Strathclyde Electrophysiology Software). Patch pipettes (3-5 MQ)
were prepared with a horizontal micropipette puller (Sutter Instrument Co.) and
filled with standard internal solution (in mM: 135 K-Gluconate, 10 KCI, 10 mM
HEPES, 1-2 MgClz, 2 mM Na,ATP, and 0.4 Nas;GTP, pH 7.2-7.4). Data was
collected with an an Axoclamp 2B amplifier and WinWCP software (Strathclyde
Electrophysiology Software). To adjust the resting membrane potential to -70
mV, current was injected and cells were clamped at -70 mV in voltage clamp
experiments. To monitor the quality of the patch, access conductance and
membrane capacitance were regularly checked throughout experiments.
Generally, a minimum access conductance of Ga = 25 nS was required for all

experiments.
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In organotypic slices, neurones were stimulated using a monopolar tungsten

electrode encased in a glass pipette filled with NaCl solution.

3.2.2. Electrophysiological recordings in acute slices

Acute slices were transferred to the recording chamber and fixed with a “harp”
(Warner Instruments), constantly perfused with heated and bubbled aCSF (95%
O, and 5% CO;) and 100 pM picrotoxin (Sigma Aldrich) to block inhibitory
synaptic transmission. CA1 neurones in deeper cell layers were chosen for
recordings, to ensure cell health throughout experiments. In acute slices,
neurones were stimulated using a monopolar tungsten electrode placed directly

into the tissue.

3.2.3. Action potential burst stimulation

CA1 neurones were patched with low-resistance patch-pipettes (3-5 MQ) and
clamped at -70 mV for voltage clamp experiments. For all experiments, 1 mM
MK-801 was added to the internal solution within patch-pipettes, to inhibit
postsynaptic NMDARs. For extracellular stimulation of CA1 neurones, the
electrode was placed into the stratum radiatum, targeting Schaffer collaterals of
CA3 neurones. At the beginning of each experiment, blockade of postsynaptic
NMDARs was initiated by stimulating neurones at low frequency (0.06 Hz) for 8-
10 min. This also allowed stabilization of cellular responses. CA1 neurones
were then stimulated with 5-10 APs at 50 or 200 Hz to elicit short-term
facilitation. In experiments for Chapter 5, 50 Hz stimulation was followed by a
single pulse given 100 ms from the end of burst. For each experiment,
stimulation was repeated 5-10 times at 0.06 Hz. To block NMDARs, 50 uM AP5

and Ro - 25 6981 (1 uM) were washed in after recording the control dataset to
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block preNMDAR receptors. Alternatively, aCSF was washed in during vehicle

experiments.
3.2.4. Analysis of the EPSC and short-term plasticity

Electrophysiological traces were analysed in Clampfit (Version 10.6.2.2,
Molecular Devices). The slope of the EPSC was analysed, due to polysynaptic
connections in organotypic slices, but when EPSC amplitude was used instead
no qualitative differences in experimental outcomes could be detected. The

slope was calculated for a time window of 2-3 ms.

The slope of the EPSC to each stimulation pulse was used to analyse the
course of short-term plasticity during burst stimulation. Since burst stimulation
caused strong after-hyperpolarisation, the baseline was manually adjusted.
EPSC slope was normalised to the first pulse within each experiment. 5-10
traces were collected per experiment, and EPSC slopes of all pulses were

normalised to pulse 1 for each trace before averaging.
3.3. Fluorescence confocal imaging

For Ca*" imaging superficial CA3 pyramidal cells were patched with patch
electrodes (3-5 MQ) containing the Ca®'- sensitive dye Oregon Green 488
BAPTA-1 (OGB-1; 1 mM) for 2-5 minutes. Afterwards, the patch electrode was
slowly withdrawn to allow the cell membrane to re-seal. For optimal
visualisation of the axons, the dye was allowed to diffuse for around 20-30
minutes. After successful identification of the axon and superficial boutons
following specific criteria (Emptage et al., 2001), cells were re-patched for

experiments. Only superficial boutons were selected to maximise optical
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access. Electrodes for re-patching contained low OGB-1 concentration (0.05
mM) diluted in internal, to avoid cell damage caused by too intense changes in
the concentration gradient. Cells were imaged with a LEICA DMLFSA
microscope combined with a LEICA TCS SP2 confocal scan head and a 63x
water-immersion objective (NA = 0.9, HCX APO L 63x/0.9W U-V-I, Leica) using

the Leica Confocal Software (Version 2.61).

3.3.1. Presynaptic action potential-evoked Ca** transients and glutamate

uncaging

Following re-patching, line scans through superficial boutons were performed
and synchronised to intrasomatically stimulated APs triggered by injecting
current (0.5-2.5 mA) with a stimulus duration of 10 ms to elicit presynaptic
action potential-evoked Ca?* transients (APCaTs). At least 10 line scans
through the presynaptic terminal evoked at 20 s intervals were sampled for

every condition.

After identification of superficial boutons, a glass pipette (3-5 MQ) filled with 4-
methoxy-7-nitroindolinyl-caged-I-glutamate (MNI-glutamate; 10 mM) diluted in
Tyrodes (composition in mM: 120 NaCl, 2.5 KCI, 20 HEPES, 30 Glucose, 2
CaClz, 1 MgCl,) was connected to a picospritzer and placed above the surface
of the slice, close to the bouton to ensure focal delivery of the MNI-glutamate.
For spot photolysis a 405 nm UV-laser was focused to a small spot and the
location of the spot was marked on the computer screen. A movable stage was
used to place the bouton exactly under the photolysis spot. A fast external
shutter and a custom-built shutter control box enabled temporal control of the

photolysis. Laser intensity was adjusted in the beginning to generate a visible
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Ca?* response in nearby dendritic spines to elicit Ca®* transients in spines of
0.5-1 AF/F. Laser exposure was limited to a minimum (2 ms) and the UV-pulse
was delivered 0.5 ms after the triggered action potential for each experiment to
mimic physiological conditions. The timing was controlled and edited using TTL

pulses programmed in a WinWCP (University of Strathclyde) stimulus protocol.

Experiments were excluded from analysis if the bouton lost responsiveness,
showed signs of photodynamic damage including swelling or increased basal

Ca?* signal, or if the picospritzer was blocked after the experiment.

Ca** transients in boutons were analysed with ImageJ and Microsoft Excel and
expressed as the fractional change in fluorescence (AF/F). To calculate the

values, | used the following formula:

AF/F = (Ftotal F over ROI — I:background) / (Fbaseline = Fbackground)

Peak APCaTs were then determined by taking the maximum value of signal in a
20 ms time window following the onset of the AP. For final analysis, peak

APCaTs were averaged across 10-20 trials.
3.3.2. Induction of structural plasticity

Structural plasticity (sLTP) of spines was induced by local glutamate uncaging
following available protocols (Harvey and Svoboda, 2007; Hedrick et al., 2016).
MNI-glutamate was delivered and uncaged with a train of 4—6 ms, pulses (30
times at 0.5 Hz) near a spine of interest. Only small dendritic spines (< 1 um)
well separated from the dendritic branch and neighbouring spines were
selected for experiments. All experiments were performed in Mg2+ free aCSF.

Subthreshold stimuli (sub) were delivered similarly but using a train of 1 ms
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pulses (30 times at 0.5 Hz). A maximum of 1-2 spines were stimulated per cell.

Up to three cells from the same slice were used for sLTP and sub experiments.

Images of the dendrite containing the target and neighbouring spines were
acquired with 512 x 512 resolution as a z-stack with a step size of 0.5 ym.
Images were taken at -3, -2 and -1 to generate a baseline, and then at 0, 1, 5,

10, 15, 20, 25 and 30 minutes post glutamate uncaging protocol.

3.3.3. Analysis of spine morphology

Spine size was analysed in Imaged and estimated as the background-
subtracted integrated fluorescence intensity over an elliptic region of interest
(ROI) around the dendritic spine. Fractional changes in fluorescence of the
spine head were used to estimate fractional changes in spine size and
calculated as % increase = 100 X (F-Fpackground)/(Finitiai-Fbackground)- 1N graphs,
changes in spine size were expressed as fractional changes with respect to the
average size prior to experiments. For sSLTP experiments, spine size changes at
the end of the experiment were defined as the average change observed at 30

min.

For acute oestrogen incubation experiments, fractional changes in spine size
displayed as A(%intensity) from the beginning to the end (post 30 minutes) of
experiments were normalised by subtracting A(%intensity) of vehicle

experiments without drug incubation expressed as A(A%intensity).

To evaluate whether the above analysis method is valid and qualitative results
can be reproduced when choosing a different analysis method, for some

experiments, the FWHM was calculated instead. For this purpose, line profiles
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through spine heads were manually selected. Subsequently, line profiles were
analysed and the FWHM calculated using a custom MATLAB script. This

analysis yielded similar results to the above.
3.4. Pharmacology
3.4.1. lon channel and receptor pharmacology

NMDARs were blocked by bath application of 50 yM D-AP5 (Abcam). Pre- or
postsynaptic NMDARs were selectively blocked by including 1 mM MK-801

(Abcam) into the internal solution.

NMDAR subunits were blocked with bath application of specific subunit
inhibitors and drug concentrations were maintained throughout imaging
experiments. The GIuN2B subunit was selectively blocked with 1 yM Ro - 25
6981. 100 nM PEAQX (Tocris) and 50 uM DQP 1105 (Tocris) were used to
block the GIuN2A and GIuN2C/D subunits, respectively. During
electrophysiology experiments, slices were perfused with Ro — 256981 (1 uM)

for at least 10 minutes to ensure reliable block of GIuN2B.

For SK-channel inhibition, slices were preincubated in 1 yM apamin (Sigma
Aldrich) for 30 minutes, which was maintained throughout the experiment. To
prevent Ca®" release from intracellular stores, 15 uM CPA and 20 uM ryanodine

(Sigma Aldrich) were included in the aCSF during experiments.
3.4.2. Induction of homeostatic plasticity

To induce homeostatic plasticity in organotypic slices for Chapter 5, global

network activity was manipulated for 48 — 72 hours. Activity was increased with
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1 UM gabazine (Tocris) and decreased with 10 yM NBQX (Tocris) and 50 uyM
AP5 (Abcam). Slices were incubated by directly adding drugs to the culture

medium.

To decrease activity in acute slices as presented in Chapter 6, slices were
incubated for >2 h in NBQX (10 pM) and AP5 (50 uM). Recordings were

performed in aCSF containing the same drug concentrations.

3.4.3. Application of oestrogen

17B-estradiol (E2, Sigma Aldrich) was used to stimulate oestrogen signalling in
acute slices. 100 nM E2 was bath-applied to acute slices for 30 minutes after
control images were recorded. Vehicle experiments were performed, where

only aCSF was perfused for 30 minutes.

For experiments where structural plasticity was induced by glutamate uncaging,

slices were pre-incubated with 100 nM E2 for 30 minutes.

3.5. Thy1-EGFP transgenic mice

Transgenic Thy1-GFP-M mice (THYE colony, line 007788, Jackson
Laboratories) expressing EGFP under the Thy1 promoter were used in this
thesis for fibre imaging and oestrogen experiments. EGFP was expressed in a
subset of neurones resulting in bright labelling of neurones and neuronal

processes including dendritic spines.

3.6. Preparation of fluorescence beads samples

Beads samples were prepared using standard microscopy glass slides. Small

amounts of Poly-D-Lysine were applied to the glass side and subsequently
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covered with diluted fluorescent beads. Three different kinds of beads were
used including 1.0 or 2.0 um yellow-green fluorescent beads (FluoSpheres™
Carboxylate-Modified Microspheres, 1.0 um or 2.0 uym, yellow-green fluorescent
(505/515)) and 2.0 um red fluorescent beads (FluoSpheres™ Carboxylate-
Modified Microspheres, 2.0 pm, red fluorescent (580/605)). For some
experiments in Chapter 8, fluorescent beads (FluoSpheres™ Carboxylate-
Modified Microspheres, 2.0 um, yellow-green fluorescent (505/515) were
immersed in agar, simulating the properties of fluorescently tagged neurones in
mouse brains. The agar dilution was 0.5% to roughly match the mechanical
properties of brain tissue. Agar pieces of 1.5 x 1.5 cm were glued onto
microscope glass slides and covered with the top part of a small petri dish,

serving as an ‘artificial skull’.

3.7. Multimode fibre imaging: Experimental system

The experimental system comprised four different units: a source unit, an
imaging unit, a calibration unit and a sample unit (Vasquez-Lopez et al., 2018).
A source unit distributes monochromatic, linearly polarised light beam (A = 488
nm, CrystalLaser, DL488-020-S) which is split and coupled into two separate
optical fibres: a polarisation maintaining single-mode fibre (PM-SMF, Thorlabs,
P1-488PM-FC-2) and a custom SMF (C-SMF, Thorlabs, P1-405B-FC-5),
cleaved with a 10° angle for power stability. The SMFs distribute light to the

imaging unit (PM-SMF) and to the calibration unit (C-SMF).

Within the imaging unit, an achromatic doublet lens (f = 60 mm) is used to
collimate the light exiting the PM-SMF and its polarisation aligns with the

working polarisation of the LC-SLM (Meadowlark Optics, HSPDM512, 512 x
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512 pixels). The LC-SLM is used to modulate the phase of light in an off-axis
regime and to Fourier transform it with a plano-convex (f = 100 mm) lens onto
an iris that only transmits the first diffraction order. In the following, light is
reflected by a dichroic mirror (Thorlabs, MD498) and circularly polarised by a
quarter-wave plate to assure minimum coupling between polarisation states.
The transmitted signal in the form of circularly polarised light then propagates
through a telescope consisting of plano-convex (f = 50 mm) and aspheric (f = 8
mm) lenses coupling the light into a multimode fibre (MMF; standard fibre used:

Thorlabs, FGO50UGA, NA = 0.22).

For calibration procedures, the light exiting the MMF is coupled into the
calibration unit and relayed by a microscope objective lens (Olympus 20x,
RMS20X, NA = 0.4) and an achromatic doublet (f = 150 mm) onto a CCD
camera (Basler pilot, piA640-210gm). Using a quarter-wave plate, the signal is
converted back into the linear polarisation state between the lenses. A
reference beam delivered by the C-SMF is then merged with the MMF output
signal using a 50:50 non-polarising beam-splitter. In order to align the wavefront
shaping module with the calibration unit, the distal facet of the MMF was
imaged on the calibration camera. Subsequently, coupling of light into the MMF
was optimised by axial and lateral translation of the lens located immediate

before.

The sample unit contained a three-dimensional micro-positioning stage to
navigate the MMF-implant towards biological or other fluorescent beads
samples. Samples positioned below the MMF included living transgenic Thy1-

EGFP mice, organotypic hippocampal slices and fluorescent beads.
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3.8. Calibration procedure and Transmission matrix generation

Prior to imaging, a calibration procedure is used to describe the light
propagation through the MMF by generating a transmission matrix (TM).
Generally, the TM represents a linear relation between bases of input and ouput
modes (Popoff et al., 2010). For this experimental set-up, the input modes are
diffraction-limited focal points defined across an orthogonal grid (50x50) at the
input facet of the MMF and the output modes are analogously defined as
120%120 across the plane of the MMF output facet or any other plane away
from the fibre facet. In this thesis, calibrations were performed between 40-50
pm away from the fibre facet. Using the LC-SLM, input modes are sequentially
generated, travelling through the MMF and exiting as a linear combination of
output modes, subsequently interfering with the reference signal at the CCD
camera. For different phase steps of each input mode an image is recorded
(phase stepping), respectively, and the output modes are then analysed by
fitting the phase dependency to find the input phase maximising each output
mode by a corresponding number (120x120) of CCD camera pixels, thus
resulting in one vector of the TM matrix. Finally, the TM can be used to design
specific input fields and the corresponding LC-SLM modulation to generate
invidual output modes represented as diffraction-limited foci at the MMF output

plane.

The implementation of a GPU-accelerated toolbox for LC-SLM control allowed
the acquisition of the full TM of a MMF in less than 10 minutes. Calibration time
depended on the diameter and NA of the MMF, thus, the number of modes that
had to be characterised. For a 50-uym-core MMF the TM could be generated in

less than four minutes.
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Calibrations in experiments where biological tissue was imaged were performed
in different media. For imaging of organotypic slices, calibrations were
performed in Tyrode’s solution. For in vivo imaging, calibrations were performed

in a 22% glucose solution.

3.9. Multimode fibre implants

In this thesis, three different types of MMFs were used. For most experiments,
50 um-core fibres were used (Thorlabs, FG105UCA, cladding 75 pm, NA =
0.22). MMF implants consisted of fibres cut to a length of 2.0 cm and glued into
a ferrule (Thorlabs, CF128-10). For some experiments, high-NA fibres were
used, custom designed with a 170 uym glass/polyimide coating to generate rigid
fibres that are less sensitive to fibre bending. Either 60 ym-core MMFs (doric
lenses, MFC-ZF2.5, cladding 67 um, NA = 0.37, length 1.5 cm) or 44 ym-core
fibres (doric lenses, MFC-ZF1.25, cladding 50 ym, NA = 0.66, length, 2 cm)

were used.

3.10. Multimode fibre imaging

Immediately after the calibration, imaging can be performed as MMF-based
point-scanning fluorescence micro-endoscopy. The region of interest within a
fluorescent sample is positioned on a three-dimensional micro-positioning stage
below the MMF. The LC-SLM produces a linear superposition of input modes
(50x50, modulated wave front of the light field) along the proximal fibre facet,
which constructively interferes to generate a single, diffraction limited focal light-
point at the MMF output plane. Diffraction limited focal light-points can then be
digitally raster-scanned across the fluorescent sample. Notably, points can be

scanned as a set of 120x120 points to generate full images, or arbitrary access
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points can be chosen to only scan a portion of the field-of-view. The maximum
LC-SLM refresh rate determines imaging speed and was 204 Hz in this set-up.
While scanning, the emitted light is collected and passed back through the fibre
and registered by a photo multiplier tube (PMT, Thorlabs, PMMO02). The
intensity of each raster scan position constitutes the pixel value in the final
acquired image. The above numbers correspond to MMF with an NA of 0.22
(Thorlabs, FG105UCA). MMF having an increased NA (doric lenses, MFC-
ZF2.5, 60 uym core, NA = 0.37 and MFC-ZF1.25, 44 ym core, NA = 0.66)
required the adjustment of input modes. A total of 69%x69 input modes were

used for these fibres.

3.10.1. Imaging of fluorescent beads

Following the calibration procedure beads samples were mounted on a multi-
axis stage below the MMF. Glass slides covered with diluted beads (1 pm) were
attached to the stage with double-sided tape and then positioned approximately
100 um below the tip of the MMF. While imaging, the sample was translated

towards the MMF tip, until beads were in focus, evaluated by maximum signal.

For experiments in Chapter 8, an image was acquired at this plane, serving as
‘Original’. Subsequently, the beads sample was moved downwards, giving
enough space to manually remove the MMF implant. The MMF implant was
fully removed from the optical system and rotated and flipped several times
(Step 1). Then, the MMF implant was reinserted into the system via attaching
the magnets on the implant to the magnets within the optical system (Step 2).
Afterwards, the beads sample on the stage was moved up to the same plane

that was used to capture the ‘Original’ image. Fine axial positioning in
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increments of 2 um was performed, to determine the image plane that gives the
highest signal. An image was taken at this plane, named ‘Reinsertion 1’ (Step
3). Sensorless optimisation was performed choosing ROls in the centre of
multiple beads. The image acquired was titled ‘Optimisation 1’ (Step 4). Steps
1-4 were repeated three times. For experiments in Fig. 48, a small hole (2 x 2
mm) was drilled into the petri dish covering the agar with immersed beads (2
pm). Subsequently, the sample was transferred to the multi-axis stage and
moved upwards until the full length of the fibre was inserted into the agar. While
imaging, one fluorescent bead was positioned into focus and an image was
acquired (‘Original’, Pre attachment). Then, the MMF implant was attached to
the sample. First, super glue was used to attach the headplate to the petri dish.
Next, dental cement was carefully applied to firmly fix the MMF implant onto the
petri dish. Once the dental cement was dry, an image was taken to assess any
shifts occurring during the attachment process (Post attachment). If the
attachment was successful, the full construct of sample + MMF implant was
removed from the optical system. Then, sample + attached MMF implant were
reinserted and an image was taken (‘Reinsertion’). Sensorless optimisation was
performed choosing an ROI in the centre of the bead that was originally

positioned in focus.

3.10.2. Imaging of organotypic hippocampal slices

Prior to imaging, brain slices were transferred to a recording chamber and
individual hippocampal neurones in the CA1 or CA3 region were loaded with
Alexa 488 (Thermo Fisher Scientific, 2 mM) or Alexa 594 (Thermo Fisher,
Scientific, 2 mM) for 1 minute using whole cell patch-clamp technique. Slices

were then transferred on a glass slide covered in Tyrode’'s solution, and
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positioned in the MMF system, onto the multi-axis stage. Imaging was
performed in physiological Tyrode’s solution to maintain slice health throughout
the experiment. The hippocampal slice was positioned below the MMF, with the
fibre tip directly above the CA3 region containing the neurones that have been
filled with fluorescent dye. While imaging, cell soma, neuronal processes such

as thin dendrites and synapses as dendritic spines were identified.

3.10.3. In vivo imaging

All experiments were approved by the local ethical review committee at the
University of Oxford and licensed by the UK Home Office. Transgenic Thy1-
GFP-M mice (line 007788, Jackson Laboratories) were used for MMF-based in
vivo imaging. Animals aged 8-12 weeks were premedicated with intraperitoneal
injections of dexamethasone (Dexadreson, 4 ug), atropine (Atrocare, 1 ug) and
carprofen (Rimadyl, 0.15 pg). General anaesthesia was induced by an
intraperitoneal injection of ketamine (Vetalar, 100 mg/kg) and medetomidine
(Domitor, 0.14 mg/kg). Mice were then placed in a custom-designed holder.
Depth of anaesthesia was monitored by pinching the tail and rear foot and by
observation of the respiratory pattern. Body temperature was closely monitored
throughout the procedure and kept constant at 37°C by the use of a heating
mat. Both eyes were covered with eye ointment (Maxitrol, Alcon). After
assessing anaesthesia depth, the skin over the craniotomy site was shaved and
an incision was made to expose the skull. Subsequently, a hole of 1 mm
diameter was drilled (Foredom K.1070, Blackstone Industries, CT, USA).
Generally, craniotomies were centred at 1.95 mm posterior and 1.6 mm lateral
to bregma, to target the hippocampus according to the Allen Mouse Brain Atlas

(https://mouse.brain-map.org/static/atlas).
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The custom-made mouse holder could directly be transferred to the MMF
system with the mouse’ head securely fixed. Subsequently, the MMF was
gradually lowered several mm into the brain tissue, targeting cortical or
subcortical brain structures. The MMF was lowered in 10-20 uym steps until
fluorescence from neuronal processes could be detected. Then, the structure of
interest was approached in 2 ym steps until maximum signal was detected and
the structure was in focus. For experiments in Fig. 35, the above process was
reversed and instead of lowering the MMF into tissue, the mouse was moved

towards the MMF.

3.11. lllumination characterisation

Analysis of illumination foci was performed in ImagedJ and Excel. Generally,
images (120x120 pixels) of the illumination foci were recorded with the distal
CCD camera at the axial position at which the calibration was performed.
lllumination foci were centred and a 15x15 pixel square region of interest (ROI)
was selected and peak intensity was measured. Lateral width was measured by
cropping line profiles through the peak of the illumination focus and analysed by

a custom MATLAB script (by Raphaél Turcotte) using Gaussian fitting.

For index matching experiments in Chapter 7, the illumination focus was
captured with four different illumination powers (optical densities from 0 to 3) to
reconstruct high dynamic range images. Three metrics were used to
characterise focus quality: the peak intensity, the intensity enhancement factor
(IEF), and the lateral full width at half-maximum (FWHM). The IEF was defined
as the peak intensity divided by the average intensity from all pixels within the

central 50 ym diameter of the field imaged by the fibre.
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For experiments in Chapter 8, to evaluate different quality metrics, a focus was
formed with varying amount of tip, tilt or defocus coefficient without
displacement of the implant. Images were captured at 49 lateral positions
arranged as a uniformly spaced grid (7x7) for each coefficient and mode. For
assessing the performance of sensorless AO during sequential
removals/reinsertions, the optimisation was performed at location [45,60] and
illumination images were acquired and analysed when focusing at 49 lateral
positions arranged as a uniformly spaced grid (7x7). To analyse the spatial
variance in AO improvements across the field-of-view (FoV), the optimisation
was performed at pixel [45,60]. lllumination images were then acquired and
analysed for the 10 locations of the 7x7 grid described above located in the
fourth octant. To analyse the spatial dependence of AO, sensorless
optimisation was performed at pixels [x,x], with x = {5 to 60 in increment of 5}.
lllumination images were then acquired and analysed when focusing at pixels

{[45,60], [60,45], [75,60], [60,75]}.

3.12. Multimode fibre: image analysis

Analysis of fluorescent images was performed in Imaged and Excel. Peak
intensity and lateral width analysis for fluorescent beads images were similar to
analysis of illumination foci (see 3.11.). For beads, the peak intensity was set as
the maximum value of the line profile drawn through the centre of the bead. The
lateral width was evaluated as the FWHM of the profile and calculated using a
MATLAB script. The profile was first linearly rescaled by a factor of 11 before
removing the background and normalising it. Then, linear interpolation between

the 2 points closest to 0.5 was performed on each side of the peak to find the
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0.5-value positions. The difference between the 2 positions was the FWHM

value.

The signal-to-background ratio was calculated as the peak signal in the image
divided by a background. The background was obtained by selecting a 20x20
pixels region where no structures were visible and measuring the average

value. Fourier transform images were generated using ImageJ.

3.13. Headplate and implant design for repeated multimode fibre imaging

Two different types of MMF were used: Low-NA MMF (Thorlabs, FGO50UGA,
core diameter 50 um, NA 0.22, length 2 cm) glued inside a ferrule (Thorlabs,
CF128-10) and high-NA MMF (Doric lenses, custom MFC-ZF2.5, core diameter
60 um, NA = 0.37, length 1.5 cm) within a 170 ym glass/polyimide rigid coating
and glued into a ferrule. Ferrules were glued into the custom head plate (Fig. 7)
and this assembly positioned into the imaging system using magnets. Four
magnets were attached to the headplate and within the system, respectively
(First4dMagnets, F321-N35-50, 2 mm diameter and 1 mm height, N35
Neodymium). The custom head plates were designed using AutoCAD software
and 3D printed. They were made of MJF Nylon 12, a biocompatible material.

The weight of the headplate with a MMF and magnets was of 3.5 g.

3.14. Sensorless adaptive optics optimisation

For sensorless adaptive optics, the distal intensity distribution was imaged with
a camera and several metrics can be evaluated including signal intensity,
background intensity and background autocorrelation. Fig. S8, Appendix shows

how the metrics changed when tilt was incrementally changed while focusing at
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different distal locations immediately after evaluating the TM (similar results

were obtained for tip and defocus).

