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ABSTRACT

For years, GABAergic synapses were considered poorly plastic. However, an increasing body of
evidence demonstrated that, similarly to excitatory synapses, inhibitory synapses formed by
interneurons onto pyramidal cells can be modulated in response to neuronal activity. The spiking
output of a neuron is determined by the opposite but concomitant action of excitation and
inhibition. In this view, it is crucial to understand how plasticity at excitatory and inhibitory synapses
is coordinated. In this thesis, | will describe two different types of plasticity interplay between
excitation and inhibition, in space and time domains. In our previous work (Petrini et al., 2014) we
characterized the induction and the expression of postsynaptic inhibitory long term potentiation
(iLTP) following the administration of NMDA and CNQX (chemical protocol of induction of iLTP).
Here we induced postsynaptic iLTP by administering electrophysiological stimulations intended to
better mimic physiological neuronal activity. We observed that the delivery to the postsynaptic
neuron of a train of action potentials at frequency of 2Hz, (that we define here low frequency
stimulation, LFS) potentiated the amplitude of the inhibitory postsynaptic currents (iPSCs) up to 30
minutes. This particular form of iLTP depended on moderate calcium increase in the postsynaptic
neuron and the activation of the Calcium calmodulin kinase Il (CaMKIl). The concomitant
investigation of excitatory transmission revealed the depression of excitatory postsynaptic currents
(ePSCs) amplitude thus indicating that LFS induced excitatory (LTD). In order to further study the
interaction between excitatory and inhibitory synaptic plasticity, we paired the protocol of iLTP
together with simultaneous photorelease of glutamate on a single spine. This particular type of
Hebbian stimulation induced LTP at the photostimulated spine (Lee et al., 2009; Matsuzaki et al.,
2001, 2004) and LTD on the other spines. In contrast, we observed that the GABAergic synapses
located distant from the potentiated spine showed an iLTP while the ones located in a range of 3
micron from the potentiated spine were depressed. Such “inversion of plasticity” was promoted by
a massive influx of calcium and the activation of calpain, a protease involved in the cleavage of the
gephyrin.

In the second part of this thesis, | will show a new type of structural inhibitory short term depression
plasticity (siSTD) that occurs during the induction of the plasticity protocol, before the expression of
iLTP. In particular, the depolarization of the postsynaptic neuron induced a transient depression of

inhibitory synapses that was dependent on the fast activation of the protease calpain. We propose
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that such “early” calpain activation pathway competes with that of the CaMKIl thus defining the

extent of long-term inhibitory plasticity.
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INTRODUCTION

In the central nervous system, higher brain functions are determined by the interplay between
excitatory neurons (principal cells) and inhibitory cells (interneurons). While principal cells are
rather homogeneous and are the largest neuronal population, interneurons represent the 15-20%
of the total neuronal number and show substantial diversity (Somogyi et al., 1998). For instance in
the region of hippocampus more than 20 types of interneurons have been described (Freund and
Buzsaki, 1998; Klausberger and Somogyi, 2008). Interneurons play a crucial role in the modulation
and the control of the neuronal network (Bartos et al., 2007; Bragin et al., 1995; Klausberger and
Somogyi, 2008; Sohal et al., 2009). Interneurons subclasses have been created based on different
criteria including i) electrophysiological activity, ii) morphology, iii) biochemical properties and iv)
localization of their afferences in pyramidal neurons (Bacci et al., 2003; Bartos et al., 2007, 2011;
Kullmann and Lamsa, 2007; Pelkey et al., 2017). Their diversity allows an accurate tuning of the
activity of the principal cells and the emergence of the higher brain function. Specific interneuronal
subclasses have been described to play distinct roles in shaping specific aspects of neuronal activity,
such as generation of rhythmic activity, signal integration and dendritic filtering of excitatory inputs
and generation of cell assemblies. For instance, the intrinsic electrophysiological characteristic of
two interneurons targeting the soma of pyramidal neurons expressing either parvalbumin (PV+)
(Bartos et al., 2007; Gabernet et al., 2005; Geiger et al., 1997) e or cholecystokinin peptide (CCK+)
(Daw et al., 2009; Hefft and Jonas, 2005) define their role in shaping neuronal circuit. Both
interneurons are present in the region of the hippocampus. Indeed PV+ interneurons are fast
spiking, the CCK+ are regular spiking and show accommodation interneurons: this indicates that
while PV interneurons control the network with high temporal precision (clock interneurons), the
CKK interneurons have been shown to determine the slow and fine modulation of the network
(mood interneurons), being involved in motivation and emotions (Freund and Katona, 2007) and
also in pathologies as schizophrenia and anxiety (Benes, 2001; Croarkin et al., 2011; Levitt et al.,
2004; Orekhova et al., 2007; Sanacora et al., 1999). Besides their role in shaping the network
properties, interneurons have been shown to be substantially diverse also in terms of location of
their synapses on the excitatory neurons. In particular, in the hippocampus, bi and tri-stratified cells
(Klausberger and Somogyi, 2008; McBain and Fisahn, 2001), ivy cells (Fuentealba et al., 2008) and
neuroglialform cells (Capogna, 2011; Karayannis et al., 2010; Kawaguchi and Kubota, 1997;

Szabadics et al., 2007) show synapses in the more apical part of the dendritic tree of the excitatory
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neurons. Viceversa, basket cells as PV+, CK+ interneurons (Freund and Katona, 2007) and chandelier
cells (Freund and Buzsaki, 1998; Kawaguchi and Kubota, 1997; Markram et al., 1997) contact the

excitatory neuron on the perisomatic portion of the dendrites or on the axon.
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Synaptic transmission:

From aplysia, to mammalians, it is clear that the communication among neurons is crucial for the
brain functioning, thus allowing the individual’s survival and reproduction. Neurons can
communicate through specialized structures called synapses that can be both electrical and
chemical. While electrical synapses are faster, chemical synapses are slower and energy consuming
but better suited for signal processing and integration. We will focus our attention on the chemical
synapses and how they can be modulated during neuronal activity. Synaptic transmission is a
dynamic process where an electrical signal from the presynaptic neuron is converted into a chemical
signal to be delivered to the postsynaptic neurons, where it can be re-converted in an electrical
postsynaptic signal. The release of the neurotransmitter vesicles after the electrical signal invades
the presynaptic terminal, occurs through the calcium influx mediated by the voltage gated calcium
channels (VGCC). The vesicles release their content in the synaptic cleft, where the neurotransmitter
diffuses to bind its receptor located on the postsynaptic membrane. Next, the postsynaptic receptor
activation allows a flow of ions between the extracellular and intracellular compartments,
generating an electrical signal in the postsynaptic membrane. Chemical synapses can be excitatory
or inhibitory, depending on different factors including distribution of ions across the membrane,
and the membrane potential. A hyperpolarizing current is typically observed following the activation
of GABA or Glycine receptors at inhibitory synapses, and is generated by chloride and HCOj3 ions.
Viceversa, a depolarizing current is observed during the action of an excitatory synapse, due to the
permeation of sodium, calcium and potassium ions. Postsynaptic receptors can be divided in
ionotropic and metabotropic. lonotropic receptors mediate fast postsynaptic currents elicited by
the conformational change induced by the binding neurotransmitter that directly open the channel
pore, thus allowing the ions flow. Metabotropic receptors are usually slower and their activation
determines a signalling cascade that ultimately activates ion conductances able to tune and fine
regulate postsynaptic signals. Among ionotropic receptors, the most abundant in the CNS are the
AMPA, NMDA and Kainate receptors at excitatory synapses, while inhibitory synapses express

GABAA and Glycine receptors.
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Excitatory synapses:

Most of the excitatory neurons are defined as spiny cells, meaning that they present on their surface
small protrusions, called spines. Spines typically harbor excitatory synapses that, in pyramidal cells
are distributed along the dendritic arborisation (McKinney, 2010; Nimchinsky et al., 2002). The
physiological role of the spine is not completely defined, although the most common hypotheses
point at the spines as strategy to increase neuronal surface and to compartmentalize proteins and
factors important for synaptic transmission and plasticity (Ténnesen and Nagerl, 2016). In addition,
spines could favour non-linearity, prevent the excito-toxicity (Korkotian and Segal, 1999; Segal,
1995; Segal et al., 2000), and modulate synaptic efficacy. The morphology of a spine shows a head,
where the receptors are located, and a neck, that link the head with the parent dendrite. Spines can
be divided in different classes, as “mushroom” spines, “thin” spines or “stubby” spines, based on
the shape of both head and neck (Harris et al., 1992; Peters and Kaiserman-Abramof, 1970). It is
thought that the morphology of the spine is crucial for its synaptic function as mushrooms spines
with big head are more stable respect to “thin” spines that are more susceptible to removal. It is
also demonstrated that morphology of spines on the same dendrite can significantly differ. For
instance, afferences from the cortex contact “thin” spines on neuron located in the later nucleus of
the amygdala, while afferents from the thalamus contact “mushroom” spines located on the same
dendrite (Humeau et al., 2005). Spines are strongly compartmentalized: the neck width is crucial for
the control of the signal’s transmission from the spine head to the dendrite (Tgnnesen et al., 2014).
It is known that during plasticity the width of the spine neck can be modulated, facilitating or limiting
the passage of molecules and regulating the neck electrical resistance (Araya et al., 2014; Bloodgood
and Sabatini, 2005; Fifkova and Anderson, 1981; Tanaka et al., 2008). The head of the spines is filled
with receptors, scaffold proteins, organelles and other proteins necessary for the transmission of
the signal. Glutamatergic spines are enriched in AMPA, NMDA and kainite receptors that are
anchored to scaffold proteins such as stargazing, PSD95 and Homer1 (Chidambaram et al., 2019).
Calcium influx through NMDA, Kainate receptors and specific subclasses of AMPA receptors is
fundamental for the transmission of the signal and the induction of plasticity (Hill and Zito, 2013;
Yang et al., 2014). The amplitude of calcium transient generated by the activation of a spine is
proportional with the size of the spine (Arellano, 2007; Harris and Stevens, 1989; Koch and Zador,
1993; Majewska et al., 2000; Matsuzaki et al., 2001; Noguchi et al., 2011). Wider spines present

more NMDA receptors on their surface, allowing a higher influx of calcium (Bloodgood and Sabatini,
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2007; Bywalez et al., 2015; Noguchi et al., 2005). After influx, calcium is buffered by several proteins
such as for instance the calcium calmodulin binding protein (CaM) (Chang et al., 2019). Several
works show that CaM is activated by different concentration of intraspine calcium, activating
different synaptic pathways leading to different types of plasticity (Higley and Sabatini, 2008;
Sabatini et al., 2001; Sanhueza et al., 2011; Soderling, 2000). Calcium and CaM lead to the activation
of the CaMKII, a kinase known to be involved in several type of excitatory synaptic plasticities (Sanz-
Clemente et al., 2013; Xia and Storm, 2005). In particular, one of the principal role of the CaMKIl is
to phosphorylate AMPA receptor, an event that triggers their recruiting at synapses thus promoting
LTP. Another important protein involved in plasticity is calcineurin, a phosphatase mostly implicated
in the depression of excitatory transmission (LTD) (Mulkey et al., 1994a; Yasuda et al., 2003; Zeng
et al., 2001) by removing the phosphorylation of AMPA receptors (Weitlauf and Winder, 2001).
Calciuneurin shows higher affinity for calcium with respect to CaMKIl, allowing preferential
activation of this protein in presence of low concentration of calcium. Hence, different calcium influx
can induce the activation of different pathways promoting opposite plasticity. In this concern, it is
believed that massive influx of calcium leads to LTP while mild calcium entry induces LTD. A third
important protein involved in spine plasticity is the calcium-dependent protease calpain. So far,
several families of calpain proteins have been described, but calpain type 1 and 2, have been shown
to play a major role in synaptic plasticity. While the capain type 1 is mostly required in the LTP
induction, cleaving rapidly regulatory and cytoskeleton proteins, calpain 2 is involved in the block of
the plasticity (Briz and Baudry, 2017). The cytoplasm of the spines is rich of filamentous actin, which
allows the rapid shaping of the spine morphology during plasticity (Capani et al., 2001; Fifkova and
Delay, 1982; Hlushchenko et al., 2016; Lei et al., 2016). Several works have demonstrated that spines
can be continuously formed and destroyed, being this plasticity occurring with kinetics raging from
minutes to days (De Roo et al., 2008; Wosiski-Kuhn and Stranahan, 2012). In particular, it has been
demonstrated that spine heads showing the scaffold protein PSD95 are bigger and more stable with

respect to others (Cane et al., 2014).
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Inhibitory synapses:

While excitatory synapses are typically formed on spines, the majority of inhibitory synapses are
located on the dendritic shaft. The reason of this difference is still debated and might suggest major
functional differences between excitatory and inhibitory synapses. The role of inhibitory synapses
is to shape excitation by both generating hyperpolarizing currents and by shunting excitatory
currents. It has been shown that the activation of individual inhibitory synapses located in the right
position on the dendritic shaft can strongly impact on the modulation of synaptic signals (Chklovskii
et al., 2004; Poirazi and Mel, 2001). While the significant depolarization of the neuron requires the
concomitant actions of several excitatory synapses, inhibitory synapses can effectively silence
excitatory signals with a relatively “weaker” activation. The most important neurotransmitter
mediating inhibition in the brain is GABA. GABA is synthesized from the glutamate by glutamic acid
decarboxylase (GAD). After being synthesized, GABA is accumulated inside inhibitory synaptic
vesicles by VGAT, a co-transporter of GABA and hydrogen ions. The action of the enzyme is
facilitated by the different electrochemical gradient of the vesicle respect to the cytosolic
compartment, which in turn is maintained by the V-ATPase. After the fusion of the vesicle with the
presynaptic membrane, GABA is released in the synaptic cleft and binds postsynaptic receptor
located on the postsynaptic neuron, allowing an influx of chloride that leads to a hyperpolarization
or shunting of the postsynaptic membrane thus decreasing the probability of generating an action
potential. Receptors for GABA are divided in 2 classes: i) GABAA receptors (ionotropic) (Barnard et
al., 1998; Sieghart, 2006), including the ex-GABAC receptors that are present only at the level of the
retina and ii) GABAB receptors (metabotropic) (Bowery et al., 1983; Isaacson et al., 1993). At
inhibitory synapses, GABAA receptors are stabilized by scaffold proteins, among which the most
important is gephyrin. The chloride entry mediated by the opening of GABAA receptors is ensured
by the presence of a chloride electrochemical gradient across the membrane which, in turn, is
maintained by the action of KCC2 cotransporters that extrude chloride exploiting the K* gradient
actively generated by the K-Na ATPase pump (Rivera et al., 1999, 2005). It is interesting to note that
the process of chloride extrusion by the KCC2 enzyme is rather slow (seconds to tens of seconds)
(Payne et al., 2003; Rivera et al., 1999, 2005). Since GABAergic synaptic transmission occurs in
millisecond this means that, under specific conditions of sustained activation of GABAergic
transmission, the Cl gradient can be dissipated and in some cases even inverted, leading to

depolarization instead of hyperpolarization with important consequences at network level (Doyon
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et al.,, 2011; Rinke et al.,, 2010). Interestingly, in the developmental period, GABA is mostly
depolarizing, since KCC2 is poorly expressed, and the high presence of the cotransporter of sodium,
potassium and chloride NKCC1 leads to the accumulation of intracellular chloride and to a more
negative value of the reversal potential of the ion respect to the resting membrane potential, with

the consequent depolarizing action of GABA (Ben-Ari, 2001, 2002; Ben-Ari and Spitzer, 2004).
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Figure: Schematic representation of the molecular components involved in the structure and
regulation of ionotropic GABAergic synapses.

