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Abstract

The regulation of synaptic strength is thought to underlie the complex emergent
dynamics of neural networks. The strength of a synapse is determined by its pre- and
postsynaptic properties, both of which are under tight regulatory control orchestrated by
ongoing neuronal activity. We now have a good understanding of the plasticity rules
underlying the regulation of postsynaptic strength. The same set of rules has been
imposed onto the regulation of presynaptic strength. However, the operation of pre- and
postsynaptic terminals is fundamentally different, both on a mechanistic and functional
level. | have therefore systematically investigated the mechanisms underlying
presynaptic plasticity at the Schaffer collateral-CA1 synapse under varying conditions of
synaptic activity. | have examined three general modes of regulation: (1) synaptic
changes dependent on the concerted activity of pre- and postsynaptic neurone
(homosynaptic plasticity); (2) changes dependent only on presynaptic activity; (3)
changes dependent on postsynaptic activity alone (heterosynaptic plasticity). Using a
combination of electrophysiological and optical techniques, | have monitored and
manipulated the strengths of single synapses both pre- and postsynaptically, which
allowed me to impose certain activity patterns and investigate resulting synaptic
modifications. | found that heterosynaptic plasticity along local segments of dendrites is
expressed at both synaptic loci and depends on the spatial arrangement of synapses. Pre-
and postsynaptic strength changes were weakly correlated and pharmacologically
dissociable. Next, | found that glutamate release suppresses both short- and long-term
presynaptic function, which required the activation of presynaptic NMDA receptors.
Lastly, | found that presynaptic long-term potentiation (LTP) is spike timing-dependent
but does not rely on coincidence detection via postsynaptic NMDA receptors. My
findings suggest that the presynaptic terminal is functionally distinct, which is reflected
in parallel regulatory pathways. | suggest the synapse to be viewed as a two-
compartment model, consisting of a presynaptic non-linear transformation followed by

postsynaptic linear weighting.
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1. Preface

The aim of this thesis is to understand the function and regulation of the presynaptic
terminal of central synapses. In particular, | have systematically investigated changes in
the stochastic properties of neurotransmitter release under varying conditions of
synaptic activity. To do so, | have focused on the Schaffer collateral-CA1 synapse of the
hippocampus, at which synaptic plasticity has been extensively studied (Bliss et al., 2007).
Although modifications of synaptic strength at the postsynaptic locus are well-
documented (LUscher & Malenka, 2012), work on presynaptic changes, especially with
respect to long-term potentiation, has been controversial in the past, in part due to the
technical difficulties of accessing the presynaptic locus. With the advancement of optical
techniques to study neurotransmitter release, the existence and importance of
presynaptic plasticity are now generally accepted. Yet, a common framework for
understanding the functional role, and therefore the regulation of presynaptic strength
has been lacking. As a consequence, the framework for postsynaptic plasticity, which has
substantially advanced our theoretical understanding of synaptic processing and its
emerging properties, has been imposed onto the presynaptic terminal. The following
question then arises: Are pre- and postsynaptic changes explained by the same set of
“rules”? Or alternatively: Are the functional consequences of pre- and postsynaptic

changes the same?

One does not have to look far to find that the mode of operation of the pre- and the
postsynaptic terminal are fundamentally different. The presynaptic terminal resembles a
binomial process, where the incoming signal, in the form of discrete action potentials, is
transmitted as discrete packages of quantal events with a certain probability. In contrast,
released neurotransmitter bind to postsynaptic receptors and lead to a change in the
membrane potential, the magnitude of which is approximately proportional to the
number of receptors. The postsynaptic terminal therefore resembles more a linear
process. How this difference affects the processing of information at synapses and the

rules by which synapses are “optimised” is, however, less clear.



I will briefly introduce the biology of the canonical synapse and its information
processing properties, for both pre- and postsynaptic loci. After an introduction to
synaptic plasticity, with particular emphasis on differences in pre- and postsynaptic
plasticity mechanisms, | present my experimental findings on the long-term regulation of
presynaptic strengths before concluding with a discussion on overarching questions

raised by the experimental results.

1.1. Why study the presynaptic terminal?

The function of the nervous system is often ascribed to the transmission from sensory to
motor. This undoubtedly requires faithful propagation of signals from cell to cell, and
studies of peripheral synapses seemed to confirm this notion. For instance,
photoreceptor cells in the retina exhibit a constant stream of neurotransmitter release at
their ribbon synapses and variations in light level change the amount of
neurotransmitters released in a graded manner (Baylor et al., 1979). Similarly, at the
neuromuscular junction stimulation of the nerve fibre leads to robust release of vast
numbers of neurotransmitter quanta due to the numerous contacts formed by each fibre,
enabling robust muscle contraction (del Castillo & Katz, 1954). It is the central synapse
where accurate transmission seemed to be amiss, and neurotransmitter release can occur
with success rates as low as one out of ten trials. This is puzzling and sparked discussions
on whether the noisy synapse is a “bug or a feature” (Smetters & Zador, 1996; Branco &
Staras, 2009). We now know that release probability is tightly regulated. For example,
different inputs onto layer 4 stellate cells in cat primary visual cortex can be clearly
classified on the basis of their presynaptic properties (Stratford et al., 1996). Input-specific
presynaptic properties have since been reported in multiple brain areas (Blackman et al.,
2013; Markram et al., 1998; Gupta et al., 2000; Koester & Johnston, 2005; Buchanan et al.,
2012; Bao et al., 2010; Pouille & Scanziani, 2004). All studies, therefore, suggest an
adaptive advantage for “unreliable” transmission. What, then, is the purpose? One way to
explore the functional role of presynaptic release probability is to study its regulation:

What conditions drive changes in presynaptic strength?



1.2. Experimental strategy for studying the regulation of (pre)synaptic
strength

The regulation of synaptic strength is a high-dimensional problem. A multitude of factors
have been shown to affect synaptic strength, including neuronal activity, hormonal state,
age, and genetic factors (Ho et al., 2011). The interaction between these factors is unclear
and likely to be highly complex and non-linear. Here, | have focused solely on synaptic
strength regulation by neuronal activity. The underlying assumption is that the
regulation of synaptic strength can be phrased as an optimisation problem that depends
solely on neuronal activity at the pre- and the postsynaptic neurone. In order to
systematically analyse the optimisation function (learning rule), |1 considered the

following linear decomposition (adapted from Zenke & Gerstner, 2017):

G(wsj, posty, pre;) = go(wij) + g1(wsj, pre;) +
g2(wij, post;) + gs(wij, post;,pre;)

where pre and post denote pre- and postsynaptic activity, respectively, and w represents
synaptic strength of input j onto neurone i. This leads to four experimental conditions
that need to be considered: (1) changes dependent on the concerted activity of pre- and
postsynaptic neurone (homosynaptic plasticity); (2) changes dependent only on
presynaptic activity; (3) changes dependent on postsynaptic activity alone
(heterosynaptic plasticity); and (4) spontaneous fluctuations in synaptic strength. | will
present results for cases (1)-(3), with particular emphasis on heterosynaptic plasticity
(case 2). Case (4) poses particular technical challenges due to limitations in measuring
presynaptic strength, as measurements of Pr necessitate the continuous activation of the
presynaptic terminal. This will not be considered in this thesis (for activity-independent

postsynaptic plasticity, refer to Yasumatsu et al. 2008).
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2. Introduction

2.1. Synaptic strength
2.1.1. What defines presynaptic strength?

Neurotransmitter release is inherently stochastic. The arrival of action potentials (APs) at
the presynaptic terminal causes an influx of Ca** from voltage-gated Ca?*-channels
(VGCCs; Llinds et al., 1981; Stanley, 1993), which, in turn, triggers release of
neurotransmitter as all-or-none events with a certain release probability (Pr). The release
of neurotransmitter is quantised, such that there exists a minimal response amplitude
(quantal content, q) that cannot be reduced further (del Castillo & Katz, 1954). Every
release event is thus built up as integer multiples of the quantal content. In its simplest
form, neurotransmitter release is described by the binomial theorem, in which the mean
response to an AP is given by Npq, where N is the number of independent release sites
and p is the probability of release at each release site. The basal strength of the
presynaptic terminal is therefore uniquely defined by its reliability, p, and the amount of

neurotransmitter released, N and q.

The structural correlate for quantised release is found in the vesicular packaging of
neurotransmitters. The concentration of neurotransmitter per vesicle, i.e. the quantal
content g, although exhibiting substantial variation across vesicles (Bekkers et al., 1990;
Liu & Tsien, 1995; Liu et al., 1999; Mainen et al., 1999; Harris & Sultan, 1995; Qu et al., 2009),
does not show synapse-specific biases (Harris & Sultan, 1995; Qu et al. 2009) and mainly
adjusts to global activity levels in a homeostatic manner (Bekkers et al., 1990; Lau &
Murthy, 2012; Hartman et al., 2006; Wilson et al., 2005; De Gois et al., 2005; Erickson et al.,

2006), the importance of which has also been questioned (Turrigiano, 2012).

The definition of release sites of central synapses is less clear (Stevens, 2003). Release
occurs exclusively at the active zone, a protein-dense region at the presynaptic plasma

membrane, directly opposed to the postsynaptic density (Stidhof, 2013; Harris &
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Weinberg, 2012). Recent super-resolution imaging studies suggest that release sites are
formed by protein nanoclusters throughout the active zone, creating hot-spots of Ca**-
channels and the vesicle release machinery (Sakamoto et al., 2018; Tang et al.,, 2016;
Holderith et al., 2012; Miki et al., 2017; Nakamura et al., 2015) and therefore form discrete,
stable release sites (Park et al, 2012; Maschi & Klyachko, 2017). Functional studies,
however, show that most central synapses release only a single vesicle per AP, even in
conditions of high release probability (Chen et al., 2004; Hanse & Gustafsson 2001;
Dobrunz & Stevens, 1997; Dobrunz et al., 1997, but see Wadiche & Jahr, 2001; Oertner et
al., 2002; Watanabe et al., 2013). To be precise, it was found that the successful release of
a vesicle causes a substantial drop of the release probability for subsequent release,
which would recover over ~ 5 ms (Stevens & Wang, 1995; Dobrunz et al., 1997; Hjelmstad
et al,, 1997). This synaptic refractory period (Hjelmstad et al., 1997) therefore suggests
that fast synchronous release is strictly univesicular, indicating that the number of release
sites does not contribute to the amount of neurotransmitter released (per event), as the
majority of central excitatory synapses consist of only a single active zone (Schikorski &
Stevens, 1997) contacting a single postsynaptic terminal (but see Woolley et al., 1990;
Sorra & Harris, 1993; Harris, 1995; Shepherd & Harris, 1998). Though the universal validity
of univesicular release remains unclear, no evidence for multiquantal release could be
found in this study (e.g. assessed via optical quantal analysis, similar to Oertner et al.,
2002). Therefore, presynaptic strength throughout the thesis will refer to the probability
of release Pr = P(x = 1), where x denotes the number of released quanta, and quantal

amplitude (q) is assumed to remain constant.

2.1.2. What determines release probability?

Early studies at the frog neuromuscular junction showed that calcium was necessary for
triggering the exocytosis of neurotransmitter vesicles (Katz & Miledi, 1965). By measuring
the relationship between extracellular Ca**-concentration and neurotransmitter release,
the action of Ca** was found to follow a power-law, indicating strong cooperativity, with

a Hill coefficient (defined as the quotient logR/log[Ca], where R is a measure for release
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and [Ca] the concentration of Ca?*) of approximately 4 (Dodge & Rahamimoff, 1967). This
implies that the local, spatiotemporal regulation of Ca®* is crucial in determining Pr. The
degree of cooperativity varies between types of presynaptic terminals, ranging from 1-5
(Augustine et al., 1985, Bollmann et al., 2000, Brandt et al., 2005, Thoreson et al., 2004) and
has been attributed to differential expression of Ca*-sensors (e.g. synaptotagmins,
Yoshihara & Littleton, 2002; Tamura et al.,, 2007; Xu et al., 2007; Luo & Sudhof, 2017;
Sudhof, 2002; Chen & Jonas, 2017) and modulation of Ca?*-dynamics, e.g. via the spatial
coupling to VGCCs (“stochastic model” in Dodge & Rahamimoff, 1967; Augustine et al.,

2003; Stanley, 2016) or Ca**-binding proteins (Roberts, 1993).

Next, the definition of Pr predicts an exponential relationship between N and Pr, Pr = 1-
exp(-kN), where k = In(1-p), N is the number of release sites, and p the probability of
release at each release site. Indeed, measurements of Pr and the functional readily-
releasable pool (RRP) size, the number of vesicles primed for release, are well
approximated by a slightly modified exponential function (Dobrunz & Stevens, 1997),
which takes into account a partly shared Ca?*-pool between release sites and a non-even
distribution of Ca*-entry across the active zone. Other more direct structural
measurements of the RRP or active zone size, which are thought to be proportional to the
aforementioned synaptic nanoclusters, report a linear relationship (Branco et al., 2010;
Holderith et al., 2012), probably due to the low magnitude of p, which causes the
relationship to be well approximated linearly at low values of N. Furthermore, the release
probability of individual release sites does not depend on N itself (Sakamoto et al., 2018).
Thus, there are two major ways Pr is determined: the number of independent release sites

and the dynamics of presynaptic Ca**-entry, coupling, and binding properties.

2.1.3. What defines postsynaptic strength of glutamatergic synapses?

Postsynaptic strength can be defined as the magnitude of membrane depolarisation
upon release of a single quantum of glutamate, which crucially depends on the number

and properties of glutamate receptors. The ionotropic a-amino-3-hydroxy-5-methyl-4-

13



isoxazolepropionic acid receptor (AMPAR), primarily permeable to Na* and K*, comprises
a large fraction of postsynaptic depolarisation. Furthermore, the regulation of receptor
number, subunit composition, and post-translational modification is thought to underlie
most long-term changes of postsynaptic strength (Diering & Huganir, 2018). On the other
hand, N-methyl D-aspartate receptors (NMDARs), due to their Ca**-permeability, play an
important role in orchestrating the complex Ca?*-dependent signalling network of the
postsynaptic terminal, such as those involved in synaptic plasticity (Lischer & Malenka,
2012). Furthermore, activation of NMDAR:s is highly non-linear due to the blockade of the
channel pore by Mg?* ions at resting membrane potential, which renders the receptor
sensitive to membrane depolarisation (Nowak et al., 1984). Kainate and metabotropic
glutamate receptors (mGluRs) also contribute to postsynaptic depolarisation, though, to
a lesser extent. The number of receptors crucially depends on the size of the postsynaptic
density (PSD), which in turn is determined by the overall spine morphology. Hence, spine
volume is found to be positively correlated with PSD area and the number/strength of
AMPA receptors (Matsuzaki et al., 2001). Especially mushroom spines, characterised by a
thin neck and a bulbous spine head, are thought to represent strong, mature synapses
due to higher amounts of AMPA receptors and more complex PSD morphologies (Harris
et al., 1992; Matsuzaki et al., 2001). Other classes of spines, such as thin and stubby,
contain fewer receptors and are generally more plastic. Spine size is also correlated with
the probability of a spine to contain endoplasmic reticulum (ER), ribosomes, and to be
contacted by astrocytes (Bourne & Harris, 2008), all signs of postsynaptic strength and

synapse maturity.

2.1.4. Firing history-dependent synaptic strength - Short-term plasticity

In addition to the above static view of synaptic strength, the firing history is known to
greatly affect transmission efficacy. Studies at the frog neuromuscular junction reported
a transient increase or decrease in synaptic efficacy following electrical stimulation
(Mallart & Martin, 1967, 1968; Thies, 1965), now referred to as short-term plasticity (STP).

Multiple forms of short-term facilitation and depression (and augmentation) have since
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been reported at a variety of synapses and the underlying mechanism is thought to be
almost exclusively presynaptic (Regehr, 2012; Hennig, 2013; but see receptor
desensitisation: Trussell et al., 1993; Neher & Sakaba, 2001; Chen et al., 2002; and receptor
saturation: Wadiche & Jahr, 2001). Modulation of presynaptic Ca**-dynamics is thought to
underlie short-term facilitation, either by direct modulation of Ca**-entry (Lee et al., 2000;
DeMaria et al., 2001), Ca**-buffering (Rozov et al., 2001; Matveev et al., 2004), or
accumulation of residual Ca** (Connor et al.,, 1986). Short-term depression is mainly
attributed to the depletion and slow recovery of synaptic vesicles (Liley & North, 1953;
Tsodyks & Markram, 1997). In addition, release sites can inactivate upon successful
release (Stevens & Wang, 1995; Dobrunz et al., 1997) and Ca?*-channel modulation has
also been suggested to contribute to short-term depression (Catterall & Few, 2008).
Importantly, the nature of STP depends on the initial Pr, with low Pr favouring facilitation
and high Pr favouring depression (Dobrunz & Stevens, 1997; Tsodyks & Markram, 1997),

which can be used as an indirect readout of Pr (see section 2.6.3 “Measuring Pr”).

2.1.5. Distribution of synaptic strength

The global distribution of synaptic strengths is tightly regulated and is known to depend
on overall network activity (Turrigiano, 2012), dendritic location (Grillo et al., 2018; de
Jong et al.,, 2012; Magee & Cook, 2000; Katz et al., 2009; Menon et al., 2013; Walker et al.,
2017), and metabolic state (Harris et al., 2012; Schreiber et al., 2002). Measurements of Pr
of neocortical glutamatergic synapses reveal a skewed, continuous distribution with a
median around 0.2 (Murthy et al., 1997; Huang & Stevens, 1997; Branco et al., 2008, Branco
et al., 2010), which is mirrored in the distribution of active zone size, bouton volume, and
the number of docked vesicles (Schikorski & Stevens, 1997; Holderith et al., 2012).
Postsynaptic strength is thought to be distributed similarly, according to spine
morphology (Harris et al., 1992; Arellano et al., 2007), spine size (Yasumatsu et al., 2008),
PSD size (Arellano et al., 2007), or direct functional readouts of the postsynaptic potential
(Bekkers & Stevens, 1995). This suggests that pre- and postsynaptic strengths might be

matched or balanced. Indeed, ultrastructural parameters of pre- and postsynaptic
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strengths are often highly correlated (Holderith et al., 2012; Schikorski & Stevens, 1997),
and recent super-resolution studies revealed that nanoclusters of release machinery and
postsynaptic neurotransmitter receptors are precisely aligned in a columnar manner
(Tang et al., 2016; Biederer et al., 2017). In addition, most synaptic plasticity studies report
conjunct changes at both loci, with only few examples of disjunct plasticity (e.g. Letellier
et al., 2016, 2019). Furthermore, induction of postsynaptic plasticity is followed by slow
presynaptic compensation in bouton size (Meyer et al., 2014), release probability
(Bayazitov et al., 2007), and nanocolumn alignment (Tang et al., 2016). As a result, this

would suggest, that plasticity at both loci should follow the same or similar sets of rules.

2.2, Are the functional consequences of pre- and postsynaptic changes
the same?

At this point, a first pass on one of the core questions can be made. Since pre- and
postsynaptic strengths are found to be correlated, it would be reasonable to assume their
functional impacts to be similar. Postsynaptic modifications translate into a modulation
of the postsynaptic potential waveform. The amplitude and kinetics of synaptic
potentials determine, how information across synapses is integrated. For instance, rise
and decay kinetics dictate the integration time window; the amplitude determines the
general impact or weight of a synapse towards the firing non-linearity. The postsynaptic
terminal might therefore be particularly sensitive to the local statistics of the membrane
potential and correlations across synaptic inputs. Changes in presynaptic strength are
qualitatively different. The postsynaptic response to successful presynaptic
neurotransmitter release is pretty much constant. The instantaneous impact of a synapse
is hence highly non-linearly gated by presynaptic release, resulting in a bimodal response
profile. It follows that changes in pre- and postsynaptic strength will have distinct effects
on the statistics of postsynaptic membrane potential (Costa et al., 2017). Moreover,
presynaptic strength operates largely on the temporal domain of spiking activity: (1)
When taking the time average of synaptic activity, presynaptic strength is well-

approximated by a linear function; (2) short-term plasticity renders presynaptic strength
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especially sensitive to the temporal structure of activity, allowing highly non-linear
integration in time. The presynaptic terminal might therefore be particularly sensitive to
the temporal structure within individual synaptic inputs. The functional role of unreliable
neurotransmission has been extensively discussed in the literature (Harris et al. 2012;
Klyachko & Stevens, 2006; Abbott & Regehr, 2004; Goldman, 2004; Thomson, 2003; Zador,
1998; Tsodyks & Markram, 1997; Stevens & Wang, 1994; Moore & Shannon, 1956). Thus,
pre- and postsynaptic changes have distinct impact on and are sensitive to distinct
parameters of synaptic transmission, which suggests parallel instead of overlapping
signalling pathways and learning rules for their regulation, which is in stark contrast to
the correlation observed between pre- and postsynaptic strengths in the steady-state.

Next, | will consider the long-term regulation of synaptic strengths.

2.3. Synaptic plasticity

Synapses are fundamental for information processing in the brain. It is the synapse that
dictates where to and how much information is transmitted. Synapses are not static but
constantly evolving in their strength, properties, number, and the identity of their
postsynaptic target. This plasticity is thought to be tightly regulated, following some
unknown “rule” out of which complex network behaviour emerges. Therefore, the
strength and location of a synapse and its regulation are informative of the dynamic
processes that take place on the level of the neural network. Conversely, in order to study
the regulation of synaptic strength, a basic understanding of the overarching functional

goal of the network is also required.
2.3.1.Theoretical frameworks for synaptic plasticity

In arguably the most influential piece of work in the field of synaptic plasticity, Donald
Hebb proposed that memory formation requires the modification of synaptic strength to
maximise correlations between pre- and postsynaptic neurones (Hebb, 1949). To be
precise, Hebb suggested that co-activation of neurones should lead to the strengthening

of their connections (“Cells that fire together, wire together”). This naturally leads to the
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association of concurrently active inputs, which is thought to play a central role in the
formation of memories. In addition, due to the sensitivity of Hebbian-type plasticity to
input correlations, it was later shown that neurones will converge towards the principal
components of the input distribution (Oja, 1982; Linsker, 1988). In this view, synaptic
strength is sensitive to the statistics of the input, and neurones seek to optimally
represent the input variance (Barlow, 1959). In recurrent networks, Hebbian plasticity was
shown to result in the formation of attractor states, which can be used as a memory
storage and recall system (Hopfield, 1982). Similarly, maximisation of information
transmission between neurones has been suggested as the central optimisation goal of
synapses (Bell & Sejnowski 1995; Linsker, 1992). In this case, synaptic plasticity is thought
to increase the efficiency of information transmission by virtue of maximisation of the
mutual information between input and output responses (Toyoizumi et al., 2005, 2007;
Chechik, 2003) or by minimisation of the conditional entropy, which is interpreted as

reducing response variability (Bohte & Mozer, 2007; Pool & Mato, 2011).

These correlation- or information-based frameworks generally assume linear synaptic
transmission, often modelled as a multiplicative factor (synaptic weight), and are
therefore more suited for understanding postsynaptic plasticity. The effect of the non-
linear nature of neurotransmitter release is less well understood. In the early theoretical
work by von der Malsburg on correlation theory, synaptic strength was explicitly defined
by two variables, differing in their temporal behaviour (von der Malsburg, 1981). A slowly
changing synaptic parameter determined the permanent connection strength between
two neurones (equivalent to synaptic weight), whereas a fast changing parameter,
termed “synaptic modulation’, served as a gating mechanism, which was suggested to
depend on the degree of signal correlation. This theory extended Hebb's idea of cell
assemblies to additionally account for causative input structures, as a step towards
solving the binding problem (Friston, 2010). Although correlation theory does not
explicitly attribute these parameters to biological substrates, the properties of synaptic

modulation are well accounted for by presynaptic STP. The important idea in von der
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Malsburg’s theory is the treatment of the synapse as a two-compartment model, each
with distinct temporal dynamics and therefore distinct sensitivity to neuronal activity.
Changes in “synaptic modulation”, however, still followed Hebb’s idea of correlation-
based learning. A fundamentally different view was introduced in studies utilising
dynamic synapses in artificial neural networks (Liaw & Berger, 1996; 1999, Maass & Zador,
1999; Natschlager et al., 2001). Dynamic synapses, which incorporate a biologically
plausible model of presynaptic STP, were able to extract specific temporal sequence
patterns from neuronal input. Similarly, STP allowed for the decomposition of temporal
information into a spatial code distributed in a population of neurones (Buonomano &
Merzenich, 1995; Buonomano, 2000). The important realisation in these studies, as stated
by Liaw and Berger, is the identification of neurotransmitter release as the final output of
a neurone, instead of AP firing (Liaw & Berger, 1996). This has important implications on
the learning rule, as it predicts that presynaptic plasticity should be sensitive to both
success and failure of release, which is in stark contrast to postsynaptic plasticity,
especially taking into account the underlying molecular mechanisms. Since the
biological parameters underlying the regulation of STP were poorly understood, precise
learning rules could not be formulated (Maass & Zador, 1999). A simplification to this
problem was offered by limiting modifications to Pr only, which leads to a smooth,
predictable trajectory of the short-term behaviour (Tsodyks & Markram, 1997; Markram
et al,, 1998). It was shown that changes in Pr influence the mode by which information is
transferred, transitioning from rate to temporal codes (Tsodyks & Markram, 1997).
Therefore, changes in presynaptic strength, as well as their impact, will depend on the
temporal firing properties of the presynaptic neurone (Tsodyks et al. 1998; Markram et al.,
1998; Fuhrmann et al., 2002; Tsodyks & Markram, 1997; Fortune & Rose, 2001). Recently,
the expression locus of synaptic plasticity has been interpreted as an optimisation of the
postsynaptic membrane potential statistics (Costa et al., 2017). Here it was suggested that
synaptic strength is optimised towards a certain mean and minimal variance of
postsynaptic membrane potential. Assuming synaptic transmission to follow binomial

statistics, pre- and postsynaptic strength contribute differentially to mean and variance,
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hence forming an uneven optimisation landscape.

In summary, conventional models of synaptic transmission do not take into account
presynaptic non-linearities. Modification of presynaptic strength does not follow the
same logic as postsynaptic plasticity, due to its distinct effects on information
transmission. When studying synaptic plasticity, it is therefore important to identify both

pre- and postsynaptic contributions and their degree of disjunction.

2.3.2. Stability through homeostatic plasticity

Correlation-based mechanisms (from here on referred to as Hebbian plasticity) are self-
reinforcing and tend to result in “run-away” dynamics in which synaptic strengths
saturate and hence compromise the network’s or neurone’s ability to process and store
further information (Miller & MacKay, 1994; Abbott & Nelson, 2000). Similarly,
maximisation of information tends to only explain the strengthening, but not weakening
of synapses, since an increase in activity is always beneficial for information transmission
(Toyoizumi et al., 2005; 2007). Even though some learning rules exhibit, under specific
circumstances or with slight modifications, stable behaviour (Oja, 1982; Bienenstock et
al., 1982; van Rossum et al., 2000; Carpenter & Milenova, 2002; Babadi & Abbott, 2010), it
is generally believed that additional homeostatic processes are required (Turrigiano,
2012; Watt & Desai, 2010). Changes in synaptic strength will therefore also depend on
homeostatic constraints, which are either intrinsic or dynamically determined by
ongoing activity. Homeostasis is also a natural consequence of metabolic constraints on
information transmission (Levy & Baxter, 1996; Laughlin et al., 1998; Harris et al., 2012;
Toyoizumi et al., 2007), which might be particularly important for explaining the role of
presynaptic plasticity (Harris et al., 2012). The proposed triggers for homeostatic plasticity
ranges from intracellular Ca**-levels to competition for energy or maintenance of
resources (Turrigiano, 2012; Davis, 2006) and might therefore consist of a complex mix of
signals involved in general cellular homeostasis (Frere & Slutsky, 2018). The most

commonly studied form of homeostatic plasticity, experimentally, involves global
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manipulation of synaptic activity on a comparatively long time scale, which leads to
adjustments of synaptic and/or cell intrinsic properties in a compensatory manner, often
found to be multiplicative and thus preserving relative differences in synaptic strengths
(Turrigiano et al., 1998; extensively reviewed in Turrigiano, 2012). Synaptic changes can
occur at both synaptic loci, but what exactly determines the expression locus and the
functional consequences of pre- or postsynaptic homeostatic plasticity are unclear. The
long time scale required for induction raises further complications as it is in opposition to
theoretical implementations, which universally conclude homeostatic mechanisms to
require time constants of similar order of magnitude to the destabilising force, i.e.
Hebbian plasticity (Zenke & Gerstner, 2017; Chistiakova et al., 2015; Zenke et al., 2013).
One potential elegant solution is the direct mechanistic coupling of homeostatic
plasticity to the induction of Hebbian plasticity. The most promising point of intersection
between the two forms of plasticity is the strong postsynaptic depolarisation, required
for all known forms of Hebbian plasticity, and such mechanisms are generally

summarised as heterosynaptic plasticity.

Heterosynaptic plasticity is defined as synaptic changes induced solely by postsynaptic
activity. This includes several sources of activity, such as postsynaptic APs, dendritic
activity, or activity of synapses. In the latter definition, heterosynaptic plasticity refers to
changes observed at the non-active synapses. Heterosynaptic plasticity is mainly studied
in the context of concurrent induction of homosynaptic plasticity, as a means of
establishing cooperation or competition between synapses. Theoretical work on
heterosynaptic plasticity is scarce, due to a lack of systematic experimental studies
(Zenke & Gerstner, 2017). Heterosynaptic plasticity was shown to be sufficient to
counteract the runaway dynamics of Hebbian plasticity and additionally implements
synaptic competition (Chistiakova et al. 2015; Zenke et al. 2015; Chen et al. 2013), which
is thought to be especially important for development and refinement of sensory cortex

(Lo & Poo, 1991; El-Boustani et al., 2018).

In summary, homeostatic concerns predict that plasticity occurs in the absence of
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correlated pre- and postsynaptic activity. Synapses change according to shared
parameters, indicating substantial cross-talk and break-down of input-specificity of
Hebbian plasticity. Global parameters available to each synapse might differ between
pre- and postsynaptic terminals, due to the physical and electrical segregation. For
instance, postsynaptic membrane potential cannot be directly sensed by the presynaptic
terminal and intracellular molecules are not easily shared. It is therefore reasonable to
assume that pre- and postsynaptic terminals operate under differing homeostatic

baselines.

2.3.3. Local vs. global plasticity

Synaptic plasticity has generally been studied in a global context, neglecting spatial
interactions between synaptic inputs (but see Engert & Bonhoeffer, 1997). However,
several lines of evidence suggest that synaptic plasticity might be locally implemented .
Firstly, synapses are found to be non-uniformly distributed along individual dendritic
branches, with an abundance of synapse clusters, of both, functional (Kleindienst et al.,
2011; Makino & Malinow, 2011; Takahashi et al., 2012) and anatomical origin (Druckmann
et al, 2014; Deguchi et al., 2011). Secondly, dendrites are highly electrically
compartmentalised and can act as independent functional units (Branco & Hausser, 2010;
Larkum & Nevian, 2008). Thirdly, local dendritic activity, such as dendritic spikes and local
protein synthesis, is known to be sufficient to drive synaptic plasticity (Cichon & Gan,
2015; Gambino et al., 2014; Remy & Spruston, 2007). In fact, local synaptic plasticity was
shown to substantially increase a neurone’s processing capacity (Poirazi & Mel, 2001;
Poirazi et al., 2003; Kastellakis et al., 2015). Lastly, homeostatic plasticity has been
reported to act locally at individual dendritic branches or individual synapses (Ju et al.,
2004; Liu, 2004; Branco et al., 2008; Sutton et al., 2006, 2007; Bourne & Harris, 2011; Hou
et al, 2008, but see lIbata et al.,, 2008) indicating local rather than global organising
principles. The functional interpretation of local plasticity further emphasises spatial
integration and compartmentalised processing, which leads to predictions of non-

random spatial distribution of synaptic inputs (Rabinowitch & Segev, 2008; Mel, 1992).
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Throughout the thesis, | have adopted the view of dendritically compartmentalised
synaptic inputs and as such, experiments are specifically designed to take this into

account.

In summary, theoretical considerations of the functional impact of presynaptic plasticity
have been lacking, mainly due to a lack of careful dissection of the expression loci in
experimental studies. | will next discuss the experimental conditions required for the
induction of synaptic plasticity and their underlying molecular signalling pathways. Are
there qualitative differences in the induction of pre- vs postsynaptic plasticity? Do their

biochemical pathways follow a similar logic?
2.3.4. Homosynaptic Hebbian plasticity: g(wij, pre, post)

The most extensively studied form of Hebbian plasticity is NMDAR-dependent plasticity.
At the hippocampus Schaffer collateral-CA1 synapse, correlated activity in the form of
high-frequency stimulation (tetanus) leads to strong postsynaptic spiking and results in
long-term potentiation (LTP) of synaptic strength (Bliss & Lemo, 1973). Conversely,
sustained low-frequency stimulation, which mimics uncorrelated, sub-threshold activity,
induces long-term depression (LTD, Dudek & Bear, 1992). At moderate stimulation
frequencies, the precise timing of pre- and postsynaptic spikes determines the quality of
synaptic plasticity (spike-timing dependent plasticity, STDP; Bi & Poo, 1998; Froemke et
al., 2006). Causal pairing (presynaptic followed by postsynaptic stimulation) generally
leads to LTP and anti-causal pairing induces LTD. The relation to stimulation frequency
was investigated by Wittenberg and Wang, who showed that the timing-dependence is
strictly linked to stimulation frequency (Wittenberg & Wang, 2006; see also Sjostrom et al.
2001; Froemke et al., 2006) and represent the same parameter space. Although not
directly shown, these conditions are thought to induce predominantly postsynaptic
forms of plasticity, especially in case of the Schaffer collateral-CA1 synapse. The general
underlying biological mechanism to sense activity correlations is thought to reside in the

voltage-dependent activation of NMDARs (Lischer & Malenka, 2012), which act as
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coincidence detectors of glutamate release and postsynaptic depolarisation. The
strength of NMDAR activation is translated into a rise in Ca?*-concentration, which is
crucially dependent on the level of postsynaptic depolarisation due to the voltage-
dependence of NMDARs. Ca?*, in turn, engages specific kinase (CaMKIl) and phosphatase
(PP1, calcineurin) pathways to induce LTP or LTD, respectively. Due to the difference in the
kinetic properties between kinase and phosphatases, as phosphatases have higher
affinity, differences in the temporal dynamics of Ca?*-influx gate the sign of synaptic
plasticity. This was elegantly demonstrated by photolytic release of Ca®* in the
postsynaptic terminal, which, depending on the pattern of Ca®*-release, can induce either
LTP or LTD (Yang et al., 1999). Additionally, a recent study using fluorescent probes of
CaMKIl and calcineurin activity showed that, whereas CaMKIl activity is highly non-linear
with respect to the number and frequency of stimulation, calcineurin activity is almost
independent of frequency (Fuijii et al., 2013), which explains the frequency-dependence
of (postsynaptic) plasticity. Downstream signalling pathways of both kinase and
phosphatase converge onto the regulation of AMPA receptors, either by direct
modulation of channel conductance or by regulating the vesicular trafficking of
receptors (Chater & Goda, 2014). Postsynaptic strength is therefore a reflection of the

average depolarisation experienced by the active synapse.