Fig. 7: 3D AutoCAD drawing of the headplate used for repeated MMF imaging.

The optimal tilt coefficient, here zero as there were no perturbations, could be
correctly evaluated with all metrics. Critically, the SLM was sufficiently sensitive
to impart wavefront modulations allowing for gradual changes in the metrics.
The background intensity was minimal at the optimal tilt value, consistent with
the fact that most of the intensity should reside in the focus when focusing
optimal; however, the relative amplitude change was very limited (Fig. S8,
Appendix). The background autocorrelation had a larger modulation but using
this metric would not be compatible with endoscopic imaging without distal
access (Fig. S8, Appendix). The peak signal intensity was maximal at the
optimal tilt value, had the largest modulation and a minimal variance was
observed across the different spatial locations (Fig. S8), thus the peak intensity

appears to be the optimal metric for sensorless AO through a MMF.

Sensorless AO optimisation was performed using 1) images of the illumination

as captured by the CCD camera in the distal plane, or 2) the fluorescence
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signal detected by the proximal PMT. For both, illumination and fluorescence
data, three aberration modes in the LC-SLM plane were tested in the following
order: tip, tilt, and defocus. For each mode, 21 biases were sequentially
superimposed on the wavefront dictated by the TM with an increment of 0.001%
rad for tip and tilt and of 4x107°m rad for defocus around zero bias (no
aberrations). Next, the peak intensity was calculated and served as the quality
metric, unless otherwise mentioned. A Gaussian fit was then performed on the
quality metric to evaluate the optimal modal coefficient and the correction was
immediately applied, before measuring the next mode. For the illumination
case, the optimisation was conducted by capturing images of a focus at a
single, specified distal location. For the fluorescence case, the optimisation was
performed on the signal of a number of specified ROls, in general between 1
and 6, taking advantage of the random-access capability of the system. Signals
from the different ROIs were averaged together before Gaussian fitting. The

time for sensing was less than 5 sec, when considering 6 ROIs.

3.15. Statistics

Statistical tests were performed using Graphpad Prism and the type of
statistical test is explicitly stated where used. Mann-Whitney test and Unpaired
t-test were used for comparisons of independent means and Wilcoxon signed
rank test was used for dependent means. Kruskal-Wallis test followed by post
hoc Dunn’s test was used for multiple comparisons. Significance is denoted as
follows: *: p <0.05, **: p < 0.01, *** p < 0.001. In all tests, alpha = 0.05. Error

bars represent + standard error of the mean (SEM).
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4. Mechanisms of presynaptic NMDA receptor signalling at

Schaffer collateral boutons

4.1. Introduction

N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated cation
channels that have been extensively studied in the context of synaptic plasticity
(Malenka and Nicoll, 1993). Investigating the physiology of NMDARs began as
early as the 1970s, where most research in the field focussed on glutamate and
other excitatory amino acid- induced responses in neurones (reviewed in
Watkins and Jane, 2006). Using different classes of agonists including N-
methyl-D-aspartic acid (NMDA) amongst others, Watkins and colleagues
suggested that neurones expressed different classes of receptors, NMDA and
non-NMDA receptors (Watkins and Evans, 1981). Subsequently, several
antagonists were developed to competitively block the NMDARs’ glutamate
recognition site, first and foremost D-2-amino-5-phosphonopentanoate (AP5).
Throughout the 1980s, such antagonists could be used to evaluate the
contribution of NMDARs in synaptic transmission, and AP5 remains the most
widely used substance to block NMDAR activity. Following these early studies,
it soon became evident that NMDARSs exhibit several unique features. Mayer et
al demonstrated, that the activation of NMDARs requires the relief of a Mg?®*
block by membrane depolarisation (Mayer et al., 1984). Other studies pointed
out that NMDARSs are not only activated by glutamate binding, but also by other
agonists such as glycine (Johnson and Ascher, 1987). NMDARs are highly
permeable for Ca®* (MacDermott et al., 1986) substantiating their role in

plasticity processes (Malenka and Nicoll, 1993). Ca* influx through NMDARs
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triggers LTP and LTD (Malenka and Bear, 2004) and underlies various forms of
homeostatic plasticity (Turrigiano, 2012). Moreover, repetitive activation of
NMDARSs can elicit a shift in plasticity thresholds without causing LTP or LTD,
thus, NMDAR signalling is involved in processes referred to as metaplasticity
(Huang et al., 1992; Wang and Wagner, 1999). Conventionally, research on
NMDARs focuses on postsynaptically located NMDARs (postNMDARS).
Generally in synaptic transmission, postNMDARs are seen as coincidence
detectors, that contribute to the excitatory postsynaptic current (EPSC) once
glutamate is released from the presynaptic terminal concurrent with
postsynaptic depolarisation to remove the Mg?* block (Bourne and Nicoll, 1993)
and a detailed framework for postNMDAR signalling and functional outcomes
has been built over the years. Recently, postsynaptic NMDA dependent
plasticity has been demonstrated in vivo (Zhang et al., 2015). However,
NMDARs are expressed at both post- and presynaptic terminals (Abrahamsson
et al., 2017; Bouvier et al., 2018, 2015; Larsen et al., 2011; Lituma et al., 2021;
McGuinness et al.,, 2010; Rebola et al., 2010). While the functional roles of
postNMDARs are well-established (LUscher and Malenka, 2012; Malenka and
Nicoll, 1993), the repertoire of presynaptic NMDAR (preNMDAR) function
remains largely unexplored despite clear evidence implicating preNMDARs in

synaptic plasticity.

In the early 1990s, Pittaluga and Raiteri provided the first evidence of
presynaptically located NMDARs on hippocampal axon terminals (Pittaluga and
Raiteri, 1992, 1990). A presynaptic expression locus of NMDARs was further
demonstrated by numerous studies using electron and fluorescence microscopy

(Duguid and Smart, 2004; Janssen et al., 2005; Lituma et al., 2021,
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McGuinness et al., 2010; Siegel et al., 1994). Time-lapse imaging displayed
preNMDAR dynamics during formation of cortical synapses (Gill et al., 2015).
Shortly after the first anatomical detections, physiological and functional
evidence of preNMDARs in the CNS was presented. Berretta and Jones were
first to suggest a functional role for preNMDARSs in synaptic transmission, since
the application of AP5, a potent NMDAR antagonist, decreased miniture
excitatory postsynaptic currents (MEPSCs) even after previous postNMDAR
blockade (Berretta and Jones, 1996). The possibility that preNMDARs enhance
neurotransmitter release was confirmed in various brain regions including the
cortex, hippocampus, spinal cord, and the cerebellum (Banerjee et al., 2016;
Corlew et al., 2008; Madara and Levine, 2008; Rodriguez-Moreno and Paulsen,
2008; Woodhall et al., 2001). PreNMDARs modulate both spontaneous and
evoked action potential-driven transmitter release (Banerjee et al., 2016)
supposedly via distinct signalling pathways (Abrahamsson et al., 2017). The
modulatory effects of preNMDARs on release strongly support the idea of
preNMDARs as key players in synaptic plasticity processes. Indeed,
preNMDARs are considered essential for the induction of spike timing-
dependent long-term depression (t-LTD) at some synapses (Bender et al.,
2006; Corlew et al., 2008, 2007; Gill et al., 2015; Larsen et al., 2011;
Rodriguez-Moreno et al., 2010; Rodriguez-Moreno and Paulsen, 2008 but see
Carter and Jahr, 2016). Moreover, preNMDARSs are of relevance for long-term
plasticity considering experiments indicating that glutamate release induces
presynaptic LTD by acting on preNMDARs (Rodriguez-Moreno et al., 2013)
thereby inhibiting presynaptic LTP (Padamsey et al., 2017b). Traditionally,

preNMDARs are considered ionotropic receptors, however, some metabotropic
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actions have been proposed (Abrahamsson et al., 2017; Dore et al., 2017) and
other unconventional signalling regimes underlying preNMDAR activity might

affect synaptic plasticity (Chung, 2013).

In short, preNMDAR function has been reported at both cortical (Buchanan et
al.,, 2012; Rodriguez-Moreno et al., 2013; Sjostrom et al., 2003) and
hippocampal synapses (Abrahamsson et al., 2017; Bouvier et al., 2018;
Janssen et al., 2005; Lituma et al., 2021; McGuinness et al., 2010; Padamsey
et al., 2017b). However, the literature shows several inconsistencies in relation
to preNMDAR function and regulation. Traditionally, Ca?* sensitive dyes are
used to detect Ca®* influx through NMDARs and voltage-gated Ca®* channels
(Padamsey and Emptage, 2011). Over the years, experiments in axons using
these dyes in combination with local NMDAR agonist application have shown
mixed results. Presynaptic NMDAR dependent Ca®* transients were
demonstrated in cortical and hippocampal cells (Buchanan et al., 2012; Lituma
et al., 2021; McGuinness et al.,, 2010), however, others could not detect any
Ca?* excursions (Christie and Jahr, 2009, 2008). Direct agonist delivery onto
presynaptic boutons via 2P photolysis of MNI-glutamate did not elicit any
NMDAR-mediated Ca®" signals in the somatosensory cortex (Carter and Jahr,
2016). For some, these results appear to cast doubt on the existence of
preNMDARs, but the overwhelming anatomical and functional evidence of
preNMDARs rather suggests special signalling mechanisms for these
receptors, that differ substantially from their postsynaptic counterparts. Notably,
Buchanan and colleagues have shown that preNMDAR expression varies
between individual synapses, highlighting the probable complexity of

preNMDAR function (Buchanan et al., 2012).
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Different versions of preNMDARSs exist with regards to their subunit composition
and expression locus. NMDARs are di-heteromers comprised of two GIuN1
subunits and two GIuN2 (GIuN2A, GIuN2B, GIuN2C and GIuN2D) or GIuN3
(GIuUN3A and GIuN3B) subunits (Paoletti et al., 2013) with GIuUN2A and GluN2B
being the predominant subunits found in the mammalian forebrain (Cull-Candy
et al.,, 2001; Paoletti, 2011). At the postsynaptic terminal, NMDAR subunit
composition directs functional diversity through subunit specific differences in
ion permeability, channel gating and conductance, and coupling to accessory
regulatory proteins (Kutsuwada et al., 1992; Paoletti et al., 2013). NMDAR
subunit composition can be linked to distinct parallel processing pathways often
serving opposing roles at the postsynaptic terminal. For example, GIuN2
subunits within hippocampal neurones selectively mediate the direction of
plasticity through the regulation of Ca** influx (Fox et al., 2006; Shipton and
Paulsen, 2014). The inhibition of NMDARs containing the GIuN2B subunit
prevents long-term depression whereas blockade of GIuN2A-containing
NMDARSs inhibits long-term potentiation (Liu et al., 2004). Moreover, NMDAR
deactivation times depend on the GIUN2 subunit composition, which directly
affects the decay time course of EPSCs. Therefore, NMDAR subunit diversity is
relevant for the precise tuning of synaptic responses (Hansen et al., 2017,
Monyer et al., 1994, 1992; Vicini et al., 1998). Even more functional NMDAR
diversity results from their synaptic localisation, as they can be localised at
synaptic as well as extrasynaptic sites (Kohr, 2006; Lozovaya et al., 2004;
Paoletti et al., 2013; Sanz-Clemente et al., 2013; Thomas et al., 2006; Wyllie et
al., 2013). Ca** influx through NMDARs can trigger differential internal signalling

cascades dependent on extrasynaptic or synaptic activation (Kaufman et al.,
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2012; Papouin et al., 2012).

Given the importance of preNMDARSs in various plasticity processes, | intended
to further explore the mechanisms of preNMDAR signalling, which are presently
poorly understood. By imaging action potential — evoked Ca** transients
(APCaTs) at Schaffer collateral - CA1 synapses coupled to focal glutamate
uncaging at boutons of CA3 pyramidal neurones, | identified two functionally
opposing presynaptic NMDAR populations. On the one hand, activation of
preNMDARs containing the GIuN2B subunit reduces Ca?* influx into
presynaptic terminals, while on the other hand, preNMDARs comprising the
GIUN2A subunit increase action potential — evoked Ca®* influx. Furthermore, |
show that this bidirectional modulation of bouton Ca** dynamics is driven by the

activation of small conductance Ca**-activated K* channels (SK-channels).
4.2. Results

4.2.1. Activation of presynaptic NMDA receptors decreases AP-evoked

Ca?" influx at Schaffer collateral boutons

To examine the action of preNMDARs at the presynaptic terminal of the
Schaffer collateral - CA1 synapse in the hippocampus, CA3 pyramidal cells
were bolus loaded with the Ca®* indicator dye Oregon green 488 BAPTA-1
(OGB-1; 1 mM). Organotypic slices prepared from male Wistar rats (age P6 —
P8) were used for experiments. CA3 pyramidal cells were patch-filled with
OGB-1 for 2-5 minutes. Subsequently, the axon was located and superficial
presynaptic terminals at axonal arbours were identified as visually distinct
varicosities (see Methods; Fig. 8A). Rapid line scan imaging through boutons

was coupled to photolytic release of glutamate, supplied by local perfusion of
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MNI-glutamate, to activate glutamate receptors specifically at the bouton (Fig.
8B). Glutamate photolysis was performed using a 405 nm UV-laser and titrated
at spines located at a similar depth to elicit Ca** transients with similar
magnitude as observed during endogenous evoked release of glutamate (Fig.
9A,B). Activation of postNMDARSs typically requires AMPAR activation, since
AMPAR activity contributes to membrane depolarisation necessary to relieve
the voltage-dependent Mg**-block of NMDARs (Mayer et al., 1984; Nowak et
al., 1984). This study focuses on preNMDARSs, thus postNMDAR activation
should be avoided. To prevent the activation of postNMDARs, AMPAR activity

was inhibited (10 yM NBQX).
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Fig. 8: Glutamate photolysis decreases AP-evoked Ca** influx at Schaffer
collateral boutons. (A) Top, CA3 hippocampal neurone in an organotypic slice loaded
with OGB-1. The white box indicates presynaptic varicosities (boutons) along the
Schaffer collaterals. Scale bar = 20 ym. Bottom, Enlarged image of the axon with
several superficial boutons. The dashed orange line indicates line scanning through the
bouton. Scale bar =5 uym. (B) Top, Experimental setup: CA3 neurones were patched in
whole-cell mode to elicit action potentials via current injection. A glass pipette attached
to a picospritzer enabled delivery of MNI-glutamate to Schaffer collateral boutons.
Focal uncaging at individual boutons was performed with a 405 nm laser. Bottom,
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Rapid line scan imaging of bouton Ca?* dynamics was performed to detect AP —
evoked Ca® transients (APCaTs) with simultaneous glutamate uncaging. (Ci) Line
scans of AP — evoked Ca?* transients (APCaTs) with or without glutamate photolysis.
Scale bar = 50 ms. (Cii) Traces of average APCaTs. Without glutamate = black, with
glutamate = red. (Ciii) Trial-by-trial peak APCaTs.

As previously described in cortical neurones (Carter and Jahr, 2016), glutamate
photolysis did not cause a significant rise in Ca®*, even in conditions of low Mg?*
(Fig. 9C,D). One possible explanation is that Ca** entry may require additional
membrane depolarisation. For this purpose, glutamate photolysis was coupled
to an AP, evoked by intrasomatic current injection via the patch pipette into the
neurone under study (Fig. 8B). The photolysis pulse was set to occur 0.5-2.5
ms after an AP to consider the physiological delay of AP propagation through

the axon (Siuidhof, 2013). APs evoked robust Ca?* transients, which will be

referred to as APCaTs for the remainder of this thesis (Methods 3.3; Fig. 8C).

Unexpectedly, peak APCaTs in response to an AP paired with glutamate
release between 0.5-2.5 ms following the onset of the AP, were substantially
decreased compared to controls without glutamate photolysis (N = 9 boutons
from 8 cells / 6 animals, AAPCaT = -0.402 £ 0.091 AF/F; Fig. 8C, Fig. 10A).
Controls without glutamate photolysis are defined as APCaTs without local
glutamate supply but including activation of the photolysis laser, to exclude the
possibility that our results are biased by potential artifacts by the UV-light. The
decrease in APCaTs was consistent over multiple trials (Fig. 8C). (Note that this
experimental design will be replicated throughout Chapter 4, under varying

external conditions).

Given the strong Ca?* permeability of NMDARs, an obvious outcome of

preNMDAR activation would have been an increase in peak APCaTs, elicited

114



by glutamate photolysis. Due to the data showing the opposite effect, control
experiments were performed to determine that the observed reduction in
APCaTs represents the outcome of a biological process and is not a result
caused by the experimental set-up (Fig. S4, Appendix). Notably, no change in
APCaTs could be detected following glutamate photolysis at axon collaterals

(Bouton vs. Collateral, p = 0.004; Mann Whitney test; Fig. S4E, Appendix).
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Fig. 9: Glutamate photolysis elicits Ca* transients in spines but not in boutons.
(A) Schematic of glutamate photolysis and line scan imaging at dendritic spines of CA3
hippocampal neurones filled with OGB-1. (Bi) Example image of a dendrite from a CA3
neurone loaded with OGB-1. Scale bar = 5 ym. Orange dashed line indicates line
scans through a spine at similar depth as boutons. (Bii) Line scan through a dendritic
spine as indicated in Bi. Glutamate photolysis elicits postsynaptic Ca?* transients. The
UV uncaging laser was titrated at small spines to elicit a response of approximately 0.5
AF/F. Scale bar = 125 ms. (Ci) Left, Example image of a superficial bouton. Scale bar
5 um. Right, Example trace from a line scan through the bouton on the left. Scale bar
125 ms. Glutamate photolysis in low Mg?* did not elicit a Ca®* response at Schaffer
collateral boutons. (D) Average trace from 9 different boutons across three CA3
neurones.
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To confirm that preNMDAR receptor activation by glutamate photolysis initiates
the reduction in APCaTs, experiments were replicated with preNMDARs
inhibited. AP5 is a selective NMDAR antagonist known to reliably block NMDAR
signalling (McGuinness et al., 2010; Padamsey et al., 2017b). Bath application
of AP5 (50 uM) completely abolished the decrease in APCaTs (N = 6 boutons

from 4 cells / 3 animals, AAPCaT = -0.047 + 0.024 AF/F; Fig. 10B,D).
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Fig. 10: Glutamate photolysis activates presynaptic NMDA receptors resulting in
a reduction in AP-evoked Ca®* influx at Schaffer collateral boutons. (A-C) Average
peak APCaTs in aCSF, N = 9 (A) or in the presence of 50 uM AP5, N =6 (B), 1 mM
iMK801, N = 12 (C) to block preNMDARs. PreNMDAR inhibition diminished the
reduction in APCaTs. (D) The difference in the peak amplitude between trials with and
without glutamate (AAPCaT) is shown for control experiments in aCSF, experiments
with 50 yM APS5 and 1 mM intracellular MK-801 (“iIMK-801"). (AP5 vs. aCSF p = 0.003,
N = 6; MK-801 vs. aCSF p = 0.037, N = 12; Kruskal-Wallis with post hoc Dunn’s test).
Error bars represent SEM.
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Inhibition of neither metabotropic glutamate receptors (mGIluRs) nor GABA
receptors affected the reduction in APCaTs (Fig. S4, Appendix). MK-801, an
open channel blocker of NMDARs, can be used to specifically block
preNMDARs of the neurone under investigation, by loading the cell with MK-
801 (1 mM) through the patch pipette (Nevian and Sakmann, 2006; Padamsey
et al., 2017b). Thus, patch pipettes were filled with MK-801 (1 mM) in addition
to OGB-1 diluted in internal solution (see Methods). Experiments conducted
with intracellular MK-801 (“iMK-801”, 1 mM) confirmed preNMDAR activation,
and, consistent with the AP5 experiments the decrease in APCaTs was
significantly blocked (N = 12 boutons from 8 cells / 5 animals, AAPCaT = -0.137

+ 0.043 AF/F; Fig. 10C,D).

In summary, AP-evoked Ca®* entry into Schaffer collateral boutons was
reduced when paired with glutamate photolysis. The application of AP5 to block
NMDARs prevented the observed reduction. Furthermore, the presynaptic
nature of NMDARSs could be confirmed by using intracellular MK-801. Thus, the
activation of presynaptic NMDA receptors decreases AP-evoked Ca" influx at

Schaffer collateral boutons.

4.2.2. Presynaptic NMDA receptors and SK-channels form a negative

feedback loop at Schaffer collateral boutons

How does the activation of preNMDARSs lead to a reduction in AP-evoked Ca**
transients? Small-conductance Ca®*- activated K* channels (SK-channels) are
known to form a Ca®*-mediated negative feedback loop with NMDARs at
postsynaptic terminals to reduce Ca®" influx into spines (Faber, 2010; Griffith et

al.,, 2016; Ngo-Anh et al., 2005). SK-channels are activated by NMDAR-
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dependent Ca** influx and can, in turn, negatively regulate NMDAR activity
which is why they are considered of relevance in synaptic plasticity processes
(Faber, 2010; Griffith et al., 2016; Ngo-Anh et al., 2005). Moreover, SK-
channels are well established as shaping the action potential wave form (Bond
et al., 2005; Faber and Sah, 2007, 2002; Sah and Faber, 2002; Xia et al.,
1998), impacting on the dynamics of presynaptic voltage-gated Ca?* channels
and ultimately pr (Bean, 2007; Chéreau et al., 2017; Hoppa et al., 2014). Protein
signalling motifs are commonly repurposed to serve different functional
outcomes, thus, downstream targets of postsynaptic NMDARs may also exist at
the presynaptic terminal. Notably, it has already been demonstrated that SK-
channels and NMDARSs are colocalised at the presynaptic terminal (Nanou et
al., 2013; Ngo-Anh et al., 2005). Based on this evidence, | hypothesised that
NMDAR/SK-channel interactions may also be present in Schaffer collateral

presynaptic terminals to modulate the action potential evoked Ca®" influx.

For this purpose, | repeated glutamate photolysis experiments following bath-
application of the SK channel inhibitor apamin (1 yM; Fig. 11). Apamin is noted
to selectively block the SK-channel subtypes SK2 and SK3 in neurones (Kohler
et al., 1996; Lamy et al., 2010). Indeed, apamin (1 pM) application abolished
the glutamate photolysis-induced decrease (N = 6 boutons, AAPCaT = -0.037 +
0.041 AF/F; Fig. 11A-C). Control experiments in aCSF produced a significant
reduction in Ca®" transients which was prevented if SK-channels were
previously blocked with apamin (apamin vs. aCSF, p = 0.003; Mann Whitney

test; Fig. 11C).

118



A SK-channel block with Apamin C

APCaT 3 H AP HAP+Glu
L2 0.5+ -
APCaT + Glu <4 =
L
0 é 0.0, [ ...
Trial —» —
Average APCaTs B T
o—9 (@]
2 0. % -0.54
LS w 3
o — AP— AP+ Glu 14 —eo 1.0 aCSF_+ Apamin
125 250 375 0
Time (ms) - Glu + Glu

Fig. 11: PreNMDARs modulate AP-evoked Ca** influx via the activation of SK-
channels. (A) Top, Left, Line scans of APCaTs following SK — channel inhibition with 1
MM apamin. Scale bar = 125 ms. Bottom, Left, Traces of average APCaTs. Without
glutamate = black, with glutamate = red. Top, Right, Trial-by-trial peak APCaTs
following pre-incubation with apamin. No difference in peak APCaTs can be observed
with (red) or without (black) glutamate photolysis. (B) Average peak APCaTs in 1 yM
apamin. The reduction in peak APCaTs was diminished after SK - channel inhibition, N
= 6. (C) The difference in the peak amplitude of APCaTs is shown for experiments in
aCSF, N = 9 (from Fig. 10) and experiments with 1 yM apamin (apamin vs. aCSF, p =
0.003; Mann Whitney test). Error bars represent SEM.
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Fig. 12: SK channels and NMDA receptors form a negative feedback loop in
Schaffer collateral boutons. Glutamate binds and activates presynaptic NMDARSs
which leads to local Ca?* influx. The NMDAR-dependent Ca*" influx activates SK-
channels, likely accelerating the repolarisation of the membrane potential due to
sharpening of the AP waveform. Subsequently, this leads to the closure of voltage-
gated Ca®* channels (VGCCs), thus, a reduction in Ca* influx into the bouton.
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In summary, the data strongly support the idea that the activation of
preNMDARs leads to the opening of SK-channels likely sharpening the action
potential waveform, which in turn reduces the amount of Ca?* entering the cell
(Fig. 12). In other words, | have shown that preNMDARs and SK-channels form

a Ca®* mediated negative feedback loop at Schaffer collateral boutons (Fig. 12).

4.2.3. Activation of extrasynaptic presynaptic NMDA receptors causes a

decrease in AP-evoked Ca®' influx

The lack of direct Ca** entry following glutamate photolysis and the glutamate-
induced decrease in APCaTs, are outcomes quite different to those seen for
postsynaptic NMDARs, suggesting that preNMDARSs are regulated and function
in a different way than their postsynaptic relatives. It is already known that
synaptic versus extrasynaptic NMDARs have different Ca?* permeabilities and
exert differential effects also on synaptic plasticity postsynaptically (Hardingham
and Bading, 2010). Whether similar principles apply to preNMDARs is not
known. Therefore, | asked whether extrasynaptic preNMDARSs are coupled to
SK-channels and mediate the decrease in bouton Ca?* influx previously
observed. For this purpose, | followed the protocol from Liu et al. using the
NMDAR blocker MK-801 to silence synaptic preNMDARs (Liu et al., 2013; Fig.
13A). Synaptic preNMDARs were selectively blocked by preincubating slices
with MK-801 (20 uM) for 20 minutes and subsequently delivering a short train of
LFS (5 Hz/16 s) in the presence of MK-801 (Liu et al., 2013). Given that MK-
801 is an open-channel blocker, only NMDARSs that are active in the presence
of MK-801 are blocked. Low-frequency stimulation preferably activates synaptic
preNMDARSs, thus, following complete MK-801 washout, synaptic preNMDARs

are silenced while extrasynaptic preNMDARs remain active (Hardingham et al.,
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2002; Liu et al., 2013). Next, | used glutamate photolysis to trigger the activation
of the remaining population of preNMDARs (supposedly extrasynaptic) and

examine its effect on boutonal Ca®* by analysing APSCaTs (Fig. 13).
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Fig. 13: Activation of extrasynaptic presynaptic NMDARs contributes to the
decrease in AP-evoked Ca®* transients induced by glutamate photolysis. (A)
Experimental protocol to specifically silence preNMDAR populations. (B) Average
APCaTs in CA3 boutons before (black and red trace) and after (grey trace)
extrasynaptic preNMDARs have been blocked. Without glutamate = black trace, with
glutamate = red trace and grey trace. (C) Average peak APCaTs following silencing of
synaptic preNMDARSs for control experiments with (+Glu) or without (-Glu) glutamate
photolysis in aCSF and experiments in AP5 (50 uM). Significance was assesed with
ANOVA followed by a post-hoc test (n = 6 cells).