(Chiu et al., 2019)
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Dually innervated spines:

The classical view of a clear separation in the space domain between synaptic excitation (on the
spines) and inhibition (on the dendritic shaft) synapses has been recently questioned. The ability to
simultaneously visualize excitatory and inhibitory synapses in vivo and ex vivo allowed to reveal that
a considerable percentage of spine (about 30% in visual cortex) also harbour an inhibitory synapse
(Chen et al., 2012). These spines that are defined as dually innervated spines (DiS) are bigger and
more stable respect to the single innervated spines (SiP). In addition, inhibitory synapses on spines
have been shown to finely modulate the excitatory transmission (Chiu et al., 2013). In particular,
while inhibitory synapses on the dendritic shaft are uniformly distributed along all the dendrites,
the GABAergic synapses on spines are twice distributed in the distal dendritic portion. The reason
of such distribution could represent a “division of labor” between synapses on dendritic shaft and
spines. GABAergic synapses on the dendritic shaft might regulate the activity from multiple spines
and the depolarization brought by back-propagating action potentials (bAPs). Since bAP are heavily
filtered in distal dendrites, the only excitatory driven in these dendritic regions are represented by
spines: in this scenario inhibitory synapses on spine could represent an efficient and energy-saving
strategy to control and modulate distal dendritic excitation (Chen et al., 2012). As mentioned above,
dually innervated spines are more stable with respect to singly innervated ones thus highlighting
their important role in shaping dendritic synaptic signals (Villa et al., 2016). In addition gephyrin
clusters on spines are extremely dynamic with respect to those ones located on the dendritic shaft,
continuously appearing and disappearing in the same position (Villa et al., 2016). Thus while dually
innervated spines are very stable, inhibition on spines can be “tuned on demand” thus ultimately

regulating the output of the neurons and contributing to circuit remodeling.
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Dendritic synaptic integration:

The integration of synaptic inputs on dendrites involves the summation in space and time of several
excitatory and inhibitory inputs and is crucial for ultimately shaping neuronal output. The original
hypothesis was that synaptic inputs are linearly summated in the soma and thresholded in the axon
hillock. This theory also defined “point neuron” would offer the same chance to be integrated to
every synapse in the neurons. However by analysing the cable theory it became soon clear that such
integration strategy dramatically favours synapses close to the soma at the expenses of synapses in
small dendrites or in the distal apical region that, due to the heavy cable filtering negligibly
contribute to changing the somatic potential (Berger et al., 2001; Harnett et al., 2013, 2015; Larkum
et al., 2009; Magee, 1998; Nevian et al., 2007; Stuart and Spruston, 1998; Williams and Stuart, 2002).
To compensate this biophysical limit, it has been proposed that more distal synapses are bigger,
thus mediating larger potentials that may have the chance to reach the soma, a phenomenon
defined “synaptic scaling”. In addition, since the dendritic impedance (Z) depends on dendrite
diameter (Katz et al., 2009; Losonczy and Magee, 2006), postsynaptic potential elicited in smaller
dendrites will be larger than that evoked in large dendrites: this dendritic feature known as “passive
normalization” would also contribute to increase the weight of electrotonically distant synapses.
Although these strategies partially mitigate dendritic cable filtering, the weight of synapses distant
from the soma remains very low and the main contributors to “linear integration” are synapses very

close to soma or in the apical trunk dendrite that show large diameter.

Even if most of dendritic synapses are not strong enough to be linearly integrated at the level of the
soma, it has been shown that their activation can contribute to the induction of local regenerative
potentials defined as “dendritic spikes” (Llinas et al., 1968; Rall and Shepherd, 1968; Spencer and
Kandel, 1961). Such dendritic activity is sustained by active conductances that include voltage
dependent sodium channels, voltage dependent calcium channels and NMDA receptors: the
interplay between these conductances can lead to sustained dendritic depolarization (or plateau
potentials) (Hoffman et al., 1997; Magee and Johnston, 1995; Magee et al., 1998; Migliore and
Shepherd, 2002; Stuart and Sakmann, 1994). An important requisite for the generation of such
active dendritic potential is that synaptic inputs are sufficiently clustered within a dendritic branch
in order to reach the threshold for triggering the aforementioned regenerative processes (Stuart
and Spruston, 2015). The amplitude and duration of dendritic spikes is not fixed, suggesting that the

more colocalized synapses are activated simultaneously, the stronger will be dendritic potential
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(Losonczy and Magee, 2006; Polsky et al., 2004; Williams and Stuart, 2002), a phenomenon that may
regulate the time window for the synaptic integration. The occurrence of dendritic spikes has
inspired a more updated model for dendritic integration, in which each dendritic branch showing
dendritic spikes acts as a “unit” that can be integrated in the soma. Interestingly these dendritic
branches are integrated linearly in the soma, thus leading to the “two layer” integration model. It is
worth to note that the linear summation and the two layer model may coexist and the relative
weight of these two “integration modes” can vary according to dendritic region and the neuronal
activation state. Although less studied, inhibitory synapses play a crucial role in dendritic
integration, acting as a “shutter” allowing or blocking depolarization from excitatory synapses and,
ultimately, dendritic spikes (Larkum et al., 1999), thus highlighting that dendritic branches are
functional domains where excitatory and inhibitory synapses that act together in modulating the

output of neurons.
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Synaptic plasticity:

Synaptic plasticity is maybe one of the most distinctive ability of the central nervous system (CNS)
that refers to the ability that to functionally and physically change the neuronal network in response
to specific conditions or external stimuli. Since the majority of neurons of the central nervous system
do not replicate, plasticity represent an essential feature to “renovate the network” in order to
adapt to novel scenarios presented during an individual’s life. Given the aforementioned
importance of plasticity in phenomena like learning and memory, during the last 50 years an
extraordinary effort has been made to investigate this phenomenon at several levels, from the
molecular to the circuit and behaviour ones. Several types of synaptic plasticity were extensively
identified and described involving functional but also structural synaptic changes in response to
specific stimuli or activity patterns. Different forms of learning and memory (Bailey et al., 2000;
Huang and Kandel, 2005; Ito, 2001), as well as of neuronal circuit development (Chen and Olsen,
2007), have been associated to synaptic plasticity. Modifications can differ in their time of action,
usually defined as short-term plasticity (when it occurs in tens of milliseconds) or long-term
plasticity (when it lasts for more than 30 minutes). In the present thesis | will focus on long term

plasticity analysed either at early stage (1 minute after induction) or in the long term (30 min).

Excitatory and inhibitory plasticity:

As mentioned above plasticity at excitatory synapses has been extensively studied for almost 5
decades and several types of glutamatergic plasticity have been characterized. Surprisingly,
plasticity of inhibition has received much less attention. An increasing body of evidence is showing
that inhibitory synapses are extremely susceptible to be modulated by neuronal activity and
similarly to excitatory synapses they show both short and long term plasticity expressed at pre and

postsynaptic levels (Lamsa et al., 2005; Maffei and Turrigiano, 2008; Maffei et al., 2006).
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Presynaptic plasticity:

Presynaptic form of excitatory plasticity:

A well characterized form of plasticity expressed at presynaptic level was identified in the
hippocampus, at synapses formed by dentate gyrus (DG) granule cells and CA3 neurons (mossy
fibers). Indeed it has been shown that high frequency stimulations trigger an increase in the
probability of glutamate release (Mellor and Nicoll, 2001; Zalutsky and Nicoll, 1990). In particular,
the increase of calcium concentration in the presynaptic terminal mediated by R-type voltage gated
calcium channels (VGCC) leads to the activation of an intracellular cascade that ultimately activates
PKA. In turn, PKA phosphorylates presynaptic substrates, as VGCC, causing a long-lasting increase in
their activity and leading to a persisting enhance of the glutamate release probability from granule
cells ending with LTP (Breustedt et al., 2003; Villacres et al., 1998; Wang et al., 2003; Weisskopf et
al., 1994). Interestingly these synapses, under specific conditions, could also show presynaptic LTD
(Kobayashi et al., 1996) mediated by the metabotropic glutamate receptors mGIuR2 located on the
presynaptic neuron (Kobayashi et al., 1999; Tzounopoulos et al., 1998). From a molecular point of
view, the stimulation of the G protein coupled with the mGlur2 decrease the activity of the PKA,
leading to an inverse phenomenon respect to the LTP, triggering a reduction in vesicles release

(Castillo, 2012).