The induction of presynaptic Hebbian plasticity has been controversial in the past
(Kullmann, 2012). A recent meta-analysis of the literature suggested that the reported
discrepancies in presynaptic expression locus could be explained by an independent
molecular induction mechanism, which involves the activation of L-type VGCCs instead
of NMDARs (Padamsey & Emptage, 2014). The basis of argument relies on the observation
that (1) LTP could still be induced when NMDARs were blocked pharmacologically
(Grover &Teyler, 1990; Grover, 1998), (2) NMDAR-independent LTP required the activation
of L-VGCCs (Kullmann et al., 1992; Huang & Malenka, 1993), (3) L-VGCC-dependent LTP
was expressed presynaptically (Stricker et al, 1999) and was pharmacologically

dissociable from postsynaptic LTP (Bayazitov et al., 2007). In addition, simultaneous
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stimulation of the presynaptic terminal was necessary (Grover, 1998; Grover & Yan, 1999).
Induction of presynaptic (Hebbian) plasticity therefore depends on the biophysical
properties of L-VGCCs, which has a higher voltage threshold compared to NMDARs and
exhibits voltage and Ca?*-dependent inactivation (Lacinova & Hofmann, 2005; Hofmann
et al., 1999). This suggests that presynaptic plasticity requires strong, transient
depolarisation paired with presynaptic stimulation. Presynaptic strength might therefore
more accurately reflect a count metric (or probability when normalised) of high-pass

filtered postsynaptic membrane potential.

Most studies have examined presynaptic plasticity under a Hebbian framework, in which
synaptic changes are related to the correlation between pre- and postsynaptic spiking
activity. As pointed out previously, presynaptic plasticity should be sensitive to the
temporal structure of the presynaptic input. Experimentally, this can be simplified by
examining presynaptic plasticity with respect to success or failures of release, which is
ultimately shaped by the temporal structure due to STP. This has been examined in a
recent study from our lab (Padamsey, Tong & Emptage, 2017a), which will be introduced

in chapter 7, where | will report some additional observations.
2.3.5. Heterosynaptic plasticity: g(wij, post)

The first experimental evidence for heterosynaptic plasticity was provided by studies on
synaptic plasticity in the hippocampus CA1 region. Due to the unique anatomy, field
stimulation of non-overlapping input fibre bundles was possible. When one input
pathway was potentiated, the unstimulated pathway showed marked synaptic
depression (Lynch et al., 1977; Dunwiddie & Lynch, 1978). Interestingly, heterosynaptic
plasticity was dependent on stimulation frequency and not necessarily compensatory
(see also Schuman & Madison, 1994; Scanziani et al., 1996). Subsequent studies
confirmed that heterosynaptic depression was long-term (Abraham & Wickens, 1991;
Pockett et al, 1990, Abraham et al, 1994) and emphasised the importance of

postsynaptic depolarisation, since blockade of inhibitory transmission enhanced
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heterosynaptic LTD (hetLTD) and hetLTD could be induced in the absence of presynaptic
stimulation by postsynaptic depolarisation via direct current injection (Christofi et al.,
1993). Similar findings were reported in cortical neurones, where intracellular
tetanisation in the form of repeated bursts of high frequency depolarising pulses induced
both, LTP and LTD (Volgushev et al., 1994, 1997, 1999, 2000; Lee et al., 2012; Bannon et al.,
2017). These studies also indicated that strong depolarisation acts via a rise in
intracellular Ca%* via NMDARs or L-VGCCs (Abraham & Wickens, 1991; Christofi et al., 1993;
Balaban et al.,, 2004). The induction mechanism therefore resembles that of Hebbian

plasticity (Yang et al., 1999).

Spatial proximity is a known modulator of heterosynaptic plasticity (White et al., 1990).
Unlike early experiments that targeted spatially segregated synapse populations,
heterosynaptic plasticity was also found to spread spatially from the site of stimulation.
Using local perfusion to spatially isolate synapses for electrophysiological recordings,
Engert and Bonhoeffer elegantly showed that the induction of homosynaptic LTP is not
input-specific but instead spreads up to 70 um to neighbouring synapses (Engert &
Bonhoeffer, 1997). Similarly, LTP could spread to synapses of neighbouring cells, where it
elicited hetLTP (Bonhoeffer et al., 1989; Schuman & Madison, 1994) or compensatory

hetLTD (Scanziani et al., 1996).

The development of optical methods to assess synaptic strength allowed for more
precise measurements of the spatial spread of synaptic plasticity. Wiegert and Oertner
induced homosynaptic LTD using low-frequency stimulation at optically identified
synapses and monitored spine morphology over several days (Wiegert & Oertner, 2013).
Spines that have experienced LTD but also neighbouring spines within 8-10 um of the
same dendrite were more likely to be eliminated in the following 7 days. The spread was
spatially confined, indicating an intracellular diffusible signal. Interestingly, the
probability of spine elimination was inversely correlated with Pr. In a related study
(Hayama et al,, 2013), LTD was induced by anti-causal pairing of local glutamate

photolysis at single spines with postsynaptic spiking, which is known to induce LTD
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electrophysiologically. Surprisingly, spine shrinkage was only observed if the inhibitory
neurotransmitter y-aminobutyric acid (GABA) was additionally provided. Neighbouring
spines up to 15 pum along the dendrite were found to decrease in size, which could be
abolished by the application of FK-506, a selective blocker of calcineurin. It was therefore
proposed that diffusion of calcineurin along the dendrite caused the spread in LTD.
Interestingly, spines undergoing structural LTP were protected from LTD. Similarly, in a
recent study it was shown that induction of homosynaptic LTD at hippocampal CA3-CA3
synapses led to local spread of LTD along the dendrite, which reversed into LTP further
away (Letellier et al., 2019). Other studies report spatially modulated compensatory
changes. In one study, potentiation of groups of spines led to selective shrinkage of
spines located within, but not outside the group (Oh et al., 2015). This hetLTD required a
critical number of potentiated spines and was very sensitive to spatial proximity (below
3.4 um), indicating high activation threshold. Again, calcineurin was implicated as the key
signalling molecule and its inhibition led to heterosynaptic increase in spine size. In
addition, successful induction of LTP was not necessary, since hetLTD persisted under
CaMKllinhibition. Similar compensatory effects have been attributed to cadherin/catenin
complexes during spine maturation (Bian et al., 2015). Here, the authors propose that
spines compete for a limited pool of cadherin/catenin in an activity-dependent manner.
Activating subsets of synapses led to specific elimination of neighbouring inactive
synapses. Indirect in vivo evidence has been observed in visual cortex, where hetLTD is
thought to play a role in shifting receptive field properties (El-Boustani et al., 2018), and
during motor learning (Lee et al., 2013). Lastly, activity of neighbouring synapses can also
modulate subsequent induction of plasticity, referred to as metaplasticity (Abraham,
2008). Induction of homosynaptic LTP at single synapses was shown to reduce the
threshold for LTP at neighbouring synapses within 8 um and up to 10 min post-induction
(Harvey & Svoboda, 2007), which was dependent on the diffusion of h-Ras (Harvey et al.,
2008) from the potentiated synapse or RhoA and Rac1 (Hedrick et al., 2016). In addition,
in protein-synthesis dependent plasticity, heterosynaptic stimulation can both facilitate

and compete with subsequent plasticity induction (Fonseca et al., 2004; Govindarajan et

27



al., 2011), and was shown to be dendritic branch-specific. These studies suggest two non-
mutually exclusive models of heterosynaptic interactions: (1) Resource competition and

(2) diffusion of signalling molecules.

Signalling molecules, such as small molecule second-messengers or proteins, can diffuse
across the spine neck into the dendrite (Nishiyama & Yasuda, 2015). The diffusion time
constant ranges from hundreds of milliseconds to several seconds, depending on the
biophysical properties of the molecule (Bloodgood & Sabatini, 2005; Murakoshi et al.,
2011; Harvey et al., 2008) and is therefore suitable for fast, spatially confined induction of
heterosynaptic plasticity. 2-photon fluorescence lifetime imaging microscopy (2pFLIM)
has been used to study the spatiotemporal profile of important signalling molecules
following stimulation of single synapses. CaMKII activity, which is thought to extend the
duration of the Ca**-signal, was constrained to the stimulated spine (Lee et al., 2009; Fujii
et al., 2013). However, downstream effector molecules, such as small GTPases involved in
the regulation of actin polymerisation (RhoA, H-Ras, Rac) or calcineurin, were found to
diffuse and invade neighbouring spines, with the exception of Cdc42, which remained
confined to the stimulation site (Hedrick et al., 2016; Murakoshi et al., 2011; Harvey et al.,
2008). The diffusion of these molecules crucially depends on their biochemical
properties, such as passive diffusion, activation and inactivation time constants, and are
therefore thought to implement specific biochemical computations along the dendrite

(Nishiyama & Yasuda, 2015).

Both, resource competition and diffusion of biochemical signals are easily understood in
the context of postsynaptic modifications, since parameters directly linked to
postsynaptic strength are partially included. Presynaptic changes necessitate some form
of retrograde signalling, which could potentially, but not necessarily, add further layers of
complexity, and therefore differentiate the biochemical logic of pre- and postsynaptic
plasticity. Only few studies have attempted to identify the exact expression locus of
heterosynaptic plasticity. For instance, synaptic changes following intracellular

tetanisation are thought to be partly expressed presynaptically, potentially via the
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retrograde messenger nitric oxide (NO; Volgushev et al., 2000; Bannon et al., 2017). NO
was also implicated in intercellular spread of LTP (Schuman & Madison, 1994), but the
expression locus was not identified. The main objective in chapters 4 and 5 is therefore to

examine the differential contribution of pre- and postsynaptic heterosynaptic plasticity.

2.3.6. Transmitter-induced plasticity: g(wij, prej)

Very little is known about synaptic plasticity that is independent of postsynaptic
signalling. All main types of glutamate receptors, Kainate, AMPA, NMDA receptors and
mGluRs have been found at the presynaptic terminal, where they serve as autoreceptors
and are known to exert both short- and long-term influence on presynaptic strength
(Pinheiro & Mulle, 2008). For instance, Kainate receptors are involved in short-term
facilitation at Schaffer-collateral synapses onto interneurones (Sun & Dobrunz, 2006),
whereas NMDARs facilitate presynaptic release in a frequency-dependent manner at
synapses onto CA1 pyramidal cells (McGuinness et al, 2010). In cortical neurones,
presynaptic NMDARs are required for the induction of presynaptic LTD (Sjostrom et al.,
2003), pattern-dependent LTD (which is independent of postsynaptic activity)
(Rodriguez-Moreno et al., 2013), and facilitation of release (Berretta & Jones, 1996; Kunz
et al.,, 2013; Buchanan et al.,, 2012). The exact molecular mechanism is still unclear,
however, direct ionotropic action, such as depolarisation (Lauri et al., 2001; Kamiya et al.,
2002) or influx of Ca** (McGuinness et al., 2010; Cochilla & Alford, 1999), regulation of K*
-conductances (Cochilla & Alford, 1998), regulation of Ca**-conductances (Takago et al.,
2005; Rusakov et al., 2005), Ca**-induced Ca**-release (CICR) from internal stores (Cochilla
& Alford, 1998; Duguid & Smart, 2004), and modulation of the release machinery
(Blackmer et al., 2001; Van Hook et al., 2017) have all been implicated. In cortical
neurones, Mg*-dependent and independent pathways have been shown to regulate
different aspects of release (Abrahamsson et al., 2017). In chapter 6, | will presents
experiments that attempt to study the role of glutamate on presynaptic strength, both

on long and short timescales.
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2.4. Retrograde messengers

An obvious difference between the induction of pre- and postsynaptic Hebbian or
heterosynaptic plasticity is the strict requirement of a retrograde messenger in the case
of presynaptic plasticity. In the following section, | will give a brief overview of retrograde
messengers implicated in presynaptic plasticity. These molecules fulfil, to some extent,
the general requirements of a retrograde messenger (O'Dell et al., 1991): (1) postsynaptic
locus of synthesis; (2) presynaptic locus of action; (3) disruption of postsynaptic synthesis
or presynaptic target blocks retrograde signalling; (4) exogenous application bypasses

postsynaptic mechanisms.
2.4.1. Nitric oxide

One of the most frequently studied retrograde messenger is NO. NO is a known signalling
molecule in the peripheral nervous system (Rand & Li, 1995; Toda & Okamura, 2003; Toda
& Herman, 2005). First identified as “Endothelium-derived relaxing factor” (Palmer et al.,
1987; Ignarro et al., 1987), the release of NO was shown to elevate cyclic guanosine
monophosphate (cGMP) levels in smooth muscle cells, which leads to their relaxation.
Similarly, NO was known to elevate cGMP levels in brain tissues (Arnold et al., 1977; Miki
et al, 1977) and NO release was shown to depend on glutamate and Ca®*-influx via
NMDARs (Garthwaite et al., 1988; Garthwaite et al., 1989; Bredt & Snyder, 1989; East &
Garthwaite, 1991). The gaseous nature and membrane permeability of NO allowing it to

diffuse over long distances led to the idea of NO as a potential retrograde messenger.

The majority of NO in the brain is produced by the nitric oxide synthase (NOS) isoform
NOST, also called neuronal NOS (nNOS), by conversion of L-arginine (Huang et al., 1993).
nNOS is expressed throughout the brain, but in an uneven pattern (Bredt et al,, 1991;
Vincent & Kimura, 1992; Rodrigo et al., 1994; Egberongbe et al., 1994; Doyle & Slater,
1997), with high abundance in cerebellum, striatum, and hippocampus. Tonic levels of

NO is thought to be regulated by NOS3, or endothelial NOS (eNOS), which is mainly
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expressed in endothelial cells (Seidel et al., 1997; Blackshaw et al., 2003; Stanarius et al.,
1997) or astrocytes (Lin et al., 2007), and could have a distinct role in synaptic plasticity
(Bon & Garthwaite, 2003; Hopper & Garthwaite, 2006). Activation of nNOS is Ca**-
dependent and requires the binding of calmodulin (CaM). Several phosphorylation sites
further modulate nNOS catalytic activity, most notably CaMKIl-dependent
phosphorylation of serine-847 and Akt-dependent phosphorylation of serine-1412,
which are thought to be inhibitory and facilitatory, respectively (Garthwaite, 2008).
Furthermore, nNOS associates with PSD-95 through its PDZ domain, thus enabling tight
coupling to NMDARs. The putative signalling sequence is thought to require Ca**-influx
through NMDARs, activation of CaM and phosphorylation via Akt, which leads to
production of NO, inactivation via phosphorylation by CaMKIl, and subsequent
dephosphorylation for reset (Rameau et al., 2007). These characteristics, combined with
fast and far-reaching diffusion, with a diffusion coefficient on the order to 3000-4000
um?/s and relatively slow intrinsic inactivation rates (Philippides et al, 2000;
Schweighofer & Ferriol, 2000; Lancaster, 1994), make NO an ideal spatial signal for strong
postsynaptic depolarisation, which can be used for computation in downstream

signalling pathways.

Inhibition of NOS or extracellular sequestering of NO has been shown to block tetanus-
induced LTP at Schaffer collateral-CA1 synapses (O'Dell et al., 1991, 1994; Schuman &
Madison, 1991; Bohme et al., 1991; Haley et al., 1992, 1993; Williams et al., 1993; Boulton
et al., 1995; Arancio et al., 1996, Malen & Chapman, 1997; Zhuo et al., 1998; Wilson et al.,
1999; Bon & Garthwaite, 2001; but see Gribkoff & Lum-Ragan, 1992; Kato & Zorumski,
1993; Cummings et al., 1994) as well as theta-burst stimulation (TBS) LTP (Johnstone &
Raymond, 2011; Musleh et al., 1993). Additionally, direct perfusion or photolytic release
of NO is sufficient to induce LTP, but only when paired with concurrent presynaptic
stimulation (Zhuo et al., 1993; Malen & Chapman, 1997; Arancio et al., 1996; Bon &
Garthwaite, 2001, 2003; Padamsey et al., 2017a). Selective application of NOS inhibitors

to the postsynaptic terminal, but not the presynaptic terminal, blocks LTP, indicating a
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postsynaptic locus of NO production (O’Dell et al., 1991; Schuman & Madison, 1991). NO
scavengers block LTP when applied to either pre- or postsynaptic terminal, but LTP
induced by direct perfusion or photolytic release of NO was only blocked by presynaptic
or extracellular scavengers (Arancio et al., 1996). This indicates that NO diffuses from the
postsynaptic terminal to act at the presynaptic terminal (but see Ko & Kelly, 1999). At the
presynaptic terminal, NO activates soluble guanylyl cyclase (sGC, Boulton et al., 1995;
Chetkovich et al., 1993), which produces cGMP to enhance presynaptic function via
cGMP-dependent protein kinase (PKG, Arancio et al., 1995; Arancio et al., 2001; Wang et
al.,, 2005a). NO-dependent increase in presynaptic strength was attributed to an increase
in Pr (Stanton et al., 2005; Johnstone & Raymond, 2011), most likely due to an increased
RRP size (Ratnayaka et al., 2012). Additionally, the presynaptic terminal undergoes
morphological remodelling following TBS, which was abolished by NOS blockers
(Nikonenko et al., 2003). Interestingly, NO also affects the activity-dependent formation
and development of spines, and a loss in NO signalling in vivo was shown to decrease
spine and bouton density and prevent the formation of synapse clusters along dendritic

branches (Nikonenko et al., 2013).

NO signalling has also been implicated in other forms of plasticity. In a series of studies,
Stanton and colleagues showed that hippocampal homosynaptic LTD induced via LFS
requires NMDAR-dependent production of NO to trigger a cGMP signalling cascade in
the presynaptic terminal. Downstream signalling was proposed to involve Ca** release
from internal stores, gated by cyclic ADP-ribose and ryanodine receptors, and the
activation of presynaptic CaMKIl, which ultimately lead to a decrease in Pr (Izumi &
Zorumski, 1993; Stanton & Gage, 1996; Stanton et al., 2001, 2003; Gage et al., 1997; Reyes-
Harde et al., 1999; Zhang et al., 2006). Heterosynaptic plasticity induced by intracellular
tetanisation in cortical pyramidal neurones was reported to depend on retrograde NO
signalling. Here, NO seems to modulate the weight-dependency, but not the actual

expression, of heterosynaptic LTP and LTD (Volgushev et al., 2000; Lee et al., 2012).
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2.4.2. Carbon monoxide

Evidence for retrograde signalling of carbon monoxide (CO) came from early experiments
examining the effect of Zinc protoporphyrin IX (ZnPP), which inhibits the enzyme for CO
synthesis, heme oxygenase, on hippocampal LTP. ZnPP was able to block tetanus-
induced LTP, but not LFS-induced LTD (Zhuo et al., 1993; Stevens & Wang, 1993; Zhuo et
al., 1998). Moreover, pairing CO application with weak tetanic stimulation, which in
isolation had no long-term effects on synaptic transmission, led to robust LTP. However,
in a later study, where heme oxygenase-2, the predominant isoform found in the brain,
was genetically knocked-out, no impairment in LTP induction were observed (Poss et al.,
1995). Furthermore, ZnPP was still detrimental to LTP induction, indicating the possibility
of off-target effects. For instance, ZnPP was shown to inhibit GC (Luo & Vincent, 1994;
Serfass & Burstyn, 1998), the main target in NO-dependent LTP. The effects of CO
application were attributed to the direct activation of sGC, which binds CO with low
affinity (Ma et al.,, 2007; Friebe et al., 1996). CO as a potential retrograde messenger has

therefore fallen out of favour, especially for hippocampal synaptic plasticity.

2.4.3. Endocannabinoids

Endocannabinoids (eCB) comprise another well-studied class of retrograde messengers,
due to their prominent role in regulating synaptic transmission (Castillo et al., 2012;
Heifets & Castillo, 2009; Kano et al., 2009). Cannabinoid receptors (CB1R & CB2R) are
widely expressed in the brain and are activated by a variety of ligands, the best
characterised being anandamide (AEA) and 2-arachidonoylglycerol (2-AG). eCB signalling
is primarily inhibitory towards synaptic transmission, and is implicated in various forms of
LTD, including homosynaptic and heterosynaptic LTD of both inhibitory and excitatory
synapses. In the hippocampus, eCB signalling is involved in multiple forms of presynaptic
LTD, especially of inhibitory inputs (Lafourcade & Alger, 2008; Kang-Park et al., 2007; Zhu
& Lovinger, 2007; Edwards et al., 2008; Wilson & Nicoll, 2001; Chevaleyre & Castillo, 2003;

Chevaleyre et al., 2007). At excitatory synapses, eCBs can also induce LTD, but expression
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mechanism and locus are less clear (Han et al., 2012; Yasuda et al., 2008; Takahashi &
Castillo, 2006). In one case, eCB signalling was reported to decrease heterosynaptic
presynaptic excitability, which was dependent on presynaptic PKA (Yasuda et al., 2008).
However, Han and colleagues showed that the suppression of excitatory synaptic
transmission by eCBs can be abolished by genetic knock-out of astrocytic CB1Rs (Han et
al., 2012), consistent with work at neocortical synapses showing retrograde feedback via
the release of gliotransmitters (Min & Nevian, 2012). These studies therefore indicate that
the eCB system is almost exclusively inhibitory and biochemical computations of neural

activity are thus upstream of eCB release.

2.4.4. Brain-derived neurotrophic factor

Neurotrophins are known regulators of synaptic function of both developing and mature
neurones, and brain-derived neurotrophic factor (BDNF) is the most extensively studied,
due to its prominent role in synaptic plasticity (Leal et al., 2015; Lu et al., 2014; Lu, 2003).
BDNF, by activating its receptor TrkB, is known to facilitate the induction of LTP at Schaffer
collateral-CA1 synapses, and is sometimes found to be necessary for induction and
maintenance of LTP. BDNF is release by both, the pre- and the postsynaptic terminal, and
due to the existence of receptors at both terminals, the locus of action is still heavily
debated. An early study by Zakharenko and colleagues using selective genetic knock-out
of BDNF suggested that the presynaptic enhancement by BDNF is caused by
presynaptically but not postsynaptically released BDNF, indicating autocrine signalling
(Zakharenko et al., 2003). Additionally, postsynaptic BDNF was shown to act on
heterosynaptic postsynaptic TrkB receptors to facilitate spine structural LTP (Hedrick et
al., 2016). However, other studies have shown, by pure postsynaptic intervention, that
BDNF can act presynaptically to enhance presynaptic function (Magby et al., 2006,
Jakawich et al., 2010). Recently, a careful genetic dissection of region-specific knock-out
of BDNF and TrkB suggested that the induction of LTP requires anterograde BDNF
signalling, whereas retrograde signalling is only necessary for LTP maintenance (Lin et al.,

2018). In addition, the authors suggested that presynaptic TrkB receptors are important
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for the regulation of basal neurotransmission, since knock-out resulted in global changes
in presynaptic strength. Apart from its facilitatory role, pro-BDNF, the precursor peptide
of BDNF, has been suggested to mediate LFS NMDAR-dependent LTD through p75NTR
receptors (but see Matsumoto et al., 2008). Thus, due to complex signalling mechanisms
and technical difficulties, the role of BDNF as a retrograde messenger is still unclear. In
general, BDNF, as a counterpart to eCBs, positively reinforces synaptic strength. However,
interesting biochemical computations might underlie the processing of pro-BDNF, which
can be cleaved upon release into the extracellular space (Pang et al., 2004; Mowla et al.,

1999), hence providing context-dependency.

In summary, multiple retrograde messengers act in concert to regulate synaptic strength
and their impact might substantially overlap. However, the underlying biochemical logic
is likely to differ and is therefore informative of the overall computational goal. Both eCB
and BDNF have comparatively uni-directional roles in depression and potentiation,
respectively. These mediators are more likely to act downstream of the necessary
computation of neuronal activity laid out in the general learning rule. In contrast, NO
resembles more a representative messenger of postsynaptic activity, and extends the
spatial volume permissive to computation of neuronal activity. Alternative means of
retrograde signalling, such as cell-adhesion proteins, would implicate combined
processing of pre- and postsynaptic changes. Identification of the retrograde messenger
is therefore central in understanding and generalising experimentally derived learning

rules.

2.5. Thesis - Pre an postsynaptic plasticity follow distinct rules in their
long- and short-term regulation

I will now formulate the guiding hypotheses for this work, which will be split into three

parts according to the three cases of regulation alluded to in the introduction.

(1) Chapters 4 and 5 concern the heterosynaptic regulation of synaptic strength, the main

focus of this thesis. As pointed out, very little is known about the locus of expression.
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Adopting local, spatially modulated heterosynaptic plasticity along individual dendritic
compartments as a working model, | have devised an experimental strategy to
simultaneously monitor pre- and postsynaptic strength of single synapses in response to
purely postsynaptic activity. | sought to answer the questions: Is heterosynaptic plasticity
expressed at both loci? Do changes at both loci follow similar spatiotemporal dynamics?
How much do their biochemical pathways overlap and at what point do they separate?
My working hypothesis states that, due to the differing impact on synaptic transmission,
differences in the spatiotemporal dynamics of pre- and postsynaptic strengths should be
observable. Molecularly, these differences should be explainable by contrasting
signalling via intracellular diffusible factors and retrograde messengers. As such, |
suggest a segregation of the biochemical pathways as early as the detection of synaptic

activity by postsynaptic neurotransmitter receptors.

(2) In chapter 6, | will present work on transmitter-induced forms of presynaptic
regulation. Here, | have studied the potential role of glutamate as an autocrine feedback
signal, in the context of both long- and short-term plasticity, following previous and
ongoing work in the lab. | have asked the following questions: Does the presynaptic
terminal sense single events of glutamate release? How does glutamate release affect Pr?
What is the sensor for glutamate? As explained before, theoretical considerations
suggests that presynaptic plasticity should be sensitive to success and failure of release.
An autocrine effect of glutamate is therefore a potential way of signalling release
successes and might play a role in homosynaptic Hebbian plasticity as well. Experiments
in this chapter were collectively obtained and analysed by me and Carla Schmidt

(appropriately indicated).

(3) In chapter 7, | will present additional observations on recently published work from
our lab (Padamsey, Tong & Emptage, 2017a) concerning homosynaptic Hebbian-type
presynaptic plasticity. This work focuses on synaptic plasticity that is sensitive to release

failures, and is as such independent of glutamate signalling.
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2.6. Methodology
2.6.1. Model system: The hippocampus

The synapse of interest is the Schaffer collateral-CA1 synapse of the hippocampus. The
hippocampus is an intensively studied brain region, especially in the context of synaptic
plasticity, due to its prominent role in the formation of memories, specifically episodic
and declarative memory, and the processing of spatial information (Bird & Burgess, 2008;
Burgess & O’Keefe, 1996). It is located in the caudal part of the forebrain, extending in a
C-shape along the septo-temporal axis, adjacent to its main input from the entorhinal

cortex (EC), which in turn receives major inputs from the perirhinal and postrhinal cortex.

The hippocampus is divided into distinct subregions: the dentate gyrus (DG), which

mainly receives input from EC; regions CA3, CA2, CA1, which make up the hippocampus
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Fig. 2.1: The anatomy and connectivity of the hippocampus. (A) lllustration of a
coronal hippocampal section. The hippocampus is sub-divided into dentate gyrus,
CA3, CA2, CA1, and the subiculum. Cell bodies of the principal neurones are
contained in a single layer. The standard tri-synaptic pathway is shown in red. Input
fibres from the entorhinal cortex project into the dentate gyrus along the perforant
path. Mossy fibres from the dentate gyrus form synapses onto the proximal apical
dendrite of pyramidal neurones in CA3. The output of CA3, the Schaffer collaterals,
projects mainly to stratum radiatum of CA1. (B) Schematic of the main synaptic
connections of the hippocampus. LEC: Lateral entorhinal cortex, MEC: Medial
entorhinal cortex, DG: Dentate gyrus.
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proper, and the subiculum (Fig. 2.1). Each region is subdivided into three layers. Principal
neurones are contained in a single layer, called the granule layer in the DG and stratum
pyramidale elsewhere, and their dendrites extend into the adjacent deep and superficial
layers. Axons from the superficial layers (Il & Ill) of lateral and medial areas of the EC make
up the perforant path and project to all subregions of the hippocampus, most
prominently to the superficial layer of DG, stratum moleculare. Granule cells of the DG, in
turn, project via the mossy fibres to the proximal apical dendrite of CA3 pyramidal
neurones in stratum lucidum. CA3 is often regarded as an autoassociative network due to
its extensive recurrent connections, formed throughout its neuropil layers. The output
from CA3, the Schaffer collaterals, project to the superficial layer of CA1, stratum
radiatum, where they form the majority of their synapses onto radial oblique dendrites
branching off the main apical trunk (Megias et al., 2001). This tri-synaptic feedforward
pathway, EC -> DG -> CA3 -> CA1, is regarded as the standard model of the hippocampus.
Additionally, Schaffer collaterals project to the basal dendrites in the deep layer of CA1,
stratum oriens, which also receives strong multi-quantal inputs from CA2 (Chevaleyre &
Siegelbaum, 2010). EC also projects directly onto the apical tuft in stratum lacunosum
moleculare of both CA3 and CA1 (though the inputs might originate from distinct layers
in EC, van Strien et al., 2009). CA1, the main output of the hippocampus, projects to the
subiculum and various other brain regions, including prefrontal cortex, amygdala, and
feedback connections to the entorhinal and perirhinal cortex (Naber et al., 2001; van

Groen & Wyss, 1990, van Strien et al., 2009).

Principal neurones in CA1 are excitatory, glutamatergic pyramidal cells. Morphologically,
they are characterised by a long apical dendrite extending orthogonally into the
superficial layer. Radial oblique dendrites branch from the proximal part of the apical
trunk; the distal tuft receives isolated inputs from the perforant path. A set of extensively
branched network of basal dendrites, thought to be highly electrically
compartmentalised in pyramidal neurones (Nevian et al., 2007), spans into the deep layer,

where it receives inputs from CA3 and CA2 neurones. Distinct interneurone populations
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are known to exert inhibition onto certain parts of the principal neurone, further
regulating and compartmentalising dendritic processing (Somogyi & Klausberger, 2005;

Milstein et al., 2015; Royer et al.,, 2012).

The Schaffer collateral-CA1 synapse is a typical excitatory, glutamatergic synapse, formed
by presynaptic oblong-shaped varicosities, boutons en passant, onto dendritic spines.
The number of contacts is estimated to lie in a range between 20000 and 30000 per axon,
and the number of synapses between pairs of neurones is generally low, thereby
exhibiting substantial divergence in the output of CA3 (Shepherd & Harris, 1998).
However, ~20% of synaptic contacts are identified as multiple-synapse boutons (MSBs),
where a single presynaptic terminal contacts more than one postsynaptic density (Sorra
& Harris, 1993, Shepherd & Harris, 1998), suggesting some degree of convergence (Harris,
1995), perhaps of specific microcircuits. Indeed, projections from CA3 to CA1 are non-
random and do not seem to follow Peter’s rule (Braitenberg & Schiiz, 1998), which
assumes uniform distribution of synaptic contacts, which should scale linearly with the
neuropil surface area. Instead, connectivity seems to depend on neuronal identity
(Deguchi et al,, 2011) and developmental history (Druckmann et al., 2014), in which
neurones that share similar developmental timing are also found to have higher

connectivity.

The highly structured organisation of the axonal fibre bundles, especially the relatively
isolated Schaffer collaterals extending along stratum radiatum of CA1, makes the CA3-
CAT1 synapse particularly accessible to electrophysiological interrogation. This has led to
an extensive literature on the synaptic properties and plasticity of this pathway, making

it an ideal model system for the purpose of my thesis.

2.6.2. Organotypic slice cultures

The connectivity of the hippocampus, especially the tri-synaptic pathway of the standard
model, is largely contained in the two-dimensional plane across the septotemporal axis,

and is therefore well-suited for conducting experiments in acute or organotypic slice
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preparations. In this study, due to the heavy reliance on optical methods for measuring
and manipulating synaptic strength (see next section), | have, for the most part, used
organotypic slice cultures, owing to their excellent optical access. Although organotypic
hippocampal slices are well-established (Gogolla et al., 2006; Gahwiler et al., 1997; De
Simoni & Yu, 2006; Humpel, 2015), general concerns about the validity and translatability
to hippocampal function in vivo remain, mainly attributed to the non-natural
development of the circuit remote of natural activity patterns and biochemical milieu. |
will briefly review studies comparing cellular and synaptic properties of CA1 pyramidal
cells between organotypic and acute slice preparations (De Simoni et al., 2003; Gahwiler
et al., 1997; Gahwiler, 1988, 1981; Collin et al., 1997; Debanne et al., 1995; Bahr, 1995; Bahr
et al,, 1995; Muller et al., 1993). The general cytoarchitecture and connectivity of the
hippocampus is largely preserved, especially when prepared from slightly older (P5-7)
animals, and all connections and cell types have been identified. Due to the denervation
of extrahippocampal inputs and the CA1 outputs fibres, minor reorganisation in the
connectivity occur, such as supragranular collaterals formed by the mossy fibres and
increased recurrent and potentially autaptic innervation in CA1. Preserving parts of the
EC can alleviate these aberrations to some extent (Gahwiler et al., 1997). Dendritic
morphology is comparable, but dendritic branching is more complex in organotypic
slices. Synapse density is reduced by ~ 20%, especially on more distally located dendrites,
but spine morphology, i.e. the distribution of spine shape classes, is roughly similar. Since
slices are prepared from young animals with still developing hippocampi, synapse
maturation occurs throughout the first three weeks in culture. The expression of certain
glial and synaptic proteins (such as glutamate receptors, synaptic adhesion proteins, etc.)
plateau and stabilise at around 10 days in vitro (DIV), which is mirrored in an attenuation
of the steady increase in EPSP amplitude. No differences in protein expression and
general bioelectrical properties have been reported (Bahr, 1995). Similarly, paired-pulse
facilitation, a common characteristic of this synapse, is robustly observed at DIV10.
Around the same time, a substantial increase in the success rate of inducing LTP occurs

(from ~ 60% at DIV9 to > 90% at DIV11, Muller et al., 1993) and induction and expression
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of long-term plasticity are likely to follow the same rules as found in acute slices
(Mellentin et al., 2006). Interestingly, apart from an initial restructuring shortly after
explantation, development parallels that in situ. A major discrepancy is seen in the
increased spontaneous activity, specifically of excitatory synapses, in organotypic slices,
which was suggested to result from the increased connectivity due to the two-
dimensional anatomical constraints (De Simoni et al., 2003). This hyperconnectivity is

especially notable with long culturing time.

To summarise, organotypic slices are in most respects similar to age-matched acute slice
preparations and are well-suited for studying synaptic plasticity. They provide good
optical access and facilitate pharmacological and genetic interventions. However,
increased synaptic activity and connectivity have to be accounted for experimentally (see

Methods).

2.6.3. Measuring release probability

The stochastic nature of neurotransmitter release complicates the direct measurement of
presynaptic strength. Structurally, bouton size, active zone area, and the size of the RRP
are correlated with Pr, and are primarily accessible via ultrastructural analysis, such as
electron microscopy (Schikorski & Stevens, 1997; Holderith et al., 2012; Branco et al., 2010)
or super-resolution microscopy (Chéreau et al, 2017). More direct measurements of
individual release events rely on fluorescent probes that allow direct monitoring of
vesicle exocytosis, such as FM-styryl dyes (Betz & Bewick, 1992; Ryan et al., 1993), genetic
labelling of synaptic vesicle protein with pH-sensitive GFP (pHIuorins, Miesenbdck et al.,
1998; Granseth et al., 2006; Balaji & Ryan, 2007), or quantum dots (Zhang et al., 2009; Park
et al., 2012). These techniques often require preparations with high optical access, such
as dissociated cell cultures, and high sensitivity capturing devices to compensate for the
low photon yield. FM-dyes have been successfully used to measure Pr in slice

preparations (Zakharenko et al., 2001, 2003).

Identification of the presynaptic terminal is often incompatible with methods used to
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stimulate and manipulate neuronal activity (such as patch-clamp recordings). Although
synaptic pairs can be identified under some circumstances, e.g. using paired recordings
or fluorescent labelling of pre- and postsynaptic structures, the efficiency of these
methods are comparatively low. Instead, purely postsynaptic readouts can be used to

estimate Pr.