As pointed out earlier, in control experiments, the photolysis laser was triggered
but no MNI-glutamate was present. Following silencing of synaptic
preNMDARs, a slight but significant reduction in Ca?* transient could be
observed when glutamate was uncaged compared to the control experiment
without glutamate (N = 6 boutons from 6 cells / 2 animals, APCaT/control = 1.90
+ 0.30 AF/F; APCaT/+Glu = 1.60 = 0.20 AF/F; p = 0.009; ANOVA followed by a
post-hoc test; Fig. 13B,C). As a control, AP5 was bath applied (50 uM) to block
all remaining preNMDARs including the extrasynaptic preNMDAR population.
Notably, under these conditions peak APCaTs in response to AP stimulation

paired with glutamate photolysis recovered almost back to baseline
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(APCaT/+Glu+AP5 = 1.80 + 0.30; p = 0.056; Fig. 13B,C). This data supports the
idea that preNMDARs responsible for the reduction in bouton Ca®* influx might

be partially located at extrasynaptic sites.

4.24. Activation of GIuN2B subunit containing presynaptic NMDA

receptors decreases AP-evoked Ca?* influx at Schaffer collateral boutons

Apart from synaptic versus extrasynaptic localisation, another source explaining
the unexpected Ca®" reduction mediated by preNMDARs could be the subunit
composition of preNMDARs. To characterise the subunit composition of
preNMDARs on Schaffer collaterals in the experimental system, | repeated the
experiments from before with NMDAR antagonists that have a preferential
affinity for specific subunits. | started with the well-established and highly

specific GIuUN2B subunit antagonist Ro - 25 6981 (Fischer et al., 1997).

GIuN2B block Ro - 25 6981
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Fig. 14: The GIuN2B subunit decreases AP-evoked Ca*" influx at Schaffer
collateral boutons. (A) Top left, Line scans of APCaTs following GIuN2B inhibition
with 1 uM Ro — 25 6981. Scale bar = 125 ms. Bottom left, Traces of average APCaTs.
Without glutamate = black, with glutamate = red. Right, Trial-by-trial peak APCaTs
following bath application of 1 yM Ro — 25 6981. (B) Average peak APCaTs in 1 yM Ro
— 25 6981. GIluN2B inhibition unmasks an increase in peak APCaTs, N = 14.
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Bath application of Ro - 25 6981 (1 uM) not only prevented the previously
described reduction Ca®* influx but produced an increase in APCaTs (N = 14
boutons from 9 cells / 4 animals, AAPCaT = 0.157 + 0.02 AF/F; Fig. 14). The
increase in APCaTs was consistent over trials (Fig. 14A) and experiments (Fig.
14B). Thus, | have shown that the GIuN2B subunit causes the preNMDAR/SK-
channel mediated negative regulation of Ca** influx into Schaffer collateral

boutons.

4.2.5. Activation of GIuN2A subunit containing presynaptic NMDA

receptors increases AP-evoked Ca®* influx via SK-channels

The previous results motivated me to explore the idea, whether there is another
population of preNMDARs mediating an increase in glutamate evoked AP-
evoked Ca*" influx at Schaffer collateral boutons. Therefore, | performed control
experiments to test if the increase in AP-evoked Ca*' influx is indeed

preNMDAR mediated.

Firstly, | reproduced the glutamate photolysis experiments from 4.2.4. in aCSF
unmasking an increase in AP-evoked Ca?* influx when GIuN2B was blocked
with Ro — 25 6981 (1 yM). Next, | investigated the effects of several inhibitors,
to characterise the origin of the increase in bouton Ca?". In paired experiments,
where the NMDAR blocker AP5 was bath-applied at the end, the increase in
APCaTs was abolished (N = 6 boutons from 6 cells / 2 animals, AAPCaT/+Glu
= 0.148 + 0.045 AF/F; AAPCaT/+Glu+AP5 = -0.054 + 0.037 AF/F; Fig. 15A).
Similar results were obtained if preNMDARs were blocked intracellularly with
MK-801 (N = 6 boutons from 4 cells / 3 animals, AAPCaT = -0.074 + 0.068

AF/F; Fig. 15B). | thought it important to assess whether intracellular Ca**
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stores represented a potential source for the observed increase in Ca®*. For this
purpose, | used cyclopiazonic acid (CPA), a specific blocker of smooth
endoplasmic reticulum Ca®*/ ATPases and ryanodine, a specific blocker of the
ryanodine receptor (RyR) Ca?* channel (Emptage et al., 1999). Both drugs

serve as inhibitors of calcium-induced calcium release (CICR).
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Fig. 15: The increase in AP-evoked Ca* influx following GIuN2B inhibition is
preNMDAR dependent. (A-C) Average peak APCaTs in 1 yM Ro — 25 6981 in the
presence of 50 yM AP5, N = 6 (A) or 1 mM iIMK801, N = 6 (B) to block preNMDARs
and in the presence of CPA (15 pM) and ryanodine (20 uM) to block Ca** release from
intracellular stores, N = 8 (C). PreNMDAR inhibition diminished the increase in
APCaTs. Prevention of Ca®* release from intracellular stores did not affect the increase
in APCaTs. (D) The difference in the peak amplitude between trials with and without
glutamate (AAPCaT) is shown for experiments in 1 yM Ro — 25 6981: vehicle
experiments (from Fig. 14), experiments with 50 yM AP5, 1 mM intracellular MK-801
(“IMK-801") and 15 yM CPA/ 20 uM ryanodine. In Ro — 25 6981: AP5 vs. Vehicle p =
0.002, N = 6; MK-801 vs. Vehicle p = 0.002, N = 6; 15 yM CPA/ 20 yM ryanodine vs.
Vehicle p > 0.99, N = 8; Kruskal-Wallis with post hoc Dunn’s test. Error bars represent
SEM.
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Application of CPA (15 pM) and ryanodine (20 uM) did not affect the increase in
APCaTs (N = 8 boutons from 6 cells / 3 animals, AAPCaT = 0.144 £ 0.029
AF/F; Fig. 15C,D). Thus, while preNMDAR inhibition fully blocked the increase
in APCaTs, the prevention of CICR did not, suggesting a preNMDAR
dependent but CICR independent mechanism (APS vs. Vehicle p = 0.002, N =
6; IMK801 vs. vehicle p = 0.002, N = 6; CPA/ryanodine vs. vehicle p > 0.99, N =

8; Kruskal-Wallis with post hoc Dunn'’s test; Fig. 15D).

Having established that a second population of preNMDARs is present at
presynaptic terminals, that do not contain the GIuN2B subunit, an obvious
question arised: Which preNMDAR subunit mediates the glutamate triggered

increase in APCaTs?
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Fig. 16: The GIuN2A subunit mediates the increase in AP-evoked Ca** influx
following GIuN2B inhibition. (A,B) Average peak APCaTs in 1 yM Ro — 25 6981 in
the presence of 100 nM PEAQX, N =7 (A) or 50 uM DQP 1105, N = 7 (B) to block
preNMDAR subunits. GIUN2A inhibition diminished the increase in APCaTs whereas
GIuN2C/D blockade did not. (C) AAPCaT is shown for experiments in 1 yM Ro — 25
6981: vehicle experiments (from Fig. 14), experiments with 100 nM PEAQX and 50 yM
DQP 1105 (in Ro — 25 6981: PEAQX vs. Vehicle p < 0.001, N = 7; DQP 1105 vs.
Vehicle p = 0.77, N = 7; Kruskal-Wallis with post hoc Dunn’s test). Error bars represent
SEM.
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To investigate the subunit composition of the second preNMDAR population, |
used the GIuN2A subunit inhibitor PEAQX and the GIUN2C/D inhibitor DQP
1105 (Fig. 16). | performed similar glutamate photolysis and Ca?* imaging
experiments as before and all experiments were performed in Ro — 25 6981 (1
uM), which produced increases in AP- evoked Ca®" influx as previously shown.
Inhibition of the GIUN2A subunit using PEAQX (100 nM) completely abolished
the increase (N = 7 boutons from 6 cells / 3 animals, AAPCaT =-0.029 + 0.034
AF/F; Fig. 16A,C), whereas inhibition of the GIUN2C/D subunits using DQP
1105 (50 uM) had no effect (N = 7 boutons from 5 cells / 3 animals, AAPCaT =
0.116 £ 0.02 AF/F; Fig. 16B,C). Notably, PEAQX application alone preserved
the decrease in APCaTs (N = 10 boutons, AAPCaT = -0.10 + 0.02 AF/F; Fig.

17).
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Fig. 17: GIuN2A subunit inhibition preserves the decrease in AP-evoked Ca*
influx in aCSF. (B) Average peak APCaTs in 100 nM PEAQX. A reduction in peak
APCaTs can be observed following GIuN2A inhibition in aCSF, N = 10. (C) The
difference in the peak amplitude of APCaTs is shown for experiments in 100 nM
PEAQX either in aCSF, N = 10 or following GIuN2B inhibition with 1 yM Ro — 25 6981,
N =7 (PEAQX + Ro — 25 6981 vs. PEAQX alone, p > 0.99; Mann Whitney test). Error
bars represent SEM.
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| have already shown that the negative regulation of Ca®* influx, caused by the
GIuN2B subunit, is mediated through SK-channels. Next, | examined whether
the increase in Ca?* influx resulting from the activation of GIuN2A containing
preNMDARSs, also involves SK-channels. Hence, | used the SK-channel blocker
apamin to test whether the increase in Ca®" influx could be prevented by SK-
channel blockade (Fig. 18). Indeed, apamin fully abolished the increase in
APCaTs as mediated by Ro — 25 6981 (N = 9 boutons from 7 cells / 3 animals,
AAPCaT = -0.029 + 0.034 AF/F; Fig. 18A-C). This suggests that activation of
the GIuN2A containing preNMDAR population regulates bouton Ca" dynamics

via downstream SK-channels (Fig. 18).

A B C
SK-channel block
Average APCaTs Ro - 25 6981 Ro - 25 6981
1.51 — AP 2.0 + Apamin .
— AP +Glu 041 ek

1.51 ™
1.01 E 0.2
1.01 e < D
: = 0.0d et AT
0.54 8 0.0 m
0.51 &02d
<

0.04
.0- 0.4
125 250 375 00 -Glu +Glu 0 Vehicle + Apamin

Time (ms)

AF/F
AF/F

Fig. 18: The GIuN2A subunit mediated increase in AP-evoked Ca* influx is
mediated via SK-channels. (A) Average peak APCaTs in 1 yM Ro — 25 6981 and 1
MM apamin. (B) No difference in peak APCaTs with (red) or without (glutamate) can be
observed following GIuN2B and SK-channel inhibition, N = 9. (C) The difference in the
peak amplitude of APCaTs is shown for experiments in 1 yM Ro — 25 6981 either with
(grey, N = 9) or without (black, N = 12; from Fig. 14) apamin (Vehicle vs. apamin, p <
0.001; Mann Whitney test). Error bars represent SEM.

In summary, using Ca®* imaging coupled to focal glutamate uncaging, | have
identified two distinct populations of preNMDARs that bidirectionally modulate
Ca** dynamics at Schaffer collateral boutons, containing either GIUN2B or

GIuN2A subunits (Fig. 19). The acute activation of these preNMDARs either
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decreased (GIuN2B) or enhanced (GIuN2A) action potential (AP)-evoked Ca?*
influx. Further | have shown that each preNMDAR population triggers a
cascade of intracellular signalling events, which converge upon SK-channels
(Fig. 19). Subsequently, SK-channel activation modulates the AP waveform and
VGCC activity thereby affecting the amount of Ca** entering the bouton.
Additionally, the data implies that extrasynaptically located preNMDARs

partially drive these mechanisms.

SK-channel

Fig. 19: Two preNMDAR sub-populations bidirectionally regulate Ca** dynamics
at Schaffer collateral boutons. Glutamate binds and activates two distinct
presynaptic NMDAR subpopulations containing either GIuUN2B or GIUN2A subunits.
Both subpopulations regulate Ca** dynamics via SK-channel activity. Depending on
which population is activated, Ca®* influx into the bouton is either decreased (GIuN2B)
or increased (GIUN2A).

4.2.6. Glutamate photolysis-induced Ca** influx at Schaffer collateral

boutons following GIuN2B inhibition

The previous data showed that different preNMDAR subpopulations can exert
opposing functional rules suggesting that preNMDAR signalling at boutons is
more complex than initially anticipated. Similar to other studies, preNMDAR-

dependent modulation of Ca** was investigated by pairing preNMDAR
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activation with APs (Buchanan et al., 2012).

After unmasking an increase in Ca®* transients by inhibiting the GIuN2B
subunit, | wondered whether a direct Ca?* influx through preNMDARs elicited by
glutamate photolysis could be detected in such conditions. Previously,
glutamate photolysis even in low-Mg®* did not produce any measurable Ca?*

transients at boutons (Fig. 9).
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Fig. 20: Glutamate uncaging induced Ca* influx at Schaffer collateral boutons
following GIuN2B inhibition. (Ai) Line scans through boutons of CA3 neurones
loaded with OGB-1. Scale bar = 5 um. (Aii) Blockage of GIuN2B subunits with 1 uM Ro
— 25 6981 unmasked an increase in Ca* following glutamate uncaging in low Mg*,
Scale bar = 50 ms. (B) Top, Average Ca®" transient following glutamate uncaging (N =
7 boutons, p = 0.016; Wilcoxon signed rank test). Bottom, GIuN2B inhibition unmasked
an increase in Ca** influx at all boutons tested. (C,D) Application of AP5 blocked the
Ca?* increase (N = 6 boutons, -Glu vs +Glu: p = 0.009, +Glu vs AP5: p = 0.005;
Kruskal-Wallis with post hoc Dunn’s test).
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Thus, | performed line scan imaging through boutons while uncaging glutamate
at Schaffer collateral boutons (similar to Fig. 9) under the GIuN2B inhibitor Ro —
25 6981 (1 uM; Fig. 20). Surprisingly, when isolating the GIUN2A subunit, a
small Ca?* influx through the preNMDARs is unmasked (N = 7 boutons from 6
cells / 2 animals, AAPCaT = -0.098 + 0.016 AF/F; Fig. 20A,B). This increase in
Ca®" was blocked by subsequent bath-application of AP5, confirming that the
elevated Ca?* levels within the bouton effectively stem from preNMDARs (N = 6
boutons from 4 cells / 2 animals, AAPCaT/+Glu = 0.092 + 0.013 AF/F;

AAPCaT/+Glu+AP5 = -0.005 + 0.010 AF/F; Fig. 20C,D).
4.3. Discussion

| have shown that the activation of two different preNMDAR subunit populations
at Schaffer collateral boutons bidirectionally regulates Ca** dynamics at
presynaptic terminals. The activation of preNMDARs containing the GIuN2B
subunit, results in a negative feedback-loop via SK-channels and decreases
Ca*"influx into the cell. Signalling through preNMDARSs with the GIuN2A subunit
causes an increase of Ca®" influx into the bouton. In this study, preNMDAR
receptors are activated by glutamate photolysis paired with an action potential.
Some studies suggest, that preNMDAR activation requires additional
membrane depolarisation or other co-agonists such as d-serine or glycine
(Banerjee et al., 2016). The intrasomatically elicited action potentials in this
study cause vesicle release of glutamate and, maybe, other co-agonists
potentially facilitating preNMDAR activity. However, in final experiments, | was
able to detect Ca®** transients through preNMDARs simply by glutamate
photolysis (Fig. 20). Notably, co-agonists could always be present extracellular

in the synaptic cleft, and not dependent on vesicle release. Intriguingly, it has
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been demonstrated that preNMDAR function requires glycine binding in the
cortex, however, it was also suggested that the glycine site on preNMDARs
might be saturated in physiological conditions (Corlew et al., 2008; Li and Han,
2007). Thus, if preNMDARs in this study are co-activated by additional
agonists, perhaps by glycine, remains to be explored, potentially via caged-

compounds of the latter (Klausen et al., 2019).

AP5 is a selective NMDAR antagonist known to block both ionotropic and
metabotropic effects associated with NMDAR activation and is widely used to
block NMDARs in the CNS (50 uM; McGuinness et al., 2010; Nabavi et al.,
2013; Padamsey et al., 2017b). However, it might be possible that observed
presynaptic effects are due to electrotonic spread or cross effects from
postNMDARs (see Carter and Jahr, 2016). To prevent the activation of
postNMDARSs, AMPAR activity was inhibited (10 uM NBQX) in all experiments.
Moreover, in this study two sets of experiments were generally performed,
blocking NMDARs either with AP5 or MK-801. While bath-application of AP5
globally inhibits NMDARs, using MK-801 in the internal solution allows to
specifically target preNMDARs. As it is cell-impermeable, MK-801 could be
used in the patch electrode to block NMDARSs terminals specifically from the cell
under investigation. Therefore, a contribution from postsynaptic NMDARs can

be excluded.

Within the hippocampus a large variety of NMDAR subunits and isoforms can
be found, while the GIuN2 subunit diversity mostly determines the receptor’'s
functional identity (Paoletti, 2011; Paoletti et al., 2013). In this study, | focused
on GIuN2B and GIuN2A as they are both predominantly expressed in the adult

hippocampus. In contrast, GIUN2C and GIuN2D expression levels in the adult
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brain are considerably lower and mostly present in the cerebellum and the
brainstem, respectively (Monyer et al., 1994; Paoletti, 2011; Paoletti et al.,
2013; Sanz-Clemente et al., 2013; Wyllie et al., 2013). This fits with the results
obtained from experiments where | inhibited GIuUN2C/D, which had no effect on
the preNMDAR-mediated modulation of Ca?*. The vast majority of studies on
preNMDAR subunit diversity focused on the postsynaptic terminal, however,
both GIuN2A and GIuN2B signalling has been shown at presynaptic terminals
(Bidoret et al., 2009; McGuinness et al., 2010). Biophysical and
pharmacological receptor properties are strongly dependent on subunit profiles.
While GIuN2A and GIuN2B show similar characteristics for Ca®* permeability,
sensitivity to Mg?* blockade, and channel opening conductance, GIuN2A-
containing receptors deactivate much faster and show lower agonist sensitivity
for glutamate and glycine (Paoletti, 2011; Paoletti et al., 2013). Diheteromeric
NR1/NR2 receptors have been studied intensively, however, over the recent
years more and more studies focus on triheteromeric NMDARS, indicating an
even broader functional diversity. | cannot exclude the possibility that
NR1/NR2A/NR2B triheteromers are activated in this study, as the literature
indicates their expression and function at adult hippocampal postsynaptic and
presynaptic terminals (Cull-Candy and Leszkiewicz, 2004; Dubois et al., 2016;
Kohr, 2006; Paoletti and Neyton, 2007; Rauner and Kohr, 2011; Stroebel et al.,
2018). Due to technical limitations it remains challenging to distinguish between
distinct functions of triheteromeric and mixed diheteromeric NMDAR

populations.

Data from this study can be interpreted to characterise preNMDAR function with

regards to their localisation. As control experiments, | performed line scans
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through several axon collaterals and could not detect any difference in Ca**
signal induced by glutamate photolysis, compared to controls (McGuinness et
al., 2010). This confirms that the observed Ca?* regulatory effects derive from
preNMDARs located at the bouton. However, the data provides some evidence
that extrasynaptic preNMDARs mediate the Ca?* dependent negative feedback
loop into boutons. Differences between extrasynaptic and synaptic NMDA
receptors have been extensively studied postsynaptically (Hardingham and
Bading, 2010) and it is known that both GIuN2B and GIuN2A are localised at
synaptic as well as extrasynaptic sites (Kohr, 2006; Lozovaya et al., 2004;
Paoletti et al., 2013; Sanz-Clemente et al., 2013; Thomas et al., 2006; Wyllie et
al., 2013). The uncaging spot in the experimental system is bigger than the
bouton under investigation, which means that glutamate is also uncaged at
extrasynaptic areas. Superresolution microscopy revealed, that receptors are
typically arranged in clusters at synaptic terminals (MacGillavry et al., 2013).
Thus, it could be hypothesised that the preNMDAR population containing the
GIuN2B subunit and mediating the decrease in Ca** influx is preferably
localised extrasynaptically, while preNMDARs comprising GIuUN2A positively
regulating Ca®* dynamics are localised synaptically. Further experiments
confirming the extrasynaptic nature of preNMDARSs in our system are needed,
but are difficult to execute. Mostly because there are no suitable techniques to
fully separate synaptic from extrasynaptic preNMDARs. Even with the protocol
used in this study and by others (Liu et al., 2013), a clear separation of synaptic
and extrasynaptic function is not ensured. One possibility could be to improve
the experimental set-up and use two-photon instead of one-photon uncaging

(Tong et al., 2021), increasing precision of the uncaging laser which may give
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clearer results about the exact localisation of the preNMDARSs involved.

Whether the preNMDARs investigated in this work are of triheteromeric or
diheteromeric, synaptic or extrasynaptic nature is unknown. Even though some
effort has been made to image preNMDAR dynamics with confocal imaging (Gill
et al., 2015), visualising specific receptor subunits, their dynamics, and
distribution at presynaptic terminals requires higher resolutions. Superresolution
microscopy techniques such as PALM or STORM have been used to
investigate nanodomain organisations on synaptic terminals (Dani et al., 2010;
MacGillavry et al., 2013). Notably, results from such studies indicate that the
distribution of receptors shows a broad heterogeneity between individual
synapses including perisynaptic and synaptic clustering (Dani et al., 2010).
Such single-molecule imaging studies are typically performed in dissociated
hippocampal neurones, since autofluorescence background is limited in cell

cultures, while prominent in slices.

During my DPhil, | was able to participate in the Frontiers in Neurophotonics
Summer School in Quebec. During a mini project, | tried superresolution
imaging of preNMDARSs using a STED microscope. Even labelling preNMDARs
in fixed neurones was challenging, as the NMDAR antibodies created a lot of
unspecific labelling background (see Fig. 21). Nevertheless, | could detect
some GIuN2B enrichment at boutons (Fig. 21) and new NMDAR labelling
methods are constantly being developed (Neubert et al., 2018). In the future,
improved labelling and microscopy techniques will enable imaging of
preNMDAR subunits in slices or even in vivo and enormously advance our

understanding about preNMDAR localisation, arrangement and function.
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GluN2B

Fig. 21: STED imaging of preNMDARs in fixed hippocampal neurones. STED
images were recorded during the Frontiers in Neurophotonics Summer School with
help from Theresa Wiesner, Andréanne Deschénes and Flavie Lavoie-Cardinal from
the CERVO Brain Research Centre, Québec. GIuUN2B puncta representing
preNMDARs are accumulated in boutons. However, the attempt to label preNMDARSs
for STED imaging resulted in a lot of unspecific background labelling. Antibodies
targeted SMI-31 = anti Neurofilament expressed predominantly in axons, GIuN2B, and
phalloidin = f-actin binding.

Superresolution microscopy could also improve our understanding of how
individual subunit expression varies from bouton to bouton. It has been argued
that cortical preNMDARSs are only expressed in a subset of axonal boutons
(Buchanan et al., 2012), however, in this study preNMDAR function could be
recorded at all examined boutons. Notably, the relative expression of
preNMDAR subpopulations in individual boutons may vary, as different effect
sizes could be recorded in different boutons. Alternative experiments with
different system equipment could be performed where glutamate is

simultaneously uncaged at different boutons, as it was already done on spines
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(Tong et al., 2021). Thereby, mechanistic differences of individual boutons

located on the same axon could be thoroughly investigated.

It is well known that SK-channels are activated by Ca®* influx through NMDARs
(Faber et al., 2005; Lin et al., 2008; Shah and Haylett, 2002) resulting in
hyperpolarisation, which subsequently reduces Ca* influx through VGCCs
(Bond et al., 2005; Faber and Sah, 2007; Griffith et al., 2016). This negative
feedback relationship between NMDARs and SK channels has been intensively
studied at postsynaptic terminals (Faber, 2010; Griffith et al., 2016;
Narasimhan, 2005; Ngo-Anh et al., 2005), while SK-channels and NMDARSs are
also colocalised at presynaptic terminals (Nanou et al., 2013; Ngo-Anh et al.,
2005). In this study, I confirmed this negative feedback interaction and related it
to the GIuN2B subunit. In addition, | showed that the GIuN2A subunit forms a
positive feedback loop with SK-channels. Such a bidirectional subunit
dependent regulation at the synapse is a common theme, considering the fact
that postsynaptic NMDAR subunit populations can cause opposing effects on
plasticity in the hippocampus (Fox et al., 2006; Liu et al., 2004; Massey et al.,

2004; Shipton and Paulsen, 2014).

Both mechanisms act via different downstream proteins to enhance or reduce
SK-channel activity. SK-channels are part of larger protein complexes and co-
assembled with protein kinase CK2 and phosphatase PP2A, with opposing
effects on SK-channel activity (Allen et al., 2007; Bildl et al., 2004; Lujan et al.,
2009). While CK2 phosphorylates SK-bound Calmodulin (CaM) resulting in
faster channel deactivaton and reduced Ca®* sensitivity, PP2A
dephosphorylates CaM causing enhanced Ca** sensitivity (Lujan et al., 2009).

Both CK2 and PP2A differentially impact NMDAR activity dependent on which
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NMDAR subunits are expressed. CK2 only phosphorylates the GIuN2B subunit
resulting in an upregulation of GIuUN2A expression (Sanz-Clemente et al., 2013,
2010; Zhang and Luo, 2013). One possible explanation for my results is that the
activation of GIUN2A receptors causes an increase in CK2 activity within the
bouton leading to an inhibition of SK-channels resulting in greater membrane
depolarisation and Ca** influx (Griffith et al., 2016; Ngo-Anh et al., 2005). It is
well known that NMDARs can increase CK2 as well as PP2A activity, but a
direct link between different NMDAR subunit populations and these proteins at

presynaptic terminals remains to be elucidated.

Ca?* sensitive dyes have been used for decades to study neuronal and synaptic
activity (Padamsey and Emptage, 2011). However, recently a new class of
indicators has received much attention (Loew, 2015; Miller, 2016; Peterka et al.,
2011). Using voltage-sensitive dyes, one can directly image membrane
potential dynamics at synaptic terminals and even demonstrate voltage
compartmentalization in spines in vivo (Cornejo et al., 2021). The
implementation of voltage sensitive dyes in my experimental system would
provide benefits including the possibility to directly study the effects of SK-
channel activity. Most likely, in this study, SK-channels, activated by Ca** influx
through preNMDARSs, act on the action-potential waveform (Bond et al., 2005;
Faber and Sah, 2007, 2003; Sah and Faber, 2002; Xia et al., 1998), but
whether this is actually the case remains to be proven experimentally,

potentially by using voltage sensitive dyes.

| have shown that GIuUN2A containing preNMDARs mediate an increase in Ca**

influx into boutons. For this purpose, | used the GIuN2A subunit inhibitor
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PEAQX to specifically block GIuUN2A subunits which abolished the increase in
Ca?" influx previously unmasked by application of Ro — 25 6981. Notably,
application of PEAQX alone preserved the decrease in APCaTs (Fig. 17),
however, to a more modest extent than observed in aCSF. Most likely, this
results from the lower specificity of PEAQX, as it has been shown that it
partially inhibits the GIuUN2B subunit as well (Auberson et al., 2002; Feng et al.,
2004). Thus, the negative regulation of Ca®* will be reduced under PEAQX, as it
inhibits some of the GIUN2B containing preNMDARs that mediate the decrease
in Ca®". Pharmacological manipulations remain the gold-standard when
studying receptor functions. However, other technologies, especially genetic
knock-outs are useful if antagonists do not provide sufficient selectivity
(Docherty, 2007). Indeed, NMDAR knock-outs have been used to study
synaptic plasticity (Padamsey et al., 2017b). Thus, future experiments could
include knock-out models to eliminate specific NMDAR subunits, even though
this technique represents a longer and more significant disruption of receptor

function and would prohibit physiological subunit interactions.