Presynaptic form of inhibitory plasticity:

At presynaptic level, inhibitory GABAergic synapses have been shown to be modulated by the
activation of NMDA receptors inducing two different processes that can lead to either potentiation
(iLTP) or a depression (iLTD) of inhibitory transmission. For instance, in the cerebellum, the
stimulation of the parallel fibers and the consequent release of glutamate, activates the NMDA
receptors on the stellate interneurons, resulting in increase of GABA release through a pathway
involving calcium influx and PKA activation (Lachamp et al., 2009; Liu and Lachamp, 2006). The
enhancement of the inhibitory transmission mediated by the stellate cells enables Purkinje cells to
integrate excitatory inputs with a high temporal fidelity (Scelfo et al., 2008). Moreover, stellate cells
show reciprocal connectivity, thus suggesting that the increase in GABA release is likely to modulate
the network activity also by regulating neuronal disinhibition. On the contrary, in the xenopus
retinotectal system, the activation of interneurons NMDA receptors following repetitive seems to

be required but not sufficient for the induction of iLTD, since it is necessary also the coincident
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GABAergic interneuron activity that promotes a boosting of calcium influx in the presynaptic

terminal (Lien et al., 2006; Liu et al., 2007).

Retrograde messengers on excitation and inhibition:

A different form of presynaptically induced plasticity involves the release of retrograde messengers
from the postsynaptic element. Importantly this form of plasticity has been found at both excitatory
and inhibitory synapses. The retrograde messenger diffuses to the presynaptic terminal where it
binds to specific presynaptic receptors. There are several types of retrograde messengers, some of
which are inducing plasticity both at excitatory or inhibitory synapses. The best characterized
retrograde messengers are: i) endocannabinoids (eCBs), ii) nitric oxide (NQ), iii) peptides as the

neurotrophic factors, among which one of the most important is the BDNF.

Endogenous Cannabinoids:
Endocannabinoids (eCBs) are lipid derived retrograde messengers synthesized and released from

the postsynaptic neuron and are able to affect both excitatory and inhibitory transmission. The first
demonstration of retrograde eCBs signalling in synaptic plasticity was characterized in the
depolarization-induced suppression (DIS) of inhibition (Ohno-Shosaku et al., 2001; Wilson and
Nicoll, 2001) and of excitation (Kreitzer and Regehr, 2001). In the hippocampus, the depolarization
of pyramidal neurons leads to the release and diffusion of eCBs that activate the G-protein coupled
with CB1 receptor located presynaptically. CB1 activation reduces the calcium influx in the
presynaptic terminal through the inhibition of VGCC, thus affecting the release of GABA from
interneurons and promoting inhibitory depression. eCBs are also involved in depression of
excitatory synaptic transmission on cerebellar purkinje cells. In particular, the depolarization of
these neurons induces the release of eCBs that reduces the release of glutamate from the climbing
and parallel fibers, promoting short term depression (STD). Concerning long term plasticity, in the
hippocampus (but also in other brain regions) the binding of eCBs to CB1 receptors activates the
alpha subunit of G protein triggering a signalling cascade, which finally results in the downregulation
of the cAMP/PKA system and the persistent depression of synaptic transmission (Castillo et al.,
2011; Chevaleyre et al., 2006; Heifets and Castillo, 2009). In conclusion, endocannabinoids are able
to modify the signal transmission of excitation and inhibition both in short or long manner.
Interestingly, in all the aforementioned plasticity forms the final action of eCBs is to reduce
presynaptic release, without affecting the postsynaptic element.
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Nitric oxide:
Nitric oxide (NO) is an ubiquitous signalling molecule involved in several aspects of brain function,

including synaptic plasticity (Holscher, 1997), development (Contestabile, 2000), cellular functions
(Garthwaite, 2008) and blood flow (Gordon et al., 2007). In particular, in synaptic plasticity, NO is
usually synthesized in the postsynaptic neurons and influence the release of neurotransmitter at
presynaptic side. In the CNS the most common isoform of NO synthase is NOS1 that usually is
located in spines head and is a part of the post synaptic density (PSD) by interacting with the PDZ
domain of the PSD95 (Brenman et al., 1996; Eliasson et al., 1997). Several works show that NO is
implicated in the modulation of release of neurotransmitter at excitatory and inhibitory synapses
by modulating the fusion of synaptic vesicles with the presynaptic membrane. In particular, NO is
able to increase the influx of calcium in the presynaptic terminal by enhancing the N-type calcium
channel conductance via PKG and also induces the binding of synataxinl with the VAMP on the
vesicles and SNAP 25 on the release site, thus promoting the vesicle fusion. The role of NO has been
observed in several brain regions including the hippocampus (Phillips et al., 2008), amygdala (Lange
et al., 2012) and neocortex (Hardingham and Fox, 2006). In the hippocampus, NO modulates
excitatory and inhibitory synaptic plasticity. For example, the activation of NMDA receptors in
pyramidal cells induces the release of NO from the postsynaptic neuron, stimulating the release of
GABA from the presynaptic terminal and potentiating the spontaneous IPSCs mediated by GABAA
receptors (Xue et al., 2011). In the layer 5 of the neocortex, somatic depolarization or short bursts
of action potentials of pyramidal neurons induce an iLTP of GABAergic synapses increasing the
release of nitric oxide (Lourenco et al., 2014, 2020a). Moreover it has been shown that exogenous

NO application in hippocampal slices increases spontaneous EPSCs (O’Dell et al., 1991).

Neurotrophins:
Another important family of molecules involved in the retrograde signalling are the neurotrophins.

Similar to NO and eCBs, they are secreted from the postsynaptic neurons following neuronal activity
and express plasticity at presynaptic side. Neurotrophins are involved in the regulation of excitatory
and inhibitory transmission. Among all the neurotrophins, the most important in the modulation of
Glutamate and GABA plasticity is the brain derived neurotrophic factor (BDNF). BDNF, after being
released, binds and activates TRKb receptor, located on nerve terminals, spines and axons (Drake et
al., 1999) triggering three main pathways of signalling cascade that are crucial for the plasticity

expression: i) Ras—mitogen-activated protein kinase (MAPK) pathway, ii) the phosphatidylinositol 3-
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kinase (P13K)—Akt pathway, and iii) the PLCy—Ca2+ pathway (Atwal et al., 2000). In the hippocampus,
bath application of BDNF induces an LTP of the synapses formed between CA3 and CA1 (Kang and
Schuman, 1996, 1995; Korte et al., 1998). Moreover, dendritic BDNF application facilitates LTP
induced by weak burst synaptic stimulation in dentate granule cells through a postsynaptic
mechanism (Kovalchuk et al., 2002). During the development, BDNF is crucial for the strengthening
of GABA currents. The calcium influx mediated by NMDA receptors in the postsynaptic neuron
induces the release of BDNF that modulates the presynaptic activity (Inagaki et al., 2008; Kuczewski
et al., 2008; Sivakumaran et al., 2009). In adulthood BDNF can modulate the postsynaptic plasticity
acting on GABA receptors (Abidin et al., 2008; Briinig et al., 2001; Jovanovic et al., 2004; Mizoguchi
et al., 2003; Tanaka et al., 1997). Interestingly BDNF is also involved in the regulation of the density
of GABA terminals (Kohara et al., 2007; Marty et al., 2000) and the control of chloride homeostasis
tuning the expression of KCC2 (Aguado, 2003; Wardle and Poo, 2003).
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(A) i-LTD mediated by eCBs. (B) iLTP mediated by BDNF. (C) iLTP mediated by NO. (D) NMDAR-dependent
plasticity.

(Castillo et al., 2011)
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Postsynaptic plasticity:

Excitatory postsynaptic plasticity:

Synaptic plasticity has been intensely investigated in Schaffer collaterals, e.g. at synapses formed by
CA3 pyramidal neurons onto CA1 pyramidal neurons of the hippocampus. These synapses that are
believed to play a fundamental role in the mnemonic process were found to be extremely plastic.
In particular, depending on the stimulation delivered, Schaffer collateral synapses can be either
potentiated or depressed. In particular, theta burst stimulations (short bursts at high-frequency,
100Hz delivered at the theta rhythm (5 to 7 HZ)) are able to induce long term potentiation (LTP). On
the contrary, the induction of long term depression (LTD) is observed after low frequency
stimulations (LFS) at 1Hz. This archetypal form of LTP involves the activation of NMDA receptor and,
the coincident activation of the pre and post synaptic neuron (Hebbian plasticity) to remove the
NMDA receptors from magnesium block thus leading to an influx of calcium in the postsynaptic
membrane. Calcium entry triggers the activation of the CaMKIl, leading to an increase AMPA
receptors number induced by the modulation of the AMPA receptors binding with scaffold proteins
at excitatory synapses. Indeed, following high frequency stimulations, new AMPA receptors are
inserted in the synaptic area promoting an increase in the postsynaptic signals and the LTP. In
contrast, following the low frequency stimulation, the activation of the calcineurin induces a
dephosphorylation of the AMPA receptors at the synapse, promoting an endocytosis and leading to

an LTD (Lee and Kirkwood, 2011).