The use-dependent NMDAR blocker MK-801 can be used to determine presynaptic
strength. The rate of decrease of the NMDAR-dependent current with successive
stimulation depends crucially on the number of successful release events, and is
therefore indicative of Pr (Huang & Stevens, 1997). However, MK-801 block is irreversible

and therefore not suitable for repeated measurements.

As mentioned before, Pr depends strongly on the history of AP firing. At most central,
glutamatergic synapses, especially the Schaffer collateral-CA1 synapse, two APs elicited
in quick succession (> 5 Hz) will lead to facilitation of the second pulse. The magnitude of
facilitation depends on the stimulus interval and, more importantly, on basal Pr due to
the ceiling effect of uni-quantal release at high Pr. The relative increase in synaptic
efficacy, paired-pulse ratio (PPR), is therefore inversely correlated with basal Pr (Dobrunz
& Stevens, 1997) and is routinely used as an indirect read-out (Manabe et al., 1993;
Debanne et al., 1996). Similarly, trains of action potentials have been used to estimate STP
properties of the synapse (Markram & Tsodyks, 1996), which scale predictably with

manipulations of Pr (Tsodyks & Markram, 1997).

According to Katz's quantal hypothesis, neurotransmitter release is described by the
binomial theorem. The coefficient of variation (CV) of the response amplitude is defined
as

o 1—

cv==2=,-2

v Np
where o is the standard deviation and p the mean of the response amplitude. CV, or the
more frequently used CV? is invariant in gq (which, in this case, represents the

postsynaptic response to a release quantum) and therefore provides a read-out for Pr,
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assuming the number of release sites is unaltered. Potential confounds of this measure
have been raised, such as the influence of background noise and the requirement of a

large sample size (Faber & Korn, 1991; Martin, 1966).

Extracellular electrical stimulation can be fine-tuned by using minimal stimulation
strength to isolate a single to few axonal fibres, thus allowing postsynaptic intracellular
recording of putative single synapse responses (Raastad et al., 1992; Stevens & Wang,
1995). Combined with statistical models to estimate the uncertainty of the number of

fibres stimulated, this technique has been successfully used to study short-term plasticity
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Fig. 2.2: Glutamate release elicits postsynaptic Ca**-influx. (A) The release of
glutamate can be visualised as excitatory postsynaptic Ca®*-transients (EPSCaTs),
which allow the direct estimation of release probability. (B) Depolarisation caused
by AMPARs leads to the opening of NMDARs and VGCCs and a rapid increase in
intracellular Ca**-concentration. (C) Additional Ca**-influx can result from Ca?*-
induced Ca*-release from internal stores, mainly via ryanodine receptor-gated
stores. Figure adapted from Padamsey et al., 2019.
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(Stevens & Wang, 1995; Dobrunz et al., 1997; Dobrunz & Stevens, 1997; Dobrunz &
Stevens, 1999) and long-term plasticity of the presynaptic terminal (Malinow & Tsien,

1990; Foster & McNaughton, 1991).

Optical quantal analysis, a robust and direct method of assessing presynaptic strength at
optically identified single synapses (Emptage et al., 1999, 2003; Ward et al., 2006; Enoki &
Fine, 2009; Oertner et al., 2002; Padamsey et al., 2019), is the main technique used
throughout this thesis (Fig. 2.2). Optical quantal analysis relies on the detection of all-or-
none synaptic events at single postsynaptic terminals using high-sensitivity reporters of
glutamate release. Although genetically encoded glutamate sensors with sufficiently
high sensitivity have recently been developed (Marvin et al., 2013; Helassa et al., 2018;
Namiki et al., 2007), and successfully used to detect single glutamate quanta and to
estimate release probability, high affinity Ca?*-indicators have long been established as
reliable reporters of neurotransmitter release at glutamatergic synapses. At most central
synapses, glutamate release elicits excitatory postsynaptic calcium transients (EPSCaTs),
mainly mediated by Ca?*-influx from NMDARs and VGCCs. Ryanodine receptor-gated
Ca**-induced Ca*-release from internal stores further amplify the postsynaptic Ca*-
response, however only approximately 10-20% of Schaffer-collateral CA1 synapses
contain endoplasmic reticulum (ER; Spacek & Harris, 1997). IP3R-gated stores have also
been shown to respond to single glutamate release events, although in a temporally
delayed manner (Holbro et al., 2009). EPSCaTs show all characteristics of stochastic
neurotransmitter release, such as all-or-none binary events (Emptage et al., 1999), short-
term plasticity (Emptage et al., 1999, 2003), similar basal distribution (Ward et al., 2006),
and correlation with active zone size (Holderith et al, 2012). In addition, EPSCaT
probability scales with pharmacological manipulations known to modify Pr (Emptage et
al., 1999: OQertner et al, 2002; Chalifoux & Carter, 2010) and simultaneous
electrophysiological recordings show that EPSCaTs coincide with all-or-none unitary
EPSPs (Enoki & Fine, 2009). Technical details will be discussed in the Methods and

Materials section.
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3. Materials and Methods

3.1. Slice preparation
3.1.1. Preparation of organotypic hippocampal slice culture

Organotypic hippocampal slices were prepared from postnatal day P6-7 Wistar rat pups
(Harlan UK, Nihon SLC). Rats were sacrificed by cervical dislocation and decapitation and
the brain was extracted. The hippocampus of both hemispheres were isolated and cut
into 350 um-thick transverse slices on a Mcllwain tissue chopper (Mickle Laboratory
Engineering Co. Ltd. and Cavey Laboratory Engineering Co. Ltd.). Dissection of the brain
was done in ice-cold Earle’s Balanced Salt solution (EBSS)-based dissection buffer, which
was modified with 35 mM glucose and 20 mM HEPES and pH-corrected with 5 mM NaOH.
For experiments in chapters 4 and 5, 25 mM HEPES was added, instead. Slices were
manually curated and slices showing obvious tissue damage or incomplete hippocampal
anatomy, which includes an intact dentate gyrus and continuous hippocampus proper,
were discarded. 18-24 slices were transferred onto cell culture inserts (0.4 um pore size,
Merk Millipore) and placed in a 6-well plate filled with 1 ml/well of culturing media.
Culturing media for experiments in chapter 6 and 7 consisted of 78 % Minimum Essential
Medium (MEM, Thermo Fisher Scientific), 20 % horse serum (Thermo Fisher Scientific), 30
mM HEPES, 26 mM glucose, 5.8 mM NaHCO,, 1T mM CaCl, 2 mM MgSO,, and 2 % B-27 Plus
Supplement (Thermo Fisher Scientific). For chapters 4 and 5, culturing media consisted of
50 % MEM, 23 % EBSS, 25 % horse serum, and 36 mM glucose. For the latter preparation,
| observed a negative impact of B-27 Supplement (Thermo Fisher Scientific) on slice
health and omitted it from the culturing media. 2 % B-27 was still included for
experiments in Chapter 4. Culture media was replaced every 2-3 days. Slices were

maintained at 37°Cand 5 % CO, and used for experiments at DIV10-15.

Slices were transferred by cutting the membrane of the culture insert around the slice

and fixated to the recording chamber either using a thin layer of grease (glisseal® HV,
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Borer) or by placing a custom made metal frame around the slice. The recording chamber
was constantly perfused (1-2 ml/min) with artificial cerebrospinal fluid (aCSF) containing
(in mM) 145 NaCl, 2.5 KCl, 16 NaHCO,, 1.2 NaH,PO,, 11 glucose, 2-3 CaCl,, and 1-2 MgCl..
For experiments with intensive imaging, 1T mM Trolox (Sigma Aldrich) and 0.2 mM
ascorbic acid were additionally included. For electrophysiological recordings, 200 nM
NBQX (Abcam) was added to prevent strong recurrent excitation due to hyper-
connectivity of the slice. The aCSF was bubbled with 95 % O, and 5 % CO, and heated to

near-physiological temperature (33-35°C) using a custom made in-line heater.

3.1.2. Preparation of acute hippocampal slices

Acute hippocampal slices were prepared from P14-21 Wistar rats (Harlan UK). Rats were
sacrificed by cervical dislocation and decapitation and the brain was extracted and
immediately submerged in ice-cold dissection media saturated with 95 % O, and 5 % CO.,.
Dissection media consisted of (in mM): 65 sucrose, 85 NaCl, 2.5 KCl, 25 NaHCO,, 1.25
NaH_,PO,, 10 glucose, 7 MgCl,, and 0.2 CaCl.. The cerebellum was manually removed by a
coronal cut using a razor blade to create a flat surface, and the brain was glued onto a
designated platform of the vibratome (Microm HM 650V, Thermo Scientific). Brains were
additionally stabilised by a block of 2 % agar contacting the dorsal surface of the brain.
400 pm coronal slices were cut and the hemispheres were separated and transferred into
a recovery chamber containing standard aCSF (in mM: 120 NaCl, 2.5 KCl, 26 NaHCO,, 1.2
NaH,PO,, 11 glucose, 1 MgCl,, and 2 CaCl,), which was bubbled with 95 % O, and 5 % CO..
Slices were allowed to recover for 8 min at 37°C and 60 min at room temperature prior to

use. Slices were maintained at room temperature up to 4-5 h.

For experiments, slices were transferred to the recording chamber and secured using a
“harp” (Warner Instruments). The recording chamber was constantly perfused (2-3
ml/min) with aCSF and 100 uM picrotoxin (Sigma Aldrich) was added to block inhibitory

synaptic transmission. The aCSF was bubbled with 95 % O, and 5 % CO, and heated to
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near-physiological temperature (33-35°C) using a custom made in-line heater.

3.2. Electrophysiology
3.2.1. Electrophysiological recordings in organotypic slices

Whole-cell patch clamp was established using patch pipettes (prepared using a
horizontal micropipette puller, Sutter Instrument Co., or vertical puller, Narishige) filled
with standard internal solution, which consisted of (in mM) 135 K-Gluconate, 10 KCl, 10
mM HEPES, 1-2 MgCl,, 2 mM NaATP, and 0.4 Na,GTP. Data was acquired using an
Axoclamp 2B amplifier and WinWCP software (Strathclyde Electrophysiology Software).
For experiments in chapters 4 and 5, Clampex (Version 10.7.0.3, Molecular Devices) was
used as acquisition software. Current was injected to polarise the resting membrane
potential (normally around -60 mV) to -70 mV; cells were clamped at -70 mV in voltage
clamp experiments. Access conductance and membrane capacitance were monitored
throughout the experiment by injection of brief step currents and recordings were
discarded if changes of > 10 % were detected. Moreover, a minimum access conductance

of Ga = 30 nS was required for all experiments.
3.2.2. Induction of spike timing-dependent presynaptic LTP

CA1 pyramidal neurones were patched with high-resistance patch-pipettes (6-12 MQ) in
order to minimise dialysis, which has been previously shown to be detrimental to
presynaptic LTP (Padamsey et al., 2017a). Recordings were performed in current clamp. A
tungsten monopolar stimulation electrode (A-M Systems, Inc.), which was inserted into a
glass pipette filled with 150 mM NaCl, was used to stimulate Schaffer collateral axonal
fibres. The stimulation electrode was placed in stratum radiatum ~ 100 um away from the
neurone. Short current pulses (100 us, 10-30 pA; Digitimer Ltd.) were used to elicit EPSPs
of size 5-10 mV. A stable baseline was established by stimulating at 0.1 Hz and PPR (70 ms
inter-pulse interval) was sampled at 0.02 Hz. Due to dialysis, baseline recordings were

limited to 5-8 min after whole-cell mode was established. Presynaptic LTP was induced by
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pairing presynaptic stimulation with strong postsynaptic depolarisation, generated by
current injection (10 ms ramp to maximum current, 20 ms constant current, 30 ms ramp
to zero current), 60 times at 5 Hz. The maximum current (2-3 nA) for postsynaptic
depolarisation was set to elicit complex spiking, defined as at least 3 APs and the
widening of AP waveforms due to the recruitment of Ca*-spikes. This ensured the
activation of L-VGCCs (Padamsey et al., 2017a). Experiments with < 180 AP during LTP
induction were discarded. Extracellular stimulation strength was transiently elevated (~
10 %) during the induction of LTP to minimise potential confounds of small movements
of the slice or stimulation electrode. Recordings were made for at least 30 min after the
induction and data points were collected at 0.06 Hz. For the last 10 min of the recording,
PPRs at 70 ms inter-pulse interval were measured at 0.02 Hz. 50-100 uM AP5 or 20 uM MK-

801 were included in the aCSF to prevent the induction of postsynaptic LTP.

3.2.3. Induction of presynaptic LTD

CA1 pyramidal neurones were patched with standard patch-pipettes (3-6 MQ) and
recordings were performed in current clamp. A stable baseline was recorded for 5-10 min
at 0.1 Hz and PPRs were measured at 0.02 Hz. Presynaptic LTD was induced by repeated
stimulation of short bursts of two pulses at 200 Hz, 60 times at 5 Hz. Single stimulation
pulses were used in control experiments. The neurone was hyperpolarised to -90 mV
during the induction in order to prevent the generation of somatic or dendritic spikes. In
order to block NMDARs, slices were pre-incubated with 100 uM MK-801 (Abcam) for at
least 1 h. 20 uM MK-801 was maintained in the aCSF during the experiment. For the
inhibition of postsynaptic NMDAR:s, cells were bolus-loaded with 5 mM MK-801 for 1 min
and experiments were commenced after 20 min to ensure proper diffusion (these
experiments were kindly provided by Zahid Padamsey). This method blocked
postsynaptic NMDARs without affecting L-VGCC function (Padamsey et al., 2017a).

3.2.4. Stimulation of action potential bursts

CA1 pyramidal neurones were patched with standard patch-pipettes (3-6 MQ) and
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recordings were performed in voltage clamp. T mM MK-801 was included in the internal
solution to block postsynaptic NMDARs. Neurones were stimulated at low frequency
(0.06 Hz) for 8-10 min before commencing the experiment to ensure full blockade.
Extracellular stimulation consisted of 10 APs at 200 Hz, which elicited strong short-term
facilitation. Stimulation was repeated 5-10 times at 0.06 Hz. In order to block presynaptic
NMDARs, 50 uM AP5 was either washed in or included in the aCSF from the start and

washed out for 10 min to ensure complete exchange of the aCSF.
3.2.5. Analysis of the EPSP slope

Electrophysiological traces were analysed in Clampfit (Version 10.6.2.2, Molecular
Devices). The initial slope of the EPSP was used as a readout of synaptic strength, due to
the abundance of polysynaptic connections in these slices. The onset of the EPSP was
clearly distinguishable from the stimulation artefact as an inflection in the voltage trace
~ 2 ms following stimulation. The slope was calculated for a time window of 2-3 ms.
Experiments in which the stimulation artefact overlapped with the onset of the EPSP
were discarded. The fractional change in EPSP slope with respect to the baseline was
calculated for the last 5 min of the recording. There were no qualitative differences when

the EPSP amplitude was used instead.
3.2.6. Analysis of the PPR

The PPR was calculated as

EPSP,

PPR=—"""2
"= Epsh,

where EPSP, and EPSP, denote the response to the first and second pulse, respectively.
The EPSP slope of each pulse was first averaged across trials before the ratio was taken.
The mean of ratios is more robust against random fluctuations in the measurements,
which have been shown to severely bias PPR calculations towards large values (Kim &

Alger, 2001). Changes in PPR were calculated as absolute differences.
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3.2.7. Analysis of short-term plasticity

The peak amplitude of the EPSC to each stimulation pulse was used to analyse the short-
term plasticity behaviour during 200 Hz burst stimulation. Since consecutive EPSCs
overlapped substantially, which masked the peak of the EPSC, maximum amplitude
relative to baseline was determined in a time window 2-3 ms preceding the next
stimulation artefact. 200 Hz burst stimulation caused strong after-hyperpolarisation. The
baseline was therefore manually adjusted by linear interpolation. Peak amplitude was
normalised to the first pulse within each experiment. Since experimental conditions were
paired, the difference in the short-term facilitation, calculated as fractional change with
respect to the first pulse, were determined within experiments before averaging.
Similarly, early and late phase behaviour, corresponding to short-term facilitation and
depression, respectively, was determined by the slope of the linear regression of pulses
1-4 and 5-10. Goodness of fit was determined by the coefficient of determination and was

significant.
3.2.8. Analysis of spike timing-dependent presynaptic LTP

Spike timing was calculated as the time interval between extracellular stimulation and
the average onset of the first AP in the complex spike. In order to characterise the relation

between spike timing and LTP outcome, a Ricker wavelet was fitted defined as

(t —p)?, _c-w?

e 202

where A, 14, and o were optimised using non-linear least squares methods (SciPy). pand
o of the fit between spike timing and EPSP change were used to describe PPR changes,

and A was adjusted appropriately.
3.2.9. Electrophysiological recordings in acute slices

CA1 pyramidal cells located 50-100 um below the slice surface were targeted for patch-

clamp recordings. For visualisation purposes, 200 uM AlexaFluor 488 (AF488) was
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included in the internal solution and cells were bolus-loaded for 5 min. The fluorescence
signal was captured on a Leica DMLFSA confocal microscope with a 63x water-immersion
objective (NA = 0.9, HCX APO L 63x/0.9 W U-V-|, Leica) using the Leica Confocal Software
(Version 2.61). Neurones were stimulated using two monopolar tungsten electrodes
placed directly into the tissue. In order to stimulate sets of synapses in close spatial
proximity along individual segments of dendrite, stimulation electrodes were positioned
within 10-20 um of a visually-identified segment of dendrite,10-40 um apart from each
other. The position of the stimulation electrode could either be visualised via
autofluorescence or as shadows in cases where tissue autofluorescence was strong. After
positioning, stimulation electrodes were given 10 min to reach thermal equilibrium in
order to minimise spatial drift. Cells were subsequently re-patched with internal solution
containing 200 uM AF488. The probability of successful re-patch was > 90 %. Re-patch of

the correct cell was confirmed by fluorescence imaging.

3.2.10. Induction of homo- and heterosynaptic plasticity

EPSPs were evoked at 0.06 Hz by 100 ps current pulses (20-80 pA), alternated between the
stimulation electrodes. PPR was measured at 0.02 Hz. A stable baseline was recorded for
a maximum of 8 min in order to reduce potential confounds due to dialysis. Experiments
showing consistent run-up or run-down were discarded. LTP was induced in one pathway
(randomly chosen) by pairing stimulation with strong postsynaptic depolarisation via
current injection (see “Induction of spike timing-dependent presynaptic LTP”). The
unstimulated pathway was kept silent during the induction. EPSPs were recorded for at

least 30 min after the induction and PPRs were sampled throughout.

3.2.11. Cross-facilitation test

A cross-facilitation test was used to ensure stimulation of independent pathways (Fig.
3.1). Both stimulation pathways were stimulated sequentially with 70 ms inter-pulse
interval followed by stimulation in the reverse order, repeated 10 times. For completely

independent pathways, no short-term facilitation of the second pulse should be
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detectable. The magnitude of overlap was estimated by comparing the fractional
difference in EPSP slope of a given pathway when stimulated as first or second pulse.
Significant overlap was rarely observed, which is also evident from the opposing long-

term plasticity outcomes and lack of post-tetanic potentiation in the unstimulated

pathway.
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Fig. 3.1: Cross-facilitation test for independent pathways. For acute slice
experiments in Chapter 5 (Fig. 5.6), a cross-facilitation test was used to ensure the
stimulation of independent pathways. (A) Pathways were stimulated in sequence at
inter-pulse interval of 70 ms. An overlap of pathways would lead to significant
paired-pulse facilitation. (B) Cross-facilitation of pathways 1 and 2. Independent
pathways were assumed when both pathways exhibited a similar degree of cross-
facilitation. A slight bias of facilitation and depression of pathway 1 and 2,
respectively, was observed, which might be caused by hyperpolarisation following
the first pair of pulses, seen in some experiment, which overlapped with the second
pulse.

3.3. Fluorescence microscopy

3.3.1. 2-photon imaging of pre- and postsynaptic strengths during clustered

structural plasticity

CA1 pyramidal cells were bolus-loaded with 0.5 mM AF594 and 1 mM Oregon Green
BAPTA-1 (OGB-1) for 45-60s. OGB-1 was included for optical quantal analysis (see next
section). The dyes were given at least 10 min to reach diffusional equilibrium in proximal
dendrites and no obvious change in mean fluorescence intensity over time was

observed. After identifying a suitable segment of dendrite with linear geometry, which
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was largely contained within a single optical plain, presynaptic strength was measured
via optical quantal analysis. Afterwards, z-stacks (0.5 um steps) of the dendrite spanning
~ 35 um centred on the previously measured spine were taken every 5 min. Images were
acquired on a Axio Examiner Z1 (Zeiss) with a 63x 1.0 NA objective (Plan-APOCHROMAT,
Zeiss) using commercial software provided by Zeiss (Zen 2009, Version 6.0.0.303). Images
were taken at 4x zoom, which leads to a lateral pixel size of 65.9 nm. Both fluorescent dyes
were simultaneously excited using a 800 nm 2-photon laser source (Coherent) and
emission was separated using bandpass emission filters. At least three baseline images
were taken before clustered structural LTP was induced (see below). Structural images
were then taken at 1, 5, 10, 20, 30, and 45 min after the induction. Experiments showing
elevated Ca*-levels or outgrowth of filopodia were discarded as these would often
proceed to show signs of cell death, such as fragmentation of the dendrite. At the end of
the experiment, a z-stack was taken (2 um steps, 1x zoom), which included the dendrite

of interest, the cell body, and the position of the stimulation and puffing electrode.

3.3.2. Optical quantal analysis

For optical quantal analysis, a stimulation electrode (tungsten in glass pipette) was
positioned within 5-10 um of the dendrite of interested (Fig. 3.2A,B). In order to prevent
excessive spatial drift, | waited 10 min for the electrode to reach thermal equilibrium and
for the surrounding tissue to relax. xt-scans (line scans) covering large fractions of spines
were taken at 500 Hz while synapses were stimulated with a paired pulse given at 70 ms
inter-pulse interval. The imaging software was synchronised with Clampex software via
transistor-transistor logic (TTL) pulses. Stimulation and the initiation of image acquisition
were controlled by Clampex, however, due to a random internal lag of the imaging
software, the actual timing was extracted post hoc from the metadata. Responsive spines
were detected as time-locked OGB-1 Ca?*-responses (Fig. 3.2D). Paired pulse stimulation
was used to facilitate the detection of low Pr synapses. Three pulses at 70 ms inter-pulse
interval were sometimes given to detect very low Pr (Pr < 0.2) synapses. In order to

prevent potential confounds of AP failures, which will inflate the estimate of release
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Fig. 3.2: Using optical quantal analysis to measure Pr. (A,B) Example neurone
loaded with 1T mM OGB-1 and 0.5 mM AF594. A stimulation electrode (stim) was
placed within 5-10 um of the dendrite of interest. (C) Line scans were taken through
the spine (s) and the dendritic branch (d) at 500 Hz. (D) Synapses were stimulated
with a paired pulse with 70 ms inter-pulse interval (P1 & P2). Release of glutamate
was detected as all-or-none Ca?*-transients following the stimulation. The number
of successful release after the first AP was used to calculate Pr (traces shown in red).
The nearby dendritic branch showed little to no response (grey traces). Scale bar: 20
pum (A), 10 um (B,C). Figure adapted from Padamsey et al., 2019.
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failures, the stimulation strength was increased until the observed Pr stabilised. For data
acquisition, line scans were oriented to capture both, the spine of interest and the
dendrite, which allows the detection of local dendritic spikes or back-propagating APs.
Before the induction of clustered LTP, optical quantal analysis was limited to 20-25 trials
to prevent photodynamic damage. Optical quantal analysis was repeated 30 min after
the induction of LTP and 20-30 trials were taken. The stimulation strength was further
increased at the end of the experiment and a paired pulse at 5 ms inter-pulse interval was

given to ensure that release events could still be detected.

EPSCaTs were analysed in ImagelJ (Schindelin et al., 2012; Schneider et al.,, 2012) and a
custom written Python script. Fluorescence signals were background-subtracted and

averaged within the spatial dimension and represented as

AF _ F— Fbaseline
F Fbaseline

where F,__is the average fluorescence intensity prior to stimulation. A custom-written
script in ImageJ utilising the Bioformats library (Linkert et al., 2010) was used to extract
the metadata of the image file, which included the exact time points of each captured
line and the time of stimulation. Synchronisation of the imaging software with Clampex
led to short time lags, which caused an inhomogeneous sampling frequency, which was
on average 500 Hz. All data shown in the thesis were plotted with respect to the corrected
imaging time. Successful release events were manually detected and counted based on
arapid increase in Ca**-signal following stimulation. All results were cross-validated using
an automated analysis script, which detected successful release as an increase in the
average Ca**-signal within 6 ms after stimulation that exceeded two standard deviations
above the mean of the baseline. No qualitative difference was found, however, the
automated method was not robust against imaging artefacts or unstable baselines. To
distinguish successful release events from dendritic or somatic spikes, the peak intensity

was required to be at least 50 % larger in the spine compared to the neighbouring

dendrite. Alternatively, the onset of EPSCaTs should precede dendritic/somatic spikes,
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which can be used for identification. Pr was calculated as the ratio between the number
of successful release events and number of trials

Nsuccess
Pr=—"=—
Ntotal

The sampling error is given by the binomial theorem

where pis the release probability and N the sampling number. The maximum error occurs

atp=05andN=20:0__ =0.11.

For measuring the Pr for random trains of APs, the line scan was extended to 5 s at 400 Hz.
Due to excessive imaging, photodynamic damage was observed more frequently and the
number of trials was reduced to 15-20. Random AP trains were generated from a Poisson
process with mean frequency of 5 Hz and spike times were sampled from an exponential
distribution. The stimulation was triggered using TTL pulses generated by a Raspberry Pi.
The output port of the Raspberry Pi, which generates 3.4 V steps, was connected to BNC
cables via custom-made adapters to control both stimulation and the recording software.

This system allowed stimulation of arbitrary AP patterns.
3.3.3. Glutamate photolysis

Caged glutamate was locally applied during photolysis through a glass pipette coupled
to a picospritzer (5-10 psi, Parker Instrumentation). 10 mM MNI-glutamate (Tocris)
dissolved in Tyrode’s solution (in mM: 58.44 NaCl, 2.5 KCl, 20 HEPES, 30 glucose, 3 CaCl,, 2
MgCl,, pH-adjusted to 7.2 using 5 mM NaOH) was filtered (0.45 um pore syringe filter,
Merk Millipore) and loaded into a glass pipette (3-4 MQ). The pipette was positioned ~ 10-
20 um from the dendrite of interest. A 2-photon laser source (720 nm) was used for focal
photolysis of glutamate. Photolysis was controlled by a custom written script for the
imaging software and was synchronised with the electrophysiology via Clampex.
Photolysis consisted of 4 ms pulses, and the laser power was adjusted for each

experiment to obtain Ca%*-transients similar in size compared to EPSCaTs measured at the
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Tab. 3.1: Parameters of cLTP induction and analysis.

Experimental Maximum distance Deviation of the  [Mean pairwise distance of Coefficient of
condition between stimulated spines|centre of mass [0-1] |stimulated spines [pm] variation
[um]

(LTP1 (chapter 4) = 9.0+0.8 0.13+0.02 36+0.3 0.55
(TR no depol. 11.2+13 0.13+0.03 45+0.5 0.52
AP5 105+ 1.9 0.12+0.03 43+08 0.47
cLTP2 (chapter 5) 102+ 0.6 0.13+0.01 40+0.3 0.51
KN62 9.7+06 0.07 £ 0.01 39+03 0.51
FK-506 84+0.7 0.17 £0.02 3.2+0.2 0.56
L-NAME 102+0.8 0.09 +0.02 40+03 0.52

same cell. An error in the photolysis script caused a spatial misalignment of the photolysis
spot during the titration (the position of the uncaging spot did not correctly map from xy-
mode to line-scan mode), which might have caused the use of slightly stronger laser
power in experiments shown in Chapter 4. The error did not affect the positioning during
the actual experiment. For the induction of clustered LTP, laser power was reduced
slightly to prevent overexcitation, which would frequently cause excitotoxicity observed
as sustained elevated Ca** in the dendrite. For quasi-synchronous photolysis, the inter-

pulse interval was ~ 2.2 ms.

3.3.4. Induction of structural LTP

Clustered structural LTP (cLTP) was induced by quasi-synchronous glutamate photolysis
at 5-7 spines paired with postsynaptic depolarisation, 30 times at 0.5 Hz. The postsynaptic
neurone was re-patched with internal solution containing 100 uM OGB-1 and 50 uM
AF594 to reduce the osmotic pressure of the dye. Photolysis was set up after the GQ-seal
was established and initiated within 10 s of establishing whole-cell mode in order to
prevent dialysis. Cells were held at 0 mV in voltage clamp. The average access
conductance was Ga = 45.86 = 2.56 nS. Cells were immediately patched-off after the
induction. The maximum distance and mean pairwise distance between stimulated

spines are shown in Tab. 3.1 and did not vary across experimental conditions.

3.3.5. Analysis of spine structural changes

Spine size was analysed in ImageJ. The integrated fluorescence of a spine contained in a
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rectangular regions of interest (ROI) was used as an estimate of spine size. Integrated
fluorescence was measured on the focal plane that resulted in the maximal value. The
background fluorescence was subtracted proportionally to the area of the ROI. The re-
patch during clustered LTP induction caused a substantial global reduction in the
fluorescence intensity. Fluorescence signals were therefore normalised to the mean
fluorescence intensity of the underlying dendrite, which was assumed to remain
structurally stable. At least three segments of dendrites were average to calculate the
mean fluorescence intensity. Spine size changes were calculated as fractional changes
with respect to the average size prior to cLTP induction. Spine size changes at the end of

the experiment was defined as the average change observed at 30 and 45 min.

All visible spines along the dendrite of interest were analysed. Spines that were only
partially visible or those located within 2 um of the photolysis spot were excluded from
the analysis. Spines that show substantial fluctuations (> 25 %) during the baseline were

also excluded.

For subgroup analysis of spines, such as distance bins, spine structural changes were
averaged within experiments before averaging across experiments. The standard error of
the mean (SEM) was therefore calculated for experimental and technical errors rather
than internal biological fluctuations. This also prevents uneven weighting of experiments

due to differences in the number of analysed spines.

3.3.6. Analysis of the spatial arrangement of spines

A custom written script was used to extract the spatial arrangement of spines from
fluorescence images. Structural images of the measured dendrites were first maximum
projected to obtain a single reference image. The dendrite was parameterised as a
sequence of vectors using the “Line ROI” tool in Imagel. The position of spines were
imported from the ROIs used for the analysis of spine structure and assumed to lie at the
centre of the ROLI. Spine positions were mapped to the closest point on the parameterised

dendrite and the pairwise distance between spines was returned. Distances were then
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scaled according to the lateral resolution of the image. Spine neck length and axial

distance were omitted.

Distances in the thesis are reported as distance to the centre of mass of the stimulated
group of spines. The centre of mass was calculated as the average pairwise distance
between the stimulated spine located most laterally and the remaining stimulated spines
and it did not deviate substantially from the centre defined by the bounding spines
(deviation is measured on a linear scale where 0 defines the real centre and 1 the

boundary, Tab. 3.1).

3.3.7. Estimation of initial spine size

Initial spine size was estimated from the basal distribution of fluorescence intensities,
since differences in dye concentrations prevent direct comparisons across experiments.
The normalised integrated fluorescence values of all spines prior to the induction of cLTP
were used to estimate mean and standard deviation of an underlying normal

distribution. Spine size s was then normalised as

5 — M
g

Sabsolute =

where p and o are mean and standard deviation, respectively. Validity of this method can
be seen in similar coefficients of variation across experiments (Tab. 3.1), suggesting that
the basal spine size distribution is constant. This normalisation also allowed the

conversion of fractional spine size change into absolute units (Z-score).

3.3.8. Analysis of bi-directional postsynaptic heterosynaptic plasticity

In order to analyse the bi-directional heterosynaptic regulation of postsynaptic strengths,
the distance range of maximal correlation was determined. Specifically, the Pearson
correlation coefficient was calculated for spines within an increasing distance range
(starting from spines located within 1 um). The correlation coefficient steadily increased
and eventually plateaued. The maximum distance range was defined as the maximum

distance with a correlation coefficient within 10 % of the maximum. In order to find the
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inversion point, linear regression was performed and the x-axis intercept was
determined. The maximum correlation coefficient was found to be highly significant,
estimated by randomisation of the data and generation of the empirical null distribution.
No qualitative difference was seen when spines were grouped in fixed-sized distance

bins.

3.4. Pharmacology

CaMKIl was blocked by bath application of 10 uM of the non-competitive inhibitor KN62
(IC,, = 0.9 uM, Tocris). Due to its low solubility in water, KN62 was first dissolved in DMSO
and subsequently diluted in aCSF heated to 37°C. In some cases, precipitation was

observed in which case the experiment was discarded.

Calcineurin was blocked by bath application of 2 uM FK-506 (IC,, = 3 nM, Tocris). Both,

KN62 and FK-506 were maintained in the aCSF throughout the experiment.

NO signalling was blocked by either bath application of 100 uM L-NAME (Cayman
Chemical), a NOS inhibitor, or intracellular loading of 5 mM carboxy-PTIO (cPTIO, Sigma
Aldrich), a NO scavenger. L-NAME was pre-incubated for at least 1 h before the
experiment to abolish tonic levels of NO. cPTIO was directly added to the internal solution

and cells were bolus-loaded for 45-60 s.

NMDARs were blocked by either bath application of 50-100 uM D-AP5 (Abcam) or 20 uM
MK-801 (Abcam). Since MK-801 is an open-channel blocker, slices were pre-incubated for
at least 1 h with 100 uM MK-801 to ensure complete blockade of NMDARs. To selectively
block pre- or postsynaptic NMDARs, 1 mM MK-801 was directly included in the internal
solution and cells were bolus-loaded for 1 min (postsynaptic) or 5 min (presynaptic
NMDAR). When NMDAR inhibition was combined with optical quantal analysis, 500 uM
AP5 was included in the solution containing 10 mM MNI-glutamate and was locally
applied. Successful blockade was verified by measuring the photolysis-evoked Ca**-

transient, which showed significant reduction in peak amplitude, even though a higher
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laser power was used for photolysis. The remaining Ca?*-signal originates most likely from

other VGCCs (Padamsey et al., 2017a).

3.5.Imaging and analysis of presynaptic action potential-evoked Ca**-
transients

CA3 pyramidal neurones in organotypic hippocampal slices were bolus-loaded with 1
mM OGB-1 for 3-5 min. The dye was given 30-45 min to diffuse into the axon. The axon
was structurally identified as a thin process branching off the primary dendrite in stratum
oriens, lacking dendritic spines, and exhibiting branching at obtuse angles, which is
typical for these axons (McGuinness et al., 2010). Presynaptic terminals were found as
clear varicosities along the axon, ~ 50-100 um away from the soma. In order to evoke APs,
the neurone was re-patched with internal solution containing 100 uM OGB-1 and 5 ms
current steps were used to elicit single APs. The magnitude of the current step was
adjusted accordingly. Glutamate was photolytically released at or adjacent to the
presynaptic terminal. The strength of the photolysis laser was titrated at the start of the
experiment at nearby spines to elicit EPSCaTs of 0.5-1 AF/F. Glutamate photolysis was
timed to occur 1-5 ms following the AP. 10-15 line scans through the presynaptic terminal
were taken for each condition. Experiments showing obvious photodynamic damage,
such as swelling or an increase in basal Ca*-signal, were discarded. 1 uM NBQX was

included in the aCSF to prevent the activation of postsynaptic terminals.

For analysis, Ca?*-transients were normalised to the baseline and average across trials. The
peak amplitude was then determined by taking the maximum in a 20 ms time window

following the onset of the AP.