Last and importantly, the differential expression patterns of preNMDAR subunits
might account for inconsistencies in the literature that are commonly observed
when studying NMDARs at presynaptic terminals. Functional and anatomical
evidence for preNMDARs has been demonstrated since the 1990s (Duguid and
Smart, 2004; Janssen et al.,, 2005; McGuinness et al., 2010; Pittaluga and
Raiteri, 1992, 1990; Siegel et al., 1994). However, direct proof of NMDAR
activation has been challenged as some studies demonstrated Ca** transients
in axons (Buchanan et al., 2012; McGuinness et al., 2010) whereas others

could not detect any Ca®* influx (Carter and Jahr, 2016; Christie and Jahr, 2009,
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2008). This study offers an explanation for these discrepancies, as it
emphasises the importance of specific preNMDAR subunit expression at
individual synapses. Subunit expression will vary between model systems, and
an observation of preNMDAR activity will be difficult if the overall outcome is a
negative regulation of Ca®" influx into the cell, as it is for the activation of the
GIuN2B subunit. Curiously, | could only detect a direct Ca** transient through
preNMDARs with GIuN2B inhibition. Several explanations could account for this
observation. For example, there might be specific subunit-subunit interactions
causing a direct inhibition of GIUN2A induced by GIuN2B. An alternative
explanation could lay in subunit localisation, if GIUN2B receptors are effectively
expressed extrasynaptically, as pointed out above. Following inhibition of the
GIuN2B subunit, | could detect a Ca®" transient triggered by glutamate
photolysis, potentially as GIuN2A receptors are clustered at synaptic sites.
Nevertheless, | have demonstrated direct Ca?* influx through preNMDARs, and
provided a possible explanation why this has been previously unsuccessful in

our lab.

What might be the physiological function of opposing feedback loops mediated
by different preNMDAR subpopulations? The coupling of SK channels to Ca**
sources such as preNMDARs most likely acts as a mechanism to regulate p;
and shape synaptic transmission. Another role for the GIuN2B/SK-channel
feedback could be protection from NMDAR-mediated excitotoxicity. It is
generally believed that NMDARs due to their high Ca®* permeability play a
major role in mediating glutamate dependent excitotoxic neuronal cell death
(Sattler and Tymianski, 2001). As excitotoxicity is in general known to be a key

contributor to neuronal injury in several acute and chronic neurodegenerative
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disorders (Dong et al., 2009), negative feedback loops might represent possible
protection mechanisms. These mechanisms may take effect only when very
high glutamate levels are present as it is the case in my experiments, due to the

AP-induced glutamate release and the additional glutamate uncaging.
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5. Presynaptic NMDA receptor sub-populations modulate short-
term plasticity at boutons setting the bandwidth for information

transfer

5.1. Introduction

In Chapter 4, | described how distinct preNMDAR sub-populations
bidirectionally modulate Ca?* dynamics in boutons. Next, | wanted to explore
the physiological role of this mechanism. Changes in presynaptic Ca**
signalling regulate synaptic transmission predominantly impacting on
neurotransmitter release (pr;) and short-term plasticity (STP). In particular, the
temporal profile of the Ca?" concentration within the bouton is linked to the
expression of short-term facilitation (Zucker and Regehr, 2002). STP describes
the phenomenon that synapses are regulated by their past activity on
timescales of milliseconds. It is generally believed that STP plays a crucial role
to optimise information transmission specifically for short high-frequency bursts
(Dobrunz et al., 1997; Dobrunz and Stevens, 1997; Jackman and Regehr,
2017; Regehr and Abbott, 2004; Rotman et al., 2011). Hippocampal pyramidal
cells commonly fire in a characteristic pattern including high-frequency trains of
APs i.e., brief bursts of two to nine action potentials with interspike intervals
ranging from 2 to 10 msec (Buzsaki and da Silva, 2012; Dobrunz et al., 1997,
Hablitz and Johnston, 1981; Kandel and Spencer, 1961; Suzuki and Smith,
1985). Specifically, CA3 pyramidal neurones are known to generate high-
frequency complex spike bursts (Balind et al., 2019; Harris et al., 2001;
Mizuseki et al., 2012). These AP bursts play an important role in hippocampal

function and are thought to represent an information rich signal important for
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reliable neurotransmission (Balind et al., 2019; Lisman, 1997). During high-
frequency AP firing, a relatively large amount of glutamate accumulates at the
synapse. The experimental design in Chapter 4, including glutamate photolysis
at boutons paired with APs mimics such high levels of glutamate, suggesting
that the functional outcomes of preNMDAR/SK-channel interactions can be

examined during burst firing.

PreNMDARs are known to regulate STP at cortical synapses via frequency-
dependent facilitation of evoked glutamate release (Chamberlain et al., 2008).
Alternatively, preNMDARs have been shown to modulate downstream
intracellular signalling cascades (Banerjee et al., 2016; Pinheiro and Mulle,
2008). More recently, it has been shown that preNMDARSs selectively enhance
BDNF release and STP at hippocampal mossy fibre synapses (Lituma et al.,
2021). Less is known about the effects of preNMDAR subunit composition on
STP. Previous efforts to investigate the effects of preNMDAR subunit
compositions suggest that preNMDARs containing the GIuN2B or GIuN2C/D
subunits at hippocampal CA3 — CA1 synapses can enhance glutamate release
(Prius-Mengual et al., 2019), though no mechanistic details are provided.
Similarly, in cortical neurones, the GIUN2B subunit exhibits a tonic facilitatory

effect on spontaneous glutamate release (Chamberlain et al., 2008).

Based on this evidence, | hypothesised that the preNMDAR-mediated
bidirectional modulation of Ca®" influx acts to modify short-term plasticity on
Schaffer collateral boutons. Using electrophysiological recordings at Schaffer
collateral - CA1 synapses, | show that the preNMDAR subunit composition
impacts on short-term facilitation in a use-dependent manner during bursts of

action potentials. This allows for fine adjustment of the presynaptic integration
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time window and thus the bandwidth of information transfer. Finally, using Ca**
imaging coupled to focal glutamate photolysis at boutons of CA3 pyramidal
neurones, | demonstrate that the preNMDAR populations are plastic and can

homeostatically adapt to changes in network activity.

5.2. Results

5.2.1. Presynaptic NMDA receptors modulate short-term plasticity of

action potential bursts via SK-channels

To investigate the effects of preNMDAR activation on STP, | recorded current
responses from CA1 neurones in organotypic hippocampal slices during high
frequency stimulation (10 pulses at 200 Hz) of Schaffer collateral inputs (Fig.
22). Experiments were performed in voltage clamp at -70 mV. In order to isolate
preNMDAR function, 1 mM MK-801 was included in the patch electrode and
synapses were stimulated at low-frequency (0.06 Hz) for 5-10 min before

commencing experiments, which blocked postsynaptic NMDARSs.

First, | examined the effect of application of the NMDAR antagonist AP5 (50
pMM) on STP. High frequency AP trains elicited short-term facilitation, followed
by a slow decline (Fig. 22A,B), indicating short-term depression caused by the
depletion of neurotransmitter vesicles (Dobrunz and Stevens, 1997; Fioravante
and Regehr, 2011; Schneggenburger et al., 2002). Wash-on of APS significantly
increased short-term facilitation (N = 10, 2" pulse: 2.78 + 0.24 to 3.63 + 0.46, p
= 0.037; 3" pulse: 2.03 + 0.29 to 2.86 + 0.50, p = 0.012; 4" pulse: 1.31 + 0.21
to 1.91 £ 0.33, p = 0.022; Wilcoxon signed rank test; Fig. 22A; S5.1, Appendix).
Note that in some experiments experiments, AP5 was applied at the start of the

experiment and washed out instead. If the inhibitory effect of preNMDARs is
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due to the activation of SK channels, as suggested for the GIuN2B negative
feedback loop, inhibition of SK channels should occlude an APS5-induced
increase in short-term facilitation. Therefore, | performed experiments where

SK-channels were inhibited with apamin (1 pM), before adding APS (Fig. 22B).
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Fig. 22: Inhibition of preNMDARs increases short-term facilitation of high-
frequency bursts in organotypic slices. (A) Top, Sample traces of burst stimulation
(10 APs at 200 Hz) before (black) and after (red) the addition of 50 yM APS5 to block
preNMDARSs. Bottom, Average normalised slope of the EPSC during burst stimulation
before and after the addition of AP5. Application of AP5 significantly increased the
magnitude of short-term facilitation (N = 10 cells; p < 0.05 for pulses 2-4; Wilcoxon
signed rank test). (B) Inhibition of SK-channel function with 1 yM apamin occludes the
AP5-induced increase in short-term facilitation. (N = 9 cells; ns; Wilcoxon signed rank
tests). (C) The difference in the normalised EPSC slope of pulse 1-10 before and after
the addition of AP5 with (grey trace) or without (black trace) SK-channel inhibition (N =
10 cells (control), 9 cells (apamin); p < 0.05 for pulses 2-4, 7; Mann-Whitney U test).
(D) The initial EPSC slope does not change during the experiments (N = 10 cells
(control), p = 0.38; N = 9 cells (apamin), p = 0.16; Wilcoxon signed rank tests). Error
bars represent SEM.
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Notably, the facilitatory effect of preNMDAR inhibition on STP was abolished
under SK-channel blockade (N = 10 cells (control), 9 cells (apamin); p < 0.05 for
pulses 2-4,7; Mann-Whitney U test; Fig. 22B,C). Since STP depends strongly
on the initial p, of the synapse, the facilitatory effect of AP5 might be caused by
a decrease in the basal p.. However, this appears unlikely as the magnitude of
the EPSC slope of the first pulse did not change with AP5, and apamin did not
cause a change in the magnitude of the basal response (N = 10 cells (control),
p = 0.38; N = 9 cells (apamin), p = 0.16; Wilcoxon signed rank test; Fig. 22D).
When repeated in acute hippocampal slices under GABAx- and GABAg-
receptor blockade with Picrotoxin (30 uM) and CGP55845 (5 uM), application of
AP5 (50 uM) also led to an increase in short-term facilitation (N = 7 cells; 3™
pulse: 1.68 £ 0.23 to 1.98 + 0.24, p = 0.046; Wilcoxon signed rank test; Fig.
S5.1, Appendix). However, the effects of AP5 on STP were less prominent in

acute slices, than in organotypic slices (Fig. S5.1, Appendix; Fig. 23).
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Fig. 23: Increases in short-term facilitation mediated by preNMDAR blockade is
more pronounced in organotypic than acute hippocampal slices. Individual data
points showing the difference in the normalised EPSC slope of pulse 1-10 before and
after the addition of AP5 for experiments in organotypic (A) and acute (B) hippocampal
slices. (C) The difference in the normalised EPSC slope of pulse 1-10 before and after
the addition of AP5 in organotypic (black trace) or acute (grey trace) hippocampal
slices.
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5.2.2. Subunit composition of presynaptic NMDA receptors regulates

short-term plasticity to adjust the presynaptic integration time window

Following this initial evidence supporting the hypothesis that preNMDARs
regulate STP, | seeked to explore the effects of differential preNMDAR subunits
in this context, as | have previously shown that two distinct preNMDAR sub-
populations bidirectionally regulate Ca** dynamics at boutons. To investigate
whether these preNMDAR subunit populations also differentially regulate short-
term facilitation, | recorded from CA1 neurones in response to bursts of APs (5
pulses at 50 Hz) elicited at the Schaffer collateral inputs. Additionally, a single
recovery pulse 100 ms after the burst was included in experiments (Fig 24B,
top), to examine the speed of recovery from short-term depression. Again, 1
mM MK-801 was included in the patch electrode to block postsynaptic

NMDARs.

Similar to experiments with 200 Hz stimulation, AP trains at 50 Hz elicited short-
term facilitation, followed by a slow decline (Fig. 24A-D) as previously reported
for Schaffer collateral — CA1 synapses (Bartley and Dobrunz, 2015; Dobrunz et
al., 1997; James et al., 2006; Stevens and Wang, 1995; Sun and Dobrunz,
2006). In order to inhibit the GIuN2B subunit, the specific antagonist Ro - 25
6981 (1 uM) was applied. Application of Ro - 25 6981 significantly increased
short-term facilitation of the second pulse (N = 15 cells; p = 0.001 for pulse 2;
Wilcoxon signed rank test) and enhanced short-term depression of subsequent
pulses (N = 15 cells; p < 0.05 for pulse 3-5; Wilcoxon signed rank test; Fig.

24A,B).
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Fig. 24: PreNMDAR modulation of AP-evoked Ca®" influx results in use-
dependent modulation of short-term facilitation. (A) Top, Sample traces of burst
stimulation (5 APs at 50 Hz) before (black) and after the addition of 1 yM Ro — 25 6981
(blue) to block GIUN2B containing preNMDARs. Bottom, the normalised EPSC slope
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during burst stimulation before and after the addition of Ro — 25 6981 is shown for all
experiments. (B) Average normalised slope of the EPSC during burst stimulation
before and after the addition of Ro — 25 6981. Application of Ro — 25 6981 significantly
increased the magnitude of short-term facilitation (N = 15 cells; p = 0.001 for pulse 2;
Wilcoxon signed rank test) and enhanced the magnitude of short-term depression (N =
15 cells; p < 0.05 for pulse 3-5; Wilcoxon signed rank test). (C,D) Same as (A,B) for
Vehicle (aCSF alone, N = 11 cells). (E) The initial EPSC slope does not change during
the experiment (N = 15 cells (control), p = 0.08; N = 11 cells (Vehicle), p > 0.99;
Wilcoxon signed rank test). (F) The difference in the normalised EPSC slope of pulse
1-5 before and after the addition of Ro - 25 6981 (from B) or in control experiments
(from C) (p < 0.05 for pulse 2; Mann-Whitney test). (G,H) The magnitude of the
recovery pulse given 100 ms after the burst was significantly decreased when GIuN2B
activity was inhibited with Ro - 25 6981 but not in control experiments (Ro - 25 6981: p
< 0.001; Vehicle: p = 0.34; Wilcoxon signed rank test; Ro vs vehicle: p < 0.01, Mann
Whitney test).

| performed control experiments to determine potential effects of the drug wash-
on procedure, caused by the perfusion system, since Ro - 25 6981 cannot be
used in wash-out experiments such as AP5. In these vehicle experiments, if
aCSF alone was perfused, short-term plasticity remained unchanged (N = 11
cells; ns; Wilcoxon signed rank test; Fig. 24C,D). To rule out the possibility that
application of Ro - 25 6981 caused a change in p,, | compared the magnitude of
the first pulse in each burst (Ro - 25 6981: N = 15 cells, p = 0.09; Vehicle: N =
11 cells, p > 0.99; Wilcoxon signed rank test; Fig. 24E) and could not find a

significant difference.

Short-term  plasticity during high-frequency firing modulates synaptic
performance during subsequent stimulations. If GIuN2B inhibition affects short-
term facilitation and depression, correspondent changes should be detectable
in a subsequent recovery-pulse. Thus, next | evaluated the recovery from short-
term depression. Indeed, the magnitude of a single recovery pulse given 100
ms after the burst was significantly decreased when GIuN2B activity was

inhibited with Ro - 25 6981 (Ro - 25 6981: N = 15 cells, p < 0.001; Vehicle: N =
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11 cells, p = 0.34; Wilcoxon signed rank test; Fig. 24G). No such changes could
be detected in control vehicle experiments (Ro - 25 6981 vs. Vehicle: p = 0.01;

Mann-Whitney U test; Fig. 24H).

In conclusion, | have shown that the preNMDAR-mediated modulation of Ca**
influx, established in Chapter 4, serves to modify short-term facilitation. This
modulation is use-dependent, in other words, conditioned by the recent history
of release events, as proven by the fact that the activation of preNMDARs
requires glutamate (Chapter 4). Potential outcomes of this use-dependent
modulation of short-term facilitation affect synaptic transmission, specifically the
adjustment of the presynaptic integration time window. The data indicate that
activation of the GIuN2B dominant pathway forms a negative feedback loop that
restricts the increase in p; during bursts of APs (Fig. 25). Importantly, glutamate
release must first occur to stimulate this pathway, ensuring that some
neurotransmitter is always released. Thus, the GIuN2B dominant pathway
functions as use-dependent ‘clamping’ of short-term facilitation, preventing
excessive vesicle depletion (i.e. short-term depression). This is necessary to
reset the synapse for subsequent AP trains. Effectively, such a mechanism will
enhance information transfer within short integration time windows (Fig. 25).
The other pathway, predominantly activating preNMDARs containing the
GIuN2A subunit forms a positive feedback loop within presynaptic terminals. In
a use-dependent manner, i.e. following glutamate release, pris increased over
the course of the AP burst (Fig. 25). This mechanism ensures that multiple
release events occur for an AP burst, which extends the impact of the burst in

time. Thereby, the postsynaptic neurone is given more time to integrate
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information, hence, activation of the GIuUN2A pathway augments the robustness

of information transmission (Fig. 25).
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Fig. 25: Functional outcomes of presynaptic NMDAR sub-population dependent
modulation of Ca®>* dynamics at Schaffer collateral boutons.

5.2.3. The relative contribution of presynaptic NMDA receptor

subpopulations adapts to global network activity

My results suggest that the balance between GIuUN2A and GIuN2B
subpopulations regulates the presynaptic integration time window and thus the
bandwidth of information transfer. Ideally, this balance should be adjustable
with respect to network activity (Fig. 25, bottom). During states of sparse

activity, robust transmission should be favoured to reliably transmit information.
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If network activity is high, information transfer occurs within short integration
time windows, thus excessive vesicle depletion should be prevented to ensure
that the synapse can transmit subsequent activity. Therefore, | wondered
whether manipulating network activity can be used to change the contribution of
each preNMDAR subpopulation, with states of high activity favouring the

GIuN2B subunit and states of low activity stimulating GIuN2A (Fig. 26).
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Fig. 26: Network activity shifts the balance between GIuN2A and GIuN2B
subpopulations. (A) Schematic of the experimental conditions. Network activity was
either increased or decreased via application of 1 yM gabazine or 10 uM NBQX and 50
MM APS5 for 48-72 hours, respectively. (B-D) Peak APCaTs in control conditions, N = 10
(B) and after increasing, N = 9 (C) or decreasing, N = 14 (D) network activity.
Decreasing network activity led to an increase in peak APCaTs (D). This increase was
abolished with intracellular MK-801, N = 9 and PEAQX, N = 13 (E,F). (G) Summary of
the regulation of subpopulation balance by network activity (Vehicleow acivity vVS. Control
p < 0.001, Vehiclejgwaciviy VS. IMK-801 p = 0.002, Vehiclegwaciviy VS. PEAQX p < 0.001;
Kruskal-Wallis with post hoc Dunn’s test). Error bars represent SEM.
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To test this hypothesis, | used an established protocol to induce homeostatic
plasticity (Turrigiano, 2012). Network activity was either globally increased (1
MM gabazine) or decreased (10 uM NBQX and 50 uM AP5) for 48-72 hours
(Fig. 26A). For subsequent investigations on subunit-dependent Ca** dynamics,
| returned to Ca** imaging coupled to glutamate photolysis experiments in
organotypic slices, similar to those in Chapter 4, and measured the modulation
of APCaTs induced by network dynamics. Increased network activity with
gabazine resulted in an overall decrease in the peak amplitude of APCaTs (N =
9 boutons, AAPCaT = -0.2 + 0.034 AF/F; Fig. 26C) which was not significantly
different from control experiments (Gabazine vs. CTR p > 0.99; Kruskal-Wallis
with post hoc Dunn’s test; Fig. 26B,C,G). In contrast, decreasing network
activity with NBQX and APS5 resulted in a substantial increase in APCaTs (N =
14 boutons, AAPCaT = 0.144 £ 0.021 AF/F; Fig. 26D) following photolysis of
glutamate (AP5/NBQX vs. CTR p < 0.001; Kruskal-Wallis with post hoc Dunn’s
test; Fig. 26G). This increase is caused by enhanced activity of GIuN2A
containing preNMDARSs, as confirmed by the application of intracellular MK-801
(N = 9 boutons, AAPCaT = -0.019 = 0.024 AF/F; Fig. 26E,G) and the specific
GIuN2A inhibitor PEAQX (N = 13 boutons, AAPCaT = -0.057 + 0.023 AF/F; Fig.
26F,G). Notably, the application of PEAQX did not unmask a decrease in
APCaTs (Fig. 26G). No difference in effect depending on the duration of drug
incubation (48 or 72 hours) could be observed and homeostatic plasticity

protocols did not affect slice health (Fig. S5.3, Appendix).
5.3. Discussion

| have shown that the activation of two preNMDAR populations with distinct

subunit composition bidirectionally regulate Ca** dynamics and STP at Schaffer
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collateral boutons. In summary, the activation of preNMDARs containing the
GIuN2B subunit form a negative feedback-loop via SK-channels, that decrease
the Ca?* influx that occurs during an action potential leading to a reduction of
short-term facilitation during high frequency firing. Activation of preNMDARs
containing the GIUN2A subunit increase the action potential driven Ca?* influx
into the bouton, which results in the reinforcement of short-term facilitation

during burst firing.

Further, | have demonstrated that the GIUN2B pathway is predominant in
conditions of high network activity, as commonly observed in hippocampal slice
preparations (De Simoni et al., 2003), whereas GIuN2A signalling dominates
when network activity is low. Hence, the data support the idea that synaptic
terminals flexibly adjust the balance between GIuN2A and GIuN2B
subpopulations depending on the activity state of the network. Such alterations
in subunit composition have been demonstrated for postsynaptic terminals in
different forms of plasticity. For example, during Hebbian LTP synaptic
NMDARs switch from GIuN2B containing towards GIuUN2A containing NMDARs
(Bellone and Nicoll, 2007). But even during homeostatic plasticity, if network
activity was silenced with tetrodotoxin (TTX), GIUN2A containing receptors were
upregulated on postsynaptic terminals (Soares et al., 2013). In this study |
show, that preNMDAR subunit dynamics are regulated in a similar fashion in

response to changes in network activity.

As pointed out above, | was able to detect preNMDAR function at all
investigated boutons, however, effect sizes varied suggesting that the relative
expression of preNMDAR subpopulations in individual boutons may differ.

Indeed, individual expression patterns of preNMDARs at synapses from the
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same neurone have been reported (Buchanan et al., 2012). Synapse-specific
regulation of the GIuN2B/GIuN2A balance could be responsive to local activity,
meaning the unique pre- and postsynaptic activity patterns experienced by each
individual synapse. This would endow the presynaptic terminal with exceptional
computational flexibility suggesting that bidirectional preNMDAR signalling
mediated via different subunits plays an essential role for information
processing in neuronal networks. To illustrate the significance of such
regulatory processes at presynaptic terminals one should consider how
information is actually transmitted at synapses (see a recently proposed model
for presynaptic computation by Tong et al., 2020). Many studies have focussed
on this central question and it is now generally believed that both the onset as
well as the average frequency of burst firing conveys information (Krahe and
Gabbiani, 2004). Imagine neurone A receiving a burst input containing
information for neurone B. Short-term plasticity, differentially expressed from
synapse to synapse of neurone A, is used to define whether to transmit
information related to the timing of presynaptic bursts or to the average burst
frequency (Markram et al., 1998b, 1998a). Various studies have shown that
boutons from the same axon can give rise to facilitating synapses as well as to
depressing synapses depending on the target neurones (Regehr and Abbott,
2004). The bidirectional functional outcomes of subunit specific preNMDAR/SK-
channel interactions demonstrated in this study represent a mechanism as to
how this short-term plasticity can be regulated on the molecular level. If
conveying the precise timing of presynaptic bursts is important, the GluN2B
pathway will be up-tuned to clamp neurotransmitter release ensuring the

reliable transmission of activity onsets. In contrast, if burst frequency contains
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relevant information, increasing short-term facilitation and upregulating release
via the GIuN2A subunit is favourable to enable neurone B to sense every
stimulus during the burst during low-activity states (Dittman et al., 2000;
Tsodyks and Markram, 1997). Via short-term plasticity, information can be
differentially distributed by the same neurone, specifically shaped to transmit to
postsynaptic neurones engaged in different neural pathways (Markram et al.,
1998a, 1998b; Markram and Tsodyks, 1997; Regehr, 2012). If we consider that
neurone A will also be engaged in different contexts, the synapse-specific
regulation of the GIuN2B/GIuN2A balance in response to network activity is
beneficial. Thus, if short-term plasticity represents the mechanism by which
neurone A shapes its output to neurone B, identifying mechanisms that
modulate this short-term plasticity, such as the one discovered in this study,
adds another layer of flexibility to synaptic processing. Differential expression of
preNMDARs dependent on the functional identity of the synapse has been
previously demonstrated (Buchanan et al., 2012). | show that specific
expression of preNMDAR subunit populations can regulate p. during high-
frequency firing. This flexible adjustment of p, via differential expression of
preNMDAR subunits allows individual synapses to efficiently transmit the
bandwidth of presynaptic firing frequencies that are most informative for the
postsynaptic neurone (Tong et al., 2020). In summary, | have given evidence
that preNMDARSs containing either the GIuUN2B or the GIuN2A subunit compete

at presynaptic terminals regulating the synapse’ specific output.

Apart from increasing the potential for synaptic computation at the presynaptic
terminal, other physiological consequences of the described feedback loops are

worth to be considered. The negative feedback loop involving the GIuN2B
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subunit could provide a homeostatic control of the amount of glutamate
released. This might be useful in minimising the metabolic cost of the synapse.
If information were encoded in the onset of an AP burst, only a single release
event would be required to transfer the information about the occurrence of a
burst, rendering all subsequent release events redundant. This redundancy can
be reduced by clamping neurotransmitter release for subsequent release

events.