Inhibitory postsynaptic plasticity:

As mentioned above several studies have demonstrated that inhibitory synapses express
postsynaptic plasticity. As for its excitatory counterpart, the most consistent forms of inhibitory
postsynaptic plasticity rely on the modulation of GABAA receptors number expressed at
postsynaptic side. It has been shown that, the phosphorylation of GABA receptors is modulated by
the action of CamKIl and calcineurin, activated by defined intracellular calcium concentration. In the
5 layer of the cortex, the induction of a high frequency stimulation on the pyramidal neuron is able
to potentiate the perisomatic inhibition through the calcium influx mediated by the activation of R-

type VGCC. Interestingly, the induction of the same protocol on a hyperpolarized membrane (anti-

22| Page



Massimo Ruben, 2021

hebbian plasticity) triggers the activation of the L-type VGCC with a weakening of the synaptic
strength, showing an opposite result. Both the effects can be easily prevented by adding botulinum
toxin that interferes with the constitutive GABAA receptor recycling and trafficking (Chiu et al., 2019;
Kurotani et al., 2008). In another region of the brain, the cerebellum, one of the first discovered
form of postsynaptic iLTP, referred to as rebound potentiation, involves the depolarization of the
Purkinje cells mediated by excitatory inputs coming from climbing fibers (Kano et al., 1992). The
depolarization of the postsynaptic neuron leads to the activation of the CaMKII that phosphorylate
the B2 subunit of the GABA receptors, favouring its binding with the scaffold protein GABARAP
(Kawaguchi and Hirano, 2007). This protein plays a crucial role in the trafficking of GABAA receptors
thus favouring receptor exocytosis and expression in the postsynaptic membrane. Moreover
GABARAP seems to be involved in the modulation of the activity of the receptors, changing its
kinetics (Chen and Olsen, 2007; Chen et al., 2000; Kittler and Moss, 2001; Kneussel, 2002; Kneussel
et al., 2000; Leil et al., 2004; Lischer and Keller, 2004; Moss and Smart, 2001; Nymann-Andersen et
al., 2002). Another type of postsynaptic iLTP was found and described in hippocampus circuitry and
involved the increasing expression of the main inhibitory scaffold protein gephyrin. In particular, in
the CA1 pyramidal neuron the application of a chemical protocol (consist in NMDA and CNQX) is
able to induce an increase in GABAaR and gephyrin at the level of the synapse, through the action
of the CamKIl (Marsden et al., 2007). Interestingly the induction of the same protocol promotes also
the endocytosis of the AMPA receptor mediated by the calcineurin, and the depression of excitatory

transmission (Mulkey et al., 1994a).
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Variation in ionic concentration:

Variations in inhibitory synaptic strength can also occur through the modulation of ionic
concentration across the membrane (ionic plasticity). This form of plasticity is important at
inhibitory synapses because the equilibrium potential of the chloride can be very close to the resting
membrane potential so that small variations in the chloride concentration can strongly impact on
the amplitude of the inhibitory synaptic signals. Several studies show that chloride concentration
can be modulated by the neuronal activity through the expression of specific chloride transporters,
(Fiumelli and Woodin, 2007; Payne et al., 2003). In particular, in mature hippocampal neurons,
coincident pre and post synaptic activity can reduce GABAergic currents due to the reduced chloride
gradient caused by the reduced activity of the KCC2 cotransporter (Woodin et al., 2003).
Interestingly, since in early developmental stages the Nernst potential for chloride is depolarizing
with respect to the resting membrane potential , coincident pre and post synaptic activity produced
an opposite effect in immature neurons (Balena and Woodin, 2008). This was due to the reduced
activity of NKCC1 that determined the hyperpolarization of the chloride equilibrium potential with

consequent increase of GABAergic inhibition.

Spike timing dependent plasticity (STDP):

Spike timing dependent plasticity (STDP) is a type of postsynaptic plasticity that can be observed
both at excitatory and inhibitory synapses. In STDP, the delay between the firing of the presynaptic
and postsynaptic neuron can lead to either synaptic potentiation or the depression (Dan and Poo,
2006; Magee and Johnston, 1997; Markram et al., 1997). STDP can be considered an “extension” of
the Hebbian coincidence and has been described in several region of the brain. For example, in
pyramidal neurons of the neocortex (layer 5), a repetitive stimulation pre and post with a delay of
13 ms was able to induce a potentiation of excitatory currents. Such LTP required the activation of
NMDA receptors with the consequent accumulation of calcium in the spine that triggered an actin-
polymeralization dependent shrinkage of the neck and the diffusion of GIuR1 receptors from the
neck to the spine head, increasing the number of synaptic receptors. In contrast, if the post synaptic
neuron is activated before the presynaptic one, the excitatory transmission was depressed, showing
an LTD, not accompanied with changes in the morphology of the spine (Tazerart et al., 2020). When

the presynaptic neuron is activated before the post, a higher influx of calcium is observed respect
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to the opposite condition, in line with the model by which the preferential rise of the LTP respect to
the LTD is dependent by the amount of calcium inflow. The first demonstration of GABAergic
plasticity relies on the precise timing of pre and postsynaptic neuron activity was described in
Woodin et al., (2003) where, in the hippocampus, the coincident activation within 20 ms led to the
iLTD. As described above in the ionic plasticity paragraph, they showed that the calcium influx in the
postsynaptic neuron through the L-type VGCC promoted modification in the KCC2 cotransporter
resulting in the KCC2 loss of activity, reduced chloride driving force and depression of inhibitory
transmission (iLTD). Three years after Haas and his colleagues found in the entorhinal cortex in the
synapses made by the interneuron on the principal stellate cells that the rise of the iLTP or iLTD
followed similar rules already described for excitation, by which the expression of potentiation or
of the depression is dependent by the timing of activation of the presynaptic neuron respect to the
postsynaptic. This form of STDP requires calcium influx mediated by the activation of L-type VGCC
(Haas et al., 2006).
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Plasticity mediated by astrocytes:

Astrocytes are “third rulers” that play an important role in both excitatory and inhibitory synaptic
plasticity. Several studies, indeed, show that astrocytes actively modulate the induction of both LTP
and LTD. In the hippocampus, the activation of a pyramidal cell in CA1 followed by the stimulation
of the Shaffer collaterals was able to induce LTD in slices obtained from mice between P13 and P21.
The generation of the LTD depends on the activation of the pathway that induces the synthesis of
NO in the postsynaptic neuron and the decrease in the release of neurotransmitter from the
presynaptic one. Interestingly, the application of the same protocol in the slices obtained from mice
P22-30 did not induce any effect while in slices P30-45 was able to revert the plasticity, inducing
LTP. Such inversion of plasticity is promoted by the action of the astrocytes. In fact, the production
of NO triggers the release of adenosine and glutamate from the astrocytes that activate respectively
the A1R and mGIuR receptors on the presynaptic neuron, increasing the release of glutamate
(Falcon-Moya et al., 2020). Moreover, astrocytes are also able to modulate inhibitory plasticity. For
instance, the release of GABA and the following GABA binding to GABA receptors on the astrocytes,
activates a signalling cascade that induce the release of glutamate in the intersynaptic space. The
glutamate, acting on the presynaptic neuron, can modulate the strength of the transmission of the
excitatory or inhibitory signal (Kang et al., 1998). Astrocytes are demonstrated being involve in
excitatory and inhibitory synaptic plasticity and further studies could highlight an active role also in

the interplay between the two plasticities, coordinating them in a precise manner.
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Extracellular matrix role in synaptic plasticity:

Several studies have pointed at the extracellular matrix (ECM) as an important player in synaptic
plasticity. ECM is a network of molecules secreted from neurons and glial cells. This component has
several functions including support to neurons, separation between and inside different brain areas
and facilitation of the existing communications between cells. For example in the CA1 region of the
hippocampus the ECM molecule reelin contributes to the induction of excitatory synaptic plasticity.
In particular, activation of Reelin’s receptors, the very low density lipoprotein receptors (VLDLR) and
the apolipoprotein E receptors type 2 (APOER2) trigger a signalling cascade leading to the
phosphorylation of GIuN1 subunits of NMDA receptors promote insertion of AMPA receptors at
synapses the consequent potentiation of excitatory transmission (Beffert et al., 2005; Qiu et al.,
2006; Weeber et al., 2002). Another important family of ECM molecules, the metalloprotease
(MMP), are heavily involved in synaptic plasticity. In the hippocampus, the presynaptic activation of
MMP9 is sufficient for the induction of spine enlargement and of synaptic potentiation (Wang et al.,
2008). Moreover, MMP9 is involved in the maintenance of the NMDA-dependent LTP and in the
NMDA lateral diffusion (Gorkiewicz et al., 2010). MMP have been also recently demonstrated to
modulate crucial inhibitory plasticity: MMP 3 is fundamental for the induction of postsynaptic iLTP
with the increase of IPSCs amplitude, the enlargement of gephyrin clusters and the decrease of the
lateral diffusion of GABA receptors (Wiera et al., 2020). Synaptic plasticity is also modulated by the
action of a third group of component of the ECM, the chondroitin sulphate proteoglycans (CSPGs),
responsible of the inhibition of the axon’s sprouting. The degradation of the CSPGs causes a restore
in the ocular dominance plasticity, suggesting their involvement in the stabilization of the synapses
and the “freezing” of the network (Pizzorusso et al., 2002). Hence, molecules of the ECM play an
important role in the induction and maintenance of synaptic plasticity and, since they are required
in both excitatory and inhibitory plasticity, they may represent as a possible player in the

coordination of activity-dependent changes at glutamatergic and GABAergic synapses.
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Interplay between excitatory and inhibitory synaptic plasticity:

So far, | have analysed different aspects of both excitatory and inhibitory synaptic plasticity
assuming that they are two independent phenomena. With the exception of homeostatic plasticity
in which excitation and inhibition are coordinated to maintain the level of neuronal excitability, the
interplay between glutamatergic and GABAergic synaptic plasticity has been poorly studied.
However since the neuronal spiking output depends on the integration of glutamatergic and
GABAergic synapses it is vital to understand which are the mechanisms involved in reciprocal
modulation of excitatory and inhibitory synaptic plasticity. In this concern, it has to be stressed that
several molecular players involved in the excitatory plasticity are also acting at inhibitory synapses,
and, often glutamatergic and GABAergic synapses are in close spatial proximity in proximal
dendrites, thus creating the opportunity for efficient postsynaptic heterosynaptic interaction. It has
been clearly shown that CaMKIl is involved in the induction of postsynaptic excitatory LTP (Nicoll,
2017): nevertheless CaMKll is also necessary for some forms of postsynaptic inhibitory iLTP (Chiu et
al., 2018; Flores et al., 2015; He et al., 2015a; Kano et al., 1996; Marsden et al., 2007; Petrini et al.,
2014). Moreover, inhibitory depression requires the activity of calcineurin (Bannai et al., 2009, 2015;
Muir et al., 2010), a phosphatase that was observed involved also in LTD (Mulkey et al., 1994b; Zeng
et al., 2001). During inhibitory (Bannai et al., 2009; Chiu et al., 2018; He et al., 2015a; Kurotani et al.,
2008; Muir et al., 2010; Nusser et al., 1998; Petrini et al., 2014) and excitatory plasticity (Diering and
Huganir, 2018), receptors are continuously translocated from synaptic and extrasynaptic
compartments, quickly modulating the postsynaptic response. For instance, in CA1l pyramidal
neurons, the relocation of extrasynaptic a5-GABAa receptors towards inhibitory synapses after the
induction of excitatory LTP is crucial to sustain learned associations. The authors demonstrated that
the higher expression of a5-GABAa receptors at the inhibitory synapses prevents excitatory LTD and

the induction of further LTP, preventing behavioural flexibility (Davenport et al., 2021).

The preservation of the correct E/I balance is crucial to maintain the functional stability of the
network (Higley and Contreras, 2006; Isaacson and Scanziani, 2011). The issue of the interplay
between glutamatergic and GABAergic synapses could also be important for pathology, since the
alteration of the correct balance between excitation and inhibition has been shown to be involved
in the physiopathology of neurological disorders such as autism (Hussman, 2001; Lee et al., 2017,

Rubenstein and Merzenich, 2003a; Zorrilla de San Martin et al., 2018), epilepsy (Bernard, 2012; Bozzi

28| Page



Massimo Ruben, 2021

et al., 2018; Treiman, 2001) and schizophrenia (Benes, 2001, 1991; Marin, 2012). However a
transient loss of the E/I balance can be important for the sensory processing (Froemke et al., 2007),
since a restricted period of disinhibition may act as a synaptic correlate of heightened attentiveness
for novel or meaningful stimuli and a synaptic trace for sensory information of increased significance
(Hromadka and Zador, 2007; Thompson, 2005; Weinberger, 2004). On the other hand, a transient
potentiation of the inhibitory transmission is crucial to control the temporal precision of spike
generation at the level of the dendrites, by modulating the time window of synaptic integration of
the excitatory inputs (Lourencgo et al., 2014, 2020b). For example, postsynaptic activity of pyramidal
neurons in layer 5 is able to alter the E/I balance by potentiating the feedforward inhibition
mediated by parvalbumin interneurons recruited by pyramidal neurons of layer 2/3 (Lourenco et

al., 2020a).
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Distinct interneurons are modulated in different manners:

We described various stimulations or physiological activities able to induce different type of
plasticity at excitation and inhibition. The same protocol can affect inhibition or excitation or both,
inducing potentiation or depression. But, is it possible that a stimulation induces opposite or
different plasticity at different inhibitory synapses? How a particular physiological activity can
influence in a different manner two different inhibitory synapses on the same neuron? In the human
brain there are different classes of interneurons that differ for many features as morphology,
activity, synapses composition and location, but also in the induction of plasticity. In the cerebellum
was discovered that a depolarization of a Purkinje cell potentiated the strength of somato-dendritic
basket cell synapses without affecting distal dendritic stellate cell synapses (He et al., 2015). The B2-
subunit-containing GABAA receptors are predominantly express in basket cells and are crucial to
allow this form of plasticity, favouring the expression of potentiation. Moreover, in the neocortex
the stimulation of NMDA receptors with a chemical protocol was able to potentiate the distal
inhibitory synapses formed by somatostatin interneurons without affecting the transmission of
perisomatic synapses of parvalbumin interneurons (Chiu et al., 2018). In this example, the
potentiation occurs in distal synapses while in the previous one only somato-dendritic synapses
were affected. This phenomenon of specific plasticity was described also in the hippocampus. In
particular, during a physiological activity pattern, the currents mediated by the activation of
somatostatin interneuron were potentiated while transmission mediated by PV interneurons was
depressed (Udakis et al., 2020). With these works we show that, under specific condition, the
synapses located in different part of the neurons can be differently influenced, highlighting how is
crucial the exact localization on the dendritic tree. In particular, when an important signal is
delivered to the apical part of the neuron, the inhibitory counterparts is depressed in the region,
while is potentiated in the other areas of the neuron to silence other excitatory signals that can

compete.
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METHODS

Animals:

All the experiments were carried out in accordance with the laws of Italian Ministry of Health and
the guidelines established by the European Communities Council (Directive 2010/63/EU, 2010).
Parvalbumin-tdTomato (PV-tdTomato) mice were obtained at the IIT animal facility by breeding
Ai9 mice with PVCRE mice. Ai9 (B6.Cg-Gt(ROSA)26Sortm9(CAGtdTomato) Hze/) - Jackson
Laboratory, USA) mice carrying a loxP-flanked STOP cassette, that prevents the transcription of a
CAG promoter-driven red fluorescent protein variant (tdTomato) were used as a Cre reporter
strain. PVCRE (B6;129P2-Pvalbtm1(cre)Arbr/J - Jackson Laboratory, USA) mice express the Cre
recombinase in Parvalbumin-expressing interneurons without disrupting the endogenous
Parvalbumin locus (Pvalb) expression. The resulting offspring PV-td tomato has the STOP cassette

removed in Parvalbumin-potitive interneurons and the consequent expression of tdTomato.