3.6. Statistics

Non-parametric tests were used for all statistical comparisons if not indicated otherwise.
Mann-Whitney U test was used for comparisons of independent means; Wilcoxon signed-

rank test was used for dependent means. For multiple comparisons, Kruskal-Wallis H test
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was used followed by post hoc Dunn’s test for pairwise comparisons. Linear correlation
was evaluated using the Pearson correlation coefficient if not indicated otherwise. In
some cases, the statistical result was further confirmed using bootstrapping. An empirical
distribution of the measurement was generated by randomly resampling the data 10000
times and empirical confidence intervals were determined (for alpha = 0.05, the 2.5- and
97.5-percentiles were used). The alternative hypothesis was rejected when it was

excluded by the confidence intervals.

All calculations were made using the Numpy and Scipy libraries in Python. For post hoc
Dunn’s test, the scikit-posthocs toolkit was used. Significance is denoted as follows: *p <

0.05, **p < 0.01. In all tests, alpha = 0.05.
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4, Heterosynaptic coordination of pre- and postsynaptic
strength along local dendritic segments

4.1. Introduction

Synaptic plasticity is often studied in terms of the concerted activity of pre- and
postsynaptic terminals. Synaptic strength therefore depends on the firing correlation
between neurones. Synapses must often cooperate, since individual synaptic events are
generally not sufficient to reach the firing threshold. This suggests that necessary
information for the modification of synaptic strengths is contained in the spatiotemporal
pattern of activity impinging onto the postsynaptic neurone and therefore suggests the
interaction across synaptic inputs. The scale of interaction depends on the mechanisms
of synaptic integration. Evidence of dendritic non-linearities suggest that dendritic
branches can form compartmentalised units and locally integrate synaptic inputs (Branco
& Hausser, 2010). In particular, electrical signals attenuate when travelling along the
dendrite due to a loss of current through the surrounding plasma membrane (Rall, 1959;
Spruston, 2008); the strong impedance mismatch at dendritic branch points leads to
asymmetric signal propagation, hindering feedback (soma to dendrite) to a lesser extent
than feed-forward signalling (dendrite to soma; Ferrante et al.,, 2013); and the ability to
generate regenerative spikes (dendritic spikes) due to the expression of voltage-gated
ion channels (Hausser et al., 2000; Johnston et al., 1996), has been shown to lead to non-
linear summation of synaptic inputs (Losonczy & Magee, 2006). This raises the question
about the minimal operating unit of synaptic plasticity. Specifically, what is the extent to
which synaptic plasticity is confined to individual synapses, as originally postulated for

Hebbian plasticity? If neighbouring synapses influence synaptic plasticity, how so?

With the advance in optical techniques to interrogate synaptic function, multiple studies
have shown that synaptic plasticity is not confined to the stimulated synapse but instead
extends spatially to neighbouring synapses independent of activity (Oh et al., 2015;

Hayama et al., 2013; Harvey & Svoboda, 2008; Wiegert & Oertner, 2013; Govindarajan et
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al., 2011; Hedrick et al., 2016). These observations were based on spine structural
changes, a purely postsynaptic readout of synaptic strength. As laid out in the
introduction, pre- and postsynaptic plasticity are unlikely to operate through similar
mechanisms and rules, due to their distinct functional consequences. | therefore
hypothesised that, if heterosynaptic changes occurred at the presynaptic locus, these
changes should be distinguishable from their postsynaptic counterpart with respect to
spatiotemporal dynamics and underlying biochemical computations. | therefore devised
an experimental setup that allowed me to monitor both pre- and postsynaptic strengths
of spatially identified synapses following the induction of synaptic plasticity. Using
optical readouts of both pre- and postsynaptic strengths, | show that locally coordinated
activity leads to heterosynaptic plasticity at both pre- and postsynaptic loci, which
depended on spatial proximity to the stimulation site. Pre- and postsynaptic changes did
not correlate and followed distinct spatiotemporal dynamics. In particular, postsynaptic
heterosynaptic plasticity was bi-directional, exhibiting a Ricker wavelet (or Mexican hat)-
shaped profile and was likely mediated by two distinct signalling pathways. Presynaptic
heterosynaptic plasticity strongly depended on the initial strength of the synapse and
was restricted to weakening only. My findings suggest that pre- and postsynaptic
heterosynaptic plasticity are differentially implemented and therefore require parallel

signalling pathways.

4.2. Experimental setup

The goal of the following series of experiments was to identify and characterise the
expression locus of heterosynaptic plasticity. This required establishing an appropriate
experimental paradigm. As laid out in the introduction, strong evidence indicate local
spatial organisation of synaptic inputs, especially prominent along individual dendritic
segments. The local spatial organisation might be explained by ongoing coordination
and communication between synapses, instantiated by synaptic plasticity. Here, | have
assumed that local synaptic plasticity is implemented as a tight balance between

coordination and competition between synapses. As such, | have experimentally
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Fig. 4.1: Experimental setup to study pre- and postsynaptic heterosynaptic
plasticity. (A) Schematic of the experimental setup (top), cLTP induction protocol
(middle), and timeline (bottom). (B) Example neurone filled with 1T mM OGB-1 and
0.5 mM AF594 for 1 min. The white box illustrates the region shown in (C). SE:
Stimulation electrode. Scale bar: 20 pum. (C) cLTP was induced via quasi-
synchronous photolysis of glutamate at 5-7 spines paired with postsynaptic
depolarisation, 30x at 0.5 Hz. An increase in spine size is evident immediately after
photolysis. For optical quantal analysis, line scans were taken through the spine of
interest (s) and the dendritic branch (d). Scale bar: 10 um. Contd on next page.

65



imposed one of the extremes, strong coordination, with the intent of revealing
underlying competitive processes. Utilising the excellent spatiotemporal resolution of 2-
photon glutamate photolysis, | emulated the (quasi-)synchronous activation of groups of
synapses along a local segment of dendrite. In order to facilitate the expression of
plasticity processes, stimulation was paired with strong, cell-wide depolarisation, similar
to that observed during CA1 place cell formation in vivo (Bittner et al., 2017). Next, means
of monitoring pre- and postsynaptic strengths were needed. Because spatial information
was of importance, postsynaptic strength was inferred from estimates of spine volume
(integrated fluorescence of spines in a single plane, see Methods for details), and
presynaptic strength was measured using optical quantal analysis. Figure 4.1 summarises
the experimental procedure. | first bolus-loaded a CA1 pyramidal neurone with the Ca**-
indicator OGB-1 (1 mM) and a fluorescent dye (0.5 mM AF594) to visualise fine sub-
cellular structures (Fig. 4.1A,B). Next, | placed an extracellular stimulation electrode
(tungsten electrode encased in a glass pipette) close to a secondary or tertiary dendrite
containing large numbers of spines and measured Pr using optical quantal analysis (Fig.
4.1D). In order to prevent photodynamic damage and photobleaching caused by
excessive excitation of the fluorophores, | have limited optical quantal analysis to 20-25
trials. An estimation of the uncertainty in the measured Pr is given by V(p(1-p)/N), where
p is the release probability and N the number of trials. The maximum resulting
uncertainty is therefore around 0.1 (for p = 0.5). Next, | monitored basal spine structure by
taking z-stacks at 0.5 um steps of a ~15 um long segment of dendrite, centred around the
measured synapse, every 5 min until spines appeared structurally stable. The neurone

was then re-patched and five to seven dendritic spines adjacent to the measured synapse

Fig. 4.1 cont’d (D) Example of Pr measurements via optical quantal analysis before
and after cLTP induction. Top row shows the raw fluorescence traces. Red traces
denote successful release to the first AP. Bottom rows show the peak intensity of the
response to the first and second pulse. The grey area around 0 AF/F corresponds to
two standard deviations of the baseline, which was used as detection criteria for
automatic analysis. Facilitation of the second pulse was clearly evident as an
increase in Pr. (E) Glutamate photolysis was titrated to elicit Ca**-transients similar
in strength compared to EPSCaTs.
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were targeted for quasi-synchronous 2-photon glutamate photolysis (30 times at 0.5 Hz)
while the cell was clamped to 0 mV via a patch pipette (Fig. 4.1C, E). In order to prevent
dialysis of intracellular molecules, which has been shown to be detrimental to structural
plasticity (Matsuzaki et al., 2004), stimulation was initiated within 10-20 s after formation
of whole-cell patch clamp. In addition, in order to reduce a decrease in dye concentration
upon re-patch, small amounts (~ 10 %) of OGB-1 and AF594 were included in the internal
solution to minimise the osmotic pressure. | will refer to this process as clustered LTP
(cLTP) from hereon. Depolarisation via current injection was found to be more potent in
eliciting plasticity events when multiple synapses were stimulated synchronously
compared to a reduction in extracellular Mg**-concentration, which is more commonly
used in the context of structural plasticity, which has also been observed in other
laboratories (personal correspondence with Karen Zito). The neurone was patched-off
immediately after cLTP induction. Presynaptic strength was examined after 30 min by
repeating optical quantal analysis (20-30 trials), whereas spine structure was monitored

for up to 45 min post-induction.

4.3. Results

4.3.1. Local structural potentiation of groups of spines induces bi-directional

postsynaptic heterosynaptic plasticity

Clustered stimulation of spines led to robust structural changes (Fig. 4.2B). As expected,
stimulated spines increased rapidly in size (structural LTP) after cLTP induction and

remained stable for at least 45 min (AV = 38.7 = 4.5 % of baseline, N = 17).

30-45min

Neighbouring unstimulated spines also transiently increased in size shortly after cLTP
induction AV, .. =10.8 £4.0 %) before slowly decaying back to baseline by 45 min av,,

= -1.1 £ 2.2 %, Fig. 4.2B). When postsynaptic depolarisation was prevented by

45min

clamping the cell at -70 mV during clustered stimulation, stimulated spines did not

increase in size, neither transiently nor in the long-term (AV =-49+5.9%,N=09,Fig.

30-45min

4.2C, “No depolarisation”). With the lack of depolarisation, neighbouring spines also
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Fig. 4.2: Quasi-synchronous stimulation of clusters of spines leads to robust
spine structural LTP. (A) Example of cLTP induction. Structural LTP was induced at
six spines via photolysis of glutamate. Long-term structural changes were assessed
after 30-45 min. Scale bar: 5 um. (B) Spine size changes of stimulated and
unstimulated spines. cLTP was induced at t = 0 min. Stimulated spines show robust
structural LTP (AV, ,. . = 38.7 £ 45 %, N = 17), whereas unstimulated spines
enlarged transiently (AV, . =10.8+4.0%, AV, ,. . =-1.1+2.2%).(C) Postsynaptic
depolarisation was prevented by holding the neurone at -70 mV during cLTP
induction. Neither stimulated nor unstimulated spines showed substantial
structural changes. (D) cLTP was induced without direct depolarisation of the
postsynaptic membrane potential (neurones were not re-patched). Stimulated
spines showed reduced structural spine LTP (N = 4). (E) Comparison of stimulated
and unstimulated spine size change of experiments in (D). The structural increase in
spine size of stimulated spine was significant (p < 0.05, Mann-Whitney U test). Data
points are shown as mean + SEM.
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remained unchanged (AV,,.., = 2.8 £ 4.2 %; AV =-3.1 = 2.9 %). When | omitted any

30-45min
exogenous manipulation of the membrane potential, | could still observe the expression
of structural LTP at stimulated spines, however, at lower success rate (Fig. 4.2D,E)
suggesting that clustered stimulation was sometimes sufficient on its own to reach
significant depolarisation locally. cLTP therefore requires strong depolarisation to trigger
events leading to plasticity. A more thorough analysis revealed that only a fraction of
stimulated spines in each experiment expressed stable structural LTP (Average fraction of

stimulated spines with AV >20% =59.5+4.1%,N=17).The fraction of potentiated
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Fig. 4.3: Further analysis of spine structural change of stimulated spines. (A)
Fraction of stimulated spines showing > 20 % increase in spine size for different
time points after cLTP induction. A decrease can be see for 30-45 min. (B) Fraction
of stimulated spines showing > 20 % increase in spine size as a function of
photolysis pulse number. The inter-pulse interval was 2.2 ms. A slight decrease can
be seen for pulse 4, which was not significant. Data points are shown as mean *
standard deviation given by the binomial distribution. (C) Spine size change in
relation to distance. Distance did not affect the magnitude of structural LTP
(Pearson r=0.052, n.s., N = 94 spines). (D) Fractional spine size change in relation to
initial spine size. A significant negative correlation was observed (Pearson r =-0.307,
p < 0.01). (E) Absolute spine size change in relation to initial spine size. Absolute
changes were independent of initial spine size (Pearson r =0.01, n.s.).
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spines (AV > 20 %) remained constant throughout the first 20 min of the experiment, and
decreased afterwards, suggesting failure of LTP maintenance rather than induction as a
potential explanation (Fig. 4.3A). It also suggests that LTP is biphasic, with short- and
long-term components. Next, stimulation of spines occurred quasi-synchronously, with a
delay of 2.2 ms in between, which might render LTP induction sensitive to timing.
Accordingly, | found that the fourth pulse was consistently less successful in inducing
stable LTP (35.3 = 11.6 %, Fig. 4.3B), although not reaching statistical significance. LTP was,
however, not affected by the spatial arrangement of the spines as measured by their
distance to the centre of the stimulated cluster (Pearson r = 0.052, n.s., N = 94, Fig. 4.3C).
Lastly, | examined if the initial spine size affects the degree of structural potentiation. Due
to methodological challenges, such as the normalisation of spine fluorescence intensity
to the local dendritic shaft (see Methods), the absolute spine size could not be easily
determined in units that are comparable across experiments. Instead, | have assumed
that the relatively high number of spines analysed per experiment (20-30) is a reasonable
reflection of the basal distribution of spine sizes. | have further assumed that the basal
distribution can be estimated by a normal distribution and does not substantially differ
between cells and slices of different age (see Discussion). This allowed me to convert
spine fluorescence intensity into units of standard deviation (Z-score). The fractional
change in size was significantly correlated with the initial spine size (Pearson r =-0.307, p
< 0.01, Fig. 4.3D). The correlation was inhomogeneous, with strong modulation for
initially small spines and weak modulation for initially large spines, apparent from the
“hinge” like or hyperbolic shape in Fig. 4.3D. This renders the absolute change in spine

size independent of the initial spine size (Pearson r=0.01, n.s., Fig. 4.3E).

In order to detect potential spatial modulation of heterosynaptic plasticity, | grouped
neighbouring unstimulated spines based on their distance to the stimulated cluster. The
general metric | have used, if not indicated otherwise, measures the distance along the
dendritic branch between spine and centre of mass of the stimulated cluster. The length

of the spine neck was neglected. Spines located within 2 um of a photolysis spot were
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Fig. 4.4: Induction of structural plasticity of groups of spines leads to
heterosynaptic bi-directional changes in spine size. (Ai) Spine size changes of
unstimulated spines, grouped by distance (< 3.8 ym: AV, . . =-23.0 £ 5.3 %; 3.8-7
um: AV, . =18.1+4.0%;>7 um:AV, , =-2.3+29 %).Spines located close to
the stimulated cluster decreased in size. More distal spines showed significant
increase in size. (Aii) Persistent spine size change at 30-45 min depends on the
distance to the stimulated cluster. Spines within 3 um and 5-7 um were significantly
different from control experiments shown in (B) (Mann-Whitney U test). Red line
emphasises the distance-dependency of the mean spine size change. (B) Same as C
but postsynaptic depolarisation was prevented by holding the neurone at -70 mV
during cLTP induction. Unstimulated spines showed no long-term changes in size.
Data points are shown as mean + SEM.
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omitted from the analysis to avoid potential confounds arising from glutamate spill-over.
For analysis, spines were binned according to distance and averaged within experiments
to account for uneven sampling across experiments. Unstimulated spines located close
to the cluster (< 3.8 um, see below for identification of distance range) show a substantial

decrease in size, which lasted for at least 45 min (AV =-23.0 = 5.3 %, Fig. 4.4Ai).

30-45min
Interestingly, these spines also exhibited the transient increase in size immediately after
stimulation. Unexpectedly, spines at a distance of 3.8-7 um exhibited weak but significant

potentiation, which lasted for the duration of the experiment (AV =18.1 + 4.0 %).

30-45min
Spines located further away only transiently increased in size, reaching a maximum at
around 10 min after stimulation and decaying back to baseline by the end of the

experiment (AV = -2.3 + 2.9 %). Fig. 4.4Aii summarises the distance-dependent

30-45min
bidirectional regulation of postsynaptic strength, which was absent when postsynaptic
depolarisation was omitted (cLTP vs. no depolarisation: p < 0.05 for spines located < 3 um
and 5-7 pm, Fig. 4.4B, Mann-Whitney U test). Fig 4.5 presents the distance-size
relationship for every unstimulated spine analysed. A clear positive correlation can be
seen for spines located within 7 um. In order to determine the critical distances for bi-
directional regulation, | first identified the distance that results in the highest positive
correlation (Pearson correlation coefficient) with respect to spine size change. A line was
then fitted to find the point of x-axis interception, which was taken as the boundary
between proximal and distal spines for all experiments (Fig. 4.5A, dashed red line).
Following this procedure, the bi-directional regulation is apparent for spines within 7 um
(Pearsonr,, =0.465,p<0.01) and the inversion point appears to be situated around 3.8
pum. Comparing the cumulative distribution of spines within 3.8 um with spines > 7 um
away shows that the decrease in spine size manifests itself as a rightward skew of the size
distribution (p < 0.01, Kolmogorov-Smirnov test, Fig. 4.5C). In contrast, the distribution of
spines located within 3.8-7 um shows a minor translation to the right instead (p = 0.05,
Kolmogorov-Smirnov test, Fig. 4.5D). Lastly, heterosynaptic spine size changes are not

correlated with initial spine size (Fig. 4.5E,F). However, the increase in spine size for spines

located 3.8-7 um away is mainly expressed in small spines (Fig. 4.5E). Examining the
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Fig. 4.5: Heterosynaptic spine size change is distance-dependent. (A) Distance
and spine size change for all unstimulated spine analysed (N = 199 spines). The
strongest correlation between distance and spine size change was found for spines
located within 7 um (r = 0.465, p < 0.01). The x-axis intercept was 3.8 um and was
used to group spines for further analysis. (B) Spine size changes grouped in 1 um
wide bins. Red line emphasises the mean spine size change. (C) Cumulative
distribution of spine size change for proximal and distant spines. A rightward skew
of proximal spines can be observed (p < 0.01, Kolmogorov-Smirnov test). (D)
Cumulative distribution of spine size change for spines 3.8-7 um away and distant
spines. A slight rightward translation can be observed (p = 0.05). (E,F) Spine size
change in relation to initial spine size. No significant correlation was observed (< 3.8
pm: Pearson r =0.105, N = 39; 3.8-7 um: r = 0.155, n.s., n = 160; all spines: r=0.138).
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relationship between initial and fractional change in spine size for all unstimulated spines
clearly shows that small spines are more likely to undergo structural changes in either
direction, whereas large spines preferentially shrink (Fig. 4.5F). Accordingly, the
distribution of size changes differed significantly between small (Z-score < 0) and large
(Z-score > 0) spine (p < 0.01, Kolmogorov-Smirnov test). Thus, strong, coordinated
stimulation of a group of spines leads to robust shrinkage of spines located close to the

stimulated cluster and weak structural potentiation of spines more distally.

4.3.2. Local structural potentiation of groups of spines induces presynaptic

heterosynaptic weakening

Next, | have examined presynaptic changes following cLTP. Due to the comparatively low
throughput of optical quantal analysis, which generally only allows Pr measurement of a
single synapse per experiment, | have focused mainly on synapses located close to the
stimulated cluster (synapse located within stimulated cluster in 13/17 experiments and
outside in 4/17 experiments). cLTP induction was associated with a decrease in Pr in
spatially proximal synapses (APr=-0.27 + 0.05, N = 13, all spines located within 4 um, Fig.
4.6C,E), whereas synapses located more distally did not change (APr=-0.02 + 0.06, N =4,
all spines located > 4 um, Fig. 4.6C,E, triangles). Postsynaptic depolarisation alone is
known to influence Pr (e.g. Branco et al., 2008; Volgushev et al., 1997). To control for this
possibility, | repeated the experiment without glutamate photolysis by either locally
perfusing aCSF containing no MNI-glutamate or by omitting the photolysis pulse.
Postsynaptic depolarisation alone was not sufficient to induce presynaptic weakening
(APr =-0.01 £ 0.03, N = 18, p < 0.01, Kruskal-Wallis H-test with post hoc Dunn'’s test, Fig.
4.6DE, “no photolysis”). On the other hand, photolysis of large amounts of glutamate
might lead to local accumulation and spill-over of glutamate, which could directly
activate receptors at nearby synapses. However, holding the neurone at -70 mV during
cLTP induction abolished any presynaptic changes (APr =-0.02 + 0.06, N = 11, p < 0.01,
Kruskal-Wallis H-test with post hoc Dunn’s test, Fig. 4.6D,E, “no depolarisation”). Thus,

presynaptic hetLTD was not caused by prolonged postsynaptic depolarisation and
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Fig. 4.6: Induction of structural plasticity of groups of spines leads to
heterosynaptic presynaptic weakening. (A) Pr was measured using optical
quantal analysis. Top: To capture EPSCaTs, line scans were taken through the spine
of interest (red arrow, s) and the dendrite (d) while the synapse was stimulated.
Bottom: Glutamate release was detected as Ca?*'-transients in the spine head
(ESPCaTs). (B) Repeated stimulation of synapse results in all-or-none response
profile. Top: Raw Ca?*-transients for all trials, before and after the induction of cLTP.
Bottom: Peak amplitude of the EPSCaT. The grey area represents 2 standard
deviations from the baseline and was used for automated analysis. Failures were
clearly distinguishable. 30 min after cLTP induction, a clear increase in release
failures was evident (right panel). (C) Summary of Pr changes. Pr before cLTP
induction is plotted against Pr 30 min after induction. Pr decreased for synapses
located close to the stimulated cluster (< 4 um, “Heterosynapse Proximal’, black
spheres) but not in distal synapses (> 4 um, “Heterosynapse Distal’, triangles).
Stimulated synapses showed a small decrease in Pr (“Homosynapse’, red spheres).
(D) No Pr change was observe when omitting glutamate photolysis (“No photolysis”,
triangles) or postsynaptic depolarisation (“No depolarisation’, spheres). (E)
Summary of Pr changes (cLTP unstim: APr =-0.27 + 0.05, N = 13; CTRL no depol.: APr
=-0.02 £ 0.06, N = 11; CTRL no photolysis: APr=-0.01 £ 0.03, N = 18). Significance is
shown for comparisons with Pr changes at proximal synapses after standard cLTP
induction (“cLTP unstim.). Kruskal-Wallis H-test with post hoc Dunn’s test was used
to correct for multiple comparison.
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Fig. 4.7: Presynaptic changes depend on the initial Pr but are only weakly
correlated with distance and spine size changes. Pooled data points including
experiments from Chapter 5 are shown in grey. (A) Pr changes in relation to initial
Pr. Initial Pr strongly predicted the magnitude of heterosynaptic presynaptic LTD
(Pearson r =-0.731, N = 13, p < 0.01; pooled: r = 0.621, N = 33, p < 0.01). (B) Pr
changes in relation to initial Pr for control experiments (omitting photolysis or
depolarisation, r = 0.085, N = 29, n.s.). (C) Pr changes in relation to distance. A weak
correlation was observed when distal spines (shown in red) were included (pooled:
r =0.134, N = 33, n.s., with distal: r = 0.389, N = 37, p < 0.05). (D) Pr changes in
relation to fractional spine size changes. Pre- and postsynaptic changes were only
weakly correlated, which was not significant (r = 0.487, N = 13, p = 0.09; pooled: r =
0.324, N = 32, p = 0.07). (E) Pr changes in relation to absolute spine size changes.
Absolute spine size changes further deteriorated the correlation (r = 0.345, p =
0.248; pooled: r = 0.268, N = 32, p = 0.138). (F) Pr changes in relation to fractional
spine size changes for control conditions (r =-0.192, N = 23, n.s.).

requires the activity of nearby synapses. Lastly, stimulated synapses undergoing

structural LTP did not show significant changes in Pr (APr=-0.13 £ 0.04, N =6, n.s. vs CTR,
Fig. 4.6C,E).

The decrease in Pr was strongly negatively correlated with the initial Pr (Pearson r = -
0.731, N = 13, p < 0.01, Fig. 4.7A, black data points), which was not observed for the
control experiments (Pearson r =0.085, N = 29, n.s., Fig. 4.7B). Similarly strong correlation

was observed in the independent dataset of Chapter 5 (Pearson r for pooled data = 0.621,
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N = 33, p < 0.01, Fig. 4.7A, “pooled data”). In fact, the majority of variation could be
explained by the initial Pr, especially given that the uncertainty caused by the statistical
measurement of Pris estimated to account for roughly 50 % of the variance observed (see
Discussion). Accordingly, no distance-dependency could be observed for synapses in
close proximity to the stimulated cluster (Pearson r for pooled data = 0.134, N = 33, n.s,,
Fig. 4.7C). Taking into account all 17 experiments, induction of presynaptic hetLTD seems
to follow all-or-none dynamics dependent on the distance to the stimulated cluster,
where the magnitude of change is then given by the initial state of the synapse (Pearson

r=0.389,N =37, p <0.05).

4.3.3. Pre- and postsynaptic heterosynaptic plasticity are only weakly correlated

There is a positive correlation between absolute Pr changes and the fractional change in
spine size (Pearson r = 0.487, N = 13, p = 0.09, Fig. 4.7D, black spheres), which did not
reach statistical significance. This was unexpected given the well-established correlation
of pre- and postsynaptic strengths (see chapter 2.1.5). As the relationship between pre-
and postsynaptic changes lies at the core of my thesis, | have examined the statistical
significance more closely. The magnitude of pre- and postsynaptic changes are difficult
to put in relation, since the impact on overall synaptic weight is not known. In particular,
it is not immediately evident if the readout of postsynaptic strength, the fractional
change in spine fluorescence intensity, behaves similarly (i.e. proportionally) to Pr
changes. | therefore calculated the non-parametric, rank-based correlation coefficient,
which disregards the absolute values. This leads to a significant correlation, instead
(Spearman rho = 0.627, p < 0.05). Non-parametric measures suffer from decreased
statistical power and in order to reconcile this result, | have next analysed the correlation
in the pooled experiments from Chapter 5. Analysis across the pooled dataset decreased
the correlation coefficient and it was no longer statistically significant (Pearson r = 0.324,
p =0.07; Spearman rho =0.313, p=0.08, N = 32, Fig. 4.7D). Moreover, the correlation was
diminished when absolute spine size changes, in units of the normalised Z-score, were

used instead (Pearson r = 0.268, N = 32, p = 0.138, Fig. 4.7E). No significant correlation
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between Pr and spine size changes was observed for control experiments (Pearson r =

-0.192, N = 23, n.s., Fig. 4.7F).

4.3.4. cLTP induction and maintenance affect pre- and postsynaptic heterosynaptic

plasticity differentially

Lastly, the spatial modulation of heterosynaptic changes indicates that the magnitude of

stimulation might play an important role, as stimulation strength often correlates with

the activity of downstream signalling molecules. The actual stimulation strength is not
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Fig. 4.8: Pre- and postsynaptic heterosynaptic changes depend differentially
on transient and persistent spine size changes of stimulated spines. Pooled
data points including experiments from Chapter 5 are shown in grey. Coefficient of
determination was calculated for pooled data points (A,B,E) Spine size change
immediately following cLTP induction of stimulated spines in relation to
heterosynaptic postsynaptic changes at proximal (A, r = 0.015, N = 36, n.s.) and
distal spines (B, Pearson r = 0.490, N = 36, p < 0.01) and presynaptic changes (E, r =
-0.190, N = 32, n.s.). Postsynaptic heterosynaptic LTP showed significant correlation.
(C,D,F) Persistent spine size change of stimulated spines in relation to
heterosynaptic postsynaptic changes at proximal (C, r = 0.154, p = 0.1) and distal
spines (D, r =0.248, n.s.) and presynaptic changes (F, r = 0.383, p < 0.05). Presynaptic
heterosynaptic LTD showed significant correlation.

*The outlier was omitted for calculation of the correlation coefficient.
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known in these experiments. | have therefore used the initial size increase immediately
after stimulation as an approximate measure of stimulation strength. Pre- and
postsynaptic hetLTD at proximal synapses was not significantly correlated with the initial
size increase (pooled experiments; presynaptic: Pearson r = -0.190, N = 32, ns,;
postsynaptic: r = 0.015, N = 36, n.s., Fig. 4.8A,E). In contrast, the heterosynaptic structural
LTP at spines located more distally (3.8-7 um for dataset 1; 2.8-6.5 um for dataset 2, see
Suppl. Fig. 9.1) was correlated with the initial size increase, except for a single outlier,
which was excluded from this analysis (Pearson r =0.490, N = 36, p < 0.01, Fig. 4.8B). Next,
the maintenance of LTP at stimulated spines might be important, especially in the
context of resource competition, which is thought to play a crucial role in heterosynaptic
interactions (Govindarajan et al., 2011; Fonseca et al, 2004, 2006). Surprisingly,
postsynaptic heterosynaptic changes were not correlated with the spine size increase at
the end of the experiment (Pearson r = 0.154, p = 0.1; r = 0.248, n.s., proximal and distal
spines, respectively, Fig. 4.8C,D). In contrast, presynaptic hetLTD was weakly positively
correlated (Pearson r = 0.383, p < 0.05, Fig. 4.8F). This is unexpected as it would suggest

that presynaptic hetLTD was not compensatory.

4.4, Discussion

I have shown that strong, coordinated activity along local dendritic segments leads to a
range of short- and long-lasting modifications of synaptic strength at neighbouring
unstimulated synapses. On the postsynaptic side, depending on the distance to the
stimulated spine cluster, | have observed the expression of either hetLTP or hetLTD. The

presynaptic terminal showed hetLTD at spines close to the stimulated cluster.

4.4.1. What is the most appropriate distance metric?

An important part of my study was to investigate the spatial component underlying
heterosynaptic plasticity. This required the use of a distance metric that captures the
spatial relationship between the stimulated cluster of spines and unstimulated synapses.

There are several valid definitions, such as the average pairwise distance to each
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stimulated spine, the distance to the centre of the cluster, the distance to the closest
stimulated spine, spines classified as within or outside the cluster, or proximity scores. |
have chosen the distance along the dendrite from the centre of mass of the stimulated
cluster, which is based on several assumptions. Firstly, | have assumed that interactions
between stimulated and unstimulated synapses are spatially restricted to the
intracellular space of the dendrite as opposed to the direct unconfined distance between
synapses. This implies that diffusion of cytosolic or membrane-bound signalling
molecules or propagation of electrical signals along the plasma membrane underlie the
observed spatial dynamics. Indeed, induction of spine structural LTP was reported to
initiate the intracellular diffusion of a multitude of downstream signalling molecules that
have been implicated in the regulation of synaptic strength (Nakahata & Yasuda, 2018;
Nishiyama & Yasuda, 2015). These include CaMKIll-dependent signalling pathways and
various phosphatases, such as calcineurin. Furthermore, local translation in the dendritic
shaft is known to generate proteins relevant to synaptic plasticity, such as Arc, PSD-95,
GluA1, or CaMKIl, in an activity-dependent manner, which are then transported into
neighbouring spine heads (Nishiyama & Yasuda, 2015). Protein translation has been
shown to be confined to individual dendritic segments (Govindarajan et al., 2011; Sutton
et al.,, 2006). In contrast, various extracellular regulators of synaptic strength are also
engaged following the induction of spine structural LTP. For instance, our lab has recently
reported that structural LTP requires the exocytosis of lysosomes containing the protease
Cathepsin B, which activates extracellular matrix metalloproteinase 9 (MMP-9) by
cleaving its inhibitor TIMP1 (Padamsey et al., 2017b). MMP-9, in turn, is known to mediate
the remodelling of the extracellular matrix and the cleavage of cell-adhesion molecules,
such as neuroligin-neurexin complexes or intercellular adhesion molecule-5 (ICAM-5),
which are known modulators of synaptic strength (Peixoto et al., 2012; Conant et al.,
2010). Additionally, small molecule transmitters, such as BDNF, eCBs, or NO, which are
known to be released following synaptic activity, are thought to act in a volumetric,
comparatively spatially unconstrained manner. In order to minimise the potential error

introduced by volumetric signalling molecules, | have constrained most of my analysis to
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dendrites with minimal curvature. The error introduced is therefore largely due to the
neglect of the spine neck length and its angle to the dendritic shaft and assuming an
average spine neck length of 0.5 um (spine neck length ranges from 0-1 um depending
on the type of spine, i.e. stubby vs. thin; Harris et al., 1992) the maximum error would be
1 um, which lies within the estimated measurement error. However, since the deviations
are minimal, this makes it difficult to distinguish between different modes of diffusion by

comparing different distance metrics. A pharmacological approach is therefore needed.

Secondly, by using the centre of mass as the reference point, | assumed that stimulated
spines contribute equally to the induction of heterosynaptic plasticity and that their
contribution decays linearly with distance. Equal contribution of spines is not guaranteed
since large spines might contain more signalling molecules that will be activated upon
stimulation. Similarly, large spines are more likely to also contain ER, mitochondria, and
ribosomes (Bourne & Harris, 2008) and could therefore differ in their signalling properties
compared to smaller spines. In fact, it was recently reported that spines containing
smooth ER or polyribosomes exhibit enhanced spine structural LTP and promote the
formation of synapse clusters (Chirillo et al., 2019). ER has also been strongly implicated
in postsynaptic forms of LTD (Holbro et al., 2009; Oh et al. 2015). Smooth ER located at the
spine is known to be involved in compartmentalised Ca**-signalling during synaptic
plasticity and the transport and delivery of membrane proteins, such as ion channels.
Interestingly, smooth ER has been associated with the actin binding protein
synaptopodin (Segal et al., 2010). Synaptopodin has been implicated in the regulation of
actin-polymerisation, spine formation, and is required for spine structural LTP (Zhang et
al.,, 2013). It is therefore very likely that the above assumption is false. Without exact
knowledge of the parameters related to the contribution of each spine, the extent of the
potential error is difficult to estimate. The number of spines containing some form of
smooth ER in CA1 pyramidal neurones has been estimated to be ~ 58 %, however, only ~
10-15 % contain an elaborate spine apparatus (Spacek & Harris, 1997), which is thought

to be the predominant form involved in synaptic plasticity. The probability that | have

81



stimulated at least one spine containing a spine apparatus is therefore > 50 %, and likely
to be higher, since large mushroom spines have a higher abundance of smooth ER and
are more easily detectable, and thus targeted for stimulation. | found that heterosynaptic
spine size changes were not correlated with the fractional change of stimulated spines at
the end of the experiment (Fig. 4.8C), suggesting that, on a population level, clusters
containing larger number of spines with high propensity to undergo structural
enlargement do not significantly influence the outcome of heterosynaptic plasticity.
Alternatively, the lack of correlation could indicate homogeneous sampling of spines.
There was, however, a positive correlation between the heterosynaptic enlargement and
the initial size increase in stimulated spines (Fig. 4.8B), which | have interpreted as an
estimate of stimulation strength. In an alternative interpretation, the initial size increase

might reflect differences in the molecular composition of the spine.