The extent of functional impact from both preNMDAR sub-populations can be
flexibly adjusted as shown by the upregulation of GIuN2A containing
preNMDARs during phases of low network activity. The exact mechanisms
driving this flexibility remain to be investigated but such homeostatic effects
probably fall in three different categories. Option one includes the stimulation of
preNMDAR membrane trafficking to upregulate the expression of either
preNMDAR sub-population (Aoki et al., 2003; Barria, 2007; Lau and Zukin,
2007). Another possibility could be to upregulate respective pathways via local
protein translation (Holt et al., 2019; Holt and Schuman, 2013). Lastly,
increased activation of either GIUN2A or GIuN2B could be independent of
receptor expression and simply result from functional upregulation potentially by
activity shifts of downstream signalling proteins. Perhaps synaptic adjustments
include a combination of all three mechanisms. Notably, as shown in the last
Figure (Fig. 26), application of PEAQX inhibited the increase in APCaTs but did
not unmask a decrease in APCaTs. This suggests, that the extensive silencing
of network activity has caused a shift in the dominant subpopulation expression
such that far few GIuN2B containing receptors remained. Although trafficking

and functional upregulation provide the most obvious and least energy
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consuming solutions, protein synthesis could play a role in long-term
adjustments of synaptic strength. To explore this possibility, the

GIuN2A/GIuN2B flexibility should be studied on different time scales.

| provided initial evidence for the involvement of preNMDARs and SK-channels
in STP by investigating the effects of AP5 and apamin on short-term facilitation.
The data support the idea that preNMDARs influence short-term facilitation
probably via SK-channels. However, detailed analysis showed that facilitation
was generally decreased by apamin (Fig. S5.2, Appendix), potentially impacting
on results. Notably, these experiments were performed in organotypic as well
as acute hippocampal slices, showing stronger changes in short-term plasticity
following burst stimulation in organotypic slices compared to acutes. The
activity within organotypic slices is strongly enhanced (De Simoni et al., 2003)
and our data show that increasing network activity with gabazine caused no
stronger decrease in Ca?* influx. This suggests that the effect of the GIuN2B
pathway is already at maximum in our control conditions. Accordingly, when we
inhibit all preNMDARSs in organotypic slices with AP5, an increase in short-term
facilitation can be observed, resulting from alleviation of the negative regulatory
GIuN2B pathway. In acute slices, inhibition of preNMDARs with AP5 also
resulted in an increase in short-term facilitation, however to a much smaller
extend. Thus, the GIuN2B dominant pathway is more impactful in organotypic
slices, where network activity is enhanced, than in acute slices, where activity is

generally lower.

At this point, it is also worth to return to the possibility of an extrasynaptic nature
of preNMDARSs containing GIuN2B, as proposed in Chapter 4. Considering the

observed effects of preNMDARs during AP bursts, a contribution of
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extrasynaptic preNMDAR activity is likely in our experiments, since stronger
extrasynaptic GIuN2B activity has been demonstrated during high-frequency
trains (Brickley et al., 2003; Koéhr, 2006; Lozovaya et al., 2004). Given that
preNMDARs with GIuN2B are preferentially active during high states of network
activity, an extrasynaptic localisation of this population of preNMDARs could
declare them as sensors for high amounts of glutamate during increased
activity. Thereby, GIuN2B preNMDARs could sense both locally released
glutamate and spillover from neighbouring synapses, serving as a trigger to

preferentially activate the negative feedback loop with SK-channels.

In conclusion, inconsistencies in preNMDAR signalling and functional outcomes
as indicated in the literature, together with what | presented in Chapters 4 and 5
emphasises the following: Future studies on preNMDARs should consider to
identify which subunits are expressed and that their activation is plastic
dependent on several factors such as network activity. Importantly, besides the
relevance of NMDAR signalling for synaptic transmission, understanding
NMDAR regulation and functional outcomes is clinically valuable, since NMDAR
dysfunction is associated with psychosis, epilepsy, memory and learning
impairments and even with excitotoxic brain injury (Cull-Candy et al., 2001;

Newcomer et al., 2000; Yang et al., 2006; Zhou and Sheng, 2013).
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6. Effects of oestrogen on structural plasticity of spines

6.1. Introduction

The effects of oestrogen and the oestrous cycle on synapses, specifically
dendritic spines, have been characterised since the 1990s (Sheppard et al.,
2019; Woolley and McEwen, 1993). Not only has it been shown that spine
density fluctuates by approximately 30% across the oestrous cycle (Woolley et
al., 1990), but also exogenous delivery of oestradiol benzoate (EB) or oestradiol
(E2) via injections increased spine density (Jacome et al., 2016; MacLusky et
al., 2005; Woolley and McEwen, 1993, 1992). Despite well-established
differences in spine number and density, less research has been conducted to
characterise spine morphology changes in response to oestrogen (Brinton,
2009). E2 treatment resulted in no changes with regards to spine length (Phan
et al., 2015). However, the application of an oestrogen receptor agonist
enhanced the number of larger ‘mushroom’ type of spines in the hippocampus,

indicating that E2 signalling affects spine size (Li et al., 2004; Liu et al., 2008).

The majority of experimental studies investigating the effects of oestrogen on
spines build on exogenous treatments, where animals are injected either
directly with E2, or with substances that stimulate E2 signalling (Jacome et al.,
2016; Li et al., 2004; MacLusky et al., 2005; Woolley and McEwen, 1993,
1992). Subsequently, animals are sacrificed and brains are cut into slices to
visualise neurones and dendrites with Golgi staining (Jacome et al., 2016;
Tuscher et al., 2016). In other studies, acute slices are prepared first and
incubated with E2 or E2 receptor agonists prior to fixation with

paraformaldehyde and subsequent labelling (Mukai et al., 2007; Murakami et
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al., 2006; Phan et al., 2015; Tsurugizawa et al., 2005). Overall, in studies
reporting E2 induced changes, these effects have been measured in fixed
tissue. Results may significantly differ in acute experiments in which structures

would be observed in real-time before and after the application of oestrogen.

Recently, in vivo two-photon imaging was used to study the effects of
fluctuating oestrogen levels on cortical spine plasticity (Alexander et al., 2018).
Alexander and colleagues have performed a longitudinal examination of spines
from L5 pyramidal neurones in the somatosensory cortex (SSC) of naturally
cycling female and male mice. Contrary to the traditional framework of
oestrogen functions, spine density was constant across the oestrous cycle and
overall similar compared to male animals (Alexander et al., 2018). However,
structural plasticity evoked by sensory stimulation differed with regards to the
stage of the oestrus cycle, respectively, showing more pronounced spine
dynamics during proestrus and oestrus phases where oestrogen levels are

enhanced (Alexander et al., 2018).

These results support the idea, that oestrogen modulates the synaptic network
thereby affecting subsequent plasticity events. Indeed, such a two-step
mechanism for oestrogen signalling has been proposed suggesting that E2
increases synaptic connectivity (Step 1) and subsequently stimulation or
plasticity mechanisms (Step 2) cause these synapses to undergo long-term
potentiation (Sheppard et al., 2019; Srivastava et al., 2008). Thus, the level of
ongoing plasticity processes in different brain regions probably influences the
effects of oestrogen on synapses. The SSC can exhibit various forms of
plasticity, including structural plasticity, however, mostly in response to sensory

stimulation such as peripheral lesions, passive sensory experience, and training
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on sensory tasks (Feldman and Brecht, 2005). In contrast, the hippocampus as
part of the limbic system is involved in ongoing plasticity regulating emotional
behaviours, learning and memory. The prefrontal cortex (PFC) is tightly
connected to the limbic system and evidence points towards specific roles for
the PFC, distinguishing it from other cortical regions such as the SSC (Kolb and
Gibb, 2015). For example, the acquisition, consolidation, and extinction of fear
memory involves interactions between the PFC and hippocampus (Pearson and

Lewis, 2005; Taxier et al., 2020).

Oestrogen exerts strong effects on structural plasticity in highly plastic brain
regions such as the hippocampus and PFC (see 2.3.3., Sheppard et al., 2019;
Wallace et al., 2006) and in the SSC the induction of plasticity via sensory
stimulation may be needed to reveal oestrogen-induced effects on spine
dynamics (Alexander et al., 2018 but see Ye et al., 2019). This together with the
fact that a two-step regulatory mechanism of oestrogen signalling has been
proposed (Srivastava et al., 2008) led me to the following hypothesis: oestrogen
as a neuromodulator lowers the threshold of plasticity, affecting spine dynamics
and related experimental observations in different brain regions. Here, | test this
hypothesis using acute slices from the hippocampus, SSC, and PFC of
transgenic Thy1-EGFP mice expressing sparse labelling of projecting neurones.
Note that in this Chapter, oestradiol (E2) is the oestrogen variant under study.
Thus, effects of oestrogen in this case are equated with effects of oestradiol
(E2). First, | demonstrate that the acute application of E2 for 30 minutes has no
effects on the number of spines. Next, | show that E2 incubation significantly
increases spine size in the hippocampus and PFC of female and male animals,

but not in the SSC. Using a subthreshold glutamate uncaging protocol, | provide
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evidence that oestrogen lowers the threshold for plasticity in the hippocampus,
PFC and SSC. Finally, | demonstrate that the detectability of oestrogen-induced

effects on spine size depend on the basal level of neuronal activity.

6.2. Results

6.2.1. Spine number in acute hippocampal slices is not significantly

altered by oestrogen application

The literature states that oestrogen induces rapid structural changes increasing
spine density by 25-50% within 15-40 min of hormone application (Jacome et
al., 2016; Phan et al., 2015, 2012, 2011; Srivastava et al., 2008). Specifically in
the hippocampus, dendritic spine density increased within the stratum oriens
and stratum radiatum after 20—-30 min of treatment with E2 (Phan et al., 2015).
In order to investigate acute effects of E2 on spines, | applied 100 nM of E2
onto acute brain slices from 8-12 week old Thy1-EGFP transgenic mice (Fig.
27), a concentration that is commonly used to investigate acute effects of
oestrogen (Chang et al, 2013; Ye et al, 2019). Two different sets of
experiments were performed, and images of spines were taken before and after
30 minutes of incubation. In control experiments, slices were incubated in aCSF
without drug application. In a second set of experiments, slices were incubated
with E2 (100 nM) for 30 minutes. Subsequently, the effects of oestrogen on
spine dynamics were examined by evaluating changes in spine number and

spine size.
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dendrite spine
+E2

Fig. 27: Experimental set up: acute brain slices from Thy1-EGFP transgenic mice.
(A) Dendrites in acute hippocampal slices from Thy1-EGFP transgenic mice. (B)
Enhanced image of the box from (A) displaying spines along the dendritic branch. (C)
The effects of the acute application of oestradiol (E2, 100 nM) to acute brain slices.
Line profiles demonstrate, that while the spine head increases in size, the
corresponding dendrite diameter is not affected by E2. Scale bar: 2 ym.

Dendritic branches with up to 40 spines each (a total of 300-400 pm of
dendrites per experimental group) were analysed in acute slices from the
hippocampus, the prefrontal cortex (PFC), and the somatosensory cortex (SSC;
Fig. 28). To investigate the effects of E2 application on spine dynamics, the
number of new and lost spines per 10 ym of dendritic branch was analysed in
both control experiments and experiments with oestrogen incubation (Fig. 28).
Overall, spine dynamics were extremely low in both conditions, with on average
less than one lost or newly formed spine per 10 um over 30 minutes (Fig.
28A,B). No significant differences could be detected between oestrogen and
control experiments (N, dendrite branches; control = 5 (hippo female), 6 (hippo
male), 6 (PFC), 7, (SSC); N, dendrite branches; oestrogen: 8 (hippo female), 6

(hippo male), 11 (PFC), 11 (SSC); Mann-Whitney test, ns; Fig. 28A,B).
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Fig. 28: Dendritic spine turnover rate in acute hippocampal slices is not
significantly altered by oestrogen application. (A,B) The number of lost (A) and
new (B) spines over 30 minutes in control experiments (black) and following the
application of 100 nM E2 (grey). Slices from Thy1-EGFP transgenic mice were
prepared from the hippocampus, the prefrontal cortex (PFC) and the somatosensory
cortex (SSC). Sample number represents the average number of lost or new spines
per 10 um for individual dendritic branches. No enhanced spine dynamics could be
observed following E2 incubation. (C,D) The number of lost (C) and new (D) spines
normalised to control experiments for the female and male hippocampus, the PFC and
the SSC. No significant differences in E2-induced spine dynamics could be detected
between brain regions when compared to the female hippocampus. The only exception
was the number of new spines in the SSC, which was smaller compared to the female
hippocampus (All ns except SSC vs. female hippo p = 0.015; Kruskal-Wallis with post
hoc Dunn’s test). Error bars represent SEM.

When normalising spine dynamics of oestrogen experiments to control

experiments, it became evident that in acute slices from the hippocampus the

164



number of new and lost spines was slightly higher compared to the PFC and
SSC (Fig. 28C,D). However, because numbers were extremely low in general,
no significant differences could be detected in E2-induced spine dynamics
between different brain regions (Fig. 28C,D). The only exception was a slightly
decreased number of new spines in the SSC compared to the female
hippocampus (SSC vs. female hippo p = 0.015; Kruskal-Wallis with post hoc
Dunn’s test; Fig. 28D). Taken together, this data suggests that the acute
application of oestrogen for 30 minutes produces only minor changes in spine
dynamics, but potentially exhibiting stronger effects in the hippocampus than in

cortical brain regions.

6.2.2. Oestrogen potentiates spine size in acute brain slices from

hippocampus and prefrontal cortex but not somatosensory cortex

Having found that the effects of oestrogen on spine number were minimal, |
analysed the effects of oestrogen on spine size. Indeed, the application of E2
onto acute slices from the hippocampus substantially increased spine size (Fig.
27). | quantified spine size changes in control experiments and experiments
where E2 (100 nM) was applied by analysing the same spines at the beginning
of each experiment and after 30 minutes. Fig. 29 displays the relative changes
in spine size, estimated by changes in the integrated fluorescence intensity
measured after 30 minutes (A % intensity). Then, | compared oestrogen
experiments to control experiments within different brain regions including the

hippocampus, PFC, and SSC.
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Fig. 29: The application of Oestrogen increases spine size in acute brain slices
from hippocampus and prefrontal cortex but not somatosensory cortex. (A) The
difference in mean fluorescence signal of spines before and after 30 minutes for control
experiments (black, dark blue) and experiments where 100 nM E2 was applied (grey,
light blue) to slices from the female and male hippocampus. The difference in mean
fluorescence signal is expressed as percentage change of intensity relative to the
intensity before the 30 minutes of incubation. (B) Same as (A) but for the prefrontal
cortex (PFC). (C) Same as (A,B) for control experiments (dark green) and experiments
where 100 nM E2 was applied (light green) to slices from the female somatosensory
cortex (SSC). An increase in signal intensity was detected following E2 application for
the female and male hippocampus and PFC, but not in control experiments without E2
incubation (A,B). No such changes could be detected for the SSC (C). (D) Summary
figure of (A-C). A(A % intensity) was calculated by normalising oestrogen to control
experiments. E2 incubation of acute slices from the female hippocampus potentiated
spine size. Similar effects were observed for the male hippocampus and the female
and male prefrontal cortex. However, the E2-induced increase in spine size was not
detectable in the somatosensory cortex (Hippo male (N = 295), PFC female/male (N =
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297/261) vs Hippo female (N = 282) all ns, SSC (N = 315) vs. Hippo female p < 0.001;
Kruskal-Wallis with post hoc Dunn’s test).

As indicated by the relative increase in integrated fluorescence signal, spine
size increased in response to E2 treatment in both the hippocampus and
prefrontal cortex (Hippo female: control, -1.37 + 1.61 %, N = 140 spines / 3
slices / 3 animals; oestrogen, 9.86 + 1.22 %, N = 282 spines / 5 slices / 3
animals; Unpaired t-test, p < 0.001; PFC female: control, 2.13 £ 1.45 %, N =
182 spines from 4 slices / 3 animals; oestrogen, 10.03 £ 1.47 %, N = 297 spines
from 6 slices / 3 animals; Unpaired t-test, p < 0.001; Fig. 29A,B,D). Notably, this
was the case for slices obtained from female as well as male animals (Hippo
male: control, -2.79 £+ 1.61 %, N = 239 spines from 4 slices / 2 animals;
oestrogen, 11.06 = 1.80 %, N = 295 spines from 4 slices / 3 animals; Unpaired
t-test, p < 0.001; PFC male: control, -0.36 £ 1.20 %, N = 252 spines from 7
slices / 3 animals; oestrogen, 12.53 + 1.73 %, N = 261 spines from 6 slices / 3
animals; Unpaired t-test, p < 0.001; Fig. 29A,B,D). However, no such effects of
E2 application on spine size could be detected in acute slices from the SSC
(SSC: control, -2.10 + 1.51 %, N = 206; oestrogen, -3.47 £ 1.42 %, N = 315;

Unpaired t-test, p = 0.521; Fig. 29C,D).

6.2.3. Oestrogen decreases the threshold for structural potentiation of

spines in acute brain slices

Sensitivity to oestrogen signalling has been demonstrated in the SSC as lower
levels of E2 during the oestrus cycle or following ovariectomy surgery correlated
with a significant decrease in spine density in SSC neurones (Chen et al., 2009;

Ye et al., 2019). Moreover, oestrogen receptors are expressed throughout the
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SSC of Thy1-EGFP transgenic mice (Alexander et al., 2018). Therefore, |
considered it important to carefully interpret the negative results obtained from
the SSC. | hypothesised that there may be another reason as to why no
changes in spine size could be detected in the SSC. Alexander and colleagues
have shown that differences in spine changes related to oestrogen signalling
were only detectable in the SSC when plasticity was induced externally
(Alexander et al., 2018). This raises the possibility that oestrogen lowers the
threshold of plasticity and provides a potential explanation for the results

observed in my study.

The hippocampus and PFC are both highly plastic brain regions, involved in
cognitive functions and emotional behaviour differing significantly from the
functions of the SSC. If the application of oestrogen to the hippocampus and
PFC lowers the threshold for plasticity, spine potentiation will be detected as a
result of high levels of ongoing activity in these brain regions, but not in the SSC

where plasticity-related activity is low without external stimuli.

To test this hypothesis, | used acute slices from 8-12 week old Thy1-EGFP
transgenic mice and externally stimulated spines with local glutamate
photolysis, driving them to express structural potentiation (Fig. 30). | used an
established structural plasticity protocol (sLTP) which produced robust
increases in spine size in stimulated but not in neighbouring spines in acute
hippocampal slices (Harvey and Svoboda, 2007; Hedrick et al., 2016; Fig
30A,B). Next, some spines were stimulated with a subthreshold protocol (sub;
Harvey and Svoboda, 2007; Hedrick et al., 2016) that did not produce any

increases in spine size (Fig. 30C,D). However, if slices were pre-incubated in
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E2 (100 nM, for 30 minutes) the subthreshold protocol (sub + E2) induced spine
potentiation similar in magnitude to the one observed with the sLTP protocol
(ASpine size at 30 min (% baseline): sLTP: N = 6, 28.90 + 6.79; sub: N = 5, -

598 £4.13; sub + E: N =6, 22.32 £ 3.33; sLTP vs sub p = 0.007, sLTP vs sub

+ E p > 0.99; Kruskal-Wallis with post hoc Dunn’s test; Fig. 30C,D).
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Fig. 30: Oestrogen lowers the threshold for potentiation of spines in acute
hippocampal brain slices. (A) Example image of a dendrite with spines from the
hippocampus of a Thy1-EGFP transgenic mouse. Glutamate photolysis was performed
to induce structural plasticity at small, dim spines. 30 minutes following glutamate
photolysis, spines were significantly potentiated. Scale bar: 2.5 um. (B) Following the
structural plasticity protocol based on glutamate photolysis, stimulated spines
increased in size, whereas unstimulated neighbouring spines did not. (C) Besides the
protocol to induce structural plasticity (sLTP), two other protocols were used. Some
spines were stimulated with a subthreshold plasticity protocol (sub) without or with 30
minutes pre-incubation in E2 (sub + E). Spines stimulated with the subthreshold
protocol did not change in size. If spines were pre-incubated with E2, the subthreshold
protocol produced increases in spine size similar to the ones observed with the sLTP
protocol. (D) The increase in spine size compared to baseline is shown after 30
minutes for all three protocols (from C). The structural potentiation effect was absent
following subthreshold stimulation but could be reproduced following pre-incubation
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with E2 (ASpine size at 30 min (% baseline): sLTP: N = 6, 28.90 + 6.79; sub: N = 5, -
598 +4.13;sub+ E: N =6, 22.32 £ 3.33; sLTP vs sub p = 0.007, sLTP vs sub + E p >
0.99; Kruskal-Wallis with post hoc Dunn’s test). Error bars represent SEM.

Having shown that E2 incubation can lower the threshold for structural plasticity
induction in acute hippocampal slices, experiments were replicated in the PFC
and SSC. Similarly to the hippocampus, robust increases in spine size could be
observed following sLTP induction in the PFC and SSC (Fig. 31A,B).
Additionally, while the subthreshold protocol did not trigger increases in spine
size in control conditions, pre-incubation in E2 (100 nM, for 30 minutes)
followed by the subthreshold protocol elicited spine growth in both the PFC
(ASpine size at 30 min (% baseline): sSLTP: N = 8, 22.81 £ 8.94; sub: N =5, -
1.37 £ 4.38; sub + E: N =5, 21.44 + 3.96; sLTP vs sub p = 0.026, sLTP vs sub
+ E p > 0.99; Kruskal-Wallis with post hoc Dunn'’s test; Fig. 31A,C) and the SSC
(ASpine size at 30 min (% baseline): sLTP: N = 10, 24.91 + 4.41; sub: N = 6,
0.68 £6.12; sub+ E: N =9, 17.53 £ 6.56; sLTP vs sub p = 0.020, sLTP vs sub

+ E p = 0.87; Kruskal-Wallis with post hoc Dunn’s test; Fig. 31B,C).

In conclusion, this data proves that the SSC is sensitive to oestrogen signalling
and incubation of acute brain slices in E2 decreases the threshold of plasticity

in the hippocampus, PFC and SSC.

6.2.4. The effects of oestrogen on structural plasticity depend on the basal

level of activity

E2 lowers the threshold of plasticity, thus, in highly plastic brain regions such as
the PFC and hippocampus, increases in spine size can be detected following

E2 application. In the SSC, overall activity and basal plasticity levels are lower,
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thus, the application of oestrogen does not produce detectable effects on spine

morphology (see 6.2.2.).
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Fig. 31: Oestrogen lowers the threshold for potentiation of spines in acute
cortical brain slices. (A,B) Acute slices from the prefrontal cortex (PFC, A) and the
somatosensory cortex (B, SSC) of Thy1-EGFP transgenic mice were used for the
same experiments as shown in Fig. 30. Spines were stimulated with one of the three
protocols: structural plasticity (sLTP), subthreshold plasticity (sub) or subthreshold
plasticity with 30 minutes pre-incubation in E2 (sub + E). Similar to the hippocampus,
spines stimulated with the subthreshold protocol did not change in size. If spines were
pre-incubated with E2, the subthreshold protocol produced robust increases in spine
size similar in magnitude to the ones observed with the sLTP protocol. (C,D) The
increase in spine size compared to baseline is shown after 30 minutes for the three
protocols. No structural potentiation could be detected in spines following subthreshold
stimulation but pre-incubation with E2 could rescue the effect in both the PFC (ASpine
size at 30 min (% baseline): sLTP: N = 8, 22.81 £ 8.94; sub: N = 5, -1.37 £ 4.38; sub +
E: N=5,2144 + 3.96; sLTP vs sub p = 0.026, sLTP vs sub + E p > 0.99; Kruskal-
Wallis with post hoc Dunn’s test; C) and the SSC (ASpine size at 30 min (% baseline):
sLTP: N=10,24.91+4.41;sub: N=6,0.68 +6.12; sub+ E: N =9, 17.53 + 6.56; sLTP
vs sub p = 0.020, sLTP vs sub + E p = 0.87; Kruskal-Wallis with post hoc Dunn’s test;
D). Error bars represent SEM.
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To confirm that the lower levels of basal activity in slices from the SSC are the
underlying cause why no effects of acute E2 application could be detected, |
replicated the initial experiments in acute hippocampal slices from 8-12 week
old transgenic mice. Importantly, for these experiments network activity in
hippocampal slices was substantially reduced by incubating slices in AP5 and

NBQX for several hours (Fig. 32).
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Fig. 32: The application of oestrogen shows no effect on spine size in acute brain
slices from hippocampus if network activity was decreased. (A) The difference in
fluorescence intensity of spines before and after 30 minutes for control experiments
(dark purple) and experiments where 100 nM E2 was applied (light purple) to
hippocampal slices, in which global network activity was decreased with AP5 (50 uM)
and NBQX (10 pM). The difference in mean fluorescence signal is expressed as
percentage change of intensity relative to the intensity before the 30 minutes of
incubation. (B) Normalised oestrogen experiments are shown for experiments in
hippocampal slices without any treatment (black, from Fig. 29), hippocampal slices
where global activity was decreased (purple), and slices from the somatosensory
cortex (green, from Fig. 29). E2 incubation of acute slices from the hippocampus
potentiated spine size, but this effect was abolished if hippocampal slices were
incubated with AP5 and NBQX to decrease activity. In conditions of low activity, no E2-
induced changes in spine size were detectable in hippocampal slices, similar as
observed for the SSC.

As expected, when activity was suppressed, no effects of E2 on spine size in
hippocampal slices were detectable anymore (Hippo low activity: control, -2.59

+ 1.17 %, N = 261 spines from 6 slices / 3 animals; oestrogen, -2.15 + 1.05 %,
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N = 324 spines from 6 slices / 3 animals; Unpaired t-test, p = 0.778; Fig. 32A),
yielding similar results as experiments performed in slices from SSC (Hippo
female (N = 295) vs Hippo low activity (N = 324) p < 0.001; SSC (N = 315) vs.
Hippo low activity (N = 324) p = 0.403; Kruskal-Wallis with post hoc Dunn’s test;

Fig. 32B).

In conclusion, rather than directly inducing plasticity itself, | show that oestrogen
acts as a neuromodulator to lower the threshold of plasticity. Therefore, in
states of low activity and few ongoing plasticity processes, no effects on
synapse size are detectable as experimental outcomes, as shown for slices

from the SSC or hippocampal slices where activity was decreased.

6.3. Discussion

In this Chapter, | have shown that contrary to the conventional view, acute
application of E2 does not affect spine number, but increases spine size in the
hippocampus and PFC. This effect was reported for acute slices from male as
well as female animals but could not be detected in slices from the SSC. | show
that the latter result can be explained by oestrogen lowering the threshold of
plasticity in hippocampus, PFC, and SSC. The reason why acute effects of
oestrogen on spines can only be detected in hippocampus and PFC depends
on the overall activity and plasticity occurring inside the network. Even though
the SSC is sensitive to oestrogen signalling, the acute application to slices from
this brain region does not produce any effects, since the overall activity is low. |
have confirmed this hypothesis by showing that if activity is reduced in
hippocampal slices, the originally described effect of E2 on spine size is absent.

In summary, these data support the idea that oestrogen lowers the threshold of
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plasticity, in other words, ‘primes’ the system for subsequent plasticity events.
Similar theories were proposed by others, suggesting that oestrogen signalling
contributes to a two-step plasticity mechanism (see 6.1., Sheppard et al., 2019;
Srivastava et al., 2008). Further experimental evidence supporting this idea
implies that E2, following an initial induction of plasticity (Step 1), enhances the
magnitude of subsequent LTP (Step 2) elicited by a second high-frequency
stimulation (Nebieridze et al., 2012). This mechanism is also known as
metaplasticity (Abraham, 2008; Abraham and Bear, 1996). Here, | have
provided further evidence for an oestrogen-dependent regulation of
metaplasticity and show that this can explain differential results of oestrogen-

induced effects on spine morphology detected in different brain areas.