Primary neuronal cultures:

Cultures of hippocampal neurons were prepared from P1-P3 Parvalbumin-tdTomato mice of either
sex using a previously published protocol (de Luca et al., 2017) modified from (Baudouin et al.,
2012). Briefly, hippocampi were dissected, quickly sliced and digested with trypsin in the presence
of DNAase, mechanically triturated, centrifuged at 80g and re-suspended. Neurons were plated at
a density of 90 x 103 cells/ml on poly-D-lysine (0.1 pg/ml) pre-coated coverslips. Cultures were
kept in serum-free Neurobasal-A medium (Invitrogen, ltaly) supplemented with Glutamax
(Invitrogen, Italy) 1%, B-27 (Invitrogen, Italy) 2% and Gentamycin 5 ug/ml at 37°Cin 5% CO2 up to
30 days in vitro (DIV). During this period, half of the medium was changed weekly. Experiments

were conducted at DIV 15-27.

Plasmid constructs:

Enhanced GFP (eGFP) was expressed from the pEGFP-N1 (Clontech). Homerlc-DsRed and
Homerlc-GFP plasmids encoding for Homerlc fused with DsRed and GFP at the N terminus,
respectively were kindly provided by Dr. D. Choquet (Petrini et al., 2009). EGFP-gephyrin was a gift

from Prof. E. Cherubini. FingR-gephyrin-GFP (received from Dr C. Duarte) was expressed from
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pPCAG_GPHN.FingR-eGFP-CCR5TC, a plasmid encoding for FingRs (Fibronectin intrabodies
generated with mRNA display), that bind endogenous gephyrin with high affinity and allow the
visualization of gephyrin clusters using GFP as a reporter (Gross et al., 2013). Gephyrin-D269-GFP
was kindly donated by Dott. G. Schwarz. GABAA receptor al subunit carrying the Hemagglutinin
(HA) tag between the IV and V amino acid of the mature protein has been described previously (de

Luca et al., 2017).

Transfection and synapse visualization:

Neurons were transfected with either using Effectene (Qiagen, Germany) at 6-7 days in vitro (DIV)
or Lipofectamine 2000 (Thermofisher) 24/72 hours before the experiments, following the
companies’ protocols. All experiments were performed from 14 DIV to 21 DIV. In most
experiments, excitatory and inhibitory synapses were visualized by transfecting Homerlc-DsRed
and gephyrin-EGFP, respectively. GABAergic synapses were also identified by live immunolabelling
of the presynaptic marker vGAT using the anti-vGAT-Oyster550 antibody (Synaptic Systems,
Germany) which is directed against the luminal part of the protein, diluted in culture medium and

incubated for 30 min at 37°C.

Antibodies and drugs:

Anti-vGAT-Oyster 550 antibody was purchased from Synaptic System (Goettingen, Germany). Anti-
HA antibody was from Roche (Milan, Italy). BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid), L-NAME (L-NG-Nitroarginine methyl ester), Nifedipine (1,4-Dihydro-2,6-dimethyl-
4-(2-nitrophenyl)-3,5-pyridinedicarboxylic acid dimethylester),Bicuculline and Cyclosporin A were
purchased from Sigma (Milan, Italy). KN-93 and KN-92 were acquired from Millipore Merck
(Darmstadt, Germany). APV (D-(-)-2-Amino-5-phosphonopentanoic acid), CNQX (6-Cyano-7-
nitroquinoxaline-2,3-dione), w-conotoxin MVIIC, w-conotoxin GVIA, DPNI-caged-GABA (1-(4-
Aminobutanoyl)-4-[1,3-bis(dihydroxyphosphoryloxy)propan-2-yloxy]-7-nitroindoline) and MNI-
caged-L-glutamate ((S)-a-amino-2,3-dihydro-4-methoxy-7-nitro-6-oxo-1H-indole-1-pentanoic acid)
were purchased from Tocris (Bristol, UK). Rhod-2 tripotassium salt was purchased from AAT
Bioguest (Sunnyvale, CA, USA).
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Electrophysiological recordings:

Inhibitory and excitatory postsynaptic currents (IPSCs and EPSCs, respectively) were recorded at
room temperature in the whole-cell configuration of the patch-clamp technique. External
recording solution contained (in mM): 145 NaCl, 2 KCl, 2 CaCl,, 2 MgCly, 10 glucose, and 10 HEPES,
pH 7.4. Patch pipettes, pulled from borosilicate glass capillaries (Warner Instruments, LLC,
Hamden, USA) had a 4 to 5 MQ resistance when filled with intracellular solution. In all experiments
with the exception of paired-patch electrophysiological recordings, the intracellular solution
contained (in mM): 10 KGluconate, 125 KCl, 1 EGTA, 10 HEPES, 5 Sucrose, 4 MgATP (300mOsm and
pH 7.2 with KOH). Paired-patch recordings were performed with an intracellular solution
containing (in mM): 130 KGluconate, 20 KCI, 1 EGTA, 10 HEPES, 5 Sucrose, 4 MgATP (300mOsm
and pH 7.2 with KOH). In a subset of paired-patch recordings 20 KCl was replaced with 5 KCl. Since
the use of these two intracellular solutions gave comparable results, data were merged. In the
paired-patch experiments using BAPTA, 1ImM EGTA was replaced with 11mM BAPTA in the
presence of 120 mM KGluconate. Currents were recorded using Clampex 10.0 software (Molecular
Devices, Sunnyvale, CA). The stability of the patch was checked by monitoring the input resistance
during the experiments to exclude cells exhibiting more than 15% changes from the analysis.
Currents were sampled at 20 KHz and digitally filtered at 3 KHz using the 700B Axopatch amplifier
(Molecular Devices, Sunnyvale, CA). IPSCs and EPSCs were analyzed with Clampfit 10.0 (Molecular

Devices, Sunnyvale, CA).

In paired-patch experiments, a small current was injected into presynaptic neurons in the current
clamp mode to keep their membrane potential close to -65 mV. Action potentials, evoked in the
presynaptic neuron by injecting depolarizing current pulses (0.8-1 nA for 5-7 ms) at a frequency of
0.1 Hz, elicited IPSCs or EPSCs that were recorded from the postsynaptic neuron voltage-clamped
at -65 mV. When the paired-patch involved a presynaptic PV+ interneuron and a putative
pyramidal neuron, GABAergic IPSCs were pharmacologically isolated by the continuous perfusion
of CNQX (10 uM) to prevent glutamatergic synaptic transmission. When the presynaptic and
postsynaptic neurons were two putative pyramidal neurons, EPSCs were isolated by the
continuous perfusion of Bicuculline (10 uM) to prevent GABAergic transmission. IPSCs or EPSCs

were continuously acquired from 5 min before to 30 min after the delivery of the electrical
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plasticity-inducing protocol (see below). IPSCs and EPSCs data were binned in 1 min intervals and
normalized to the mean of the baseline amplitude. Data are expressed as normalized values
after/before. In the text, we report stimulation-induced average changes in current amplitude

between 25 and 30 min after the protocol and expressed as fold-change of the baseline.