Using the distance to the centre of mass also assumes that interactions between spines
decrease linearly with distance. Assuming that the interaction relies on the diffusion and
the strength of the interaction is governed by the amount of signalling molecules, one
can easily derive, from the diffusion equation (Langevin equation) that the decay across
space is roughly Gaussian (if diffusion is homogenous). This leads to the interesting case
in which at short distances, the interaction between synapses is nearly independent of
distance, whereas distal spines are well-approximated by a linear interaction. This could
explain why Pr changes at proximal synapses were independent of distance (Fig. 4.7C).
Conversely, if multiple diffusible signalling molecules interact competitively (and
assuming the competition is linear), the diffusion profile at short distances is sharpened
as it will take on the shape of a difference of Gaussians function. This could explain the
apparent distance-dependency for postsynaptic heterosynaptic weakening at proximal
spines (Fig. 4.5A,B). The above analysis additionally assumes that diffusion is fast. If
diffusion is slow or highly restricted in space, a more appropriate distance metric might
be the minimum distance to a stimulated spine. This, however, does not further explain

the variance observe in spine size changes (not shown). Without knowledge of the
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underlying diffusible molecules and their diffusion properties, it is difficult to incorporate
diffusion into the distance metric. Linear interaction, although not realistic, provides an

adequate first order approximation, at least for intermediate distances.

Thirdly, the centre of mass intrinsically normalises for the number of stimulated spines,
implying that the relative rather than absolute amount of activated signalling molecules
drives synaptic plasticity, which would support a synaptic plasticity rule that is not
localised to synapses and information is instead shared and integrated across space. This
is, for instance, the case when synaptic plasticity is limited by resources. Any distance
metric that takes into account all stimulated spines will introduce normalisation and
therefore suffer from the same assumptions. Proximity measures, such as the sum of the
inverse distance, could circumvent this problem, since stimulated synapses located
further away will have diminishing influence. This, however, requires a good knowledge
of how the signalling molecules decay with distance and can lead to significant
distortions if it is unknown. Using the sum of inverse distance recapitulates, qualitatively,
my results but the distance profile is highly distorted and difficult to analyse or to
interpret (not shown). It also does not explain more variance in the data. The potential
confounds introduced by this assumption should be negligible, since the number of
stimulated spines is similar across experiments. However, a major concern with
normalisation is its susceptibility to outliers, such as stimulated spines that are located far
away, as the centre of mass weights every stimulated spine equally. | have calculated
several parameters to evaluate the degree of a potential confound of outliers. The
maximum distance between stimulated spines was similar across experiments and
conditions (Tab. 3.1). Within conditions, the maximum distance did not vary substantially,
with a standard deviation of ~ 3 um. Furthermore, the deviation of the centre of mass
from the actual centre was low (Tab. 3.1) indicating that stimulated synapses are roughly
homogeneously distributed. The mean pairwise distance between stimulated spines was
= 3.6 = 0.3 um, with a standard deviation of ~ 1.0 um (Tab. 3.1), which means

pairwise,cLTP1

that the majority of stimulated spines were located within 2.6-4.6 pum of each other. |
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therefore conclude that the potential confound of normalisation of the number of

stimulated spines is negligible given the homogenous sampling.

In summary, the appropriate choice of the distance measure depends on the
assumptions about the underlying molecular mechanism. | found that most potential
confounds are negligible due to low spatial variation in the stimulation protocol and
analysis of mainly straight dendritic morphologies. However, the distance metric does

not allow definite conclusions on the mechanism of spatial interaction, such as diffusion.

4.4.2. What is the most appropriate way to measure and compare spine size changes?

I have reported postsynaptic results as fractional spine size changes. This was largely due
to experimental constraints. Spine size was estimated by the integrated fluorescence in
the image plane that yielded the maximum value. However, since the dye concentration
is altered during cLTP induction, due to the use of whole-cell patch clamp, | have
normalised fluorescence intensity to the mean fluorescence of the dendritic branch,
which | have assumed to remain structurally unchanged. This normalisation was done
within experiments, rendering the absolute values incomparable across experiments. To
circumvent this limitation, | made the assumption that the basal distribution of spine
sizes do not differ between cells and slices and can thus be used as a means of
normalisation across experiments. | estimated the population distribution independently
for each experiment from mean and variance of measured fluorescence intensity of
measurements of all spines before the induction of cLTP, and have therefore assumed an
underlying normal distribution. The advantage of estimating a normal distribution is the
high accuracy with even low numbers of samples. This allowed me to represent absolute
spine size in units of standard deviation, or Z-score. Using this measure, | showed that
spine structural LTP leads to a constant increase in spine size independent of initial size
(Fig. 4.3E), that postsynaptic heterosynaptic LTD is driven by the intrinsic fluctuation of
spine size (see next section), which is more pronounced in larger spines, and that

presynaptic changes do not correlate with the absolute change in spine size (Fig. 4.7E).

84



However, is the underlying distribution of spine sizes normal? As pointed out in the
introduction, the distribution of synaptic strengths in general is negatively (rightward)
skewed. Indeed, | found that measured spine fluorescence also showed a negative skew,
and was significantly different from the normal distribution (Kolmogorov-Smirnov test)
and should theoretically be accounted for, for example by using a skew normal
distribution. | estimated the magnitude of the potential error by accounting for the skew
using a square-root transformation. This results in an absolute error of roughly 6 % of the
population standard deviation (i.e. Z-score + 0.06) and is therefore negligible given the

scale of the effect size, which is roughly one order of magnitude larger.

4.4.3. What underlies the spatial dynamics of heterosynaptic postsynaptic plasticity?

The most parsimonious explanation for the distance-dependent bi-directional regulation
of postsynaptic strengths is the parallel signalling of two diffusible factors, one exerting
potentiation and the other depression. The differences in their effective diffusion
properties (diffusion, inactivation constants, and reaction kinetics) could then result in
the observed Ricker wavelet shape profile. Evidence for a diffusible potentiating factor
can be seen in the transient increase in all unstimulated spines. In Fig. 4.2B, it is apparent
that proximal spines increase in size immediately after cLTP induction, which is delayed
in very distal (> 7 um) spines, which could reflect a delay due to diffusion. Next, the
probability distribution of spine size changes for proximal and distal spines suggest that
potentiation and depression are mechanistically different. Spine size changes under
resting conditions are roughly normally distributed, and spines undergo constant
morphological changes. The rightward skew in the cumulative distribution of proximal
spines shows that the putative depression factor interferes with the basal variance of
spine size rather than directly and additively depressing the synapse, which would cause
a horizontal translation in the cumulative distribution, as seen in the case of potentiating
spines located more distally (Fig. 4.5C,D). This could make postsynaptic hetLTD state-
dependent, since the magnitude of depression is governed by the intrinsic fluctuation of

the spine. Studies of resting state spine volume dynamics show that the fluctuation (in
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absolute units) scales linearly with spine volume (Yasumatsu et al., 2008). This, then,
predicts that the absolute change in size during hetLTD should correlate with the initial
size.Indeed, | observed a significant negative correlation between the absolute spine size
change and initial spine size for spines located within 3.8 um (Pearson r =-0.330, N = 39,
p < 0.05), which was absent in spines located 3.8-7 um (Pearson r = 0.015, N = 48, n.s.).
Similar results were obtained for an independent dataset (Proximal spines: r =-0.354, N =
35, p =0.05; Distal spines: r =-0.224, N = 40, n.s.; Suppl. Fig. 9.1). | therefore conclude, that
postsynaptic heterosynaptic plasticity is driven by two opposing, diffusible factors with
distinguishable underlying biochemical mechanisms, although this would require

further experimental investigation.

4.4.4. What are the properties of heterosynaptic presynaptic plasticity?

Heterosynaptic presynaptic plasticity was observe for synapses located close to the
stimulated cluster and was restricted to weakening only. Unlike postsynaptic plasticity,
the magnitude of presynaptic LTD was not well predicted by the distance to the
stimulated cluster (Fig. 4.7C). Instead, | found that distance serves a permissive role and
synapses need to be located within some critical distance of roughly 4 pum. The
magnitude of change was, however, strongly negatively correlated with the initial Pr (Fig.
4.7A). In fact, most of the remaining variance in Pr is likely to originate from the
measurement itself, which is described by a binomial sampling process. For a given
binomial probability p, the variance of p in N observation is given by p(1-p)/N. Following
the principle of propagation of uncertainty, the expected variance makes up ~ 50 % of
the observed variance. The coefficient of determination (r’) provides a measure of
variance explained by the linear regression, which was r> = 0.534 and r? = 0.386 for single
and pooled datasets, respectively. For control experiments, the measurement error was
estimated to account for > 70 % of the observed variance. The remaining variance is
probably due to the tendency of high Pr synapses to weaken following sustained
stimulation (see chapter 6 for potential mechanism), which is seen as a slight negative

correlation (Fig. 4.7B). The initial Pr is therefore the main driver of Pr changes.
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Next, | have found that the magnitude or Pr change is correlated with the magnitude in
persistent spine size change of stimulated synapses (Fig. 4.8F). This could either mean
that presynaptic heterosynaptic plasticity is not compensatory in nature, or that spine
structural LTP expression is modulated by presynaptic changes. | therefore predict that in
the first case, selective inhibition of spine structural LTP should enhance presynaptic
weakening, whereas in the second case, selective inhibition of presynaptic weakening

should enhance LTP.

| have also observed slight presynaptic weakening in stimulated spines (Fig. 4.6C). The
lack of an increase in Pr following structural LTP is not surprising and is in line with the
observation that presynaptic LTP requires concomitant stimulation of the presynaptic
terminal (Grover, 1998; Grover & Yan, 1999). The lack of strong presynaptic weakening
might indicate that LTP is able to protect synapses from subsequent homeostatic
changes. However, the interpretation of any presynaptic changes following photolytic
release of glutamate is difficult because it could activate presynaptic receptors in a highly
non-physiological context. Additional electrophysiological experiments would therefore

be needed to make any conclusive statements.

4.4.5. Do pre- and postsynaptic changes match?

Lastly, | found that pre- and postsynaptic heterosynaptic plasticity were only weakly
correlated (Fig. 4.7D,E) however, complete disjunction is unlikely. As pointed out, the
magnitude of pre- and postsynaptic changes are difficult to put in relation and is
dependent on the assumption and definition of overall synaptic strength. | have
therefore used the Spearman correlation coefficient, which is rank-based and does not
require direct proportionality between the measured variables. This, however, led to
conflicting results when | included a second independent dataset. | have done additional

analyses to confirm these observations.

Firstly, both Pearson and Spearman correlation coefficients are not robust against

outliers, which can lead to spurious correlations and inflation of the p-value. | have
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therefore used bootstrapping to estimate confidence intervals of the correlation
coefficient given the specific distribution of my data. Bootstrapping confirmed that the
correlation coefficient is not statistically significant under alpha = 0.05 for both, individual

and pooled datasets.

Next, | considered the theoretical impact of the measured changes on synaptic strength.
The simplest description of synaptic strength is based on a binomial process, where
synaptic weight w = Npq. | will assume that N =1 (see Introduction for rationale). It is easy
to see that a relative change in w is equal to the product of relative changes in p and q.
Converting APr into the relative change instead further reduced the correlation (Pearson
r=0.285, n.s.; Spearman rho =0.261, n.s.) similar to comparisons of absolute changes (Fig.

4.7E).

As | have pointed out, the validity of the units used to represent spine size change
depends on their relationship to the actual increase in postsynaptic strength as
measured for example by an increase in the AMPA receptor conductance. Fractional spine
volume change, by direct measurement of spine head diameter, was reported to be
linearly correlated with a fractional change in AMPA receptor current (Matsuzaki et al.,
2004; Smith et al., 2003; Béique et al., 2006). The relationship between integrated
fluorescence used in this study and actual spine volume is unclear, but it is possible to
consider two extreme cases. The resolution of (2-photon) fluorescence microscopy,
especially the axial resolution, is not enough to completely resolve spines, which are on
the order of 1 um diameter. Differences in the fluorescence intensity on a single optical
plane are therefore not likely to be restricted to changes in area, and could reflect, to
some extent, volume changes as well. In one extreme, single plane integrated
fluorescence intensity would be directly proportional to spine volume and hence
proportional to AMPA receptor current, and a direct comparison with other parameters
would therefore be valid. On the other hand, if the fluorescence intensity perfectly
reflects the cross-sectional area, the fractional change needs to be corrected by a factor

proportional to the square root of the change. This correction would further slightly
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deteriorate the observed correlation (Pearson r = 0.293, p = 0.1). Taking together all
avenues of analysis, and assuming that the actual relationship lies somewhere between
the two bounding cases, | conclude that pre- and postsynaptic heterosynaptic plasticity

are not significantly correlated.

This finding agrees with the idea that pre- and postsynaptic strengths are regulated
independently due to their distinct functional roles. The reported correlations of basal
synaptic strengths might be due to similarities in their regulation at extreme values. For
instance, both high Pr synapses and large spines are known to be more likely to undergo

synaptic weakening, consistent with my current findings.

4.5, Conclusion

Altogether, | have shown that strong stimulation of groups of synapses leads to the
expression of both, pre- and postsynaptic forms of heterosynaptic plasticity. Postsynaptic
strength is regulated in a distance-dependent bi-directional manner whereas
presynaptic strength of synapses located close to stimulated synapses predominantly
weakened. Pre- and postsynaptic changes were only weakly correlated, suggesting the
involvement of partly parallel signalling pathways. These signalling pathways spread
distinctly in space and do not substantially overlap. Next, | sought to investigate the

molecular pathways involved in these heterosynaptic changes.
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5. Molecular mechanism of pre- and postsynaptic
heterosynaptic plasticity

5.1. Introduction

Virtually all molecular pathways involved in the induction of synaptic plasticity converge
onto the activation of Ca?*-dependent kinase/phosphatase signalling pathways (Malenka
& Bear, 2004). In particular, activation of CaMKIl and calcineurin/PP1 are linked to the
expression of LTP and LTD, respectively (Malenka & Bear, 2004). Importantly, differences
in the kinetics and spatial distribution of these signalling molecules are thought to
implement distinct biochemical computations (Nishiyama & Yasuda, 2015; Fujii et al.,
2013). Heterosynaptic plasticity requires the spatial diffusion of signalling molecules.
Recent studies show that stimulation of single synapses leads to the activation and
diffusion of various signalling molecules involved in mediating LTP and LTD. Specifically,
calcineurin has been heavily implicated in the spatial spread of LTD (Oh et al., 2015;
Wiegert & Oertner, 2013) and activated calcineurin has been shown to diffuse into
neighbouring spines at comparatively high concentration (Fuijii et al., 2013). Additionally,
heterosynaptic LTD in pyramidal neurones of the visual cortex was shown to require the
immediately early gene Arc (El-Boustani et al., 2018), which is a known homeostatic
regulator of synaptic plasticity (Shepherd & Bear, 2011). Lastly, competition for cell-
adhesion proteins, such as N-Cadherin-B-catenin complexes can lead to local synaptic
competition and pruning of inactive spines (Bian et al., 2015). In contrast, the molecular
mechanism of a spatial spread in LTP is less well studied. Induction of spine structural LTP
was shown to facilitate LTP at neighbouring spines, which required CaMKIl-dependent
activation of h-Ras, a known regulator of actin dynamics, which is able to diffuse along
the dendrite and invade neighbouring spines (Harvey & Svoboda, 2007; Harvey et al.,
2008). Similarly, the small GTPases RhoA and Racl were also found to invade
neighbouring spines following LTP induction, and facilitated subsequent LTP induction
(Murakoshi et al., 2011; Hedrick et al., 2016). Apart from diffusional spread of signals,

protein synthesis-dependent mechanisms have been suggested (Govindarajan et al.,
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2011). These, however, are likely to act on longer time-scales.

Presynaptic heterosynaptic plasticity necessitates a retrograde messenger. This can either
be a diffusible molecule that acts directly on the presynaptic terminal or a form of
matching driven by concurrent postsynaptic changes. Promising diffusible retrograde
messengers include NO, which is strongly implicated in mediating presynaptic LTP, but
was also shown to be necessary for heterosynaptic compensatory plasticity at neocortical
synapses (Volgushev et al., 2000; Lee et al. 2012), eCBs, which mediate heterosynaptic LTD
at inhibitory synapses in the hippocampus (Castillo et al., 2012; Heifets & Castillo, 2009;
Kano et al,, 2009), and BDNF with its precursor pro-BDNF (Leal et al., 2015; Lu et al., 2014;
Lu, 2003). In addition, proteolytic cleavage of postsynaptic cell-adhesion proteins, such as
neuroligin-1 has been shown to regulate presynaptic strength (Peixoto et al., 2012).
Cleavage of neuroligin-1 leads to a decrease in presynaptic strength, likely via a decrease
in Pr, which was due to the destabilisation of presynaptic neurexins. This process was
shown to be dependent on NMDARs and MMP-9, both of which are activated during in
spine structural LTP. Interestingly, cleavage of neuroligin-1 was not confined to the
stimulated synapse, but was also observed at neighbouring synapses, which could lead

to novel heterosynaptic interactions.

To tease apart the mechanisms of the bidirectional postsynaptic heterosynaptic
plasticity, | have investigated the roles of CaMKIl, and calcineurin pharmacologically, both
of which are known to be activated rapidly following stimulation. | hypothesised that the
bi-directional changes can be explained by the spatial diffusion of two “plasticity factors’,
one potentiating and the other depressing, dependent on CaMKIl and calcineurin
signalling, respectively. The observed distance-dependency then arises from differences
in the effective diffusion coefficient and the rate of activation of and interaction between
these factors. | therefore predicted that selectively blocking one of the factors will (1)
facilitate the effect of the opposing factor and (2) reveal the underlying diffusion
properties, which should follow distinct dynamics. In addition, it was important to

determine if the decrease in presynaptic strength is the result of a parallel signalling
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pathway with its own biochemical computation or the consequence of postsynaptic
weakening and subsequent “matching” of synaptic strengths. Given the evidence of weak
correlation between pre- and postsynaptic changes, | predicted that the respective
signalling cascades are pharmacologically dissociable at an early stage. | have next
determined the retrograde messenger for presynaptic weakening using pharmacological
means. Specifically, | have tested the hypothesis that NO acts as a postsynaptic signal for
strong local depolarisation, which can bi-directionally regulate presynaptic strength in a

state-dependent manner.

5.2. Results

5.2.1. Pre- and postsynaptic heterosynaptic plasticity requires activation of NMDA

receptors

The previous experiments suggest that both, pre- and postsynaptic heterosynaptic
plasticity, are triggered by synaptic activity of adjacent synapses. Additionally, concurrent
strong postsynaptic depolarisation is necessary, either in the form of cell-wide
depolarisation or strong local cooperative synaptic input. This suggests the involvement
of a coincident detector for both glutamate release and depolarisation, the best
candidate of which is the NMDAR. Moreover, NMDAR-dependent Ca**-influx is known to
initiate various downstream signalling pathways that lead to the heterosynaptic spread
of plasticity-related proteins, as well as the synthesis of retrograde messengers, such as
NO. To study the involvement of NMDARs, | locally applied the antagonist AP5 in
combination with MNI-glutamate (500 uM AP5 + 10 uM MNI-Glutamate, locally perfused)
during the induction of cLTP. This transiently blocked NMDARs during cLTP induction
while preventing any interference with the detection of EPSCaTs, which are largely
dependent on NMDAR-dependent Ca?*-influx (Padamsey et al., 2019). Photolysis-evoked
postsynaptic Ca?*-transients were markedly smaller compared to control, even though
the laser power was set to the higher end used during vehicle conditions, indicating that

NMDARs were sufficiently blocked (Fig. 5.1D). The residual Ca?*-signal is likely due to the
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Fig. 5.1: Homo- and heterosynaptic plasticity require activation of NMDA
receptors. NMDARs were blocked by locally applying 500 uM AP5 during cLTP
induction. (Ai) Spine size changes of stimulated and unstimulated spines. cLTP was
induced at t = 0 min. Both, homo- and heterosynaptic spine size changes were
abolished AV, o =44 £81%; AV, . =29 £ 5.6 %, respectively, N = 5). (Aii)
Spine size changes of unstimulated spines, grouped by distance. (Aiii) Spine size
changes of unstimulated spine in 2 um bins. (B) Spine size changes of all spines
analysed shown with respect to distance (Pearson r = 0.063, N = 22 spines, n.s.). (C)
Pr of unstimulated synapses located close to the stimulated cluster (< 4 um). No
presynaptic LTD was observed. (D) Local application of AP5 decreased uncaging-
evoked spine Ca**-transients (CTRL: 0.678 + 0.092 AF/F; AP5:0.239 + 0.077).

opening of VGCCs (Padamsey et al., 2017a).

Homosynaptic and heterosynaptic structural changes were completely abolished by the
application of AP5 (Stimulated: AV = 4.4 + 8.1 %; Unstimulated: 2.9 + 5.6 %; N = 5, Fig.
5.1A). No bi-directional distance-dependent postsynaptic changes were observed (Fig.
5.1Aiii,B). Likewise, presynaptic strength of neighbouring synapses remained stable after
CLTP induction (APr = 0.026 = 0.056, Fig. 5.1C). Thus, heterosynaptic plasticity requires

NMDAR-dependent signalling.
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5.2.2. Presynaptic hetLTD requires activation of CaMKIl, whereas postsynaptic

changes are driven by parallel signalling pathways involving calcineurin and CaMKII

Next, | examined the role of CaMKIl and calcineurin. The vehicle control showed similar
postsynaptic changes compared to the experiments shown in Chapter 4, with robust

homosynaptic structural LTP (AV =42.5+5.1 %, N =19), transient increase in size of

30-45min

unstimulated spines immediately after induction (AV, = 14.6 + 3.3 %), and the

10mi

distance-dependent bi-directional changes (inversion point: 2.8 pm, maximum

correlation: 6.5 um, Suppl. Fig. 9.1; spines < 2.8 um: AV =-15.5 + 4.7 %; 2.8-6.5 um:

30-45min
AV, pormin =114 %57 %; > 6.5 um: 5.9 + 3.1 %); Fig. 5.2A). However, the spread in structural
LTP at distant spines was much more pronounced and reached as far as 15 um from the
stimulated cluster. There was no detectable difference in the magnitude of stimulation or
fraction of enlarged spines immediately after induction (63.2 + 4.5 %, n.s.). Most
experiments showed robust presynaptic weakening (APr=-0.29 + 0.04, N = 20, Fig. 5.3A),
with similarly strong dependence on the initial Pr (Pearson r = -0.546, p < 0.05, Fig. 5.3D)
and weak correlation with spine size change (Pearson r = 0.170, n.s., Fig. 5.3G). Bath
application of 10 uM KN62, an inhibitor of CaMKIl, blocked structural LTP of stimulated

spinesin 7 out of 10 experiments (AV =6.4+9.2%,N=10,p <0.01,Fig.5.2B).In 3/10

30-45min
experiments, | observed strong and robust structural LTP contrary to expectations based
on the known role of CaMKIl. A potential explanation is the low solubility of KN62 in
water, which could lead to lower than expected concentrations (see Methods).

Unstimulated spines showed no change in size (AV =-3.6 £ 2.3 %). When analysed

30-45min
with respect to distance, proximal spines decreased in size as expected, however, the

slight enlargement of spines located more distally was completely abolished (< 2.8 um:

AV =-10.6 £ 8.2 %; 2.8-6.5 ym: AV

30-45min

=-6.9 £5.6 %; > 6.5 pm: AV =-3.1+£3.2

30-45min 30-45min

%; Fig. 5.2Biii). Thus, postsynaptic heterosynaptic weakening does not require the
maintenance of homosynaptic LTP and appears to be dissociable from the signalling
pathway for homosynaptic LTP downstream of the NMDARs. Furthermore, the spread in

structural LTP seems to rely on CaMKIl-dependent signalling. Presynaptically, the
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Fig. 5.2: CaMKIl is required for postsynaptic heterosynaptic LTP whereas
calcineurin is required for postsynaptic heterosynaptic LTD. (Ai) Spine size
changes of stimulated and unstimulated spines. Robust persistent spine
enlargement of stimulated spines (AV,) o = 42.5 £ 5.1 %, N =19) and transient
enlargement of unstimulated spines (AV,,.., = 14.6 = 3.3 %) were observed. (Aii)
Spine size changes of unstimulated spines, grouped by distance (< 2.8 ym: AV, .
= -15.5 £ 47 %; 2.8-6.5 pm: AV, ,. =114 £ 57 %; > 6.5 pm: 5.9 3.1 %). The
distance range for heterosynaptic LTD was found to be shorter (6.5 um). Robust
spine shrinkage of proximal spines was observed, however, the spread of spine
enlargement was more substantial compared to experiments in Chapter 4. (Aiii)
Spine size changes of unstimulated spine, grouped in 2 pm bins. (Bi-iii) CaMKII
signalling was blocked by bath application of 10 uM KN62. The expression of homo-
and heterosynaptic LTP but not LTD was abolished (N = 7, stimulated: AV, 4o =64
+92%; <2.8um:AV, . =-10.6+82%;2865um:AV, ,  =-6.9+56%; >6.5
um: AV, .= -3.1 + 3.2 %). (Ci-iii) Calcineurin signalling was blocked via bath
application of 2 uM FK-506. Heterosynaptic shrinkage of proximal spines was
completely abolished and spine enlargement was observed instead (N = 8, < 2.8
UM AV, . =247 +8.8%; 2.8-6.5 um: AV, =17.7 £ 83 %; > 65 um: AV, ,
= 6.6 £ 4.9 %). Homosynaptic LTP remained unchanged (AV,, yoin =404 £ 4.3 %, N
= 8). Statistical comparisons are shown in Fig. 5.4. Error bars represent SEM.
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Fig. 5.3: CaMKII, but not calcineurin is required for presynaptic heterosynaptic
LTD. (A-C) Pr before and 30 min after the induction of cLTP of unstimulated synapse
located close to the stimulated cluster (< 4 um) of vehicle control experiments (A),
experiments with 10 uM KN62 (B), and 2 uM FK-506 (C). CaMKIl inhibition abolishes
presynaptic weakening. (D-F) Pr changes in relation to initial Pr. Strong correlations
were observed for control and FK-506 experiments (cLTP: Pearson r = 0.546, N = 20,
p < 0.05; KN62: r =-0.531, N = 10, n.s.; FK-506: r = 0.89, N = 9, p < 0.01). (G-H) Pr
changes in relation to spine size changes. Pre- and postsynaptic changes were not
correlated (cLTP:r=0.170,N =19, n.s.; KN62: r = 0.245, N = 10, n.s.; FK-506: r = 0.045,

N =9, n.s.).

heterosynaptic decrease in Pr was completely blocked by KN62 (APr=-0.11+0.06, N=10,

all spines located within 3 um, Fig. 5.3B) except for one outlier. This indicates that

presynaptic heterosynaptic LTD requires either the stable expression and maintenance of

homosynaptic LTP or a direct involvement of CaMKIl. These two options are, of course,

not mutually exclusive.
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Next, | blocked calcineurin by bath application of 2 uM FK-506 (Fig. 5.2C). Homosynaptic
spine structural LTP was expressed in 61.7 + 4.1 % of stimulated spine and did not differ

in magnitude (AV =404 £ 43 %, N = 8, n.s. vs vehicle). The previously transient

30-45min

enlargement of unstimulated spines was more pronounced (AV. =245+ 23 %, p <

Omi
0.05) and remained slightly elevated throughout the course of the experiment, although

not significant (AV =112 + 4.6 %, n.s.). This increase showed mild distance-

30-45min
dependency, in which proximal spines were slightly more potentiated than distant spines
(Pearson r = -0.355, p = 0.07, Fig. 5.2Ciii). FK-506 failed to block presynaptic weakening
(APr=-0.36 = 0.05, N =9, all spines located within 3 um, Fig. 5.3C) which speaks against
the “matching” hypothesis, in which a postsynaptic change drives an appropriate
presynaptic adjustment. Consistently, presynaptic LTP was strongly correlated with the
initial Pr (Pearson r = 0.89, p < 0.01, Fig. 5.3F), but was completely independent of the
magnitude of spine size change (Pearson r = 0.045, n.s., Fig. 5.3K). The overall magnitude
of presynaptic changes was not significantly different from the control condition,

indicating that presynaptic LTD does not homeostatically compensate for altered

postsynaptic plasticity.

The results are summarised in Fig. 5.4 (test for statistical significance additionally includes
the dataset of Fig. 5.5 and was corrected for multiple comparison; Kruskal-Wallis H-test
with post hoc Dunn’s test). There is clear pharmacological dissociation between pre- and
postsynaptic heterosynaptic plasticity, and these long-term modifications can be
expressed and maintained independently. Presynaptic plasticity requires an
independent signalling pathway downstream of the NMDAR and the production of a
retrograde signal caused directly by the synaptic stimulation. In the postsynaptic case,
pharmacological blockade of kinase and phosphatase pathways further consolidate
spatial diffusion as the fundamental basis of biochemical computation. As predicted,
inhibition of these putative factors facilitated the effect of the opposing factor and
revealed underlying diffusive properties. Next, | focused on identifying the retrograde

messenger in play.
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Fig. 5.4: Summary of statistical comparisons. Statistical comparison includes
experiments shown in Fig. 5.5. (A) Comparison of heterosynaptic spine size changes
for proximal (< 2.8 um), distal (2.8-6.5 um), and more distant spines (> 6.5 um).
Inhibition of calcineurin completely abolished spine shrinkage and unmasked
persistent enlargement of proximal spines. Inhibition of CaMKIl did not affect
shrinkage of proximal spines but abolished the spread of spine structural LTP. (B)
Comparison of heterosynaptic Pr changes for spine located within 4 um of the
stimulated spine cluster. Inhibition of CaMKIl, but not calcineurin completely
abolished presynaptic weakening. Data points were compared using Kruskal-Wallis
H-test with post hoc Dunn'’s test. Significance indicates comparison with cLTP group.

5.2.3. Nitric oxide is the retrograde messenger for presynaptic heterosynaptic LTD

The experimental paradigm used in this study completely circumvents the activation of
the presynaptic terminal and any presynaptic changes therefore necessitate a retrograde
messenger. Based on the findings so far, production of the retrograde messenger is likely
to depend on NMDAR signalling, interacts with CaMKIl signalling either upstream or
downstream, and is highly diffusible. Any one of a range of known candidate molecules
fulfil these requirements. In particular, NO production and release has been shown to
depend on strong local depolarisation (Padamsey et al., 2017a), and NMDAR signalling
and CaMKIl both modulate and are modulated by NO signalling (Hardingham et al.,
2013). NO is also implicated in both, (homosynaptic) presynaptic LTP (Padamsey et al.,
2017a) and LTD (Stanton et al., 2003). Here, | hypothesised that strong local activity leads
to the production and release of large amounts of NO, which due to its gaseous nature,

can diffuse to neighbouring presynaptic terminals to elicit presynaptic weakening.

NO production was blocked by bath application of 100 uM L-NAME, a selective inhibitor
of NOS. This completely abolished heterosynaptic presynaptic LTD (APr =-0.02 + 0.06, N
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Fig. 5.5: Nitric oxide is the retrograde messenger for heterosynaptic
presynaptic weakening. NO signalling was blocked by bath application of 100 uM
L-NAME, a NOS inhibitor (A) or postsynaptic intracellular loading of 1T mM cPTIO, a
NO scavenger (B). (Ai) Spine size changes of stimulated (AV,, 4oin =536 £9.5%, N =
8) and unstimulated spines AV, ..=11.7£14%,4AV, . . =7.7+2.7%).(Aii) Spine
size changes of unstimulated spines, grouped by distance (< 2.8 um: AV, . = -
14.3 £ 4.7 %; 2.8-6.5 um: AV, =203 6.9 %; > 6.5 um: 11.7 = 4.0 %). (Aiii) Spine
size changes of unstimulated spine, grouped in 2 um bins. Inhibition of NO
production did not affect spine size changes of either stimulated or unstimulated
spines. (Bi-iii) Postsynaptic scavenging of NO did not affect homosynaptic spine
structural LTP (AV,, 4o =392 £ 6.2 %, N = 4) but abolished heterosynaptic spine
size changes. (C) Pr before and 30 min after the induction cLTP. Both L-NAME
(spheres) and cPTIO (triangles) abolished heterosynaptic presynaptic weakening.
(D) Summary of spine size changes. Spine size changes were not significantly
different when NOS was inhibited. The number of experiments with cPTIO was not
sufficient for statistical comparison. (E) Summary of presynaptic changes (cLTP: APr
=-0.29 + 0.04, L-NAME: APr =-0.02 £ 0.06, N =8, p < 0.01, cPTIO: APr =0.05 + 0.05).
L-NAME and cPTIO significantly abolished presynaptic weakening. Error bars
represent SEM. Statistical significance was tested using Kruskal-Wallis H-test and
post hoc Dunn’s test and comparisons were done with the cLTP group.
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=8, p <0.01, Fig. 5.5C,E). Similarly, application of the NO scavenger carboxy-PTIO (cPTIO)
inside the postsynaptic cell prevented cLTP-induced presynaptic weakening (APr=0.05 +
0.05, N =4), suggesting that NO is produced postsynaptically. In contrast, L-NAME did not

affect cLTP induction and expression (AV = 53.6 =+ 9.5 %, N = 8), the transient

30-45min

increase in spine size immediately after induction (AV omin = 11.7 £ 1.4 %), or the distance-

1
dependent bi-directional regulation of spine size (Fig. 5.5A,D). In fact, the fraction of
stimulated spines expressing stable structural LTP was significantly larger when NO

production was inhibited (77.4 £ 4.5 % of spines with AV, > 20 %, p < 0.05 vs. vehicle).

0-45min
Curiously, however, intracellular cPTIO completely blocked the expression of
heterosynaptic spine size changes (Fig. 5.5B), the explanation of which is unclear (see
Discussion). Taken together, presynaptic heterosynaptic weakening depends on

postsynaptic production followed by retrograde diffusion of NO.

5.2.4. Heterosynaptic plasticity via electrical stimulation is expressed presynaptically

and requires NO signalling

Experiments so far relied on an exogenous source of glutamate to activate synapses.
Although glutamate photolysis was titrated with respect to physiological postsynaptic
Ca**-responses, the spatiotemporal properties of the release mechanism itself might
differ substantially. This could lead to potential confounds such as spill-over glutamate
and excessive stimulation. Indeed, the strength of the photolysis pulse was purposely
adjusted to be marginally lower than the physiological response in order to prevent
excitotoxicity, which was sometimes observed as sustained elevation in intracellular Ca**-
concentration following cLTP induction. Moreover, the lack of presynaptic activity at
stimulated synapses made it difficult to assess potential presynaptic changes at these
synapses. Lastly, although synaptic properties in organotypic slices are thought to be
comparable to age-matched acute slices, there are considerable deviations in

connectivity, synapse density, and the basal distribution of Pr.

In order to study heterosynaptic plasticity in a more physiological context, | devised an
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setup. Contd on next page.
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electrophysiological paradigm to mimic the optical setup in acute slice preparation,
specifically the close spatial proximity of stimulated and unstimulated synapses. Fig. 5.6A
shows the experimental setup: Along individual stretches of dendrites, identified by an
intracellular fluorescent dye (AF488), | positioned two stimulation electrodes (SE) 10 - 40
pum apart in order to stimulate sets of synapses located close to each other. | used a cross-
facilitation test to ensure the stimulation of independent pathways (see Methods 3.2.11.).
linduced LTP in one pathway by pairing presynaptic stimulation with strong postsynaptic
depolarisation via current injection, which elicited bursts of action potentials, 60 times at
5 Hz, a robust protocol used previously in our lab (Padamsey et al., 2017a). | then

examined changes in the unstimulated pathway.