Traditionally, the facilitating effects of E2 on learning and memory have been
studied in the PFC and hippocampus (Sheppard et al., 2019; Wallace et al.,
2006), with few studies reporting effects in the SSC (Chen et al., 2009). With
the development of in vivo imaging, recent studies have focused on
investigating the effects of oestrogen on spines in longitudinal studies,
performed exclusively in the SSC, due to difficulties to implant cranial windows
above the hippocampus and PFC (Alexander et al., 2018; Wang et al., 2018; Ye
et al., 2019). In the latter studies, oestrogen signalling was either manipulated
by external agonist application (Wang et al., 2018; Ye et al., 2019), or the
effects of endogenous oestrogen fluctuations during the oestrus cycle have
been studied. Effects of oestrogen signalling are consistently reported,
however, the impact on spine number varies, potentially due to an incomplete
understanding of oestrogen signalling mechanisms with regards to plasticity.

Here, | provide evidence that can explain differential results because rather
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than directly impacting on synaptic plasticity, oestrogen modulates the state of
the synaptic network thereby setting the conditions and threshold for future
plasticity actions. Given that activity states and plasticity processes differ
between brain regions and even networks, the effects of oestrogen must be

discriminated and interpreted more carefully.

A large body of literature supports the fact that oestrogen signalling affects
spine number in various brain regions (Sheppard et al., 2019; Ye et al., 2019).
By contrast, my findings do not reveal significant effects of acute E2 application
on spine number. One possible explanation could be, that the number of
dendritic branches analysed was too low to detect an effect, although this
seems unlikely as the sample numbers in this study matched other studies were
substantial effects were reported (Jacome et al., 2016). Moreover, the literature
indicates that oestrogen facilitates spine density by 25-50% (Jacome et al.,
2016; Phan et al.,, 2015, 2012, 2011; Srivastava et al., 2008) and with
approximately 25-40 spines analysed per experiment | would expect an
increase in spine number of 7-20 new spines per dendrite. Such obvious
changes in spine number oppose the overall extremely low number of new and
lost spines reported in this work and only subtle differences in spine dynamics

triggered by oestrogen could be reported for the hippocampus.

In this study, significant effects of oestrogen application were reported for spine
size instead of spine number, which may provide slightly different insights. As
reported by some, the generation of new spines following stimulation of
oestrogen signalling are immature, ‘silent’ synapses (Phan et al., 2015). In
contrast, 30 minutes after E2 application | observed significant changes in spine

size that generally correlate with increased AMPA and NMDA receptor numbers
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and increased synapse strength (Holtmaat and Svoboda, 2009; Patterson and
Yasuda, 2011). My data aligns with the results from other studies, showing that
the stimulation of oestrogen signalling has no effect on the overall spine density
and number, but enhances the number of larger, 'mushroom’ spines (Li et al.,
2004; Liu et al., 2008). Importantly, my work suggests that the increase in spine
size while induced by oestrogen application, is ultimately caused by ongoing
plasticity dynamics within the network. Thus, for the studies published by Li and
Liu and colleagues, it may be that activating oestrogen signalling lowers the
threshold of plasticity thereby turning smaller, immature spines into larger
spines reflecting the higher number of ‘mushroom’ type spines. Notably, it could
still be true that in my experiments, oestrogen induces the formation of new
small, silent synapses that cannot be detected as protrusions, potentially due to
lack of resolution. Generally, it should be considered, that besides generating
new spines, oestrogen induces effects on pre-existing spines emphasising that
oestrogen signalling exerts multiple, differentially regulated effects on spine

morphology.

Systemic injections of oestradiol correlate with enhanced spine density (Jacome
et al., 2016; MacLusky et al., 2005; Woolley and McEwen, 1993, 1992). Such
systemic effects differ from the acute experiments presented in this study, since
when introduced via subcutaneous injections, oestrogen will trigger other
signalling cascades potentially affecting different signalling cascades in the
brain. In contrast, the acute application of E2 onto brain slices focuses on the
direct effects of oestrogen as a neuromodulator. Overall, it is generally
challenging to pin down whether observed effects are due to cycling oestrogen

or oestrogen locally synthesised in the brain (Cui et al., 2012; Hojo et al., 2004;
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Ishii et al., 2007; Kawato et al., 2002; Rune and Frotscher, 2005). In this work,
an effect of cycling oestrogen cannot be excluded, given that acute brain slices
were prepared from female animals. It may be that slices were prepared from
animals undergoing the high-oestrogen proestrus phase, causing oestrogen
signalling to be generally enhanced within the slice. Though the effects of
cycling oestrogen are most likely not saturated, since | could detect increases in
spine size for all experiments. Importantly, effects could also be detected in
slices from male animals at a similar magnitude, indicating that cycling
oestrogen plays only a minor role for my results. There are other methods to
distinguish the effects from cycling to brain-derived oestrogen, first and
foremost the removal of gonadal oestrogen by ovariectomy surgery. Preventing
the production of oestrogen with the aromatase inhibitor letrozole affects the
hippocampus of ovariectomized animals (Vierk et al., 2015; Zhou et al., 2010),
pointing to the relevance of brain-derived oestradiol in synaptic plasticity.
Moreover, specific transgenic animals have been generated such as a
forebrain-neurone-specific aromatase knock-out (FBN-ARO-KO) mouse model
to specifically deplete neurone-derived E2, determining key roles for brain-
derived E2 in regulating synaptic plasticity and cognitive function in both female
and male animals (Lu et al., 2019). Future studies could include these
approaches, to study the effects of oestrogen with regards to different brain

regions and its role in metaplasticity.

Here | have shown, that oestrogen as a neuromodulator affects the dynamics
and overall state of the synaptic network, by lowering the threshold of plasticity.
Moreover, | showed that such effects can be found in the brains of female as

well as male animals emphasising its importance as a general neuromodulator.
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We only begin to understand the functional consequences of oestrogen
signalling in the brain and besides its effects on synaptic plasticity the oestrous
cycle impacts many other mechanisms. For example, its effects on cortical
inhibition have recently been demonstrated (Clemens et al., 2019). Finally, the
data presented in this Chapter supports the notion that the effects of oestrogen
on synapses are more complex than originally believed, differentially affecting
several brain regions in both female and male animals. In conclusion, oestrogen
as a neuromodulator must be considered when studying plasticity processes in

order to understand learning and memory.
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7. Improving imaging with multimode fibre based micro-

endoscopes for monitoring synaptic plasticity

7.1. Introduction

As pointed out throughout this Thesis, subcortical structures such as amygdala
or hippocampus are of especial interest, given their central role in cognitive
processes including learning and memory. Imaging these structures in living
animals represents a crucial step towards a complete understanding of the
underlying cellular and subcellular processes of cognitive functions and how
they are altered in neurodegenerative diseases. However, scattering and optical
aberrations introduced by the heterogenous refractive index distribution within
brain tissue hinder fluorescence imaging of structures deeper than 1 mm. To
overcome these difficulties, diverse optical strategies have been developed to
access deep brain regions. For example, cortical tissue can be aspirated to
image hippocampal synapses (Barretto et al., 2011; Dombeck et al., 2010; Gu
et al., 2014; Mizrahi et al., 2004; Pfeiffer et al., 2018). Over the years,
incorporating fibre optics into imaging tools led to the development of micro-
endoscopes for in vivo imaging. Gradient refractive index (GRIN) lenses or fibre
bundles are commonly used to enable high-resolution imaging of synapse

dynamics in in vivo applications (Attardo et al., 2015; Szabo et al., 2014).

Recently, multimode fibre (MMF) based micro-endoscopes have been
developed, significally reducing the device footprint within the brain (Turtaev et
al., 2018; Vasquez-Lopez et al., 2018). These systems allow minimally-invasive
high-resolution imaging of subcortical brain regions (Vasquez-Lopez et al.,

2018). Compared to conventional deep-brain imaging techniques, the MMF
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system developed by our lab causes significantly less tissue damage, which
may compromise the physiology of neuronal networks. This is due to the small

size of MMF-based endoscopes, with total diameters of less than 150 ym (Fig.

33B).
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Fig. 33: MMF imaging system. (A) Schematic of the experimental system: A 488 nm
light beam is split and coupled into two separate single mode optical fibres (SMF).
Wavefront shaping of light is achieved using a LC-SLM. The light is transformed onto
an iris that only transmits the first diffraction order. The transmitted signal is then
reflected by a dichroic mirror and coupled into a multimode fibre. During the calibration
the output of the MMF is imaged by a microscope objective lens and, together with a
reference beam delivered by a SMF, imaged onto a CCD camera. PBS polarising
beam splitter, SMF single mode fibre, PMT photo multiplier tube, SLM spatial light
modulator, MO microscope objective, MMF multimode fibre, NPBS non polarising
beam splitter, CS coverslip, DM dichroic mirror. (B) Picture of a mouse brain with
optical components for in vivo imaging: a GRIN lens (left), and a 50-uym-core 0.22 NA
MMF (right). (C) For imaging, the objective lens together with the whole calibration unit
was replaced by a sample. Either by organotypic hippocampal slices or by an
anaesthetised Thy1-EGFP mouse.
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Generally, MMFs guide light by total internal reflection. As light propagates
through the fibre, unpredictable phase delays and coupling occur between
modes causing the output intensity profile from a uniform input to have a
speckle-like appearance. In order to fully describe the light-field propagation
through the MMF we use a liquid-crystal spatial light modulator (LC-SLM) to
manipulate the propagating light field (Fig. 33A). Prior to imaging, the LC-SLM
is used in a calibration procedure to determine the light-field propagation
through the MMF in form of a transmission matrix (TM; see Methods). The goal
of the calibration procedure is to use the TM to generate a high intensity spot of
laser light after the fibre that can be scanned across the sample to excite

fluorophores, just like a standard point-scanning confocal microscope.

Generally, the calibration procedure involves distal optical components,
however, the impact of distal optical aberrations present during calibration
versus imaging is not known. Traditionally, the TM is frequently evaluated with
the distal facet of the MMF in air. For imaging of biological structures, fibres are
inserted in other milieus than air, such as in different biological tissues. This
causes a refractive index mismatch between the biological and calibration
media, probably affecting imaging performance. For example, the index of
refraction in air is ny-= 1.00, which greatly differs from brain tissue, where nyrain
= 1.37 (Binding et al.,, 2011). Thus, this type of mismatch is commonly
encountered in neuroscience applications, as calibrations are routinely
performed in air, while imaging is performed in brain tissue (Turtaev et al.,

2018; Vasquez-Lopez et al., 2018).

A common goal when developing new imaging tools is to implement

multiphoton techniques, given the numerous image quality-enhancing features
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provided by multiphoton versus single-photon imaging (see 2.3.4.). Multiphoton
imaging through MMFs has been previously demonstrated, but only with bead
samples, CHO cells in vitro, and fixed cochlear hair cell samples (Kakkava et
al., 2019; Morales-Delgado et al., 2015b; Pikalek et al., 2019; Sivankutty et al.,
2016). Implementing multiphoton imaging into MMF systems offers unique
advantages for brain imaging besides enhancing image quality. For example,
volumetric two-photon fluorescence imaging methods based on axially
extended foci are particularly well-suited to monitor neuronal dynamics
occurring on the millisecond timescale (Ji et al., 2016; Lu et al., 2017; Thériault

et al., 2014).

In the following Chapters, my overall goal was to further the development of the
next-generation MMF based micro-endoscopes specifically in the context of
improving monitoring of synaptic plasticity. First, | present MMF-based high-
resolution images of dendrites and spines in vitro and in vivo. Next, | have
characterised the effects of a refractive index mismatch between the biological
and calibration media on focus formation in the context of brain imaging using
one-photon fluorescence point-scanning microscopy through MMF. My results
showed that the effects of refractive index matching on fluorescence imaging
were substantial and should be considered when using MMF-based systems for
biological imaging (published in Turcotte et al.,, 2019). Finally, | have
demonstrated two-photon fluorescence imaging with an axially extended focus
through a MMF. By considering the wavelength-dependent axial shift caused by
the limited bandwidth of step-index MMFs, an extended focus could be
generated through chromatic dispersion. | showed that this focus can be used

for volumetric imaging of beads and neurones in living rat brain slices

182



(published in Turcotte et al., 2020a). Overall, | present several important
advancements of MMF-based endoscopic applications, to increase imaging

performance and image quality of neuronal structures with these devices.

7.2. Results

7.2.1. In vitro and in vivo imaging of synapses using a multimode optical

fibre

To assess the imaging performance of the MMF-based system | began by
imaging neuronal structures in ex vivo brain slices and in transgenic animals
with particular focus on synaptic terminals (Fig. 34). The MMF used in these
experiments had a total diameter of 125 ym, with a 50 ym core and a NA of
0.22 (Thorlabs, FGO50UGA). Prior to imaging, the LC-SLM was used to
determine a transmission matrix (TM), describing the light propagation through
the MMF (see Methods). Using this TM, the light field could be modulated to
produce a diffraction-limited spot at specific locations across the fibre output
plane, thus serving as the basis for MMF-based point-scanning fluorescence
micro-endoscopy. Notably, foci can be generated at an arbitrary distance from
the distal fibre facet (see Methods). For experiments in Figure 34, data were
acquired 50 yum away from the distal facet. A three-dimensional micro-positioing
stage was used to align the MMF during calibrations as well as to navigate the
MMF probe into brain tissue. As previously described the MMF-micro-
endoscope achieves diffraction-limited performance with a FWHM of the
excitation PSF of 1.27 + 0.01 ym laterally and 20.2 + 1.4 ym axially (Vasquez-

Lopez et al., 2018).
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Fig. 34: MMF imaging of live neurones in vitro and in vivo. (A) Confocal image of a
hippocampal neurone in a rat brain slice filled with structural dye (Alexa Fluor 488)
before imaging with the MMF. Scale bar: 20 um. (B) Structural images through a MMF
reveal dendrites, on which spines could be clearly identified Scale bars: 10 ym. (C)
Imaging was performed by inserting a MMF 1.7 mm into the brain of an anesthetized
Thy1-EGFP mouse. Thy1-EGFP mice showed sparse labelling of neurones and
dendrites in the cortex and dense labelling of the hippocampus, as demonstrated by
this image of a fixed slice obtained from these animals. Scale bar: 200 ym. (D)
Structural images through a MMF in an anesthetized Thy1-EGFP mouse. Dendritic
spines are visable. Scale bars: 10 uym. (E) Post-mortem histological section of the
mouse brain imaged in (D) showing the path of the fibre through the cortex. Scale bar:
100 pm.

For imaging in hippocampal slices, two to three CA3 pyramidal neurones in
organotypic hippocampal slices were filled with the structural dye Alexa Fluor
488 (2 mM) via patch-clamp technique (Fig. 34A). To ensure slice health,
imaging of hippocampal slices was performed in physiological Tyrode’s
solution. Indeed, when imaging dendritic processes with the MMF-based
system spines could be identified (Fig. 34B). To explore imaging performance in

vivo, | sought to image neuronal processes in the intact brain of live mice. For
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this purpose, | used transgenic Thy1-EGFP mice in which neurones are
sparsely but brightly labelled throughout the nervous system (Fig. 34C). Mice
were anaesthetised and a small craniotomy was performed which was sufficient
to directly insert the fibre into the brain. Subsequently, the fibre was advanced
slowly through the tissue until a target structure was identified. Figure 34 shows
images of fluorescent neuronal processes imaged after lowering a fibre 1.7 mm
into the brain of an anesthetized Thy1-EGFP mouse. Processes could be
identified as dendrites, with dendritic spines clearly visible (Fig. 34D). Post-
mortem histological analysis confirmed the trajectory of the fibre through the

cortex down to deeper brain structures (Fig. 34E).

Fig. 35: MMF imaging of spines in vivo. Left, imaging was performed in a Thy1-
EGFP mouse at a depth of 1.6 mm. A neuronal process was observed at different
depths in 2 ym increments. The process could be identified as a dendrite with spines.
Right, The three dimensional structure of one prominent spine (indicated by the white
dashed box) became visible when changing imaging depth.
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Figure 35 displays images of a dendritic branch in vivo recorded with the MMF-
based system at a depth of 1.6 mm. Specifically, when lowering the fibre in 2
pum steps into the brain, the three-dimensional structure of dendritic spines can
be observed (Fig. 35). Thus, | have confirmed that the MMF-based system is
suitable for structural imaging imaging of neuronal processes and synapses in
living neuronal tissue ex vivo as well as in vivo. In the following, | seeked to

explore potential strategies to further improve image quality.

7.2.2. Enhancing image quality by increasing the numerical aperture of the

multimode fibre

In the previous experiments, MMFs with a NA of 0.22 were used. However,
MMFs can be designed and fabricated with varying NAs. Generally, a light ray's
angle of incidence determines if it will be coupled into the fibre's core. The limit
of this angle, in other words the 'cutoff angle' represents the maximum
acceptance angle in which light rays will be coupled into the fibre and thus
propagate through the fibre via total internal reflection. The maximum
acceptance angle is directly related to the NA and thus the NA of the MMF
determines the amount of light brought into the fibre. The NA is a critical factor
regarding the resolution limit when imaging through multi-mode fibres (Mahalati
et al., 2013). Hypothetically, increasing the NA of the fibre should increase the
information content that can be collected, and therefore increase the quality of
the image. To evaluate the effects of increasing the NA of the MMF in our
system, | conducted imaging trials with two different types of MMFs with either a
NA of 0.22 (Thorlabs, FGO50UGA, 50 um core) or 0.66 (doric lenses, MFC-
ZF1.25, 44 uym core). Neurones in organotypic hippocampal slices were filled

with Alexa 488 using patch-clamp electrophysiology. Subsequently, the brain
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slice was positioned below the fibre and image acquisition started. High-

resolution images of dendrites and dendritic spines were recorded (Fig. 36).

NA =0.22

Fig. 36: MMF in vitro imaging of neurones. (A-B) Structural images of CA3
pyramidal neurones in organotypic hippocampal slices through a MMF with either a NA
of (A) 0.22 or (B) 0.66. Cell somas, neuronal processes and dendritic spines can be
identified. Scale bars: 10 um.

As expected, image quality was increased with the 0.66 NA fibre compared to
the 0.22, with improved resolution and a higher signal-to-noise ratio (Fig. 36).

Thus, when imaging small synaptic structures with MMF, using a higher NA
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MMF may be beneficial as increased resolutions are necessary to properly

monitor synapses.

7.2.3. Focusing light in biological tissue through a multimode optical fibre:

refractive index matching

Besides basic features of the MMF fabrication such as the NA, the calibration
procedure significantly affects imaging performance. Typically, calibrations are
performed in air, while the actual imaging is performed in biological tissue, such
as brain structures. Thus, a refractive index mismatch emerges between the
calibration and imaging media. Notably, the impact of such distal optical
aberrations present during calibration versus imaging has not been

characterised before and thus was explored here.

Fig. 37 depicts the experimental set-up of the study. A 50 um core fibre
(Thorlabs, FGO50UGA; NA = 0.22) was used and data were acquired 50 um
away from the distal facet. Two different calibrations were acquired with a
media present between the MMF distal facet and the coverglass, either air (Fig.
37b) or a 22% glucose solution (Fig. 37c), which will be referred to as the air
and glucose calibration for the remainder of this Thesis. Then, focusing and
imaging quality was evaluated with the distal end of MMF submerged in a
solution of 22% glucose, having a similar refractive index to brain tissue (Nprain =

1.37, ngu,22% = 1.37; Binding et al., 2011; Turcotte et al., 2019).
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Fig. 37: Experimental set-up. (a) Simplified schematic of the optical system (SMF,
single mode optical fibre; PBS, polarising beam splitter; PMT, photomultiplier tube; DM,
dichroic mirror; SLM, spatial-light modulator; NPBS, non-polarising beam splitter; MMF,
CCD, charge-coupled device; multimode fibre; and OL, objective lens). (b—d)
Schematics of the experimental setup: (b) for air calibration, (c) for glucose (refractive
index matching) calibration, and (d) for imaging (CG, coverglass). Published in Turcotte
et al.,, 2019, Optics Letters, Vol. 44, No. 10

First, the effect of a refractive index mismatch between the calibration and
imaging media on the illumination focus was assessed. Three metrics were
used to characterise focus quality: the peak intensity, the intensity
enhancement factor (IEF), and the lateral full width at half-maximum (FWHM).
The FWHM and IEF of the illumination focal volume was assessed when the
distal end of MMF were submerged in glucose, for both prior calibrations
performed in air or glucose. At the centre of the imaged field, the peak intensity
and IEF were 20 £ 11% and 11 + 10% larger, respectively, when using the

calibration acquired in a 22% glucose solution over the one acquired in air (n =
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6, one-sided paired Wilcoxon signed rank test, p = 0.016; Fig. 38a). Similarly,
the FWHM decreased from 1.28 £ 0.05 um with the air calibration to 1.24 £ 0.05
pm with the 22% glucose one (n = 6, one-sided paired Wilcoxon signed rank
test, p = 0.03; Fig. 38b). By analysing the variation in peak intensity and FWHM
as a function of the distance from the centre of the fibre, it became evident that
the peak intensity and FWHM were constant over a larger radius in the index-

matched condition, thus providing a more uniform field-of-view (Fig. 38c,d).
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Fig. 38: Characterisation of the illumination focal volume through an MMF in a
22% glucose solution. (a, b) Focal volume at the centre of the MMF, characterised by
(a) the IEF and (b) FWHM as a function of the calibration medium (n = 6 fibre
segments, open circles represent individual measurements). (c, d) Radial variation in
(c) peak intensity and (d) FWHM of the focal volume for a calibration done in air and in
a 22% glucose solution (n = 3 fibre segments). Full circles are average values, and
error bars represent the standard deviation. Published in Turcotte et al., 2019, Optics
Letters, Vol. 44, No. 10.
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These results indicate that matching the refractive index of the calbration and
imaging media will improve the signal-to-background ratio and the lateral width
of the illumination focus and improving focus formation at the outer regions of

the fibre facet.
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Fig. 39: Imaging of fluorescent beads through an MMF. (a, b) Images of 1.0-um
beads acquired with the TM determined from a calibration in (a) air and in (b) a 22%
glucose solution. Scale bar: 10 ym. Images were normalised to the peak intensity in
(b). (c) Graph of the FWHM ratio for individual beads from images acquired with the
glucose TM over that of the air TM as a function of the FWHM measured from images
acquired with the air TM (n = 51, for individual beads from images acquired with the
glucose calibration slope = - 0.3 pm™", R? = 0.81). (d) Graph of the peak intensity as a
function of the peak intensity measured from images acquired with the air calibration (n
=75, slope = 1.3, R? = 0.47). Published in Turcotte et al., 2019, Optics Letters, Vol. 44,
No. 10.
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Next, a number of fluorescent samples were used in order to test how a
refractive index mismatch between calibration and imaging media impacts
imaging performance. Fluorescent beads samples (1.0 um, yellow-green
fluorescent (505/515)) were prepared and imaged in a 22% glucose solution,
while images were acquired with both an air (Fig. 39a) and a glucose calibration

(Fig. 39b) at their respective optimal focal plane.

Comparing the two conditions revealed that individual beads had a circular
profile in images acquired with the glucose calibration (0.91 £ 0.05), whereas
the bead shape was less symmetric for the air calibration (0.79 = 0.11,
circularity: n = 36, one-sided paired Wilcoxon signed rank test, p = 2.1 x 10;
Fig. 39). Circularity was calculated after fitting an ellipse to individual beads and
calculating the ratio of the minor to major axis. When measuring the FWHM of
single beads the ratio between the glucose and air calibration was 0.69 + 0.17
(n = 51, A35%, one-sided paired Wilcoxon signed rank test, p = 3 x 10; Fig.
39c). Most of the variability originated from the FWHM measured with the air
calibration (2.1 £ 0.5 ym), while the FWHM with the glucose calibration was
more consistent between beads (1.37 £ 0.13 um). This observation is in line
with a more uniform illumination being achieved with the glucose calibration.
Notably, the significant gain in peak intensity, a factor of 1.3 £ 0.2 (n = 75, one-
sided paired Wilcoxon signed rank test, p = 1.0 x 10™"%; Fig. 39d), was larger

than that achieved for the illumination peak intensity.

How does refractive index matching of the calibration and imaging media affect
imaging in biological samples? To explore the latter, CA1 pyramidal neurones
from organotypic hippocampal slices were patch-filled with Alexa Fluor 488 (0.5

- 1 mM; Fig. 40). To maintain slice health, imaging of hippocampal slices was
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performed in physiological Tyrode’s solution. Two calibrations were performed:
in air and in Tyrode’s solution, respectively. With the air calibration, no synaptic
specialisations (dendritic spines) were visible (Fig. 40a). In contrast, spines

were clearly visible with the Tyrode’s calibration (Fig. 40b).
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Fig. 40: Imaging of live neurones through an MMF in organotypic slices. (a, b)
Images of a dendrite labelled with Alexa Fluor 488, acquired with the TM determined
from a calibration in (a) air and in (b) a Tyrode’s solution. Scale bar and inset width: 10
pm. Images were normalised to the peak intensity in (b). (c, d) Power frequency
spectra of the images shown in (a, b), respectively. Scale bar: 0.22 pm™. Published in
Turcotte et al., 2019, Optics Letters, Vol. 44, No. 10.

This improvement in spatial resolution and signal-to-background ratio was also
apparent in the Fourier transform images (Fig. 40c,d), revealing the larger
spatial frequency bandwidth accessible with the Tyrode’s calibration.

Additionally, with the air calibration the shape of the dendrite was distorted,
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appearing tilted with respect to the focal plane. Thus, refractive index matching
of the calibration and imaging media significantly improves image quality in live
brain tissue, highlighted by the fact that fine neuronal structures such as
synapses could only be detected when both the calibration and imaging were

performed in Tyrode’s.

7.2.4. Volumetric two-photon fluorescence imaging of beads and live

neurones using a multimode optical fibre

Having characterised several aspects as to improve image quality mainly
focussing on conditions pre-imaging, i.e. choosing a higher NA fibre and
matching the refractive index of the calibration and imaging medium, potential
system-integrated technologies facilitating imaging performance should be
considered. So far, the MMF-based micro-endoscope system for fluorescence
imaging was based on a continuous wave (CW) laser producing 488 nm
excitation light. However, volumetric two-photon fluorescence imaging methods
based on axially extended focus are particularly well suited to monitor neuronal
dynamics. Moreover, multiphoton imaging in neuroscience applications is
beneficial over one-photon imaging, offering lower background signal and less

phototoxicity.

Therefore, we implemented a dual-source laser (Mira Optima 900-F V5XW,
coherent, 830 nm, 76 MHz, mode: CW or femtosecond pulses (pulsed)) into the
MMF-based system (Fig. S7.1, Appendix). We employed a step-index MMF
offering a relatively high NA of 0.37 and a total diameter of 75 ym, which are
optimal in terms of maximizing lateral resolution and minimizing invasiveness,

respectively. The TM was evaluated with the laser source in CW mode, as
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described earlier. For all data, the calibration was performed 40 pm from the
distal facet. After the calibration, the laser was switched to pulsed mode
allowing transverse spatial focusing of femtosecond laser pulses through a
MMF (Fig. S7.2, Appendix). After confirming that uniform illumination with
multiphoton excitation can be achieved across the field-of-view (Fig. S7.2,
Appendix), the axial properties of the illumination focus were evaluated. By
taking advantage of the wavelength-dependent axial shift we could generate an

extended focus through chromatic dispersion, thereby the lateral FWHM was

maintained below 1.5 ym over a distance of 40 um (Fig. S7.3, Appendix).