Induction of LTP led to an increase in the EPSP slope of the stimulated pathway (AEPSP =
949 + 13.1 %, N = 7, Fig. 5.6B) and a decrease in PPR (APPR =-0.203 + 0.032, Fig. 5.6C),
which was stable for at least 30 min, consistent with our previous findings (Padamsey et
al.,, 2017a). This indicates a presynaptic expression locus. Conversely, the unstimulated
pathway showed mild depression of the EPSP with an increase in PPR (AEPSP =-19.1 +

15.4 %, APPR = 0.307 * 0.092). Heterosynaptic PPR changes were correlated with the

Fig. 5.6 cont’d (B) Induction of spike timing-dependent LTP led to long-lasting
increase in the EPSP slope of the stimulated pathway (“Homosynaptic”) and
decrease in the EPSP slope of the unstimulated pathway (“Heterosynaptic”).
Example traces illustrate the average EPSP waveform before LTP induction and
during the last 5 min of the recording of the stimulated (black) and unstimulated
(red) pathway. (C) PPR before and after the induction of LTP. The stimulated pathway
showed a significant decrease of the PPR (Wilcoxon signed-rank test). Conversely,
the PPR increased in the unstimulated pathway. (D) Bath application of 100 uM L-
NAME abolished heterosynaptic LTD, but did not affect the magnitude of
homosynaptic LTP. Spread of LTP was unmasked in the unstimulated pathway. (E)
PPR changes of both, stimulated and unstimulated pathways, were abolished. (F)
Summary of EPSP slope changes. (G) Summary of PPR changes. Statistical
significance assessed using Mann-Whitney U test.
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Fig. 5.7: Heterosynaptic plasticity in acute slices is predominantly presynaptic.
(A) PPR changes in relation to the initial PPR. PPR changes of the stimulated
pathway were independent of the initial PPR (Pearson r = 0.136, N = 7, n.s.).
Heterosynaptic PPR changes showed moderate correlation, which was however not
significant (r =-0.576, N = 7, n.s.). (B) PPR changes in relation to spine size changes.
A strong correlation can be observed between PPR and spine size changes for the
unstimulated pathway (r = -0.842, N = 7, p < 0.05), but not for the stimulated
pathway (r=0.373,N=7,n.s.).

initial PPR, although not statistically significant (Pearson r = -0.576, n.s., Fig. 5.7A).
Furthermore, the change in PPR was strongly correlated with the fractional change of the
EPSP (Pearson r = -0.842, p < 0.05, Fig. 5.7B), which suggests that, under this paradigm,
electrically induced heterosynaptic plasticity was mainly expressed as a decrease in
release probability. In contrast, these correlations were substantially weaker for the
homosynaptic pathway (Pearson r = 0.136, r = 0.373, respectively, n.s.), consistent with a
concomitant postsynaptic expression locus. Inhibition of NOS via bath application of 100
UM L-NAME abolished the presynaptic changes of homosynaptic LTP (APPR = -0.029 +
0.052, N =7, p < 0.05, Fig. 5.6E), consistent with recent findings from our lab (Padamsey
etal.,, 2017a, see also Chapter 7), however, it did not affect the increase of the EPSP (AEPSP
= 120.6 + 30.7 %, n.s., Fig. 5.6D). The heterosynaptic increase in PPR was completely
abolished and a moderately strong and stable potentiation of the EPSP was unmasked

(AEPSP = 56.0 = 12.3 %, APPR = 0.020 + 0.036, p < 0.05). NO signalling therefore
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orchestrates both potentiation and depression of presynaptic strength in a context-

dependent manner.

5.3. Discussion

| have shown, using pharmacological means, that the heterosynaptic bi-directional
regulation of postsynaptic strengths depends on competing signalling pathways
mediated by calcineurin and CaMKII. | was able to isolate potentiation and depression by
inhibition of either calcineurin or CaMKIl, respectively. My results also show that
inhibition of NO production or diffusion blocks presynaptic heterosynaptic weakening. In
addition, presynaptic weakening requires the activation of CaMKII. Blockade of NMDAR

function completely abolished all hetero- or homosynaptic changes.

| collected an independent dataset for the vehicle control, which reproduced most
findings reported in chapter 4. However, a major difference was the more pronounced
spread of spine enlargement, albeit weak in magnitude, which was apparent for most of
the observable segment of dendrite. Moreover, unstimulated spines increased in size
immediately after cLTP induction and, on average, this increase was stronger than in the
previous dataset. There were no significant differences in stimulation strength, the
number or spatial arrangement of the stimulated spines, or the fraction of spines
expressing stable LTP. The exact cause is therefore unclear. Differences in slice culture
conditions or technical improvements might be possible explanations. | saw additional
minor differences in the distance range obtained for clustering proximal and distal
spines, which was sharper and therefore spanned a shorter distance (however, no
qualitative difference was observed when using the distance range from chapter 4). In
addition, spine size shrinkage in proximal spines was not distance-dependent (Suppl. Fig.
9.1B), unlike in the first dataset, which might reflect slightly altered experimental

conditions, likely differences in glutamate photolysis.
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5.3.1. What is the role of CaMKIl and calcineurin signalling?

Stimulated synapses

| blocked CaMKII and calcineurin signalling pharmacologically by bath application of
KN62 and FK-506, respectively. It is well-established that spine structural LTP requires the
activation of CaMKIl (Matsuzaki et al., 2004; Lee et al., 2009). Inhibition of CaMKIl has been
shown to partially or completely block the sustained phase of spine structural LTP (> 30
min), without affecting the initial transient increase (Matsuzaki et al., 2004; Lee et al.,
2009). The reported incomplete block of sustained structural enlargement in the
literature could be partially due to uncertainties of the concentration of KN62 when
dissolved in aqueous solution. 3/10 of my experiments showed unimpaired structural LTP.
In some experiments, | could see slight precipitation in the extracellular solution, which
might have lowered the drug concentration. These experiments were discarded. Next, in
my experiments, CaMKIl inhibition diminished the transient and completely blocked the
sustained phase of structural LTP (Fig. 5.2Bi). The diminished transient increase might
reflect differences in the induction protocol | have used for spine structural LTP.
Conventionally, structural LTP is induced in extracellular solution containing low
concentration of Mg?* in order to facilitate NMDAR function. This protocol leads to strong
transient increase in spine size followed by rapid decay and stabilisation (Matsuzaki et al.,
2004). This was not the case in my experiments, in which | directly depolarised the
postsynaptic neurone via whole-cell patch clamp instead. Spine size increase was
maximal at around 5 min after induction, but did not decay substantially and only slowly
towards the end of the experiment. This is consistent with other studies using
depolarisation as means of facilitating NMDAR function (Harvey & Svoboda, 2007; Tanaka
et al, 2008). The main difference between these induction protocols is the
electrochemical drive of Ca?*-influx, which is theoretically stronger in the case of low
extracellular Mg?, as the neurone is more hyperpolarised. Additionally, sustained
depolarisation of the postsynaptic neurone via the patch pipette will prevent the

initiation of dendritic spiking and can additionally lead to inactivation of voltage-gated
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channels, such as L-type VGCCs, which might contribute to the initial increase in spine
size. The degree of depolarisation using whole-cell patch clamp depends on the quality
of the space clamp, which in turn is determined by the access conductance. The average
access conductance during cLTP induction was Ga = 45.86 + 2.56 nS and the distance of
the stimulated cluster from the cell body was roughly 120 + 10 pum. | have not, however,
directly tested the degree of space clamp, for instance by examining the amplitude of
electrically evoked EPSCs compared to resting membrane potential. | therefore cannot

exclude the contamination of local dendritic spiking.

On the other hand, inhibition of calcineurin is generally thought to enhance LTP
(Baumgartel & Mansuy, 2012). My results show no indication of facilitation, such as
differences in the overall magnitude of spine structural LTP or the fraction of spines that
remained enlarged by the end of the experiment. This is in line with other studies
examining the role of calcineurin in spine structural LTP (Oh et al. 2015; Wiegert &
Oertner, 2013; Hayama et al., 2013). Moreover, there is no cross-talk between CaMKIl and
calcineurin activation, as FK-506 does not affect the magnitude of CaMKIl activation (Fujii
et al., 2013). A potential explanation could be that calcineurin exerts its inhibitory drive
on the threshold for LTP induction rather than directly competing with its expression.
Indeed, electrophysiological studies have shown that pharmacological or genetic
blockade of calcineurin signalling lowers the threshold for LTP induction (Zeng et al.,
2001; Malleret et al., 2001). Consequently, this implies saturation of the intensity of the
induction protocol | have used in my study, which agrees with my observation that the
protocol is prone to over-excitation leading to excitotoxicity. FK-506 was shown to also
increase the baseline activity of CaMKIl (Fujii et al., 2013), which could affect the
propensity towards plasticity events. Since all measures of spine size in my study were
normalised, a difference in the basal condition cannot be easily detected. If, for instance,
an increase in basal CaMKII activity raises the mean initial spine size, and assuming that
spine size is bounded on both sides, a difference in the variance of the basal distribution

should be detectable. Calculating the coefficient of variation, o/u, which is scale invariant,
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| found no differences across all conditions (Tab. 3.1). This could suggest that the basal
spine size distribution might not differ. This would also further justify the normalisation

procedure as a means of comparing across experiments.

Blockade of heterosynaptic LTD by FK-506 did not further enhance homosynaptic LTP
(Fig. 5.2Ci). This might suggest that the induction of LTP could protect synapses from the
depression signal mediated by calcineurin and that the two signalling pathways are not

independent from each other. This would require further experimental investigation.

Unstimulated synapses

My results show that the bi-directional heterosynaptic regulation of spine size is
regulated by two parallel signalling pathways, which are pharmacologically dissociable
via inhibition of CaMKIl and calcineurin. The dissociation should, in theory, allow me to
make inferences on the underlying molecular mechanisms and diffusion properties.
Inhibition of calcineurin revealed a potentiation signal, very likely dependent on
molecules downstream of CaMKIl, as CaMKIl completely abolished heterosynaptic spread
of LTP. The potentiation was however not distance-dependent. As discussed in chapter 4,
assumptions imposed on by the distance metric strongly affect the biological
interpretation. When | used the distance to the closest stimulated spine instead, | found a
strong negative correlation between distance and sustained spine size increase (spines
located 0-5 pum from closest stimulated spine: Pearson r = -0.326, p < 0.05, empirical
confidence intervals under alpha=0.05 [-0.557, -0.078]). Most parsimoniously, this
suggests that the potentiation signal originates from the stimulated spines, diffuses into
the dendrite and is rapidly inactivated. This could explain why the distance range of
strongest heterosynaptic spine enlargement corresponds to the distance to the edge of
the stimulated cluster, as these spines should experience the strongest potentiating

signal relative to a depressing signal.

On the other hand, inhibition of CaMKIl revealed that the depression signal, which

involves calcineurin, is unlikely to be strongly distance-dependent (Fig. 5.2Biii), however,
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the low sample number and effect size make it difficult to come to concrete conclusions.
Consistent with my previous results, absolute spine size changes of proximal spines,
including the stimulated spines, under CaMKIl inhibition were negatively correlated with
the initial spine size (spine < 6.5 um: Pearson r = -0.525, N = 93, p < 0.05) unlike the
potentiation in FK-506 (Pearson r = -0.066, N = 120, n.s.) again suggesting mechanistic
differences and state-dependent LTD. Interestingly, the transient increase in spine size
following cLTP induction was still observed under CaMKIl inhibition, albeit weaker in
magnitude. This could either indicate incomplete CaMKIl blockade or a CaMKII
independent mechanism. Calcineurin inhibition did not further increase the transient

enlargement.
5.3.2. What are the spatiotemporal properties of calcineurin and CaMKIl signalling?

The activation of both CaMKIl and calcineurin following glutamate photolysis have been
studied using Forster resonance energy transfer (FRET) probes (Fujii et al., 2013; Lee et al.,
2009; Takao et al., 2005). CaMKIl activation is highly supralinear with respect to
stimulation frequency and number and spatially restricted to the spine head due to fast
inactivation constant (Fujii et al., 2013). Moreover, postsynaptic depolarisation alone can
activate a potentially distinct pool of CaMKIl in spines via L-VGCCs and the dendritic shaft
via mainly non L-type VGCCs (Lee et al., 2009). In contrast, calcineurin activation is
sublinear and independent of stimulation frequency and not restricted to the stimulated
spine, although a precise quantification of the diffusion properties is lacking. According
to the study by Fujii and colleagues, high-frequency (20 Hz) but not low-frequency (5 Hz)
stimulation of a single spine led to detectable activated of calcineurin up to 3-4 um from

the stimulation site.

The biochemical signalling network that leads to the activation of calcineurin and CaMKII
is highly interwoven as both require the binding of calmodulin. Theoretical studies have
shown that competition between CaMKIl and calcineurin for calmodulin can lead to bi-

phasic activation profiles dominated by either CaMKIl or calcineurin (Romano et al., 2017;
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Li et al.,, 2012), and thus the expression of LTP or LTD. Interestingly, studies have shown
changes in the sub-cellular localisation of CaMKIl and calcineurin following strong
stimulation (Penny & Gold, 2018). Under basal, naive conditions, calcineurin is closely
anchored to NMDAR Ca**-microdomains through the interaction with AKAP proteins.
Upon stimulation, calcineurin is relocated into the cytoplasm followed by the recruitment
of activated CaMKIl. Under this framework, spatial proximity to the postsynaptic density
might determine the dominating signalling cascade. Moreover, activated calcineurin
released into the cytoplasm enables it to diffuse into the dendritic branch and influence

neighbouring synapses.

My results suggest that the potentiating signal is CaMKIl and NMDAR-dependent and
diffuses from the stimulated spines and therefore distinct from the CaMKIl subset
activated by depolarisation alone. Activation of CaMKIl via L-VGCCs can further be
excluded due to the quick inactivation of L-VGCC at depolarised membrane potentials.
The spatial spread of active calcineurin agrees with the spread in heterosynaptic spine
shrinkage in my experiments, which was restricted to 2-3 um. In addition, the recruitment
of activated CaMKIl and dissociation of calcineurin from the postsynaptic density might
explain the protection of stimulated spines against spine shrinkage. Since CaMKII does
not invade the dendritic branch (Fujii et al., 2013; Lee et al., 2009), the diffusible

potentiating signal must lie downstream of CaMKII signalling.

5.3.3. What are the downstream signalling pathways engaged by calcineurin and

CaMKII?

The role of calcineurin in LTD is well established (Baumgartel & Mansuy, 2012).
Calcineurin was shown to dephosphorylate Ser845 of GluA1, which leads to AMPA
receptor internalisation. Furthermore, calcineurin and its downstream target striatal
enriched protein phosphatase (STEP) were shown to regulate NMDAR number and
subunit composition (Pelkey et al., 2012; Braithwaite et al., 2006). Calcineurin has also

been shown to dephosphorylate cofilin, an important regulator of actin polymerisation
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(Zhou et al, 2004; Wang et al, 2005b; Kurz et al, 2008; Hayama et al, 2013).
Dephosphorylation of cofilin leads to destabilisation of the actin network and ultimately
spine shrinkage. Interestingly, this pathway has been implicated in spine loss during
epileptic seizure, which could present an exacerbated condition compared to strong
coordinated activity (Kurz et al., 2008). Inhibition of cofilin phosphorylation leads to
increased spontaneous spine shrinkage (Zhou et al., 2004), which is consistent with my
observation of a negative skew in spine size changes of proximal spines. It is therefore
likely that heterosynaptic postsynaptic LTD is mediated by calcineurin-dependent

dephosphorylation of cofilin and depolymerisation of actin bundles.

The downstream signalling network of CaMKIl has been extensively studied and
comprises a vast network of substrates. Of particular interest are small GTPases, such as
H-Ras, RhoA, and Rac1, which are involved in the regulation of the cytoskeleton and have
been reported to diffuse over short distances along the dendrite (Harvey et al., 2008;
Oliveira & Yasuda, 2014; Murakoshi et al., 2011; Hedrick et al., 2016). H-Ras, RhoA, and
Rac1 are activated by NMDAR and CaMKII-dependent pathways locally at stimulated
spines, upon which they diffuse along the dendrite and into neighbouring spines up to
10 um away. All three GTPases are implicated in heterosynaptic metaplasticity, which
leads to facilitated LTP induction (Harvey & Svoboda, 2007; Hedrick et al., 2016). Diffusion
properties have been determined as the mean distance travelled before inactivation
(length constant L) by measuring inactivation time constant and diffusion constant using
FRET-based activity sensors and the decay of photoactivatable GFP, respectively. The

length constant of H-Ras was estimated to be L, = 11 um, whereas Rho-A and Rac1

H-ras
were more spatially constrained with L, . =4.5 um (the length constant for Rac1 was not
explicitly stated; diffusion constant is similar to RhoA, whereas inactivation time constant
seems slightly larger. It is therefore likely that L, , <L. . <L, ). These differences are
thought to arise from the inactivation time constant. My results suggest that the
potentiation factor is spatially constrained to ~ 4-5 um from the closest stimulated spine,

which matches the length constant of RhoA and potentially Rac1. The putative signalling
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cascade downstream of RhoA activation is thought to involve activation of ROCK and LIM
kinase, which in turn leads to phosphorylation of cofilin and assembly of actin bundles
(Rex et al., 2009; Murakoshi et al., 2011). However, RhoA activity is also heavily implicated
in spine shrinkage and pruning (Ryan et al., 2005; Kang et al., 2009; Fu et al., 2007; Govek
et al, 2005). Activation of Racl also leads to the phosphorylation of cofilin and
stabilisation and polymerisation of actin (Bamburg, 1999; Lai & Ip, 2013) and has been
shown to additionally require activation of Ca**-permeable AMPA receptors (Fortin et al.,
2010) and postsynaptic BDNF-TrkB receptors (Hedrick et al., 2016). Taken together,
activation of NMDARs and CaMKIl leads to diffusion of various small GTPases that
converge onto the regulation of the actin cytoskeleton via cofilin. This might lead to the
spread in spine enlargement observed in my experiments. Spine shrinkage via
calcineurin could be mediated by dephosphorylation of cofilin. Alternatively, calcineurin-

dependent AMPA receptor internalisation might cause spine shrinkage.

5.3.4. Comparison with the literature

Heterosynaptic postsynaptic plasticity has been studied in the context of local structural
plasticity along dendritic branches (Oh et al., 2015; Harvey & Svoboda, 2007; Harvey et al.,
2008; Govindarajan et al., 2011; Wiegert & Oertner 2013; El-Boustani et al., 2018; Bian et
al., 2015; Holbro et al., 2009; Hayama et al., 2013; Letellier et al., 2019) and both,
compensatory and non-compensatory forms have been reported. The heterosynaptic
weakening in my experiments is consistent with the observations by Oh and colleagues.
In their study, groups of 6-8 spines were sequentially potentiated using glutamate
photolysis, which led to heterosynaptic shrinkage of spines located within the stimulated
cluster. No structural change was reported for spines located outside. Spine shrinkage
required spines to be located inside the stimulated cluster within 3.4 um, measured as the
average pairwise distance to stimulated spines. Since the mean pairwise distance
corresponds to the distance from the centre of mass for spines outside the stimulated
cluster, my study has extended the distance analysis for spines located within to reveal a

potential fine scale distance-dependency of spine shrinkage (Fig. 4.4B), which was
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however absent in the second dataset (Suppl. Fig. 9.1). Oh and colleagues also report a
correlation between the magnitude of heterosynaptic spine shrinkage and the number
of stably potentiated spines. | did not find any correlation with magnitude or fraction of
potentiated spines. Consistent with my findings, spine shrinkage was found to depend
on calcineurin and to be independent of CaMKIl signalling and inhibition of calcineurin
via FK-506 led to the expression of heterosynaptic spine enlargement. Additionally, IP3R,
and mGluR signalling were implicated as well. A major discrepancy to my work is the LTP
induction protocol. Oh and colleagues induced structural LTP by photolysis of glutamate
in low extracellular Mg®* and in the presence of TTX and photolysis was repeated
sequentially for each spine. In contrast, spines in my experiments were quasi-
synchronously stimulated and paired with postsynaptic depolarisation in the absence of
TTX, since a presynaptic readout was necessary. The lack of heterosynaptic spread of LTP
that Oh and colleagues report might be due to differences in the activation of CaMKII,
which is known to be sensitive to stimulation frequency, whereas calcineurin is sensitive
to the number of stimulation pulses (Fujii et al., 2013). With sequential stimulation, the
effective stimulation frequency is the frequency of photolysis itself (1-2 Hz). When
synchronously stimulated, crosstalk between synapses, for instance via diffusion of Ca*
or direct electrical influence, increases the effective frequency to a maximum of 500 Hz
(time between stimulation ~ 2.2 ms). The absence of heterosynaptic weakening during
single spine stimulation could be explained by the decreased number of stimulation
pulses. Thus, the sign of postsynaptic heterosynaptic plasticity crucially depends on
stimulation frequency and number. Interestingly, a recent study reported bi-directional
heterosynaptic structural plasticity following the induction of homosynaptic LTD
(Letellier et al., 2019). Similar to my findings, proximal spines were found to shrink
whereas spines > 10 um away increased in size. For future work, it would be interesting to
systematically vary number and mode of stimulation (sequential vs. simultaneous) in

order to untangle the underlying biochemical dynamics.

Both, El-Boustani and colleagues and the study by Govindarajan and colleagues
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implicated local translation as a means of heterosynaptic interaction. In one case, shifts in
the receptive field of V1 pyramidal neurones were correlated with the potentiation of
spines accompanied by weakening of neighbouring spines, which required the
immediate early gene Arc. On the other hand, protein-synthesis dependent structural
LTP, induced by pairing glutamate photolysis with direct activation of adenylyl cyclase via
forskolin, was shown to facilitate subsequent LTP at neighbouring spines, and was
dependent on the distance between the spines. In my experiments, protein synthesis
dependent mechanisms were unlikely to play an important role due to the short

timescale and the lack of direct adenylyl cyclase activation.

Wiegert and Oertner reported that postsynaptic spine elimination was negatively
correlated with the release probability, suggesting that high release probability can act
protectively, consistent with a recent study on electrophysiological forms of LTD
(Sanderson et al., 2018). | have also observed potential cross-talk between pre- and
postsynaptic terminals when | inhibited NO production, which enhanced structural LTP
at stimulated spines (Fig. 5.5A). This is in line with the observation that presynaptic
heterosynaptic weakening is positively correlated with the magnitude of structural LTP of

the stimulated cluster (Fig. 4.8F).

Taken together all observations, the most parsimonious biochemical model involves the
local diffusion of calcineurin and CaMKIl dependent signalling molecules along the
dendritic branch (Fig. 5.8). Invasion of calcineurin into neighbouring spines leads to state-
dependent spine shrinkage, potentially via dephosphorylation of cofilin or
internalisation of AMPARs. CaMKIl likely activates small GTPases that can diffuse out of
the stimulated synapse. These GTPases can stimulate the polymerisation of actin bundles
and lead to spine enlargement. The bi-directional spatiotemporal pattern results from
difference in diffusion and kinetic properties of these molecules and their potential
competitive interaction. Diffusion of both, calcineurin and CaMKII-dependent signalling
molecules is restricted to several um around the stimulated synapse cluster. Diffusion of

CaMKII-dependent signalling molecules is constrained by fast inactivation, whereas
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calcineurin possesses a high activation threshold and therefore requires spatiotemporal
summation. Potentiation and depression are likely to compete with each other as CaMKII

activation protects stimulated synapses from calcineurin-dependent spine shrinkage.

5.3.5. What is the retrograde messenger for presynaptic weakening?

| have shown that the retrograde messenger for presynaptic heterosynaptic LTD is NO.
Inhibition of NO production or the addition of NO scavengers completely abolished
presynaptic LTD, measured both optically and electrophysiologically. In addition, | found

that NMDAR and CaMKII signalling were required.

A B

Photolysis Photolysis
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Fig. 5.8: Proposed molecular mechanism of postsynaptic heterosynaptic
plasticity along local dendritic segments. (A) Mechanism for heterosynaptic
spine shrinkage. Strong stimulation of the postsynaptic terminal leads to NMDAR-
dependent Ca**-influx and the activation of CaMKIl and calcineurin. Calcineurin
diffuses into the dendritic branch and into neighbouring spines. Accumulation of
calcineurin from multiple sources above a certain threshold leads to spine
shrinkage, potentially via the dephosphorylation of cofilin resulting in the
destabilisation of the actin cytoskeleton. Locally, CaMKIl competes with calcineurin
signalling and prevents spine shrinkage. (B) Mechanism for heterosynaptic spine
enlargement. Activation of CaMKIl at stimulated spines activates small GTPases,
such as RhoA and Rac. RhoA and Rac diffuse into neighbouring spines where they
phosphorylate cofilin inducing actin polymerisation and spine enlargement.
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It is well-documented that NMDAR-dependent Ca**-influx can lead to NO production via
nNOS (Garthwaite et al., 1988). nNOS is mainly localised to the PSD (Brenman et al., 1996;
Valtschanoff & Weinberg, 2001) due to an interaction with PSD-95 via its PDZ-domain
(Rameau et al., 2004) and can be found in ~ 50 % of synapses in developing neurones,
including GABAergic synapses (Cserép et al., 2011). The activation of nNOS requires
binding of calmodulin, whereas CaMKIl-dependent phosphorylation of Ser847 leads to
inactivation and decreased NO production. This seems to be at odds with my findings
that CaMKIl inhibition abolishes presynaptic LTD. A detailed look at the enzymatic cycle
of nNOS suggests that phosphorylation of Ser847 might be necessary for the proper
regeneration of NNOS (Rameau et al., 2007) and dysregulation could therefore lead to
altered spatiotemporal profile and thus lowered NO production following a temporal
sequence of activation. Alternatively, NO is able to directly activate CaMKIl (Gutierrez et
al.,, 2013; Curran et al.,, 2014; Coultrap & Bayer, 2014). In this case, CaMKIl signalling is
downstream and would be located presynaptically. This would require further

investigation.

Intracellular sequestering of NO via cPTIO abolished presynaptic LTD and indicates that
NO production occurs in the postsynaptic neurone. However, cPTIO also prevented the
expression of postsynaptic heterosynaptic spine size changes, which | did not observe
when using L-NAME. cPTIO scavenges NO by formation of NO2 and cPTI, however the
mechanistic profile is thought to be more elaborate (Pfeiffer et al., 1997). For instance,
cPTIO enhances S-nitrosation by peroxynitrites (Pfeiffer et al., 1997). In addition, cPTl can
have off-target effects, as seen in a reduction in dopamine uptake (Cao & Reith, 2002). The
exact target of cPTl is however unknown. It is therefore possible that the inhibition of

postsynaptic heterosynaptic plasticity is due to off-target effects.

The role of NO in heterosynaptic plasticity is not well-studied. Volgushev and colleagues,
in a series of studies, have provided evidence for a modulatory role of NO in cortical
heterosynaptic plasticity (Volgushev et al., 2000; Lee et al., 2012). They showed that

intracellular tetanisation leads to the expression of both, heterosynaptic LTP and LTD, the
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direction of which was negatively correlated with presynaptic strength, indirectly
measured as PPR. When NO signalling was blocked, this correlation was completely
abolished. NO signalling was therefore suggested to play a metaplastic role. In addition,
NO was only involved during strong but not weak tetanisation, which was interpreted as
a high activation threshold. However, presynaptic changes were not blocked by NO
inhibitors. In my study, presynaptic weakening was strongly dependent on the initial Pr,
but NO was necessary for the expression of presynaptic changes. This suggest a potential
modulatory role of NO, in which a certain threshold of NO is required to initiate
presynaptic signalling networks, but the magnitude of change is independent of NO
itself. Volgushev and colleagues still observed presynaptic changes when NO signalling
was blocked. A potential explanation could be the involvement of distinct pools of NNOS
coupled to either NMDARs or L-VGCCs. Intracellular tetanisation does not activate
NMDAR and NO is likely produced solely by a L-VGCC dependent mechanism. On the
other hand, in my experiment, L-VGCCs are likely inactivated following the prolonged
depolarisation during cLTP induction, and the majority of NO should in theory be
produced by NMDAR-dependent nNOS. This could also explain why | did not observe

heterosynaptic changes with postsynaptic depolarisation alone.

NO has traditionally been studied in the context of presynaptic LTP. Others have reported
a role for NO in presynaptic LTD, when paired with LFS (Zhuo et al., 1994, Reyes-Harde et
al., 1999; Stanton et al., 2003; Gage et al., 1997). Direct activation of downstream cGMP
pathways (paired with inhibition of PKA signalling) mimics NO-dependent LFS-LTD
(Stanton et al., 2001), suggesting that this form of LTD can be induced independently of
presynaptic activity. Indeed, we have recently shown that photolysis of caged NO
dialysed into the postsynaptic neurone leads to the expression of LTD when presynaptic
stimulation did not occur in a causal manner (Fig. 5 suppl. 2 in Padamsey et al., 2017a).
LTD was accompanied by a mild increase in the PPR. However, application of cPTIO only
partly abolished the decrease in EPSP or increase in PPR, indicating either incomplete

blockade by cPTIO, or additional off-target effects by the photolysis procedure.
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Interestingly, focal photolysis of NO directly at single synapses did not lead to presynaptic
weakening (Padamsey et al., 2017a). This could suggest that the trigger for

heterosynaptic presynaptic LTD might require a certain threshold amount of NO.

In summary, there is good evidence for NO as a bi-directional regulator of presynaptic
strengths. The varied results reported in the literature are likely due to complex
spatiotemporal dynamics of NO signalling, as seen in the complex activation cycle of
nNOS, and differences in plasticity induction protocols used (Arancio et al., 2001).
However, | did not exclude the involvement of other retrograde signalling molecules in
my study and both, eCBs or BDNF/proBDNF could act in parallel or in concert to induce

presynaptic heterosynaptic LTD.

5.3.6. What is the spatiotemporal profile of NO signalling?

NO is thought to be mainly produced at the synapse. Due to the low molecular weight
and high lipid solubility, NO can easily cross the plasma membrane and diffuses rapidly
(diffusion constant = 3.3 um? ms™') and radially from its origin of production (Garthwaite,
2016). Several studies have simulated the diffusion of NO produced at synapses
(Garthwaite, 2016; Philippides et al. 2000; Lancaster, 1994; Schweighofer & Ferriol, 2000;
Wood & Garthwaite, 1994). Diffusion of NO is mainly restricted by inactivation
mechanisms, which are thought to depend on cytochrome p450 oxidoreductase (Hall &
Garthwaite, 2009). Inactivation is rapid but saturable, with a Michaelis constant of Km =
10 nM and therefore suggests a crucial role for spatial and temporal summation of NO
release (Hall & Garthwaite, 2006). NO produced at single synapses, which reaches
concentrations far below Km of the inactivation mechanism, is thought to exhibit sharp
spatial profiles that fall off within 1 um of the synapse (Garthwaite, 2016) and is therefore
unlikely to reach neighbouring synapses. However, at higher concentrations, inactivation

saturates resulting in a steady build-up of NO, thus extending the range of NO diffusion.

In my experiments, distance did not predict the magnitude of presynaptic changes.

Instead, | observed a sharp drop-off of the success rate of presynaptic heterosynaptic LTD
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at ~ 4 um. This could suggest that the retrograde signal is fully saturated at close range
and the sharp drop is caused by the rapid inactivation of the retrograde messenger.
Assuming that the signal is produced and released at active synapses, a possible
explanation would be the effective increase in diffusivity within the region of stimulated
synapses due to a saturation of the inactivation mechanisms caused by excessive amount
of released messenger molecules. This spatial profile is in line with simulation studies that
include multiple production sources and report a “box-like” profile of NO diffusion (e.g.

see Fig. 3 in Garthwaite, 2016).

The difference in the diffusion mechanism between NO and the intracellular factors
involved in postsynaptic heterosynaptic plasticity, especially differences in their
inactivation, gives rise to a potential explanation for the predominantly presynaptic
expression locus | observed using electrophysiological techniques (Fig. 5.6). Using
electrical stimulation, the location of stimulated synapses cannot be controlled and are
therefore randomly situated along the dendrite, which increases the pairwise distance to
the stimulated synapses. Since inactivation of NO is sublinear at high enough
concentrations, which can be reached by summation of multiple sources, the
cooperation between NO producing sources can be extended spatially as long as the
pairwise distance does not exceed some critical distance. In Garthwaite’s simulation, the
critical distance was between 2-4 um (Garthwaite, 2016), but the exact number strongly
depends on the rate of NO production and the precise inactivation mechanism.
Therefore, as long as synapses are activated every 2-4 um, sufficient NO should reach all
synapses along the dendrite. In contrast, if the inactivation of intracellular factors is linear
(e.g. through self-inactivation mechanisms), cooperation between synapses is minimal
and activity will scale strongly with distance and therefore deteriorate. When | blocked
presynaptic heterosynaptic LTD using L-NAME, | observed the unmasking of an
underlying heterosynaptic postsynaptic potentiation. Following the above
interpretation, this could be caused by a difference in diffusion constant between

calcineurin and CaMKIl-dependent pathways, rendering calcineurin more sensitive to
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distance.

5.3.7. What are the downstream signalling pathways engaged by NO to regulate

presynaptic strength?

The main downstream target of NO is the activation of sGC, which leads to the
production of cGMP and activation of PKG. Both, cGMP and PKG have multiple
presynaptic targets involved in regulating release probability (Hardingham et al., 2013).
The NO-sGC-PKG pathway has been strongly implicated in presynaptic LTP (Arancio et al.,
1995, 1996, 2001). PKG was shown to target a range of proteins including direct
phosphorylation of Ca*-channels (Huang et al., 2003; Yang et al., 2007; Jiang et al., 2000),
Ca?**-activated K+-channels (Klyachko et al., 2001; Sausbier et al., 2000; Alioua et al., 1998;
Fukao et al., 1999), and modulating CICR from internal stores of both ryanodine (Willmott
et al., 1996; Dries et al,, 2016; Takasago et al., 1991) and IP3R-gated stores (Haug et al.,
1999; Murthy & Zhou, 2003; Schlossmann et al., 2000; Ammendola et al., 2001). In
addition, PKG regulates neurotransmitter vesicle recycling (Eguchi et al., 2012; Micheva et
al.,, 2001) and the RRP size (Stanton et al., 2003, 2005; Ratnayaka et al., 2012). In addition,
c¢GMP can directly activate cyclic nucleotide-gated channels (CNGs) or hyperpolarisation-
activated cyclic nucleotide-modulated channels (HCNs), which are non-selective cation
channels and are thought to mainly enhance the release of neurotransmitters (Neitz et al.,
2011). At sufficiently high concentrations, NO can also nitrosylate the thiol group of
cysteine, a modification which has been detected in various synaptic proteins in vivo,
although mainly in the context of glutamate receptor regulation (Jaffrey et al., 2001;

Huang et al., 2005).

As pointed out above, CaMKll is likely to be downstream of NO signalling due to its known
inhibitory role on NO production. CaMKIl is expressed at both pre- and postsynaptic
terminals (Gorelick et al., 1988; Walaas et al., 1989; Ouimet et al., 1984). Presynaptic CaMKII
has been implicated in both potentiation (Ninan & Arancio, 2004; Waxham et al., 1993;

Nichols et al., 1990; Lu & Hawkins, 2006) and depression (Stanton & Gage, 1996; Hinds et

119



al., 2003; Hojjati et al., 2007) of presynaptic strengths (Wang, 2008). Interestingly, the bi-
directional regulation profile of CaMKIl might be explained by enzymatic and non-
enzymatic functions of CaMKIl, since blocking kinase activity alone was not enough to
abolish its inhibitory effects on presynaptic release (Hojjati et al., 2007). The same study
showed that complete KO of presynaptic CaMKIl increased the number of docked
vesicles, which was not seen with targeted mutations that prevented the
autophosphorylation of CaMKIIl. Next, Stanton and colleagues have proposed a putative
model for NO-dependent LTD at Schaffer-collateral CA1 synapses that involves the
activation of presynaptic internal stores via PKG, ADPribosyl cyclase, and the RyR, which
required concurrent activation of presynaptic CaMKIl (Reyes-Harde et al., 1999; Stanton
& Gage, 1996; Gage et al., 1997). In their model, CaMKIl is activated by VGCCs during LFS,
however, activation of CaMKII could also occur via Ca?* originating from RyR-gated stores
(Shakiryanova et al., 2011). Accordingly, a recent study showed that hippocampal LFS-
LTD is accompanied by CaMKIl-dependent phosphorylation of synapsin I, which was
blocked when RyRs were desensitised by prior application of ryanodine (Arias-Cavieres et

al, 2018).

| therefore suggest two possible signalling pathways for heterosynaptic presynaptic LTD
(Fig. 5.9). (1) Coordinated activation of groups of synapses leads to Ca?*-influx through
NMDAR, activation of nNOS and production of NO. Spatiotemporal summation of NO
allows it to diffuse to the presynaptic terminal of neighbouring synapses, where it
activates sGC and potentially CaMKIl. cGMP-dependent pathways lead to CICR from RyR-
gated stores and increased phosphorylation of synapsin I. This leads to a reduction in Pr.
Alternatively, CaMKII activation alone is known to reduce the RRP size independent of
synapsin | phosphorylation (Hojjati et al., 2007). (2) In the second case, postsynaptic
CaMKIl activation would be crucial for modulating the spatiotemporal pattern of nNOS
activity in order for NO to reach the presynaptic terminal. At the presynaptic terminal,

downstream signalling pathways of NO lead to the decrease in Pr.
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Photolysis

Fig. 5.9: Proposed molecular mechanism of presynaptic heterosynaptic
plasticity along local dendritic segments. Strong stimulation of the postsynaptic
terminal leads to NMDAR-dependent Ca*-influx and activation of NOS.
Postsynaptic CaMKIl potentially modulates NOS function by phosphorylation of
Ser847. NO diffuses into the extracellular space and is rapidly inactivated by
endogenous scavengers, such as cytochrome p450 oxidoreductase. Saturation of
scavengers by prolonged NO release from multiple sources allows NO to reach the
presynaptic terminal of neighbouring synapses. At the presynaptic terminal, NO
can act either via direct activation of CaMKIl or the activation of sGC, production of
c¢GMP, and activation of PKG-dependent signalling pathways. This ultimately leads
to a decrease in Pr.

5.4. Conclusion

| have characterised the expression locus of heterosynaptic plasticity along local
dendritic segments. Imposing strong coordinated activity led to diverse long-lasting
changes in pre- and postsynaptic strength, which were spatially restricted, therefore
confirming local organising principles. | have predicted that coordinated activity should
reveal underlying competitive processes. For postsynaptic strength, | have observed a

reorganisation of synaptic strength in a centre-surround manner. Competition is
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therefore spatially restricted and perhaps suggests that dendritic branches can be further
subdivided into functional units. Presynaptic changes were compensatory and only
weakly correlated with postsynaptic changes. Both pre- and postsynaptic weakening
were state-dependent and can be understood as a homeostatic mechanism with a single

stable fixed point.

The spatial properties of heterosynaptic plasticity can be understood by the intra- and
extracellular diffusion of signalling molecules. Biochemical differences in their diffusion
constant, inactivation, scavenging, and competitive interactions result in rich and
complex spatial profiles. Intracellular diffusion of calcineurin and potentially CaMKII-
activated small GTPases orchestrate postsynaptic plasticity, whereas postsynaptically
produced NO acts as a retrograde messenger to engage presynaptic signalling networks,

potentially involving presynaptic CaMKIl and PKG signalling.

The crosstalk between synapses indicates that neural information processing is not
restricted to the synapse but instead distributed over segments of dendrite forming
fundamental processing units. The disjunct regulation of pre- and postsynaptic strength
emphasises the distinct and partly independent contributions to information processing.
This further increases the information processing capacity of individual processing units.
Synaptic crosstalk is unlikely to be restricted to the spatial scale studied in my

experiments and future work is needed to uncover its full extent.
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6. Presynaptic NMDA receptor-dependent short- and long-
term plasticity at Schaffer-collateral terminals

6.1. Introduction

Presynaptic (glutamatergic) terminals express a range of glutamate receptors, which
sense glutamate release in an autocrine manner to regulate presynaptic strength, both in
the short- and long-term (Pinheiro & Mulle, 2008). Presynaptic NMDARs (preNMDAR)
have been shown to both facilitate and inhibit neurotransmitter release. For instance, our
lab has shown that glutamate release at the Schaffer collateral terminal activates
preNMDARs, which leads to an influx of Ca** and facilitation of subsequent release
(McGuinness et al., 2010). Conversely, we have recently reported that activation of
preNMDARs prevents the induction of presynaptic LTP and promotes the induction of
presynaptic LTD (Padamsey et al., 2017a). This is consistent with findings in neocortical
neurones, where preNMDARs modulate spontaneous release (Kunz et al., 2013) and are
required for spike-timing dependent LTD (Sjostrom et al.,, 2003; Abrahamsson et al.,
2017).

The existence and functional properties of preNMDARs are heavily debated. Multiple
studies have provided histological and functional evidence of preNMDARs at neocortical
and hippocampal synapses (Padamsey et al., 2017a; McGuinness et al., 2010; Sjostrom et
al., 2003; Berretta & Jones, 1996; Buchanan et al., 2012; Siegel et al., 1994; Kunz et al., 2013;
Abrahamsson et al., 2017), however, direct observation of their activity has been difficult.
McGuinness and colleagues observed large AP-evoked Ca*-transients that correlated
with neurotransmitter release events and could be selectively abolished by blocking
preNMDARs. Furthermore, photolytic release of glutamate at boutons led to fast Ca**-
transients. Other studies were not able to detect Ca?*-influx in response to glutamate
alone, but showed a modulation of AP-dependent Ca**-influx by preNMDARs, when APs
were stimulated at high frequency (Buchanan et al., 2012). On the other hand, Carter and

Jahr failed to detect any preNMDAR-dependent Ca?-influx evoked by glutamate
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photolysis at cortical synapses, despite high detection sensitivity (Carter & Jahr, 2016).

Here, we sought to better understand the functional role of preNMDARs at the Schaffer
collateral terminal. In the first part, we measured AP-evoked Ca?*-transients in response
to photolytic release of single quanta of glutamate. Surprisingly, we found that activation
of preNMDARs decreased Ca?*-responses, in a manner dependent on Ca**-activated K+-
channels (SK channels)-dependent sharpening of the AP waveform. These experiments
were conducted and analysed in collaboration with Carla Schmidt. In the second part, |
provide further electrophysiological evidence for the involvement of preNMDAR:s in the

induction of presynaptic LTD.

6.2. Results

6.2.1. Activation of preNMDARs decreases AP-evoked CaZ*-influx at Schaffer collateral

terminals

The goal of the following experiments was to measure the impact of preNMDAR
activation on presynaptic Ca**-influx. The experimental setup is illustrated in Fig. 6.1: CA3
pyramidal cells were bolus-loaded with T mM OGB-1 for 3-5 min.The dye was given 30-45
min to reach diffusional equilibrium in the axon. In order to elicit APs, the neurone was re-
patched with 100 uM OGB-1 and depolarised via short step pulses of current. Presynaptic
terminals were identified structurally as varicosities along axons, ~ 50-100 um away from
the soma and functionally by strong AP-evoked Ca**-responses relative to neighbouring
axon collaterals. AP-evoked Ca?*-responses in boutons were recorded at 400 Hz in the
presence or absence of concurrent glutamate photolysis (1 ms pulse paired with local
perfusion of 10 mM MNI-glutamate) next to the bouton (Fig. 6.1C, D). Photolysis was
timed to occur 1-5 ms after the arrival of the action potential. Photolysis was titrated at
nearby spines to elicit EPSCaTs that were similar in magnitude compared to electrical
stimulation (AF/F ~ 0.5-1.0). In order to control for potential side effects due to extensive
imaging, AP-evoked Ca**-responses in the absence of local perfusion of MNI-glutamate

were recorded both, at the start and the end of the experiment (Fig. 6.1E). We recorded
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Fig. 6.1: Experimental setup to study the role of preNMDAR in the regulation
of presynaptic strength. (A) Schematic of the experimental setup. CA3 pyramidal
cells in organotypic slices were bolus loaded with 1 mM OGB-1 for 3-5 min. The cell
was then re-patched with 100 uM OGB-1 to elicit APs paired with focal glutamate
photolysis at presynaptic terminals in stratum oriens of CA3. (B) Example of an axon
originating from the trunk of the primary dendrite. A bouton (d) can be clearly
identified as varicosities along the axon. Scale bar: 5 um. Contd on next page.

125



10-15 successive trials per condition. Ca**-responses were averaged within trials and the

peak response was compared.

Unexpectedly, the presence of glutamate during AP firing decreased AP-evoked Ca’*-
influx in boutons (A(AF/F) =-0.403 £0.053,N=11, p < 0.01, Wilcoxon signed-rank test, Fig.
6.2). The decrease in Ca?*-influx did not completely recover at the end of the experiment,
which suggests either slow recovery or photo-bleaching of the Ca?*-indicator (A(AF/F) =
0.157 £ 0.072, N = 8, p = 0.06). The decrease in Ca**-influx occurred immediately with
glutamate photolysis and we did not observe a gradual decline with successive trials. We
did not observe any difference in the decay kinetics of Ca?*-transients fitted with a single
exponential decay (tau_, = 204.359 + 15.69 ms, tau_, = 221.987 + 18.802 ms, Atau =
17.627 + 8.99 ms, n.s.). Next, we applied the NMDAR open channel blocker MK-801 (1
mM) intracellularly to selectively block preNMDARs. This significantly reduced the
decrease in Ca**-influx via glutamate photolysis (A(AF/F) =-0.171 £ 0.052,N =9, p < 0.05
vs. CTR, Fig. 6.3A,B, Fig. 6.4A), which did not recover at the end of the experiment except
for a single outlier (including outlier: A(AF/F) = 0.111 £ 0.109, excluding outlier: A(AF/F) =
0.022 £ 0.072, N = 9, n.s. vs. CTR, Fig. 6.4B), suggesting that the remaining decrease in
Ca’*-response is due to photobleaching. Thus, preNMDARs are necessary for glutamate

photolysis-dependent decrease in AP-evoked Ca?*-transients.

At the postsynaptic terminal, NMDARs are tightly coupled to SK channels, which are
activated by NMDAR-dependent Ca*-influx and lead to hyperpolarisation and rapid

deactivation of NMDAR currents (Ngo-Ahn et al., 2005). We therefore wondered if the

Fig. 6.1 cont’d (C) Line scans were taken through the bouton at 400 Hz while an AP
was elicited via current injection. When paired with glutamate, MNI-glutamate was
locally applied and photolysed on or next to the bouton (middle column). The
photolysis laser was triggered on every trial to account for off-target effects of the
photolysis alone. (D) AP-evoked Ca*-transients either with (middle) or without
glutamate photolysis (left and right). A reduction in peak intensity can be observed.
(E) Peak intensities over multiple trials. 10-15 trials per condition were recorded.
Black: without glutamate, Red: with glutamate.
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Fig. 6.2: Focal photolysis of glutamate at the presynaptic terminal decreases
AP-evoked Ca**-transients. (A) Averaged AP-evoked Ca*-transients with (red) or
without (black, grey) simultaneous photolysis of glutamate. A clear decrease in the
peak intensity can be observed. (B) Summary of data points. Glutamate photolysis
led to significant decrease in AP-evoked Ca*-transients, which only partially
recovered (Wilcoxon signed-rank test).

decrease in AP-evoked Ca?* is due to opening of SK channels resulting in the sharpening
of the AP waveform. Bath application of the SK channel blocker apamin (1 pM)
significantly reduced glutamate photolysis-induced decrease in Ca*-influx to a similar
degree as MK-801 (A(AF/F) =-0.149 + 0.053, N =7, p < 0.01 vs. CTR, Fig. 6.3C,D, Fig. 6.4A).
The remaining decrease did not recover at the end of the experiment (A(AF/F) =-0.143 +
0.075, N = 5, n.s. vs. CTR, Fig. 6.4B). Bath application of apamin did not affect the basal
magnitude of AP-evoked Ca?*-transients, however, we observed a small decrease in the

decay time constant (tau,,, = 169.291 +6.613,N=7, p = 0.057 vs. CTR).

Previous preliminary work from our lab has also ruled out GABA receptors and mGIuRs,
which, when pharmacologically blocked, did not prevent the decrease in AP-evoked Ca**-

influx (Suppl. Fig. 9.2).

6.2.2. Negative feedback via preNMDARs and SK channels modulates short-term

plasticity of bursts of action potentials

We have shown that exogenous application of glutamate during AP firing reduces Ca**-

influx at the presynaptic terminal via activation of preNMDARs and the opening of SK
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Fig. 6.3: Glutamate-induced decrease in AP-evoked Ca?-transients requires
the activation of presynaptic NMDARs and SK channels. (A) Averaged AP-
evoked Ca?*-transients with (red) or without (black, grey) simultaneous photolysis
of glutamate in the presence of T mM intracellular MK-801 to block preNMDAR:s. (B)
Summary of data points in (A). The decrease in AP-evoked Ca?-transients was
significantly diminished (see Fig. 6.4). (C) Averaged AP-evoked Ca®*-transients with
(red) or without (black, grey) simultaneous photolysis of glutamate in the presence
of 1 uM apamin to block SK channels. (D) Summary of data points in (C). Statistical
significance tested using Wilcoxon signed-rank test.
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channels. What are the relevant physiological conditions under which this process
occurs? What are the physiological consequences? We hypothesised that the reduced
Ca?*-influx might modulate short-term facilitation, which is thought to be mainly driven
by residual Ca®* or saturation of Ca*-buffers and should therefore be sensitive to the
magnitude of Ca?*-influx. This would cause short-term plasticity to be dependent on the
history of release events (in addition to the frequency of AP firing). Indeed, Dobrunz and

colleagues have reported that Pr depends on prior successful release events at
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Fig. 6.4: Statistical comparison of pharmacological experiments of glutamate-
induced decrease in AP-evoked Ca*-transients. (A) The difference in the peak
amplitude between trials before and during glutamate photolysis is shown for
control experiments, experiments with 1 mM intracellular MK-801, and 1 pM
apamin. Both, MK-801 and Apamin significantly reduced the decrease in the peak
of AP-evoked Ca?*-transients (Kruskal-Wallis H test with post hoc Dunn’s test). (B) The
difference in the peak amplitude between trials after and during glutamate
photolysis is shown. No significant differences were detected. Significance is shown
in relation to CTR condition.

sufficiently high stimulation frequencies (100-200 Hz, Dobrunz et al., 1997; Stevens &
Wang, 1995). We therefore tested if preNMDARs might implement a similar negative

feedback signal.

We stimulated Schaffer collateral-CA1 synapses with a train of 10 APs at 200 Hz while
recording the postsynaptic current response via whole-cell patch clamp (Fig. 6.5). We
then washed on 50 uM AP5 to observe changes in short-term plasticity. In half of the
experiments, 50 uM AP5 was included at the start of the experiment and was washed out
instead. In order to rule out the contribution of postsynaptic NMDARs, T mM MK-801 was
included in the patch pipette, and synapses were stimulated at low-frequency (0.06 Hz)
for 8-10 min before commencing the experiment. High frequency AP trains elicited
strong short-term facilitation, which peaked at the 4-5'" pulse followed by a slow decline,
indicating the onset of short-term depression. Application of AP5 significantly increased
the magnitude of short-term facilitation (N = 9, Fig. 6.5A,B). The difference in facilitation
steadily increased for the first 4-5 pulses, after which it plateaued (Fig. 6.5B). This suggests

that the increase is due to facilitated short-term potentiation rather than inhibition of
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short-term depression. In order to quantify the dynamics of short-term plasticity, we
calculated the slope of the first four pulses as a readout of short-term facilitation (“Rise
slope”) and the slope of the remaining pulses as a readout for short-term depression
(“Decay slope”, Fig. 6.6A). AP5 significantly increased the rise slope (N =9, p < 0.05)
without affecting the decay. Short-term plasticity depends strongly on the initial Pr,
however, we did not detect a change in the EPSC amplitude of the first pulse (Fig. 6.6Aiii).

Our results therefore indicate that preNMDARs modulate short-term plasticity at high
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Fig. 6.5: Presynaptic NMDARs suppress short-term facilitation at high
stimulation frequency. (A) The average normalised response to burst stimulation
of 10 APs at 200 Hz is shown before (black) and after the addition of 50 uM AP5 to
block preNMDARs. Application of AP5 significantly increased the magnitude of
short-term facilitation at pulses 3-5 (Wilcoxon signed-rank test). (B) The difference
in the magnitude of short-term facilitation before and after the addition of AP5 is
shown for each experiment. Statistical comparison was done with respect to
experiments shown in (C,D) (Mann-Whitney U test). (C) Inhibition of SK channel
function occludes AP5-induced increase in short-term facilitation. (D) The
difference in the magnitude of short-term facilitation before and after the addition
of AP5 in the presence of apamin is shown for each experiment. Error bars represent
SEM.

frequency by suppressing short-term facilitation.
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If the inhibitory effect of preNMDARs is due to the activation of SK channels, inhibition of
SK channels should occlude AP5 induced increase in short-term facilitation. We therefore
repeated the experiment in the presence of 1 uM apamin. Inhibition of SK channels
suppressed both short-term facilitation and depression (Fig. 6.6B), which remained
unchanged with the application of AP5 (Fig. 6.5C,D). Apamin did not affect the basal
synaptic strength (Fig. 6.6Biii). This effect was specific to high frequency stimulation as
preliminary studies from our lab suggest that AP5 had no effect on AP trains given at

lower frequencies (unpublished data from the Emptage lab, Suppl. Fig. 9.3). We therefore
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Fig. 6.6: Further analysis of the properties of short-term plasticity. (Ai) The
initial phase of short-term facilitation was characterised by the slope of a linear fit
of the response to pulses 1-4. AP5 significantly increased the slope (Wilcoxon
signed-rank test). (Aii) The slope of a linear fit to responses of pulses 5-10 was used
to characterise the degree of short-term depression. No significant difference was
found with application of AP5. (Aiii) The EPSC amplitude of the first pulse did not
change with the application of AP5. (Bi-iii) No differences in the short-term
behaviour of EPSC amplitude after the application of AP5 was observed when SK
channels were blocked. Apamin, however, decrease the global magnitude of short-
term plasticity.
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concluded that glutamate release activates preNMDARs, which leads to the opening of
SK channels as a feedback mechanism to reduce the amount of Ca?*-entry and built-up

during short-term facilitation.
6.2.3. Excessive glutamate release induces presynaptic LTD via preNMDARs

Previous work from our lab has shown, using optical methods, that glutamate release is
inhibitory towards the induction of presynaptic LTP and promotes LTD (Padamsey et al.,
2017a). The inhibitory tone was found to require preNMDARs. Here, | have provided

further evidence using electrophysiological means.

Excessive release of glutamate that is not correlated with strong postsynaptic
depolarisation leads to presynaptic LTD. Repetitive stimulation of high Pr synapses in the
absence of postsynaptic depolarisation should therefore induce LTD. | have stimulated
Schaffer collateral-CA1 synapses using a paired pulse at 5 ms interval, which, due to
paired pulse facilitation, ensures that the majority of synapses will release one quantum
of glutamate (Padamsey et al., 2017; Stevens & Wang, 1995). | repeated the stimulation 60
times at 5 Hz and recorded the EPSP for 30 min. In order to prevent strong depolarisation,
| hyperpolarised cells to -90 mV during the induction. Paired-pulse stimulation led to

marked decrease in the EPSP (AEPSPpaired =-59.79+8.79%,N=7, AEPSPSing =-6.57+9.72

le

%, N =5, p < 0.05, Fig. 6.7A.i,ii). The decrease in EPSP was accompanied by an increase in

the PPR (APPR _ . = 0.336 + 0.043, APPR___ = 0.016 + 0.087, p < 0.05, Fig. 6.7Aiii),

le
indicating a presynaptic expression locus. The change in PPR was not significantly
correlated with the change in EPSP (Pearson r = -0.625, n.s.), suggesting potential
postsynaptic contributions. Next, | blocked NMDARs by bath applying 20 uM MK-801,
which decreased the magnitude of LTD induced via paired-pulse (AEPSP, .. =-31.42+

3.61 %, N = 6, Fig. 6.7Bi,ii, “MK-801 extracell”) and completely abolished the increase in

PPR (APPR =-0.038 + 0.054, Fig. 6.7Biii). In contrast, including 1 mM MK-801 in the

MK-801, ex
patch pipette also decreased the magnitude of LTD (AEPSP, ... =26.68 +9.53 %, N =6,
Fig. 6.7Bi,ii, “"MK-801 intracell”), but did not affect the increase in PPR (APPRMK-SOLIn =0.345
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Fig. 6.7: Excessive release of glutamate induces presynaptic NMDAR-
dependent presynaptic LTD. (Ai) Presynaptic LTD was induced by burst
stimulation of two pulses at 200 Hz, 60 times at 5 Hz (“paired pulse”). The slope of
the EPSP showed a long-lasting decrease. Induction using a single pulse (“single
pulse”) did not cause any changes. (Aii) Summary of EPSP slope changes for all
experiments. (Aiii) PPR changes for all experiments. The decrease in EPSP slope after
paired pulse stimulation was accompanied by a significant increase in the PPR. (B)
The role of preNMDARs was investigated by selectively blocking only postsynaptic
receptor (“MK-801 intracell.”) or all NMDARs (“MK-801 intracell.”). Inhibition of either
pre- or postsynaptic NMDARs reduced the magnitude of LTD, however, selective
inhibition of postsynaptic NMDARs preserved the increase in the PPR, which was
abolished when preNMDARs were additionally blocked. Statistical significance was
assessed using Mann-Whitney U test.

+ 0.069, Fig. 6.7Biii). The intracellular MK-801 data was kindly provided by Zahid
Padamsey. | therefore conclude that excessive glutamate release and activation of

preNMDARs leads to the induction of presynaptic LTD.

6.3. Discussion

Here, we have reported novel mechanisms by which preNMDARs regulate presynaptic
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strength at the Schaffer collateral-CA1 synapse. Acute activation of preNMDARs leads to
the opening of SK channels to reduce AP-evoked Ca?*-influx. This decreases the built-up
of Ca** and suppresses short-term facilitation, which is most apparent during high
frequency AP bursts. Successive activation of preNMDARs induces a long-lasting

decrease in Pr.

6.3.1. What are the functional properties of preNMDARs?

Our experiments clearly show a presynaptic role of NMDARs and provide further
evidence for their expression and functional significance at the presynaptic terminal.
However, unlike previous studies (McGuinness et al., 2010; Buchanan et al., 2012), we
failed to detect any NMDAR-dependent Ca**-influx, similar to reports arguing for the
absence of preNMDARs (Christie & Jahr, 2008, 2009; Carter & Jahr, 2016). Instead, we

observed a decrease in AP-evoked Ca**-influx, which required preNMDAR signalling.

Our experiments required intensive imaging especially due to high frequency xt-scans
and frequent exposure to the photolysis laser. To minimise phototoxicity, we included
200 puM ascorbic acid and T mM Trolox in our ACSF, which act as antioxidants. In addition,
whenever possible, AP-evoked Ca**-transients without local perfusion of MNI-glutamate
were collected both at the start and the end of the experiment. On average, imaging
alone decreased the magnitude of AP-evoked Ca?*-transient by 10-15 % and accounted
for ~ 40 % of the decrease due to glutamate photolysis. This is in line with the observation
that application of apamin or intracellular MK-801 did not completely abolish the
decrease in Ca?*-influx and the residual decrease was similar in magnitude compared to
the decrease due to imaging alone (decrease in peak Ca?* fluorescence intensity relative

to vehicle control: 42.6 % (MK-801), 36.9 % (apamin)).

Next, photolysis could lead to the release of unphysiological concentrations of
glutamate. Photolysis was titrated at the start of each experiment at nearby spines at the
same focal depth as the bouton of interest. We adjusted the photolysis laser power so

that uncaging elicited EPSCaTs of 0.5-1 AF/F, which are comparable in size to electrical
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stimulation. The width of the uncaging pulse was larger than the diameter of a synapse.
Glutamate photolysis was therefore not restricted to the synaptic cleft and could activate
neighbouring synapses as well. Christie and Jahr suggested that activation of nearby
postsynaptic terminals could lead to Ca*-influx via VGCCs in the presynaptic terminal
through electrotonic spread (Christie & Jahr, 2008). In order to reduce any postsynaptic
influence, we included 1 uM NBQX, which blocks the majority of AMPA and Kainate

receptors and prevents postsynaptic depolarisation

Local glutamate photolysis was paired with single APs in order to facilitate the opening
of NMDARs. However, some studies have suggested that the duration of depolarisation
of single APs is shorter than the time it takes for glutamate to be bound to the receptor
and preNMDARs should therefore only be activated at high enough stimulation
frequencies (Duguid & Sjostrom, 2006; Banerjee et al., 2016). According to McGuinness
and colleagues, single AP-evoked release of glutamate can be detected as an increase in
Ca**-entry in the bouton, which depended on preNMDARs (McGuinness et al., 2010).
Similarly, preNMDARs have been implicated in regulating spontaneous release (Dore et
al., 2017), which occur at much lower frequencies. The involvement of a Mg?*-dependent
blockade mechanism is further questioned by our failure of evoking preNMDAR-
dependent Ca**-transient in the absence of extracellular Mg?* (unpublished work of the
Emptage lab). It has been suggested that preNMDARs might contain the GIuN3A-subunit
(Dore et al., 2017), which is insensitive to Mg?* block and has low permeability to Ca®*.
Our observations of a potential coupling between preNMDARs and SK channels,
however, favours the expression of Ca?*-permeable subunits. Alternatively, NMDARs have
been shown to possess additional metabotropic function (Dore et al., 2016; Abrahamsson
et al,, 2017), however, this is unlikely the case for our observations since preNMDAR
function was efficiently blocked by the open channel blocker MK-801. The exact subunit
composition of preNMDARs at hippocampal synapses is not well-studied but is generally
thought to involve predominantly GIuN1/GIuN2B subunits (Sjostrém et al., 2003), which

could depend on the developmental stage of the synapse (Stocca & Vicini, 1998).
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One possible explanation for our inability to detect preNMDAR-dependent Ca?*-influx
could be that the magnitude of the decrease in VGCC-dependent Ca** is comparatively
larger. However, full blockade of SK channels via apamin did not lead to an increase in
Ca**-influx when paired with glutamate photolysis. However, apamin itself strongly
suppressed presynaptic function, such as reduced short-term plasticity, and could lead to

cell-wide changes, which could interfere with the Ca?*-influx through NMDARs.

McGuinness and colleagues reported large presynaptic Ca**-transient that depended on
glutamate release and preNMDARs (McGuinness et al., 2010). Although we were able to
detect variations in the peak amplitude of AP-evoked Ca?-transients (e.g. Fig. 5.1E),
glutamate photolysis did not cause a decrease in variance. This suggests that both
phenomena, increase and decrease in presynaptic Ca**, act in parallel, and their
activation mechanism must therefore differ. Whereas the observations of McGuinness
and colleagues were based on endogenous release of glutamate, we elicited the
decrease in Ca**-influx via focal glutamate photolysis. Differences in the concentration
and spatiotemporal dynamics of glutamate release could therefore be a potential
explanation for the discrepancies. For example, glutamate photolysis might engage
extrasynaptic NMDARs, which, under physiological conditions, mainly occurs during
high-frequency activity, such as AP bursts. Endogenous release of glutamate could also
be coupled to co-release of modulators of NMDAR function, such as D-serine or glycine,

which have been shown to gate distinct functional outcomes (Mothet et al., 2015).

6.3.2. What are the signalling pathways downstream of preNMDARs?

Our results show that inhibition of SK channels occludes preNMDAR-mediated decrease
in presynaptic Ca**-influx. SK channels can be activated by various Ca®* sources, including
P/Q-, R-, L-type channels, and internal Ca** stores (Adelman et al., 2012). Our finding
therefore suggests tight spatial coupling of NMDARs and SK channels leading to
microdomain signalling. However, some studies have suggested that postsynaptic SK

channels are gated by CaV2.3 instead, which, due to their high activation threshold,
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require the additional depolarisation provided by NMDARs (Bloodgood & Sabatini, 2007).
CaV2.3 has been reported to be present at the presynaptic terminal (Gasparini et al.,
2001), and we cannot exclude their contribution. Interestingly, the indirect coupling of
presynaptic SK channels would support the expression of GluN3A-containing

preNMDARs.

Prolonged activation of preNMDAR leads to the induction of presynaptic LTD. This is in
line with reports on LTD induction at cortical synapses (Sjostrom et al., 2003).
Interestingly, Rodriguez-Moreno and colleagues have reported a form of “pattern-
dependent LTD (p-LTD)” at cortical synapses that is dependent only on presynaptic AP
firing pattern and requires the activation of preNMDARs (Rodriguez-Moreno et al., 2013).
They further implicated presynaptic calcineurin activation as a potential downstream
modulator. Calcineurin is a known modulator of vesicle trafficking (Cousin & Robinson,
2001) and ion channels (Liu et al., 1994). Calcineurin has also been implicated in various
forms of presynaptic LTD (Heifets et al., 2008; Andrade-Talavera et al., 2016; Rodriguez-

Moreno et al., 2013).

The suggested signalling pathways for short- and long-term plasticity mediated by
preNMDARs are shown in Fig. 6.8. Acute activation of preNMDARs open SK channels,
either via direct Ca?*-CaM coupling or indirectly via CaV2.3 or CICR. SK channels
accelerate repolarisation, which leads to AP sharpening and a decrease in VGCC-
dependent Ca**-influx. Prolonged activation of preNMDARs decreases release probability

potentially via CaM and calcineurin.

6.3.3. What is the physiological function of preNMDAR-mediated short-term

depression?

Our electrophysiological studies implicated preNMDAR-mediated decrease of AP-evoked
Ca?* in inhibition of short-term facilitation, which depended on the history of firing and
release events. The opening of SK channels reduced the amount of Ca*-influx and

decreased the built-up of intracellular Ca*. We reached these conclusion by bath
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SK
channel

NMDAR

Fig. 6.8: Proposed molecular mechanisms for short- and long-term plasticity
mediated by presynaptic NMDARs. (A) Molecular mechanism for preNMDAR-
mediated suppression of short-term facilitation. The release of glutamate activates
preNMDARs, which causes local Ca®*-influx to activate calmodulin. Calmodulin
causes the opening of SK channels, which accelerates the repolarisation of the
membrane potential sharpening of the AP waveform. Accelerated closing of CaV2.1
causes a reduction in Ca*-influx. (B) Molecular mechanism for preNMDAR-
mediated LTD. Glutamate release activates preNMDARs, which causes local Ca®*-
influx to activate calmodulin. Calmodulin, in turn, activates calcineurin, which has
been implicated in presynaptic forms of LTD.

application of AP5 and apamin and observing changes in short-term plasticity following
burst stimulation. One confound that we did not account for is a potential impact on
polysynaptic connections, which are especially pronounced in organotypic slice cultures.
Both, polysynaptic excitatory and inhibitory inputs might contribute significantly to the
observed short-term plasticity. Excitatory current were recorded in voltage clamp close
to the reversal potential of Cl- channels to minimise inhibitory currents. We were not able
to completely block GABA receptors pharmacologically due to the hyperconnectivity in
these slices, which led to epileptic discharges and additional experiments will be required

to resolve this question.

What could be the physiological role of this type of short-term plasticity? Let's assume

that the information transmitted between pre- and postsynaptic neurones is encoded in
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the absence or presence of bursts of APs. Encoding information in bursts is advantageous
since low release probability would strongly deteriorate information on a spike-by-spike
basis, which can be overcome by short-term facilitation induced by high-frequency firing.
During the event of an AP burst, the postsynaptic terminal accumulates evidence by
temporal summation of neurotransmitter release. With the addition of noise, such as
spontaneous baseline AP firing, each neurotransmitter release event can be associated
with a reduction in the uncertainty that an event is due to AP bursts rather than noise,
which is proportional to the distance between the corresponding probability
distributions of firing frequency. A threshold for evidence/certainty (decision boundary)

can then be easily implemented by postsynaptic non-linear integration.

The absolute reduction in uncertainty converges towards zero with successive events
and this convergence is accelerated by the temporary increase in Pr due to short-term
facilitation. Once the evidence surpasses the postsynaptic threshold, any additional
evidence is made redundant. | will now additionally assume that synaptic transmission is
evolutionary constrained by resource and energy. This renders the redundancy
disadvantageous and would promote mechanisms that inhibit neurotransmitter release
once enough evidence has been accumulated. This mechanism would be sensitive to
both the frequency of firing and the history of release events. | therefore predict the
following mode of information transmission at Schaffer collateral-CA1 synapses: In the
absence of information transmission, baseline spontaneous activity is minimised by low
Pr, which, assuming AP firing to follow a Poisson point process, scales the mean firing
frequency linearly. The arrival of a burst of APs causes rapid short-term facilitation, which
further exaggerates the frequency difference between burst and noise. Facilitation is
promoted as long as no neurotransmitter release has occurred, but hampered otherwise
due to diminishing returns on the uncertainty reduction. This can be seen by the steady
increase in facilitation of 200 Hz AP bursts caused by bath application of AP5 (Fig 6.5B,
pulses 1-5). This also accelerates the decay of Pr after the burst, reduces short-term

depression caused by synaptic vesicle depletion, which has much longer recovery time
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constants due to slow vesicle replenishment, and shortens the time window between
sequential information quanta. Short-term depression that is dependent on the history
of release events therefore helps to reduce redundancy in information transfer and

minimises metabolic constraints.

6.4. Conclusion

| have shown that preNMDAR act as negative feedback to regulate presynaptic strength.
Glutamate release activates preNMDAR, which opens SK channels to decrease Ca?*-entry
and attenuates short-term facilitation. This optimises neurotransmitter release during
high frequency bursts. Prolonged activation of preNMDARs leads to long-lasting
decrease in Pr. In the next section, | will show how this mechanism, combined with
presynaptic Hebbian LTP, optimises Pr with respect to mutual information between

neurotransmitter release and postsynaptic spiking.
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7. Presynaptic Hebbian plasticity is spike-timing dependent

7.1. Introduction

Hebbian plasticity, synaptic strength changes that depend on the correlation between
pre- and postsynaptic activity, is the most commonly studied form of synaptic plasticity.
In general, activity correlation is thought to be sensed and relayed via the postsynaptic
NMDAR, which scales its activation with respect to the membrane depolarisation and
concentration of glutamate released (Lischer & Malenka, 2012). The temporal dynamics
of Ca**-influx through NMDARs and potentially specific subunit compositions have been
shown to orchestrate postsynaptic Hebbian plasticity and account for most of the
learning rule, such as sensitivity to spike-timing and input frequency (Lischer & Malenka,
2012). Problems arise when the same framework is imposed onto the presynaptic
terminal. Induction of LTP requires activation of NMDARs and therefore the release of
glutamate. However, most central synapses release glutamate very infrequently, with a
median Pr of 0.2 (Murthy et al., 1997; Huang & Stevens, 1997; Branco et al., 2008, Branco
et al., 2010). This raises the questions: Does the presynaptic terminal only “learn” using a
fraction of available spiking information? And: How do presynaptically silent synapses

induce synaptic plasticity?

Due to the stochastic nature of neurotransmitter release and the predominant
presynaptic locus of short-term plasticity (Regehr, 2012), presynaptic strength is
especially sensitive to the temporal structure of AP trains. This opens up the possibility
that presynaptic strength is adjusted with respect to information contained within the
temporal sequence, which is translated into an output sequence of release failures and
successes. We therefore postulated that presynaptic plasticity should be sensitive to
both, the presence and absence of neurotransmitter. This in turn implies that the
activation of postsynaptic receptors, such as NMDARs, cannot be necessary the induction
of presynaptic plasticity. Next, successful information transmission only occurs when

presynaptic release coincides with a postsynaptic output, such as somatic or local
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dendritic spikes. Hence, the simplest learning rule for presynaptic strength would
optimise release probability with respect to the probability to encounter a postsynaptic
spike: the mutual information between neurotransmitter release and postsynaptic
spiking is maximised. We therefore tested the predictions that (1) presynaptic LTP at the
Schaffer collateral-CA1 synapse does not require postsynaptic NMDARs and is
independent of glutamate, and (2) glutamate is detrimental towards LTP but promotes

LTD (Padamsey, Tong & Emptage, 2017a).