—1.0
—0.8
5
=—0.6 @
=
®,
<
—0.4 =
=—0.2
= FWHM
= Intensity| [
1 0
40 60

Position [um]

Fig. 41: MMF volumetric two-photon fluorescence imaging of beads. (a) Image of
beads located at the calibration plane (40 ym from the MMF facet). Scale bar: 15 ym.
(b) Averaged axial (z)-lateral (x) profile from five beads. Images were acquired by
translating the sample in steps of 2 ym. Scale bar: 5 pym. (c) Intensity profile and
FWHM as a function of the distance between the distal facet and sample for the data
shown in (b-c) Dashed lines indicate the calibration plane. Published in Turcotte et al.,
2020, Optics Letters, Vol. 45, No. 24.
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Once the TM was generated and the system performance was characterised,
the calibration module was removed, and fluorescent samples were positioned
at the distal end of the fibre for two-photon volumetric imaging through a MMF.
Note that to increase stability, the original system described by Vasquez-Lopez
and colleagues was adjusted, so that instead of lowering the fibre, the sample
was positioned on a 3D stage and moved while the MMF remained fixed. Using
2 um red fluorescent beads (580/605) images were acquired displaying an
excellent signal-to-noise ratio (SNR= 6.0 £ 0.6) with a total incident power at the
sample of 10 mW (Fig. 41a). Figure 41b shows an axial-lateral profile of single
beads recorded by translating the sample in steps of 2 ym. This profile reveals
the extended focus along the axial dimension, as the signal was detectable
even when the sample was located 30 um away from the calibration plane. The
lateral FWHM of a single bead was relatively constant (2.2 £ 0.1 ym) in the 30

pgm around the calibration plane (Fig. 41c).

As the design of the MMF-system is optimised for imaging in live tissue, |
assessed its performance by imaging Alexa Fluor 594 labelled CA3 pyramidal
neurones in living brain slices from the rat hippocampus. Organotypic
hippocampal slices were imaged in physiological Tyrode’s solution at room
temperature. Fluorescent structures were readily located and could be identified
as neuronal cell soma (Fig. 42a). Pyramidal cell apical dendrites were also
clearly visibly projecting from the soma. In an attempt to visualise smaller
features, the apical dendrite was followed away from the cell body.
Subsequently, secondary dendritic branching from the primary apical dendrite

could be detected (Fig. 42b).
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Fig. 42: MMF volumetric two-photon fluorescence imaging in live brain tissue
from the rat hippocampus. (a) neuronal cell bodies and apical dendrites (b) smaller
dendrites branching off from an apical dendrite, after labelling CA3 neurones with 5
mM of Alexa Fluor 594 using whole-cell patch electrophysiology. Scale bar: 15um.
Published in Turcotte et al., 2020, Optics Letters, Vol. 45, No. 24.

7.3. Discussion

Visualising synapses within live tissue is the main application of MMF-based
imaging systems, as they are optimised for high-resolution live brain imaging
through compactness, stability, and mobility (Vasquez-Lopez et al., 2018).
Given that this technique is relatively new, | have demonstrated various
technical advances that are useful to enhance imaging performance with MMF-
based systems. These include basic properties of the MMF such as the NA,
refractive index matching of the calibration and imaging media and the

implementation of two-photon volumetric imaging.

| have shown, that using MMF with higher NA provides increased spatial
resolution and higher signal-to-background ratio. Importantly, using fibres with

higher NA is desirable as they have been linked to a decreased sensitivity to
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bend translation, which is important especially for in vivo applications (Bianchi
et al., 2013; Loterie et al., 2017). Notably, increasing the NA of a MMF will have
substantial impacts on other aspects presented in this Chapter. For example,
increasing the NA will most likely increase the aberrations originating from a
mismatch in the refractive index between the calibration medium and the
sample. Moreover, for two-photon fluorescence MMF-based imaging, high-NA
fibres are essential as two-photon fluorescence efficiency increases nonlinearly
with the NA (Morales-Delgado et al., 2015b, 2015a). Generally, increasing the
NA affects the number of modes propagating through the MMF, more precisely,
the number of modes scales with the square of the NA (Loterie et al., 2017).
Thus, increasing the NA necessitates higher computational power, and the
more modes are characterised the longer the calibration procedure takes. A
similar relationship is known with regards to the diameter of the MMF. One
current limitation is the field-of-view (FoV) of the system, which corresponds to
the core diameter of the MMF (50 or 60 um in this Chapter). Wider FoVs can be
achieved using MMF with larger core diameters (Vasquez-Lopez et al., 2018).
However, using such large-diameter MMF would require a different wavefront-
shaping device with increased pixel capacity to allow for the larger number of
modes guided by such MMF. Moreover, this comes at the cost of increased
invasiveness, and might not be necessary for imaging synapses that are only 1-
2 um in diameter. Conclusively, increasing the NA and diameter of the fibre
significantly will enhance spatial resolution and increase the field-of-view but
there is a trade-off in calibration speed and new wavefront-shaping devices are
most likely required to implement such changes. Nevertheless, the

implementation of a different wavefront-shaping device would be desirable,
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since our current MMF-system is also limited in imaging speed depending on
the refresh rate of the LC-SLM. Alternatively, digital micro-mirror devices could
be incorporated in the system, achieving update-rate orders of magnitude larger
than LC-SLM (Conkey et al., 2012; Mitchell et al., 2016; Turtaev et al., 2017).
Increasing the imaging speed would be essential for functional imaging, i.e.
using Ca* and voltage-dyes, but are not necessarily required for structural

imaging of synapses.

A fibre-specific calibration is required to shape light through MMF prior to
imaging. It is well known that such calibration will compensate not only
distortions occurring inside the fibre, but proximal aberrations as well. However,
the data presented here indicate that this is not true for distal aberrations.
Indeed, the ability to resolve subcellular, synaptic structures is substantially
improved when one takes account of the refractive index of brain tissue during
the calibration. Even when focusing light at 488 nm through only 50 pym of
tissue, a significant difference was measured, both in terms of focus quality and
uniformity across the FoV. The aberrations present when performing the
calibration in air are akin to spherical aberrations. They nevertheless differ in
that the light field at the distal facet, the interface where the refractive index
changes, is not uniform and varies between fibres. Accordingly, the aberrated
focal profile will be fibre dependent, depending on the spatial intensity and
phase variations at the interface. It is also interesting to note that the lateral
extent of the focus deteriorated when a mismatch was present, while spherical
aberrations typically have a limited effect on this parameter (Turcotte et al.,

2017).
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Moreover, the results obtained from the refractive index matching experiments
point to the importance of assessing the performance of MMF-based imaging
systems using the signal of interest. Indeed, the effects of refractive index
matching on fluorescence imaging were substantial, while the improvements in
illumination focus were moderate, most likely resulting from the detected
fluorescence signal being a lateral and axial integration within the illumination
focus. Thus, the results with respect to the fluorescence imaging experiments
correspond more closely to the actual improvement that will be achieved in
images of biological samples. Overall, this suggests that it might not be
sufficient to look exclusively at the illumination, as is commonly done for MMF-
based imaging systems, to characterise the impact on imaging performance.
Importantly, | found that under the impact of a refractive index mismatch
between the calibration and the imaging medium, neuronal structures appeared
tited towards the edges. This observation has previously been assumed to
reflect the actual position of the dendrite (Vasquez-Lopez et al., 2018),
however, this is clearly erroneous as the dendrite lay within the focal plane of
the Tyrode’s image. In fact, it was the reduced uniformity in focusing ability with
the air calibration that generated less resolved structures, appearing out-of-
focus, at the circumference of the image. While here the significance of the
observations related to refractive index matching are emphasised for biological
imaging, the ultimate conclusion stating the importance of considering distal
aberrations, applies to all applications requiring focusing light at the distal end

of a MMF.

Matching the refractive index of the calibration and imaging media enhanced

the signal-to-noise ratio when imaging fluorescent samples with a MMF.
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Generally, the fluorescence background from the focal plane has been a limiting
factor for attaining high dynamic range imaging with linear fluorescence. When
imaging with the MMF-based system, the background fluorescence from bright
out-of-focus objects can easily overwhelm the signal from a dim in-focus object,
considering that the fluorescence background is integrated over a relatively
large volume. Thus, suppression of the in-focus background from the non-
linearity of two-photon fluorescence is beneficial for increasing the dynamic
range of the imaging system. Indeed, in our system, we obtained an
enhancement factor, evaluated as the ratio of the peak to average intensity, of
383 £ 34 in the CW mode and 63 = 6 in the pulsed mode. The calculated
enhancement factor for the pulsed squared was of 914 + 114. The large
enhancement factor for pulsed squared is consistent with the minimal
background present while performing two-photon fluorescence imaging.
Furthermore, implementing two-photon imaging into MMF-based applications is
beneficial for in vivo micro-endoscopy. When inserting the fibre into a living
brain it will hit blood vessels and micro bleedings inside the tissue might occur
despite the small size of the fibre. While one-photon light is absorbed by blood,
using multiphoton excitation can overcome this issue. | have for the first time
demonstrated volumetric multiphoton imaging of neuronal soma and associated
dendrites in living brain tissue using wavefront control through a MMF. This
demonstration was accomplished by integrating a dual CW/pulsed laser source
into a micro-endoscopic system. The use of a CW laser for the calibration had
the added benefit of allowing a design employing removable distal optics, an
important advantage for biological imaging applications. Finally, while the non-

linearity of the multiphoton process decreased the background, it exacerbated
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some spatial non-uniformities in the illumination, which make the focus elliptical
on the edges of the FoV. Notably, these non-uniformities are independent of the
calibration method, as they arise intrinsically from the fibre geometry and could
be alleviated, by performing spatially variant deconvolution in order to regularize

the spatial response (Turcotte et al., 2020b).

In conclusion, | have presented several improvements for the MMF-based
imaging system originally described by our lab (Vasquez-Lopez et al., 2018).
The data provided in this Chapter supports the idea that selecting higher-NA
fibores and taking the refractive index of the imaging sample into account
together with technological advances such as multiphoton imaging will as a
whole significantly improve imaging performance of MMF-based systems. Such
improvements, initially demonstrated in brain slices, are crucial to advance the

system for subsequent in vivo applications.
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8. Repeated imaging through a multimode optical fibre

8.1. Introduction

Assessing the role of synapses in normal brain function, or their role in
neurological disease, can be achieved by direct observation of their form and
function in the living brain. Ideally, such observations should be made for
different brain regions, including deep within the brain, and across long time
periods to track synapse dynamics. In other words, to dissect mechanisms
underlying neural function and circuit plasticity, thus learning and memory,
chronic imaging of synaptic structures and their dynamics is necessary. In the
best case, such observations should be feasible in conditions where animals

behave naturally or perform certain learning tasks.

Studying synaptic connectivity and plasticity deep within living brains over
longer time-periods requires the development of systems capable of repeated
imaging. Micro-endoscopic approaches are ideal for this purpose, not only do
they provide subcellular spatial resolution for synapse visualisation but they are
also compatible with imaging applications in freely behaving animals. To date,
endo-microscopes for chronic deep-brain high-resolution imaging commonly
comprise gradient refractive index (GRIN) lenses (Barretto et al., 2011; Barretto
and Schnitzer, 2012a, 2012b). Using GRIN lenses and time-lapse two-photon
micro-endoscopy, spine dynamics of CA1 pyramidal neurones have been
tracked over several months (Attardo et al., 2015). The implantation of these
probes necessitates the removal of cortical tissue or the use of guide cannulas,
which are often between 0.8 and 2 mm in diameter (Attardo et al., 2015;

Barretto et al., 2011). Hence, these imaging tools cause substantial damage to
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brain tissue, which is accompanied by inflammation and is thought to negatively

affect neuronal network function (Bocarsly et al., 2015; Di Filippo et al., 2013).

Micro-endoscopic approaches should ideally offer unlimited imaging depth,
cause minimal damage to the surrounding tissue and disruption of the neuronal
network, provide subcellular spatial resolution for synapse visualisation, and be
compatible with imaging applications in freely behaving animals. Multimode
optical fibres (MMF) unite all these points, owing to their small size and imaging
capabilities down to the diffraction limit (Ohayon et al., 2018; Turtaev et al.,
2018, 2015; Vasquez-Lopez et al., 2018). In order to investigate physiological
synaptic processes and plasticity, that are minimally altered by tissue damage,
the development of minimally invasive MMF-based endo-microscopes suitable

for longitudinal in vivo studies is desirable.

As pointed out earlier, wavefront control is typically used to shape the light
travelling through the MMF in order to compensate for perturbations in light
propagation occurring inside the MMF (Cizmar and Dholakia, 2011; Di
Leonardo and Bianchi, 2011; Papadopoulos et al., 2012). For fluorescence
imaging with point-scanning in the sample, the light propagation through the
fibre is characterised by performing a calibration procedure consisting of the
acquisition of the transmission matrix (TM, see Methods). However, the
calibration, and thus the wavefront used for imaging, is highly sensitive to the
relative position between the wavefront shaping device and the MMF. Any
change in their relative positions will lead to a substantial degradation in the
quality of the illumination focus and to an equivalent decrease in image quality.
Repeated imaging with a MMF-based micro-endoscope involves removing and

reinserting a MMF implant into the system between each imaging session. This
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task is challenging since it is necessary to manually reposition the MMF into the
optical system multiple times with sufficient (sub-micrometric) accuracy to
preserve focus quality (peak intensity and spatial extent). This is complicated by
the fact that it is not possible to recalibrate the light propagation through the
MMF, as for in vivo chronic imaging the MMF will be implanted into an animal’'s
brain, which restricts the access to the distal end of the fibre impeding the

measurement of light output from the MMF.

| therefore set out to develop a method allowing repeated imaging using MMF.
Here, | present a two-step solution to overcome the difficulties described above.
First, a custom three-dimensional (3D) printed headplate was designed,
allowing precise reinsertion of the MMF implant into the optical system. This
mechanical optimisation step allowed the creation of low-quality foci in the
sample. Then, sensorless AO was implemented to correct for any remaining
translational shift in the MMF position with respect to the wavefront shaping
device in order to recover optimal focusing performance. Furthermore, |
demonstrate the feasibility of the proposed method by characterising
illumination foci and fluorescent bead images following multiple MMF removals
and reinsertions. Moreover, | evaluated the effects of sensorless AO on imaging

performance in living brain tissue.

8.2. Results

8.2.1. Mechanical and sensorless optimisation

The proximal MMF facet, the facet closest to the laser source, was located at a
conjugated Fourier plane from the wavefront-shaping device (LC-SLM; Fig.

43A). During the calibration procedure, the TM was measured to determine the
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wavefronts required to create high-quality foci in the sample for high-resolution
imaging (Fig. 43A,B). Generally, the TM is considered to describe light
propagation through complex media, such as the MMF itself, however, light
propagation between the LC-SLM and the proximal facet must also be
considered in the TM. Indeed, the relative position of the MMF to the LC-SLM,
and any optical element in-between, is critical for focus generation. Any
displacement, even if the fibre remains straight and no bending occurs, will
have a deleterious impact on the quality of the focus being formed in the
sample. Removal and reinsertion of the MMF implant cause such positional
changes between the wavefront shaping device and the MMF. These are
typically so significant and the calibration so sensitive to any perturbation that
no focus can be formed at the distal output of the MMF using standard

approaches (Turtaev et al., 2018; Vasquez-Lopez et al., 2018; Fig. 43A,B).

To enable repeated imaging, a custom 3D printed headplate was designed to
attach the MMF implant onto the animal and connect it to the optical system.
The MMF was fixed in the centre of the headplate and circled by 4 magnets as
depicted in Fig. 43C. The counterparts of those magnets were fixed into to the
optical system, enabling repositioning after the MMF implant had been
removed. This mechanical optimisation procedure allowed for accurate
reinsertions of the MMF implant sufficiently close to its original position such
that a low-quality focus could be formed at the distal fibre facet (Fig. 43B,C).
Further optimisation of the focus quality was performed using sensorless
adaptive optics (AO). Sensorless AO is based on the optimisation of an image
quality metric for different modes representing the optical aberrations present in

the system. The 3D shift between the MMF and the LC-SLM was considered
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and, thus, optimisation was performed for tip, tilt, and defocus at the LC-SLM
plane (Fig. 43B,D). Each of these modes was sequentially corrected by
applying different biases, finding the optima, and then superimposing the
correction onto the shaped wavefront. The peak intensity was used as metric

for sensorless AO through a MMF (see Methods; Fig. S8, Appendix).
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Fig. 43: Two-step approach for repeated imaging with a MMF. (A) Schematic of the
experimental set-up. Top inset shows focusing immediately after calibration and bottom
inset shows loss of focusing capability if the MMF is displaced. (B) Flowchart of the
two-step approach. (C) Schematic of the magnetic implant for mechanical optimisation.
(D) lllustration of sensorless adaptive optics (AO).

8.2.2. Focus formation for repeated imaging using sensorless adaptive

optics

To assess the performance of the proposed optimisation method, the quality of
the illumination focus was assessed after sequential MMF implant removals and
reinsertions. For this purpose, the illumination focus was imaged onto the distal
camera without any sample being present. MMF with a 0.22 NA and 50 um core

(Thorlabs, FGO50UGA) were used, and calibrations were performed 50 pm
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away from the fibre tip. Following the calibration procedure with a MMF implant
in the system, the MMF implant was completely removed and subsequently
reinserted by attaching the magnets of the MMF implant plate to the magnets
that were fixed in the system (Fig. 43B). Illlumination foci were recorded just
after the calibration (Original), after a number i of reinsertions R (R;) and after
applying the sensorless optimisation code (Riopt; Fig. 44A). The intensity and
FWHM of the illumination foci were quantified over a total of four
reinsertions/optimisations. Intensities between 65% and 95% compared to the
original intensity were measured following reinsertions (1 implant; Intensity [%]:
Ri: 67 £ 2, Rp: 69 £ 3, Rs: 92.6 + 1.8, R4: 80.7 £ 1.7; Fig. 44B). Following
sensorless optimisation, intensities above that of the original focus quality were
observed (1 implant; Intensity [%]: Ri1opt: 105.1 £ 1.7, Roopt: 105.6 + 0.9, R3 opt:
111.2 £ 1.3, Raopt: 106.2 £ 0.7; Fig. 44B).
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Fig. 44: Focusing light after multiple MMF reinsertions. (A) maximum intensity
projection of focus images at different lateral positions (left) immediately after
calibration, (middle) after removal/reinsertion, and (right) after sensorless AO
optimisation. Scale bar: 20 ym. (B) Peak intensity and lateral width (FWHM) analysis
of illumination foci across the FoV for the data shown in (A). (C) Peak intensity and
lateral width analysis for 4 distinct implants following sequential removals/reinsertions
and sensorless AO optimisation. All data is normalised to the original values.

The FWHM decreased slightly for reinsertions and optimisations but stayed

close to 100% compared to the original FWHM of the points (1 implant; FWHM
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[%]: R1:99.6 £ 1.5, Ry gpt: 96.8 £ 0.9, R2: 98.2 £ 1.5, Ry opt: 94.3 £ 0.9, R3: 96.8

1.0, Raopt: 94.3 £ 0.9, Ry: 97.5 % 0.8, Ryop: 95.1 % 1.1; Fig. 44B).

The previous measurements were performed with a single implant. To ensure
that these results were consistently reproducible, independent of the MMF and
headplate, these measurements were repeated with four different implants.
Following reinsertions, intensity was on average over 80% for all reinsertions (4
implants; Intensity [%]: R1: 80 £ 5, Ry: 90 + 6, R3: 81 + 3, R4: 83 £ 5; Fig. 44C)
compared to the original, which could be improved to around 100% using
sensorless optimisation (4 implants; Intensity [%]: R1opt: 96 £ 4, Roopt: 110 6,
Raopt: 105 £ 2, Raopt: 104 = 3; Fig. 44C). When assessing the FWHM, focus
quality was similar compared to the original across all reinsertions (4 implants;
FWHM [%]: R1: 97.9 + 0.8, Ry opt: 97.5 £ 0.8, R2: 97.5 + 0.7, Roopt: 95.3 £ 0.7,

R3:98.0 £ 0.7, R3opt: 96.4 £ 0.9, R4: 98.1 £ 0.7, Raopt: 96.8 £ 0.9; Fig. 44C).

Uniform focusing performance across the FoV ensures uniform sampling of
objects and is important, as neuronal structures will typically span across the
entire FoV (Turcotte et al., 2020b). We assessed the impact of sensorless AO
at different locations in the FoV after optimising for a focus near the centre of
the FoV. The FWHM and peak intensity of illumination foci were quantified as a
function of their distance from the centre of the FoV and constant improvements
were measured across the FoV (Fig. 45A). Sensorless optimisation was
performed at different radial positions and the changes in focusing
characterised across the FoV. No spatial dependence was observed for the
improvement in intensity or lateral width, indicating that sensorless AO following
fibre reinsertion is not dependent on the position of the optimisation point (Fig.

45B).
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Fig. 45: Spatial dependence of sensorless AO in MMF. (A) Peak intensity and
lateral width analysis of illumination foci as a function of their radial position (distance
from the core centre) after performing sensorless AO optimisation near the fibre centre.
(B) Peak intensity and lateral width analysis of illumination foci across the FoV as a
function of the radial position at which after performing sensorless AO was performed.
All data is normalised to the pre-AO values.

In summary, the magnetic headplate was sufficient to partially preserve
focusing capability across multiple MMF implants following several reinsertions.
Combined with sensorless AO, focus characteristics equivalent to pre-removal

(Original) were achieved by correcting only for tip, tilt, and defocus.

8.2.3. Repeated fluorescence imaging of beads through a MMF

For chronic in vivo imaging, the MMF must be implanted in the brain and the
headplate attached to the skull. Hence, the distal camera cannot be used for
capturing the illumination as the sensorless optimisation signal. Instead, the
optimisation should be based on the signal of interest for imaging, in the case of
most neuroscience applications: fluorescence. As such the proximally detected
fluorescence was employed for sensorless optimisation. To assess the
performance of the proposed repeated imaging methods, 1 um fluorescent
beads were chosen, as they are similar in size to synaptic terminals such as
boutons and spines (< 2 um). Beads were imaged immediately after calibration,

after removing and reinserting the implant, and after performing AO (Fig. 46A).
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Fig. 46: Repeated imaging of 1 ym fluorescent beads. (A) Images of the same
sample acquired from left to right after performing removal/reinsertion and sensorless
AO optimisation. Scale bar: 15 um. (B) Peak intensity and lateral width analysis for the
bead imaging data shown in (A). (C) Peak intensity and lateral width analysis for 4
distinct implants following sequential removals/reinsertions and sensorless AO
optimisation. All data is normalised to the original values.

Even after three reinsertions, image quality remained high thanks to the custom
designed headplate, allowing for precise reinsertion, as illustrated for a single
implant in Fig. 46A,B (9 beads; 1 implant; Intensity [%]: Original: 99 * 4, R4: 106
+ 4, Riopt: 108 £ 4, Ry: 94.1 £ 0.7, Roopt: 95.3 £ 0.7, R3: 66 + 2, R3opt: 88 £ 2;
FWHM [%]: Original: 90 + 4 R1: 93 £ 3, Ryopt: 91 £ 3, R2: 88 £ 3, Roopt: 93 £ 3,
R3: 112 £ 11, Raopt: 94 £ 5). Importantly, when reinsertions were mechanically
less successful, sensorless optimisation provided greater relative improvements
and allowed to bring the peak intensity near the original values (as seen from R3
to Ra,opt in Fig. 46A,B). Overall, peak intensity did not drop below 80% following
MMF removal and reinsertion compared to the original image and FWHM
stayed close to 100% (25 beads; 3 implants; Intensity [%]: R1: 97 £ 5, R4,0pt: 96
+3,R2:94 + 4, Ryopt: 93 £ 3, R3: 79 + 6, Raopt: 85 + 4; FWHM [%]: Ry: 97 £ 3,
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These results demonstrate that repeated high-resolution fluorescence imaging

is feasible with the proposed chronic MMF implant combined with AO.

8.2.4. Sensorless adaptive optics improves imaging of live neurones

While fluorescent beads are similar in size compared to synaptic structures,
their brightness is much larger than that of living fluorescent brain structures.
Moreover, the beads samples were inherently two-dimensional (2D) and had
little background, while brain tissue will contain 3D fluorescent structures and
have a lower signal-to-background ratio due to out-of-focus signal. Additionally,
the insertion of the fibre into tissue may cause bending and translation of the
MMF as a result of physical forces exerted by the tissue. To limit the effects of
bending, custom-made fibres (doric lenses, MFC-ZF2.5, 60 uym core, NA =
0.37) were coated with a rigid tubing (Turcotte et al., 2020a). Thereby, the MMF
was subjected to less deformation when inserted into tissue. However,

translation and some degree of fibre bending were inevitable.

To evaluate whether the remaining effects of these static aberrations occurring
during insertion can be corrected by sensorless AO, live brain tissue was
imaged (Fig. 47). CA3 pyramidal neurones were filled via patch-clamp
technique in organotypic hippocampal slices with a fluorescent dye (Alexa 488).
Subsequently, slices were transferred to the MMF-based system and imaged

immediately after calibration.

Neuronal processes, including dendrites could be identified as bright structures
(Fig. 47A,C). The original signal-to-background ratio was calculated to be of 2.7
in the displayed image (Fig. 47A). Following sensorless AO, a greater level of

detail could be visualised with small protrusions known as postsynaptic
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terminals or spines becoming more visible (Fig. 47C). A substantial relative
decrease in background was achieved with the signal-to-background ratio
increasing by a factor of 2.3. The improvement provided by correcting for tip, tilt,
and defocus is further evidenced by the increased spatial frequency bandwidth
as shown by the Fourier transforms of the images (Fig. 47B,D). These results
indicate that the sensorless optimisation can indeed be used in living brain

tissue to improve image quality.

A Original C Sensorless Optimization

Fig. 47: Imaging of live neurones through an MMF in slices with sensorless AO.
(A,C) Images of a dendrite labelled with Alexa Fluor 488, acquired (A) before and (C)
after sensorless AO optimisation. Scale bar: 10um. Inset width: 10um. Images were
normalised to their peak intensity. (B,D) Power frequency spectra of the images shown
in (A,C), respectively.
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8.2.5. Repeated imaging of 3D fluorescence samples

To perform chronic imaging in living animals, the implant must be attached onto
the animal’s skull, after the fibre is positioned at the region of interest. In other
words, after imaging the desired neuronal structure, the implant must be
carefully fixed in place without disrupting the calibration. To test whether this
was possible, 3D fluorescent beads were immersed in agar, thus simulating the
properties of fluorescently tagged neurones in mouse brains (Fig. 48A). The
agar dilution was chosen to roughly match the mechanical properties of brain
tissue. Afterwards, a petri dish was attached to cover the bead-agar mixture
and provide a solid substrate for attaching the implant. Then, a small hole was
drilled into the petri dish, such as for craniotomy, and the MMF was inserted
into the agar. Coated fibres (0.37 NA) were used to image beads (1 — 2 pm,

green).

A Preattachement ~C  Original Reinsertion Optimization

by “ ‘ . .

Post attachement
Fig. 48: Repeated imaging in a 3D sample. (A) Schematic representation of the
sample consisting of 1-2 ym green fluorescent beads imbedded in agar. (B) Imaging
(top) before and (bottom) after affixing the implant onto the petri dish with glue and
dental cement. (C) Images of a sample as shown in (A) (left) after attachment of the
implant to the sample, (middle) after removal and reinsertion, and (right) after
sensorless AO optimisation. Image width: 54 pm.

Petri dish

Fluorescent beads in agar

After having identified a region of interest, with fluorescent beads in focus (Fig.
48B), the implant was attached to the petri dish with superglue and dental

cement while carefully avoiding any disruptions of the system. Images were

214



recorded before and after the implant was attached to the sample, to evaluate
potential shifts or disruptions and they show that the implant can be manually
attached to the sample without causing any major distortions to the fibre

position (Fig. 48B).

In another experiment, the capacity for repeated imaging was evaluated after
attachment of the implant to the sample. The sample was first imaged after
calibration and implant insertion and attachment (Fig. 48C, left). Next, MMF
implant + sample were removed together as a unit, from the optical system and
subsequently reinserted. The same beads were visible and in focus after
magnet-based reinsertion (Fig. 48C, middle). Sensorless AO optimisation was
then performed on the top-most bead and a substantial reduction in the
background was observed (Fig. 48C, right). An axial shift was also noticeable
and was caused by the top-most bead initially not being in focus. Indeed,
defocus can propagate through the fibre (Wen et al., 2020) and our sensorless
implementation will thus automatically bring objects of interest into focus.
Alternatively, the defocus can be manually adjusted to image the same axial
plane. In conclusion, this data proves that the implant including the MMF can be
successfully attached to a sample with glue and dental cement while preserving
image quality. Furthermore, this configuration is stable and enables repeated

imaging with a MMF-based endoscope and sensorless AO.

8.3. Discussion

In this Chapter, | have presented a method for repeated high-resolution imaging
with a MMF-based micro-endoscope by precise manual reinsertion of the

chronic MMF implant using magnets, followed by further optimisation using
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sensorless AO. MMF-based endo-microscopes are particularly well suited for
AO as the experimental system already includes a wavefront shaping device,
here a LC-SLM. Biological samples often introduce optical aberration due to the
heterogeneity in their refractive index distribution or mismatch at interfaces
deteriorating image quality (Booth, 2014; Hampson et al., 2021; Ji, 2017). In the
foregoing Chapter, | have reported that for MMF endo-microscopy, considering
the refractive index of the biological object by performing the calibration in an
index-matched solution led to improved focusing ability in brain tissue (Turcotte
et al., 2019). While AO can be used to correct for such specimen-induced
aberrations (Booth, 2014; Hampson et al., 2021; Ji, 2017), for repeated imaging
with a MMF system aberrations are predominant because the system is highly
sensitive to any alteration in the relative position between the MMF and the LC-
SLM. Hence, we introduced AO to correct for aberrations in the system’s

illumination path.

In this study, translational changes in the position of the fibre proximal facet
were corrected, which translate into tip, tilt, and defocus in the LC-SLM located
in a conjugated Fourier plane. Notably, the proximal fibre facet can also be tilted
or rotated during repositioning, respectively corresponding to translation and
rotation in the LC-SLM plane. Correction for the latter parameters was not
necessary, as the custom headplate enabled repositioning of the implant
precise enough — with minimal fibre tilt and rotation — to ensure high image
quality. Our data support this idea because in all cases imaging performances
equivalent or close to the unperturbed system were recovered. Nevertheless, it
could be beneficial to introduce further correction modes and even other

correction basis for other applications. For instance, sensorless AO could be
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combined with other strategies to measure and optimise the altered TM after
static deformation (as suggested per Fig. 48; Gordon et al., 2019; Gu et al.,

2015; Li et al., 2021).

The results showed that mechanical repositioning of the MMF implant alone
was sufficient for repeated imaging of fluorescent beads without loss of spatial
resolution with minimal decrease in signal intensity that could be recovered with
sensorless optimisation. Importantly, in such 2D bead samples, the absence of
out-of-focus objects contributes to the signal-to-background ratio and the image
quality remaining high in most cases. However, similar amounts of MMF
misalignment after manual repositioning resulted in much larger backgrounds
for 3D samples (Fig. 48) due to out-of-focus fluorescence. In such cases,
sensorless AO optimisation substantially increased the information content of
images. The implementation of AO would also be beneficial for multiphoton
fluorescence imaging through MMF, even as limited background would be
generated, because the signal depends nonlinearly on the illumination power in

the focus (Morales-Delgado et al., 2015b; Turcotte et al., 2020a).

Even though the biggest advantage of MMF-based micro-endoscopes
constitutes the possibility to insert them at unlimited depth in a minimally
invasive manner, it is important to consider its benefits regarding the surgical
preparations necessary for chronic in vivo imaging. Chronic imaging of synapse
dynamics in cortex is routinely performed using cranial windows (Holtmaat et
al., 2009; Yang et al., 2010). Even in deeper brain structures such as the
hippocampus, windows are possible following cortical aspiration (Dombeck et
al., 2010; Gu et al., 2014). Such windows are typically generated by performing

a craniotomy of several millimetres in diameter and subsequently, glass
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coverslips are inserted allowing direct imaging with confocal microscopes.
However, these windows are often affected by bone regrowth, dura injuries,
infections, or simply dirt that accumulates at the cover glass (Holtmaat et al.,
2009). Although these factors may be neglectable in acute preparations, for
long-term observation of synapses over weeks and months they are doubtlessly
impactful. As the surgery procedure for MMF-based micro-endoscopes is much
easier and requires only a small craniotomy, MMF-implants are optimal for
chronic preparations. In addition, it is not trivial to insert cover glasses above
cortical regions of interest that are located on the side of the brain, whereas
MMF insertion can be easily performed at any location. Thus, it might be worth
to consider using MMF-based micro-endoscopes for synapse imaging even at
superficial, cortical regions, given the significantly reduced invasiveness of the
surgical procedure. Of course, this will offer reduced FoVs compared to cranial
windows and Ilimit the number of synapses that can be monitored

simultaneously but might be valuable in some experimental settings.

In conclusion, | have introduced a method for repeated imaging using MMF.
Manual repositioning of MMF presents unique obstacles, as a change in relative
positioning with respect to the wavefront shaping device invalidates the original
calibration, necessary for foci formation and imaging. | tackled this problem
using custom 3D printed headplates enabling precise reinsertion of the MMF
implant, thus preserving low-quality focusing that can subsequently be
transformed into high-quality focusing using sensorless AO. This methodology
certainly constitutes an important step towards chronic high-resolution imaging
of deep brain structures in living animals using the minimally invasive MMF

technology.
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9. Conclusions and General Discussion

Since the original characterisations of synaptic plasticity (Bliss and Lemo, 1973;
Hebb, 1949; Ramoén y Cajal, 1911) a tremendous amount of work has been
published within the field of synaptic plasticity. However, our current
understanding is still limited especially with regards to the relation between
synaptic plasticity and cognitive functions such as learning and memory.
Forming these links is challenging, due to a lack of suitable tools to study
synapses in relevant brain regions in behaving animals. In this thesis | have
proposed and demonstrated substantial advances to a multimode fibre (MMF)
based micro-endoscopic system, suitable for minimally invasive deep-brain in
vivo imaging of synapses. Moreover, fundamental gaps in the field of synaptic
plasticity remain: A link between synaptic plasticity and learning and memory is
difficult to establish if the impact of endogenous factors such as hormones on
synapse dynamics is unclear. Additionally, the field of synaptic plasticity is
generally subject to a lack of research focusing on the presynaptic terminal and
its signalling mechanisms, which significantly differ from those localised at
postsynaptic terminals. Thus, in this thesis | have endeavoured to shed more

light on these somewhat underrepresented topics.

Relevance of presynaptic NMDA receptor signalling

One does not have to look far to find that the research on the presynaptic
compartment of the synapse is still neglected even nowadays. Over the last
couple of years, imaging spine dynamics in vivo constitutes an integral part of
the synaptic plasticity field (Korber and Stein, 2016; Pfeiffer et al., 2018; Runge

et al., 2020; Sadakane et al., 2015; Trachtenberg et al., 2002). However, these
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studies mostly focus on spine dynamics (Runge et al., 2020) since they are
easier to detect. Some studies exist investigating cortical boutons in vivo (De
Paola et al., 2006; Grillo et al., 2013; Holtmaat et al., 2008; Sammons et al.,
2018) but to my knowledge no such studies exist for the hippocampus (but see
Kaifosh et al., 2013). Nevertheless, the importance of presynaptic function has
been demonstrated over the years especially in the context of short-term
plasticity (Fioravante and Regehr, 2011; Regehr, 2012; Zucker and Regehr,
2002). Importantly, presynaptic regulatory mechanisms endow the synapse with
increased computational power, diversifying the output of a neurone (Tong et
al., 2020). Here, | contribute a molecular mechanism involving preNMDARs
regulating presynaptic Ca®* dynamics and short-term facilitation at hippocampal
boutons, that is plastic and adjustable in response to changes in network
activity. Considering that short-term plasticity already represents a way to adjust
a synapse’ responsiveness with regards to previous activity, | have identified
another layer of flexibility, comprising different subtypes of presynaptic proteins,

in this case, preNMDAR sub-populations.

| show that the downstream effects of preNMDAR sub-populations result from
the activation of SK-channels. The interaction between NMDARs and SK-
channels is well established at the postsynaptic terminal (Faber, 2010; Griffith
et al., 2016; Narasimhan, 2005; Ngo-Anh et al., 2005) and reusing similar
signalling motifs pre- and postsynaptically, in other words, making use of one
collective protein resource pool seems logical from an evolutionary perspective
and is energy efficient for the cell. Here, | have shown the mechanism at
Schaffer collateral boutons, however, one might ask the question whether the

results presented here could be transferred to synapses in other brain regions.
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Indeed, preNMDAR activity has been demonstrated at various cortical and
hippocampal synapses (Abrahamsson et al., 2017; Bouvier et al., 2018;
Buchanan et al., 2012; Janssen et al., 2005; Lituma et al., 2021; McGuinness et
al., 2010; Padamsey et al., 2017b; Rodriguez-Moreno et al., 2013; Sjostrom et
al., 2003). Nonetheless, on this note, it should be kept in mind that synapses
function and are regulated in different ways (Maus et al., 2020), thus,
experimental evidence is needed to confirm whether the results presented in
this thesis could be translated to other synapses and contribute to their
functional outputs. Furthermore, one could speculate about implications for the
precise regulation by preNMDAR sub-populations with regards to the individual
adjustment of glutamatergic outputs onto different domains of the postsynaptic
neurone. Summarized as synapse-type-specific plasticity, it has been proposed
that both preNMDAR receptors and K* channels can regulate short-term
plasticity in a synapse-type-specific manner (summarized in Larsen and
Sjostrom, 2015). Underlying mechanisms of this regulation have been
unidentified so far, thus, | provide a functional framework as to how synapse-
type-specificity can be modulated and adjusted. As probable outcome, Ca**
dynamics and AP-waveforms are distinctly regulated at individual synapses,
potentially guided by the identity of the postsynaptic neurone. Importantly, it is
likely that the postsynaptic neurone to a certain extent directs the balance of
preNMDAR sub-populations at specific synapse types through retrograde
signals (Larsen and Sjostrom, 2015), which could be explored for the

preNMDAR/SK-channel regulation in future studies.
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Ultimately, the magnitude of importance of NMDARs located at presynaptic
terminals is still unknown and might be underestimated. Generally, the inhibition
of NMDARs as key players of synaptic plasticity has led to the overall
conclusion that their activation is important for learning and memory
mechanisms. It has been shown in numerous studies, that inhibition of NMDAR
activity, either by inhibitors or genetically, leads to reduced synaptic potentiation
and impaired learning and memory (Ahlander et al., 1999; Brigman et al., 2008;
Davis et al., 1992; de Lima et al., 2005; Newcomer and Krystal, 2001; Sakimura
et al., 1995). Importantly, NMDAR inhibitors used in these studies are never
exclusively targeted to post- or presynaptic locations and it is difficult to
generate pre- or postsynaptic specific NMDAR knock-out animals. Thus, it is
challenging to make concrete statements about the impact of pre- versus
postsynaptically located NMDARs on cognitive functions as a discrimination
between their functions is only feasible in in vitro settings thus far. Even when
NMDAR dependent plasticity is demonstrated in vivo (Zhang et al., 2015), and

its effects are observed postsynaptically, an impact of preNMDARSs is likely.

The biggest influence of preNMDARs reflects during short-term plasticity
processes. However, it is difficult to determine the behavioural roles of short-
term plasticity processes, as it would require targeted and selective elimination
of certain short-term plasticity forms. Nevertheless, important roles have been
proposed for short-term plasticity in sensory processing (Fortune and Rose,
2002, 2001) and for place fields (Romani and Tsodyks, 2015). In conclusion,
understanding preNMDAR signalling in the context of synaptic plasticity will
undeniably be important to further our knowledge about the structural

representations of learning and memory.
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Synaptic plasticity in vivo: variability introduced by endogenous factors

Identifying synaptic mechanisms involved in cognitive functions necessitates
the performance of in vivo experiments, directly monitoring synapse dynamics
in anaesthetised or even freely behaving animals. | have provided evidence,
that in such studies it is crucial to consider the effects of endogenous factors,
such as hormones, since they may directly influence synapse dynamics (Fester
and Rune, 2015; Krugers et al.,, 2010). Thus, careful design of studies is
necessary and the original thought to exclude female animals from studies to
eliminate the variability introduced by oestrogen is not enough given that
oestrogen is locally synthesised in both female and male brains. Accordingly,
me and others demonstrated oestrogen-induced effects on spine morphology in
neurones from female as well as male animals (Jacome et al., 2016; Lu et al.,
2019; Murakami et al., 2006; Sheppard et al., 2019; Tsurugizawa et al., 2005).
However, whether brain-derived oestrogen alone causes effects on spines or if
cyclic oestrogen secreted by the gonads plays a significant role requires further
investigations. Multiple scenarios are possible with brain-derived and cyclic
oestrogen interacting, adding their effects or even negatively regulating each
other, with differential effects on spine dynamics during the phases of the
oestrus cycle. Importantly, not only oestrogen should be considered as an
intrinsic variable when studying synaptic plasticity in vivo. A large body of
literature suggests that other hormones, specifically glucocorticoids affect

synapse dynamics (Krugers et al., 2010).

Overall, it is clear that oestrogen affects synaptic plasticity. Furthermore,

inhibiting oestrogen signalling or reducing the overall level of oestrogen can
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lead to cognitive impairments including worse performance in memory tasks
indicated by both rodent and human studies (Daniel, 2006; Dohanich, 2002;
Gresack and Frick, 2006; Inagaki et al., 2010; Keenan et al., 2001; Koebele et
al., 2021; Krug et al., 2006; Luine et al., 2003; Rapp et al., 2003; Taxier et al.,
2020). In future studies, it will be crucial to link these components causally,
thus, to identify if the effects of oestrogen on synaptic plasticity are the actual

cause of the observed differences in behaviour.

If the latter is true, it is inevitable to consider oestrogen signalling as target for
drug development. As pointed out in the introduction, stimulating oestrogen
signalling might be beneficial for the treatment of diseases involving anxiety and
trauma (Glover et al., 2015, 2012; Lebron-Milad and Milad, 2012). If enhanced
oestrogen signalling can improve learning and memory performance by
stimulating synaptic plasticity, it could be targeted in neurodegenerative
diseases where memory impairment is the major symptom. Some positive
effects of oestrogen treatment in such diseases have already been suggested.
For example, in the field of verbal learning and memory, enhanced performance
in oestrogen-treated women suffering from Alzheimer's disease (AD) was
reported (Asthana et al., 2001, 1999). However, other clinical trials could not
report any beneficial effects of oestrogen-related treatment of AD, most likely
since the underlying pathology of AD is complex (for a full review see Cholerton
et al., 2002). Nevertheless, besides its facilitating effects on synaptic plasticity,
oestrogen produces a number of other beneficial effects, thus the therapeutical

value of oestrogen should be further explored.
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Shaping light through an optical fibre: the future of synapse imaging

In order to identify the precise relation between synapse dynamics and
cognition, the development of suitable imaging tools is essential (Humeau and
Choquet, 2019). The development of two-photon imaging techniques and the
use of Thy1 transgenic mice expressing fluorescent proteins has significantly
progressed our ability to visualise synapses in vivo. Additionally, with the use of
micro-endoscopes synapses can be observed in vivo in deeper brain regions
such as the hippocampus (Attardo et al., 2015; Levene et al., 2004). Generally,
micro-endoscopes including fibre optics with GRIN lens-based applications
represent the current standard for high-resolution micro-endoscopy. However,
using MMFs as central components offers several significant advantages over
the use of GRIN lenses. Due to their minimal diameter, MMFs can be inserted
without significant tissue damage deep in the brain reducing the device footprint
50 fold compared to when imaging with GRIN lenses (Vasquez-Lopez et al.,
2018). Overall, using MMF-based tools can overcome some of the current
limitations in synaptic studies in behaving animals including the reduced impact
of tissue scattering, since fibres can be implanted at any depth and the size and
weight of such imaging devices is minimal which is especially important to

encourage natural behaviour in small rodents (Humeau and Choquet, 2019).

Both GRIN lenses and cranial windows have been widely used to image spine
dynamics and synaptic plasticity in living animals (Attardo et al., 2015; Holtmaat
et al., 2009; Levene et al., 2004; Loewenstein et al., 2011; Moczulska et al.,
2013; Resendez et al., 2016; Trachtenberg et al., 2002). However, none of

these techniques is actually ideal for this purpose. Without doubt the use of
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GRIN lenses and cranial windows is ideal to observe the activity of large
volumes of neurones, allowing large field-of-views. However, using these two
methods for investigations of spines is less appropriate. Spine dynamics are
extremely sensitive to tissue damage (Di Filippo et al., 2013, 2008; Rizzo et al.,
2018), and while the use of cranial windows does not require physical
interference with brain tissue, it has been shown that the choice of cranial
window type can affect dendritic spine turnover rates (Xu et al., 2007).
Inconsistencies in spine dynamics are a common phenomenon in today’s
research. Some report extremely high turnover rates (Attardo et al., 2015;
Pfeiffer et al., 2018) while others emphasise the stability of spines over longer
periods (Gu et al., 2014). These inconsistencies may derive from different levels
of tissue damage, triggering neuroinflammatory processes affecting spine
plasticity to different extents. Another explanation would be, that two-photon
resolution when imaging spines is not sufficient, thus spine density analysis are
challenging owing to illusions such as for example merged spines considered
as a single spine. Indeed, Pfeiffer and colleagues show much higher spine
density when using superresolution microscopy compared to others (Pfeiffer et

al., 2018).

| propose that, as is the general rule for research, the right technique must be
chosen dependent on the question asked. Thus, for in vivo studies in deep-
brain regions focusing on synapse dynamics in relation to behaviour, MMF-
based tools are the best choice since they can be inserted at any depth and do
not cause any tissue damage that could alter spine dynamics. Moreover, as |
show, they can be used for chronic imaging (Schmidt et al., 2022 accepted at

Biomedical Optics Express) and combined with any technological advances to
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improve imaging performance such as multiphoton imaging (Turcotte et al.,
2020a) or post-image processing (Turcotte et al., 2020b). Notably, MMF-based
imaging bears the potential to be combined with in vivo superresolution imaging
methods such as STED (Berning et al., 2012), which is important to correctly
assess small synaptic structures (Pfeiffer et al., 2018). Finally, while both GRIN
lenses and MMFs are flexible and can be used in freely behaving animals, only
MMFs can be used for multisite imaging owing to their small size, by inserting
multiple MMFs in different brain regions to study interactions of spine dynamics.
In conclusion, MMF-based imaging tools are the future of in vivo synapse
imaging, supporting to tackle the major challenges on our way to understand

the structural basis of learning and memory.
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11. Appendix

Supplementary Figures Chapter 4
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Fig. S4: Modulation of AP-evoked Ca?* influx: Control experiments. (A) Difference
in peak APCaTs between trials with and without glutamate photolysis for concurrent
experiments (photolysis 0.5 — 5 ms after AP), N = 5, late shutter (20 ms after AP), N =
5, and late AP (20 ms post photolysis), N = 4. The decrease in average peak APCaTs
under control conditions is still observable when the AP was delayed but abolished
when the shutter opening was delayed. (B) Increasing UV laser intensity linearly
decreased APCaTs, likely due to an increase in the concentration of uncaged
glutamate. Laser power (LP) 5 — 7 in arbitrary units, N = 3. (C,D) Inhibition of GABA
receptors, N = 4 or metabotrobic glutamate receptors (mGIuRs), N = 3, with Picrotoxin
(30 uM), CGP5845 (5 uM) and LY341495 (100 yM) did not block the decrease in
APCaTs. (E) Photolysis experiments were performed at axon collaterals instead of
boutons, N = 5. Scale bar = 10 ym. No change in AP-evoked Ca?®* transients could be
detected following glutamate photolysis at the collateral (Bouton vs. Collateral p =
0.004; Mann Whitney test). Error bars represent SEM.
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Fig. S5.1: Inhibition of preNMDARs slightly increases short-term facilitation of high-
frequency bursts in acute hippocampal slices. (A) The initial EPSC slope does not
change during the experiments. (B) Average normalised slope during burst stimulation of
10 APs at 200 Hz before (black) and after (red) the addition of 50 yM APS5 in acute
hippocampal slices. GABAA- and GABAg-receptors were blocked using Picrotoxin (30
pM) and CGP55845 (5 uM). PreNMDAR blockade significantly increased the
magnitude of short-term facilitation in acute slices. (N = 7 cells; p < 0.05 for pulses 3
and 6; Wilcoxon signed rank test). (C) . Individual data points showing the difference in
the normalised EPSC slope of pulse 1-10 before and after the addition of AP5 for
experiments shown in (B). Error bars represent SEM. Data was jointly collected with Rudi
Tong.
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Fig. $5.2: Apamin incubation causes a decrease in the magnitude of facilitation.
The average normalised EPSC slope during burst stimulation of 10 APs at 200 Hz in
aCSF (black) and apamin (grey) in organotypic slices. Incubation of slices with 1uM
apamin caused a decrease in the magnitude of short-term facilitation. (N = 10 cells
(control), 9 cells (apamin); p < 0.05 for pulses 2 and 3; Mann-Whitney test). Error bars
represent SEM.
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Fig. $5.3: Network activity shifts the balance between GIuN2A and GIuN2B
subpopulations. (Ai) Peak APCaTs for individual experiments following 48 or 72
hours of treatment with NBQX and AP5. (Aii) No difference in effect size could be
detected with regards to incubation time. (B) Propidium iodide was used to label dead
neurones to assess slice health in control conditions and following NBQX/AP5
incubation. White dotted lines indicate CA3 cell layer, asterisks indicate dead cell
bodies outside the cell layer. Drug incubation did not affect slice health.

Supplementary Methods Chapter 5

Propidium iodide cell health essay

Organotypic slices were incubated in 5 g/ml propidium iodide for 30 minutes in
the incubator (Happ and Tasker, 2016). Subsequently, images were taken to
assess propidium iodide uptake in CA3 neurones. Propidium iodide diffuses into
cells with damaged membranes, thus serves as a quantitive marker for cell

integrity (see Happ and Tasker, 2016 for details).
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Fig. S7.1: Schematic of the system. (a) The source module contains a laser able to
generate CW and pulsed outputs. (b) The imaging module includes an SLM for
wavefront control during imaging and calibration, as well as a PMT for detection ofthe
fluorescence. (c) The calibration module is used for recording illumination focus data

and for evaluating the TM. Published in Turcotte et al., 2020, Optics Letters, Vol. 45,
No. 24.
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Fig S§7.2: Non-linearity of two-photon fluorescence improves focusing quality by
suppressing background. (a), (b) lllumination foci achieved with wavefront control
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through a MMF and recorded sequentially at different lateral positions (composite
maximum intensity projection from images of individual foci) when the laser is
operating in (a) CW mode and (b) pulsed mode. (c) Squared of the intensity distribution
shown in (b) to illustrate the two-photon illumination. Scale bar: 15 pm; inset width: 4.8
pm. (d) Spectra of the laser source in CW and pulsed mode. (e) Intensity profile for the
inset foci shown in (a)-(c) and for a focus at the edge in pulsed mode (squared).
Published in Turcotte et al., 2020, Optics Letters, Vol. 45, No. 24.
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Fig S7.3: Spectral dispersion axially elongates the focus when switching the
laser from CW to pulsed mode. (a), (b) lllumination foci achieved with wavefront
control through a MMF and recorded sequentially at different axial positions (axial-
lateral profile) when the laser is operating in (a) CW mode and (b) pulsed mode. (c)
Square of the intensity distribution shown in (b) to illustrate the two-photon excitation.
(d) Intensity as a function of the axial position (distance from the distal facet) for the
data shown in (a)—(c). (e) Lateral FWHM as a function of the axial position for the data
shown in (a)—(c). Scale bar: 10um. Published in Turcotte et al., 2020, Optics Letters,
Vol. 45, No. 24.
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Fig. S8: Metrics for sensorless AO optimisation. (A) peak intensity, (B) background
intensity, and (C) background autocorrelation. Each graph is normalised to the value at
increment zero. An increment is equal to 0.0017 rad for tip and tilt and of 4x10~°r rad
for defocus around zero bias um in wavefront correction applied to the LC-SLM.
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Details on statement of authorship

The work presented in this thesis is entirely my own work except for the

experiments specified below.

In Chapter 4 Figure 10, some data points of the intracellular MK-801 dataset
were collected by Dr. Rudi Tong. In the Appendix, Figure S5.1 both Dr. Rudi
Tong and | collected and analysed the data. Dr. Rudi Tong kindly provided the

photograph in Figure 33B, Chapter 7.

Even though the data was collected by me, the final Figures presented in
Chapters 7.2.3. and 7.2.4. as published in the respective papers (Turcotte et al.,
2020a, 2019) were generated by Dr. Raphaél Turcotte. Additional experiments
in the Appendix, Figure S7.1 - S7.3 were conducted partly or completely by Dr.
Raphaél Turcotte. The adaptive optics optimisation code presented in Chapter
8 was designed and implemented by Dr. Raphaél Turcotte, and further
experimentally applied and verified by me. Both Dr. Raphaél Turcotte and |
collected the data for Figure S8, Appendix (chronic parameters) and Figure 44

(point quality).

All the above and text extracts from publications (referred to in the respective
Chapters) have been included in this thesis with permission from all contributing

individuals.
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