In the previous chapter, | have shown evidence for the inhibitory role of glutamate on
presynaptic release. This further supported previous work that utilised optical methods
(conducted by Zahid Padamsey, Padamsey et al., 2017a). Similarly, we have shown that
presynaptic LTP can be induced in the presence of NMDAR blockers as well as complete
blockade of glutamate receptors. A hallmark of postsynaptic plasticity is its dependence
on spike-timing. | therefore asked if presynaptic LTP is also sensitive to the timing

between pre- and postsynaptic activity, and if the spike timing-dependent rules match.

7.2. Results

7.2.1. Presynaptic LTP is spike timing-dependent

Our lab has previously shown that presynaptic LTP can be selectively induced in NMDAR
blockade (Padamsey et al., 2017a). Our LTP induction protocol involves causal pairing of
presynaptic stimulation and postsynaptic complex spikes, evoked via current injection,
repeated 60 times at 5 Hz (Fig. 7.1A). In order to study the role of spike timing, | have
varied the time between presynaptic stimulation and the occurrence of the first
postsynaptic spike from At = 0 to 20 ms. Previous work has shown that anti-causal pairing
fails to induce synaptic changes (Padamsey et al., 2017a). Experiments were conducted at
Schaffer collateral-CA1 synapses of organotypic hippocampal slices. Due to the high
susceptibility of presynaptic LTP towards dialysis, | have limited the baseline recording to
within 8 min from the time of establishing whole-cell patch mode. The magnitude of

presynaptic changes was monitored by measuring the PPR before and 30 min after the
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Fig. 7.1: Presynaptic LTP is spike timing-dependent. (A) Schematic of the
experimental setup. EPSPs were recorded from Schaffer collateral-CA1 synapses in
organotypic slices. Presynaptic LTP was induced by pairing presynaptic stimulation
with postsynaptic complex spikes, 60 times at 5 Hz. NMDARs were blocked to
prevent the induction of postsynaptic plasticity. (B) The persistent change in the
EPSP slope (average of 25-30 min after induction) is shown in relation to the timing
between presynaptic stimulation and the first AP in the complex spike. The
modulation by spike timing is well described by a Ricker wavelet (r* =0.653, N = 23).
(C-E) Average EPSP slope change over time for different spike timings. (F) PPR
changes in relation to spike timing. PPR changes mirrored that of the EPSP slope.
The same wavelet function from (B) was used with adjustments to the
normalisation factor to account for the difference in units (r> = 0.430). (G) PPR before
and 30 min after the induction. Successful LTP induction is accompanied by a
decrease in the PPR. Error bars represent SEM.
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Fig. 7.2: Further analysis of spike timing-dependent presynaptic LTP. (A,B) EPSP
slope changes and PPR changes are shown in relation to the absolute time
difference from the optimal timing determined in Fig. 7.1B (At =9.16 ms). The
modulation by spike timing is well explained as a linear relationship (Pearson r =
-0.784, N = 23, p < 0.01; r = 0.633, p < 0.01, respectively). (C) Changes in PPR are
shown in relation to EPSP slope changes. PPR change was strongly correlated to
EPSP slope change (r=-0.719, p <0.01). (D) PPR change in relation to the initial PPR
shows moderate correlation (r =-0.607, p < 0.01).

induction LTP.

Fig. 7.1B summarises the relationship between spike timing and the fractional change of
the initial slope of the EPSP. | observed maximal potentiation when the presynaptic
stimulation preceded postsynaptic spiking by ~ 9 ms, and the magnitude of LTP falls off
symmetrically for longer and shorter time intervals and is converted into mild LTD. The
data was well-explained by a Ricker wavelet (r* = 0.653, N = 23, p < 0.01, Fig. 7.1B) with
three degrees-of-freedom (width, horizontal translation, and a normalisation factor),

however, the data does not exclude other potential functions (e.g. polynomial, Gauss,

144



etc.). The time interval of maximal LTP determined by the function was At =9.16 ms.
The dependence on spike timing can be further illustrated by a strong linear correlation
between the change in EPSP and the absolute time difference from At__ (Pearsonr = -
0.798, p < 0.01, Fig. 7.2A). The average trajectory of the EPSP is shown in Fig. 7.1C-E for
time intervals At < 5 ms, 5 ms < At < 13.5 ms, and At > 13.5 ms, respectively, chosen
arbitrarily based on the spike timing curve. | observed mild short-term potentiation
immediately following LTP induction in most cases, which decayed to baseline for short
and long At. Presynaptic LTP was completely blocked by bath application of the NOS
inhibitor L-NAME (100 uM, Fig. 7.3), consistent with previous results (Padamsey et al.,
2017a). Unexpectedly, inhibition of NOS led to expression of mild LTD, which was not of

presynaptic origin.

Changes in EPSP were strongly correlated with changes in the PPR (Pearson r =-0.719, N
= 23, p < 0.01, Fig. 7.2C). Accordingly, PPR changes were similarly dependent on spike
timing (Pearson r = 0.617, p < 0.01, Fig. 7.2B) and mirrored that of the EPSP slope (Fig.

7.1F). However, PPR changes were less well explained by the curve obtained from the
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Fig. 7.3: Presynaptic LTP requires NO signalling. (A) NO production was blocked
by bath application of 100 uM L-NAME. Shown is the average trace of the EPSP
slope. Presynaptic LTP was induced by pairing presynaptic stimulation with
postsynaptic complex spikes within 5-13 ms, 60 times at 5 Hz. LTP was completely
abolished and mild LTD could be observed. (B) PPR before and 30 min after the
induction of LTP. No change in PPR was observed when NO production was
inhibited (Wilcoxon signed-rank test). (C) Absolute difference in PPR before and 30
min after the induction of LTP was significantly diminished by L-NAME (Mann-
Whitney U test). Error bars represent SEM.

145



EPSP (r*=0.430, p < 0.01). 1 also observed a strong correlation between the initial PPR and
changes in PPR (Pearson r = -0.601, p < 0.01, Fig. 7.2D), indicating that presynaptic
plasticity is state-dependent. Initial PPR and spike timing explained the majority of the

variance of PPR changes.

7.3. Discussion

| have shown that presynaptic LTP at Schaffer collateral-CA1 synapses is spike timing-
dependent and follows approximately a Ricker wavelet-shaped curve. Presynaptic
strength changes were indirectly measured using the PPR, which strongly correlated with
the EPSP. However, | found that the magnitude of PPR change was comparatively less
dependent on spike timing. Absolute PPR changes do not directly translate to Pr changes,
since the relationship between PPR and Pr is highly non-linear (Stevens & Wang 1995;
Dobrunz & Stevens, 1997). In fact, we found that the relationship between PPR and Pr is
approximately exponential (Pr = a*exp(-b*PPR) + ¢, with constants a, b, ¢; unpublished
work from the Emptage lab). This means that the functional impact of PPR change
depends crucially on the initial PPR. Transforming PPR values to PPR’ = exp(-PPR) slightly
increased the coefficient of determination of the Ricker wavelet fit (r> = 0.541). Direct
comparison of the magnitude of PPR changes is therefore only valid, if sampling of initial

PPRs is homogeneous.

The relationship between spike timing and magnitude of LTP resembles reported spike
timing curves in the literature (e.g. Wittenberg & Wang, 2006). Wittenberg and Wang
reported that pairing of pre- and postsynaptic activity at 5 Hz leads to bi-directional
plasticity in the shape of a Ricker wavelet. Consistent with my findings, the maximum
potentiation was reported to occur around a time interval of 10 ms. The width of the
potentiation window was slightly narrower in my experiments (~ 10 ms compared to 25
ms in Wittenberg & Wang, 2006), however, | did not test time intervals beyond 20 ms or
anti-causal pairing. The shape of the spike timing curve is also known to be strongly

dependent on the input frequency, which remains to be tested for presynaptic plasticity.
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7.3.1. What is the coincidence detector for presynaptic spike timing-dependent LTP?

Spike timing-dependent plasticity requires a coincident detector for pre- and
postsynaptic activity. In the case of presynaptic plasticity, spike timing is not sensed by
the NMDAR. In fact, the coincident detector is unlikely to involve any kind of glutamate
receptor, since presynaptic LTP can be induced in full glutamate receptor blockade
(Padamsey et al., 2017a). Whereas postsynaptic plasticity is governed by the coincidence
of glutamate release and membrane depolarisation, presynaptic plasticity is sensitive to
the timing of the presynaptic AP with respect to strong postsynaptic depolarisation,
signalled via the production and release of NO. Where is the coincident detector located?
A postsynaptic locus is possible if the production of NO itself is spike timing-dependent,
however, we have previously shown that strong depolarisation such as back-propagating
AP or local dendritic spikes is sufficient to induce NO release (Padamsey et al., 2017a).
Since NO alone is not sufficient to induce presynaptic LTP and requires concomitant
presynaptic APs, the coincident detector is likely to be located at the presynaptic terminal
and downstream of NO signalling. The putative signalling pathway of NO that leads to an
increase in Pr is thought to involve activation of sGC, production of cGMP, activation of
PKG, which has been shown to be necessary for presynaptic LTP (Arancio et al., 1995,
1996, 2001). Interestingly, sGC has been shown to be translocated to the plasma
membrane, where NO is thought to be enriched due to high solubility, following an
elevation in intracellular Ca®*-levels (Zabel et al., 2002). sGC is therefore the prime
candidate for implementing coincidence detection as it is activated by NO and is

modulated by Ca%*, which is elevated during AP firing (Fig. 7.4).

7.3.2. What is the functional consequence of presynaptic LTP?

We have shown that the presynaptic terminal increases Pr when presynaptic spikes
coincide with postsynaptic spiking, and decreases Pr when glutamate is released and that
these two processes coexist in parallel (Padamsey et al., 2017a). This learning rule can be

summarised as an iterative process of maximisation of mutual information between
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Fig. 7.4: Proposed mechanism for presynaptic plasticity. Presynaptic plasticity
consists of two parallel pathways providing positive and negative feedback for
adjusting Pr. Glutamate release acts negatively via preNMDARs to decrease Pr as
suggested in Chapter 6. Strong postsynaptic depolarisation causes the production
and retrograde diffusion of NO, which interacts with sGC to increase Pr. sGC is
further modulated by presynaptic Ca*-levels and is therefore able to process
information about spike timing. According to this model, Pr will converge to the
conditional probability of postsynaptic spiking given a presynaptic spike. This
optimises information transfer across the synapse.

glutamate release and postsynaptic spiking. Mutual information is defined as a reduction
in the Shannon entropy MI = H(X) - H(X|Y), where X and Y are random variables. The
entropy of the presynaptic terminal is, in its simplest form, solely determined by the Pr
and the mean firing frequency. Maximal mutual information is therefore achieved when
the conditional probability of postsynaptic spiking given a presynaptic spike matches Pr,
Pr = P(postsynaptic spike| presynaptic spike). This can be achieved by a stepwise learning

rule that is proportional to the difference APr « Pr-P(postsynaptic spike| presynaptic
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spike), i.e. a prediction error. Spike timing-dependence means that the proportionality
factor is variable and adjusts with respect to the temporal contiguity. Molecularly, this is
achieved by summation of a positive feedback via NO signalling and a negative feedback
via preNMDAR signalling. This learning rule is, however, unstable since postsynaptic
spiking probability is positively dependent on the strength of presynaptic inputs, which
will lead to run-away dynamics. This can be circumvented if synaptic plasticity is coupled
to a supervisory teaching signal. For instance, hippocampal CA1 place cell formation was
shown to require coincident input from CA3 and the entorhinal cortex (Bittner et al.,
2015, 2017; Milstein et al., 2015; Takahashi & Magee, 2009). Entorhinal inputs onto the
distal tuft elicit strong dendritic Ca**-spikes, which are necessary for the induction of
synaptic plasticity. Alternatively, positive and negative feedback signals might be subject
to additional non-linear integration, which gates plasticity to occur only when sufficient
evidence has been accumulated. Lastly, rapid compensatory mechanisms can counteract
run-away dynamics. For instance, in chapters 5 | have reported presynaptic
heterosynaptic LTD to also depend on NO. A local increase in synaptic activity will
therefore facilitate the induction of hetLTD as well. This effectively restricts an increase in
local dendritic depolarisation caused by a local rise in Pr. It will be crucial to test these
hypotheses in future work in order to gain a complete understanding of the regulation of

Pr.
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8. General Discussion

8.1. Are the functional consequences of pre- and postsynaptic
plasticity the same?

One of the main guiding questions throughout my thesis concerns the distinct functional
consequences of pre- and postsynaptic plasticity. This question is difficult to address
without proper knowledge of how information is encoded in the brain, however, certain

theoretical considerations can be made.

1. The impact of presynaptic plasticity crucially depends on the temporal structure of the

input

Synaptic modifications can be understood as an optimisation of the impact of a synapse
on neuronal output. Impact can be quantified in various ways, such as the probability of
eliciting postsynaptic spiking or more generally the maximisation of mutual information.
These models often consider information on a spike-by-spike basis. This leads to learning
rules in which the gradient of the synaptic impact with respect to pre- and postsynaptic
strength (defined as release probability and neurotransmitter receptor conductance,
respectively) is monotonous, i.e. an increase in synaptic strength always leads to an
increase in “synaptic impact”. However, it is well-established that neuronal information is
encoded in the temporal structure of APs, either as the frequency of firing (rate codes),
the inter-spike interval (spike timing codes) or the temporal correlation across inputs
(population codes). This necessitates a description of synaptic strength with respect to

temporal properties of the inputs.

Both, pre- and postsynaptic mechanisms can influence the temporal structure of inputs.
Postsynaptically, the EPSP waveform, especially its decay properties, crucially determines
the temporal integration window of synaptic inputs (Branco et al., 2016; Konig et al., 1996;
Shadlen et al., 1994). The decay of the EPSP is determined by the expression pattern of

voltage-gated ion channels, which contribute to the repolarisation of the membrane
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potential and the biophysical properties of the neurotransmitter receptor, which are
determined by their subunit composition and auxiliary proteins (Diering & Huganir, 2018;
Greger et al., 2017). Additionally, tightly coupled inhibitory inputs are also able to set the
integration time window (Isaacson & Scanziani, 2011). Changes to the integration time
window affect the precision of spike timing codes and population codes on the order of
milliseconds and set the superlinearity of rate codes. Plasticity of the EPSP decay is,
however, not well studied. For instance, postsynaptic plasticity is known to involve the
trafficking, insertion and removal of AMPA receptor subunits (Lischer & Malenka, 2012),
which therefore confer different levels of synapse stability. In addition, NMDARs are
known to undergo changes to their subunit composition, and due to their comparatively
slow channel kinetics, can majorly influence the decay constant of the EPSP (Hunt &
Castillo, 2012). However, using the definition of postsynaptic strength as the (maximum)
receptor conductance, and the evidence for AMPA receptor insertion/removal following
LTP/LTD, i.e. a change in receptor number, the general form of postsynaptic plasticity is

invariant towards temporal aspects of the input.

| therefore suggest that optimisation of temporal information requires presynaptic
mechanisms (Buonomano, 2000). Presynaptic short-term plasticity is strongly dependent
on the history of firing, especially the frequency, but also recent release events (Chapter
6; Dobrunz et al., 1997; Stevens & Wang, 1995). These processes are able to integrate
spiking activity over tens to hundreds of milliseconds and, in the case of augmentation,
several seconds, vastly exceeding most postsynaptic time scales (but see Branco et al.,
2016). Moreover, the variety of semi-independent processes that underlie short-term
plasticity, such as Ca?*-entry dynamics, Ca**-buffering, the RRP, and vesicle recycling,
would theoretically allow the presynaptic terminal to adapt to more complex temporal
structures. Importantly, release probability is a strong determinant of the short-term
behaviour of a synapse and changes to release probability will inevitably affect short-
term presynaptic plasticity. The previous argument can also be reversed: changes to

short-term plasticity are reflected, and experimentally observed as changes to Pr. In fact,
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the interpretation of experimentally determined Pr is questionable, as it often assumes
the synapse to be in a naive, inactive state. For instance, | have measured Pr by
sequentially sampling neurotransmitter release at very low frequencies (0.06 Hz), a
frequency far below the average baseline firing rate under physiological conditions (~ 1
Hz, Wilson & McNaughton, 1993). Fig. 8.1 exemplifies this notion. | stimulated Schaffer
collateral-CA1 synapses using a random AP train generated from a Poisson process with
average frequency of 5 Hz. Repetition of the AP train allowed me to use optical quantal
analysis to calculate the effective release probability of each AP. The “naive” Pr of the
synapse shown in Fig. 8.1C is around Pr = 0.32 = 0.11 (first AP), however, during the

stimulation, Pr varies between 0.11 to a maximum of 0.89 due to short-term plasticity,

Time [s] Time [s]

Time [s] Time [s]

Fig. 8.1: Release probability during complex AP trains. (A) Example image of a
spine targeted for optical quantal analysis (white arrow). Scale bar: 5 um. (B)
Example EPSCaTs traces. Traces show raw fluorescence responses of the synapse
presented in (C). The basal Pr = 0.32 £ 0.11. (C-F) Estimated Pr for each pulse of a
randomly generated AP train. The timing of stimulation is shown at the top in (C,D)
and was generated from a Poisson process at 5 Hz. Shown are four synapses from
four different slices. The same stimulus train was used in each experiment. Pr
follows a complex, but partly predictable trajectory. Error bars represent standard
deviation from the estimated binomial distribution.
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even at long inter-pulse intervals. | have repeated the same AP train at synapses of
substantially higher Pr (Fig. 8.1D-F). Although these synapses exhibit similar trajectories
of the effective Pr, some minor qualitative differences can be seen (such as the response
to the first six-seven pulses). | cannot make precise quantitative statements due to the
low sample number, however, the complexity of the Pr trajectory and variability between
synapses provide further evidence that presynaptic strength cannot be defined on a
spike-by-spike basis. Similar observations were previously reported by Dobrunz and
Stevens, who used minimal stimulation of physiological AP trains (Dobrunz & Stevens,
1999). These experiments, thus, open up a view in which presynaptic strength is adjusted
to emphasise or suppress certain temporal motifs in the AP train, a strategy that has been
previously suggested for artificial neural networks employing dynamic synapses (Liaw &
Berger, 1996; Natschlager et al., 2001; Maass & Zador, 1999). However, the underlying

learning rules and biological implementations are unclear.

The role of presynaptic strength in decoding temporal properties of the input can be
simplified when assuming that information is transmitted as rate codes, i.e. the average
frequency of firing. Short-term facilitation and depression are known to act as frequency
filters and therefore non-linearly transform the frequency power spectrum of the input.
For instance, Klyachko and Stevens reported that Schaffer collateral-CA1 synapses act as
high-pass filter, selectively accentuating frequencies above a characteristic “transition

frequency” due to short-term facilitation (f

transition

~ 7 Hz, Klyachko & Stevens, 2006). This is
mirrored by low-pass properties of inhibitory inputs due to short-term depression (f .
~ 5.6 Hz, Klyachko & Stevens, 2006). This leads to improvement of the signal-to-noise ratio
of information encoded at high frequencies. Following this idea, changes in Pr of
synapses with predominant short-term facilitation or depression can be interpreted as
sliding the characteristic transition frequency thus creating a sigmoid-shaped non-
linearity. For instance, highly reliable or informative inputs could possess high Pr, which

leads to low transition frequency and therefore an open filter through which information

transmission is unhindered. Conversely, synapses with low Pr require the accumulation of
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temporal evidence (in the form of high frequency spiking activity) in order to transmit.
This leads to the effective sharpening of the response properties of the neurone (such as
receptive field properties), which can be independently adjusted between each synaptic

pair.

In an alternative interpretation, presynaptic short-term plasticity could act to transform
inputs into a common format as to reduce weighting biases of postsynaptic integration.
This could be important when presynaptic inputs originate from distinct populations that
differ in their dynamic firing range. For example, Pr was found to be normalised along
individual segments of dendrites and was sensitive to the number of synaptic contacts
made by the same axon (Branco et al, 2008). At the mossy fibre-CA3 synapse, the
magnitude of postsynaptic depolarisation is normalised with respect to the number of
APs, independent of frequency (Chamberland et al., 2018). The authors found that the
size of the sixth AP given in a burst of varying frequencies was constant. The mossy fibre
bouton therefore acts as a preprocessing unit, accumulating temporal evidence, and
transmitting a normalised response when evidence was sufficient. The authors have
implicated weak coupling between Ca**-channels and docked neurotransmitter vesicles
as a potential mechanism. Similarly, presynaptic Hebbian plasticity at layer 2/3 cortical
synapses was shown to normalise inputs with respect to their quantal parameters
(Hardingham et al., 2007), since the magnitude and direction of synaptic plasticity were
strongly correlated with the initial presynaptic strength. Lastly, a recent study showed
that presynaptic short-term plasticity is modulated along branches of dendrites to
counteract the electrotonic attenuation, which is more pronounced at distal inputs (Grillo

etal., 2018).

Release probability is known to affect the preferred mode of information transmission of
a synapse. Markram and Tsodyks have shown that the degree of short-term depression at
cortical synapses determines whether the input frequency or the time derivative of the
frequency is being transmitted (Tsodyks & Markam, 1997; Tsodyks et al., 1998; Markram

etal., 1998). Similarly, Abbott and colleagues showed that short-term depression can lead
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to the transmission of relative rather than absolute frequency differences (Abbott et al.,
1997). In line with these findings, spike timing codes should be more optimally
transmitted at high Pr synapses whereas rate codes should generally prefer low Pr
synapses due to the suppression imposed by vesicle depletion and short-term
depression at high Pr. Following this line of argument, regulation of Pr cannot be strictly

monotonous.

In chapters 6 and 7, we have provided evidence for a new learning rule of presynaptic
plasticity (Padamsey et al., 2017a). Presynaptic LTP requires coincident pre- and
postsynaptic spiking activity. Release of glutamate, however, negatively impacts on Pr
and induces presynaptic LTD. This learning rule intrinsically incorporates and optimises Pr
with respect to knowledge about the temporal structure of presynaptic firing. For
instance, if burst firing is informative between a given pair of neurones, presynaptic
bursts will be followed by, in the optimal case, a single postsynaptic response. For high Pr
synapses, excessive glutamate will be released during the AP burst, and LTD will
predominate. A steady-state is only reached when Pr matches the conditional probability
of postsynaptic spiking given a single presynaptic AP, which, in the optimal case, equates

to P(postsynaptic spike|presynaptic AP) = 1/N, ., where N_ _ is the average number of

burst”
AP in the presynaptic burst. This is due to the fact that at steady-state every release event,
on average, will be followed by strong postsynaptic depolarisation, which will provide
the necessary positive feedback via NO signalling to compensate for glutamate-
mediated LTD. Under this framework, robustness of information transmission can be
trivially implemented by setting Pr > P(postsynaptic spike|presynaptic AP), for instance
by differentially weighting the positive and negative feedback signals of NO and
glutamate, respectively. Conversely, if information is encoded by each spike, such as in

the case of spike timing codes, P(postsynaptic spike|presynaptic AP) = 1, which will be

mirrored by the Pr.

Next, | have shown that strong local coordinated activity leads to heterosynaptic

presynaptic weakening. As heterosynaptic plasticity is often viewed under a homeostatic
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framework, the most parsimonious interpretation is an increase in the characteristic
transition frequency of these synapses. This reduces background low frequency activity
without compromising potential informative high frequency inputs. | have also provided
evidence that presynaptic heterosynaptic weakening is highly thresholded by the
diffusion properties of NO, which is dominated by the inactivation dynamics of NO. This
might prevent excessive silencing of inputs which could impair beneficial properties of

background activity, such as stochastic resonance.

2. The impact of presynaptic plasticity is independent of postsynaptic non-linear integration

Cooperativity is a hallmark of synaptic plasticity and information transmission in neural
networks. As single synaptic inputs are rarely sufficient to elicit non-linear spiking activity,
inputs need to be coordinated and integrated across synapses. However, with increasing
number of integrated synaptic inputs or input strength, which drive the postsynaptic
membrane potential closer to non-linearity threshold, the postsynaptic strength of
individual synapses becomes negligible and input correlations become predominant.
This means that the impact of postsynaptic plasticity is strictly dependent on the average
postsynaptic membrane potential. For example, if the membrane potential is close to the
non-linearity threshold, small decreases in postsynaptic strength are less effective in
reducing a synapse’s contribution to postsynaptic spiking. Similarly, if a synapse is
correlated with strong inputs, which by themselves are sufficient to drive spiking,
changes to the postsynaptic strength will have minimal impact. This, of course, is crucial
for the formation of associative memories, however, it is also the main contributor to the
instability of Hebbian plasticity, which cannot be easily alleviated by postsynaptic
mechanisms. The impact of presynaptic release probability is binary and completely
independent of the postsynaptic non-linearity. A reduction in Pr will lead to a reduction
of a synapse’s contribution by the same amount from the point of view of the synapse,
irrespective of the average membrane potential and postsynaptic excitability. Pr also
serves as a natural metaplastic switch for postsynaptic plasticity, which is crucially

dependent on the activation of NMDARSs, i.e. the release of glutamate.
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The above considerations might be important for the interpretation of compensatory
heterosynaptic pre- and postsynaptic plasticity. For example, the local potentiation of
groups of synapses could lead to locally increased excitability due to elevated membrane
potential. This will facilitate plasticity induction at neighbouring synapses, the degree of
which scales with the input correlation with the potentiated group of synapses. In order
to prevent these run-away dynamics, homeostatic mechanisms are needed. Homeostatic
compensation of postsynaptic strength might not be sufficient, since postsynaptic
spiking will be largely driven cooperatively. Presynaptic compensation, however, would
be more effective since it directly impacts on the input correlation and therefore reduces
the degree of cooperativity. A special case of this situation is supervised or reinforcement
learning. For example, cerebellar climbing fibres are necessary to induce complex spiking
in Purkinje neurones to induce synaptic plasticity (Konnerth et al., 1992). Similarly,
formation of place cells in hippocampus CA1 requires concomitant input of the perforant
path, which induce large dendritic depolarisation and drive synaptic plasticity at Schaffer
collateral-CA1 synapses in vivo (Bittner et al., 2017). These learning rules are locally
independent of postsynaptic depolarisation. Therefore, spatial coordination and

competition would necessitate presynaptic mechanisms.

3. Pre- and postsynaptic strengths possess distinct metabolic footprints

Neural circuits have evolved under strict energy constraints (Aiello, 1997). The main
source of energy consumption of neurones is thought to reside in their synapses and the
generation of APs (Harris et al., 2012). Maintenance of the postsynaptic membrane
potential is thought to comprise half of the synaptic energy and, at glutamatergic
synapses, is equally contributed to by NMDA and non-NMDARs. A recent study using
fluorescent probes to measure ATP consumption revealed that vesicle endocytosis
encompasses the main energetic burden at the presynaptic terminal (Rangaraju et al.,
2014). The metabolic constraints on presynaptic plasticity are therefore likely to be more
stringent as Pr will affect both pre- and postsynaptic energy consumption (excluding the

energy cost of APs), whereas postsynaptic AMPA receptors account for only 40 % of
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synaptic energy (Harris et al., 2012), which is likely an overestimate given the recent study
of the presynaptic terminal (Rangaraju et al., 2014). It therefore follows that the induction
and expression of presynaptic LTP should be more strongly regulated compared to
postsynaptic LTP. This is consistent with the requirement of L-VGCCs for presynaptic LTP,
which have high activation threshold. Additionally, excessive and redundant glutamate
release should be inhibitory, which | have shown to be the case in both, long- and short-
term plasticity. This could also explain why | did not detect heterosynaptic presynaptic

strengthening, unlike in the postsynaptic case.

In summary, synaptic strength cannot be treated as a single multiplicative weight factor
w = pq, which is frequently employed in theoretical treatments of the synapse. It has to
be realised that the output of a neurone is determined by the release of neurotransmitter
rather than the generation of AP trains, since computations at the presynaptic terminal
can significantly distort temporal properties and transmit only certain aspects of the
original AP train. This is further reflected in the impact of presynaptic strength on the
mode of information transfer. Postsynaptic learning rules need to be revised as
postsynaptic plasticity, which crucially depends on neurotransmitter release to activate
corresponding receptors, does not optimise with respect to presynaptic APs but rather
neurotransmitter release. This would predict that two synapses experiencing the same
pre- and postsynaptic spiking activity, but differing in their presynaptic properties should
also lead to different plasticity outcomes. This remains to be investigated. Lastly, pre- and
postsynaptic terminals have evolved under distinct metabolic constraints, which might
underlie differences in the biological implementation of their respective plasticity

processes.

8.2. Are pre- and postsynaptic changes explained by the same set of
rules?

The functional differences outlined above predict that the learning rules for pre- and

postsynaptic plasticity are likely to differ. We have shown that presynaptic Hebbian
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Fig. 8.2: Pre- and postsynaptic strengths were only weakly correlated. The
initial spine size is shown in relation to the estimated Pr. Data was pooled from
experiments (without pharmacological interventions) of both Chapters 4 and 5. The
correlation was weak (Pearson r =0.36, N =43, p < 0.05).
plasticity is independent of glutamate and requires a molecularly separate mechanism
for coincident detection, which is likely localised at the presynaptic terminal.
Heterosynaptically, both pre- and postsynaptic strength weaken at proximal synapses,
whereas | only observed postsynaptic strengthening at distal synapses. | was able to
dissociate the underlying signalling pathways as early as the activation of downstream
targets of NMDAR signalling, indicating parallel biochemical computations. Differences
in biochemical computation, both spatially and temporally, might explain differences
across experimental conditions, such as optically vs. electrophysiologically induced cLTP.

Heterosynaptic changes were weakly correlated. This correlation represents the

functional overlap.

Apart from their functional differences, the activity experienced by pre- and postsynaptic
terminals differs, as the presynaptic terminal has access to the complete input AP train.
Therefore, even if the computational rules by which pre- and postsynaptic strengths are

optimised are the same, such as maximisation of mutual information, the outcome would
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still differ (unless Pr=1).

How can these results be reconciled with the strong basal correlation between pre- and
postsynaptic strengths that suggests a precise matching? As discussed before,
presynaptic non-linear computations can be linearised when neural activity is averaged
across time. Therefore, the correlation of pre- and postsynaptic strength found in studies
of populations of synapses might reflect the regulation of synaptic strength on long time
scales at which the functional dissociation is minimal. Fine scale differences of pre- and
postsynaptic strengths might therefore be sufficient to account for the functional roles
outline above. In addition, synaptic strength regulation on shorter time scales, such as
those involved in modulating network dynamics, might present a more pronounced
mismatch. Lastly, large scale measurements of presynaptic strength requires indirect
methods, such as anatomical markers, and might not capture the full extent of the
variability of presynaptic strength. In my experiments, the correlation between the initial

spine size and release probability was weak (Pearson r = 0.36, p < 0.05, Fig. 8.2).

8.3. Towards a two-compartment model of the synapse

Considering the available experimental evidence and theoretical work, | propose that the
synapse should be functionally interpreted as a two-compartment model (Fig. 8.3).
Similar to the two-compartment model of synaptic integration (Branco & Hausser, 2010),
the dissociation of pre- and postsynaptic compartments will increase the computational
power of the neural network as it effectively increases the number of non-linear
operations of the system. These additional non-linearities, however, do not operate on
the integration of synaptic input, but rather diversify the output of a neurone, and is not
equivalent to an increase in processing layers in neural networks. The consequences on
the performance of neural networks are therefore difficult to judge. Presynaptic terminals
of a single neurone might project the output spike train onto feature axes representing
different aspects of temporal information and create a decomposition of the spike train.

This would facilitate the downstream network to utilise temporal information, allow for
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Fig. 8.3: Two-compartment model of the synapse. (A) The conventional single-
compartment model views the synapse as a linear operation, which scales the input
multiplicatively by its weight, w. (B) In the two-compartment model, the pre- and
postsynaptic terminals fulfil distinct functional roles. The presynaptic terminal acts
as a non-linear temporal filter, such as a frequency filter. Low Pr synapses will
preferentially transmit AP bursts, whereas high Pr synapses support spike timing
codes. The postsynaptic terminal inherits the function of the single-compartment
model. (C) More generally, presynaptic terminals along the axon can be viewed as a
decomposition of input spike trains into distinct temporal features. This, for
example, allows neurones to multiplex their output responses. (D) Presynaptic non-
linear transformation could also act to normalise inputs and therefore facilitate
postsynaptic integration.

multiplexing of information in the output AP train, context-dependent gating of the
downstream network, and simplification of postsynaptic integration as a linear

integrator.
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10. Appendix

Supplementary figures
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Suppl. Fig. 9.1: Analysis of heterosynaptic distance-dependent bi-directional
spine size change for experiments in Chapter 6. (A) Distance and spine size
change for all unstimulated spine analysed. The strongest correlation between
distance and spine size change was found for spine located within 6.5 um (r = 0.427,
p < 0.01). The x-axis intercept is 2.8 um and was used to group spines for further
analysis. (B) Spine size changes grouped in 1 um wide bins. Red line emphasises the
mean spine size change. (C) Cumulative distribution of spine size change for
proximal and distant spines. (D) Cumulative distribution of spine size change for
spines 2.8-6.5 um away and distant spines. (E,F) Spine size change in relation to
initial spine size. A weak correlation was observed for more distant synapses.
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Suppl. Fig. 9.2: Figure 4 adapted from the internship report by Carla Schmidt
with permission. “(A-D) Left: sample Ca2+ transients evoked by APs in CA3
boutons in the presence of several inhibitors. Controls = black traces, Uncaging
experiments = red traces.” Contd on next page.
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Suppl. Fig. 9.2 cont’d “Every data point resembles an average of 10 line scans. Ca2+
transients were reduced by blockade of GABA receptors (A) and mGIuR (B). No
reduction could be detected under blockade of NMDA receptors (C and D). Right:
average peak Ca2+ signal measured across conditions (n = 3-6 cells/condition).
Error bars represent S.E.M. Significance was assessed where n > 5 (C) with Wilcoxon
matched-pairs signed rank test. n.s. denotes no significant difference. (E) average
AF/F decrease represents the difference in peak Ca2+ signal between control and
uncaging experiments for every condition. Error bars represent S.E.M. (F) Enlarged
image of an axon. Yellow dashed line indicates how line scans through the axon
collateral were performed. (G) Left: sample Ca2+ transients evoked by APs in CA3
axon collaterals. Controls = black trace, Uncaging experiments = red trace. Every
data point represents an average of 10 line scans. No photolysis induced decrease
in signal could be detected in the collateral. Right: average peak Ca2+ signal for
controls compared to uncaging experiments in the collateral (n =5 cells). Error bars
represent S.E.M. (H) average AF/F decrease resembles the difference in peak Ca2+
signal between control and uncaging experiments detected in boutons (red) and
collaterals (orange). There was a significant reduction in Ca2+ transients in boutons
compared to collaterals (n =5 cells). Error bars represent S.E.M.”
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Suppl. Fig. 9.3: Presynaptic NMDARs do not affect short-term plasticity at
lower frequencies. CA1 pyramidal neurones were stimulated with 10 AP at 5, 20,
50, or 100 Hz (A-D, respectively), with or without bath application of 50 uM AP5.
These experiments were done in an unpaired manner. N = 10 cells (except 100 Hz,
CTR: N = 9). No significant difference in the short-term behaviours was observed
with the addition of AP5 (Mann-Whitney U test). Error bars represent SEM. Data was
jointly collected with Carla Schmidt.
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