Neurotransmitter Uncaging:

GABA and Glutamate were photoreleased from DPNI-GABA and MNI-glutamate after illumination
by a 378 nm diode laser (Cube 378, 16 mW, Coherent Italia, Italy). MNI-glutamate (5 mM) or DPNI-
GABA (1 mM) were dissolved in extracellular solution and locally applied near the synapses
through a pulled glass capillary (2-4 um tip diameter) placed at 10-30 um in the x-axis and at 5-10
um in the z-axis from the region of interest (ROI), using a pressure-based perfusion system (5/10
psi) (Picospritzer, Parker, USA). The laser beam was focused on the sample by means of an
Olympus Apo-plan 100X oil-immersion objective (1.4 NA). A beam expander was placed in the
optical path between the laser source and the objective in order to achieve a complete filling of
the objective pupil, a conditions that maximizes the focusing capability of the objective, thus
minimizing the spot size on the sample. The measured point spread function (PSF) had a lateral
dimension of 487455 nm (FWHM, n = 6). The laser beam was steered in the field of view by using a
galvanometric mirrors-based pointing system able to illuminate specific regions of interest
outlined around glutamatergic and GABAergic synapses defined by Homerlc-DsRed and gephyrin-
GFP (UGA32, Rapp OptoElectronics, Hamburg, Germany). Synchronization of optical uncaging and
electrophysiological recordings was controlled with the UGA32 software interfaced with the
Clampex 10.0 software (Molecular Devices, Sunnyvale, CA, USA). Both MNI-glutamate and DPNI-
GABA uncaging currents (UEPSCs and ulPSCs, respectively) were elicited by 500-1000 us laser
pulses with a power intensity of 80-100 uW at the exit of the objective. In double-uncaging
experiments, the same uncaging settings were applied, with MNI-glutamate and DPNI-GABA
loaded in two glass capillaries independently positioned in the ROIs and independently controlled
by the aforementioned pressure-based perfusion system. The time course of uncaging current
amplitude changes upon plasticity induction was quantified by binning data in 10 min intervals and

by normalizing them to the mean of the amplitude at baseline time points. In the text, we report
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the values of stimulation-induced average changes in current amplitude at 27 min after the

protocol expressed as fold-change of the baseline.

Plasticity induction:

The non-Hebbian plasticity-inducing protocol consisted of action potential (AP) trains elicited in
the postsynaptic neuron at 2 Hz for 40 seconds (low frequency stimulation, LFS) in the current
clamp configuration. AP was elicited by the injection of depolarizing current pulses (0.8-1 nA for 5-
7 ms) (0.8-1 nA for 5-7 ms). Single spine LTP (for a Hebbian stimulation) was induced by pairing the
aforementioned LFS with repetitive MNI- glutamate uncaging at 4 Hz at individual spines for 40
seconds (see Neurotransmitter Uncaging). In the text, this protocol has been referred to also as
“LFS + MNI-glutamate uncaging”. Experiments aimed at identifying the contribution of i) different
calcium sources ii) CaMKII role, iii) nitric oxide (NO) role or calcineurin role in inhibitory plasticity
were performed in the same conditions described above during the bath application of APV (50
uM), L-NAME (50 uM), KN-93 (5 uM), KN-92 (5 uM), w-conotoxin MVIIC (2 uM), w-conotoxin GVIA
(3 M) or Nifedipine (10 uM) as described in the text. In the experiments performed to study the
involvement of the calpain or calcineurin, neurons were preincubated with the calpain inhibitor Ill
MDL28170 (50 uM) or Cyclosporin A (20 uM) for 30 minutes before the delivery of the single spine

LTP protocol, respectively.

Live-Cell Imaging:

Hippocampal primary cultures from PV-tdTomato mice were transfected with FingR-gephyrin-GFP
or gephyrin-GFP. Samples were illuminated with a LED light source (Spectra X, Lumencor) through
475/34 nm and 543/22 filters (Semrock, Italy). GFP and tdTomato fluorescence was detected using
a 520/35 nm and 593/40 nm filters respectively (Semrock, Italy). Neurons positive for GFP were
identified, patched and stimulated with the both the non-Hebbian and Hebbian
electrophysiological plasticity-inducing protocol. Neurons positive for both GFP and PV-tdTomato
were excluded. Images were acquired with the digital camera Hamamatsu, EM-CCD C9100
mounted on a wide field inverted fluorescence microscope (Nikon Eclipse Ti) equipped with an oil-

immersion 60X (1.4 NA) or with the digital camera EM-CCD Photometric QuantEM:512SC mounted
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on a wide field inverted fluorescence microscope (Olympus IX 70) equipped with an oil immersion
100X objective (1.4 NA), for the imaging of gephyrin-GFP or FingR-gephyrin-GFP clusters,
respectively. Acquisition and quantification of gephyrin clusters fluorescence were performed by

using the MetaMorph 7.8 software (Molecular Devices).

Images of FingR-gephyrin-GFP or gephyrin-GFP clusters fluorescence was acquired before and
after (up to 30 minutes) the application of the LFS protocol (non-Hebbian stimulation) or the
LFS+MNI-glutamate uncaging protocol at individual spines (Hebbian stimulation). Focal plane was
set by the operator and maintained fixed for the duration of the experiment. Gephyrin clusters
that changed their focal plane after the delivery of the stimulation, were discarded from the
analysis. The same light exposure time was used for the acquisition of all images and was set to
avoid signal saturation. After background correction, a user-defined intensity threshold was
applied to the maximal projection of each image-stack to create a binary mask for the
identification of gephyrin clusters. For the analysis of gephyrin clusters, regions were created
around each cluster in the binary mask after 2 pixel enlargement. As such, we aimed at avoiding
the possibility of underestimating gephyrin fluorescence over time due to the changes in the
cluster size/position after the delivery of the protocol. Average fluorescence intensity of each
cluster was measured and normalized to control experiments in which the stimulation was

omitted.

Calcium imaging:

Calcium imaging experiments were performed by using Rhod-2 (Minta et al., 1989). The rationale
for the choice of this red shifted rhodamine-based calcium indicator with respect to the more
commonly used green-emitting indicators was to maximize the separation between the
wavelength of the laser used for neurotransmitter uncaging (378 nm) and the indicator absorption
spectrum, thus minimizing the possible photobleach of the indicator. Previous studies have shown
that the positive net charge of the Rhod-2 molecule favors intracellular Rhod-2 accumulation in
mitochondria (Collins et al., 2001). However, this particular Rhod-2 partitioning between cytosol
and mitochondria has been mainly observed with the cell permeant form of Rhod-2 (Rhod-2 AM).
In contrast, the cell-impermeant form has been used to record bona fide cytosolic calcium in

electrophysiological studies (Kaiser et al., 2004; Yasuda et al., 1998). In our calcium experiments

36|Page



Massimo Ruben, 2021

with Rhod-2, we observed that, while it efficiently dialyzed in dendrites, it showed limited
diffusion into spines. However, since our goal was to study calcium dynamics in the dendritic shaft,
we reasoned that such Rhod-2 feature could contribute to maintain unperturbed the spine

calcium dynamics, while recording the dendritic one.

Neurons were loaded with Rhod-2 (80 uM) through the patch pipette for at least 5 minutes after
reaching the whole-cell configuration to allow the diffusion of Rhod-2 in proximal dendrites. Rhod-
2 fluorescence was acquired with the digital EM-CCD QuantEM:512SC camera (Photometrics)
mounted on a wide field inverted fluorescence microscope (Olympus IX 70) equipped with an oil-
immersion 100X objective (1.4 NA) and the MetaMorph 7.8 software (Molecular Devices). The LFS
paired with MNI-glutamate uncaging was delivered at individual spines (Hebbian stimulation).
During this protocol, we recorded calcium dynamics in a dendritic region centered below the
photostimulated spine. Concomitantly, calcium dynamics was also recorded in another region on
a different dendritic branch of the same neuron (at a similar distance from the soma) centered
below a reference, non-photostimulated spine. Since the latter region was distant from the
potentiated spine, it was receiving only the LFS, so hereafter it will be referred to as “LFS”
conditions. The onset of calcium responses recorded in the two regions reached plateau in a few
seconds after stimulation. Thus, the stimulation protocol duration was reduced to 10 seconds
(instead of the full-length stimulation of 40 seconds) in order to minimize fluorescence
photobleaching. Therefore, the total duration of the recording was 16 seconds (i.e., 160 frames
acquired at 10 Hz) including 3 seconds before (baseline), 10 seconds during and 3 seconds after

(recovery) the stimulation protocol.

For the data analysis, we considered dendritic portions of 14 um centered below the stimulated or
the reference spine - which was usually chosen at approximately 10-30 um from the soma. Every
dendritic portion was sub-divided in 7 regions of interest (ROIs) of 2 um length, with the central
one being centered below the spine. The width of each region was adjusted to the thickness of the
dendrite. In each region, changes in the Rhod-2 fluorescence intensities induced by the LFS or LFS
+ MNI-glutamate uncaging were calculated as AF/Fo, where AF is the difference between the
average fluorescence intensities at plateau and that before the delivery of the protocol. Fo is the
average fluorescence intensity measured before the stimulation. In order to quantify calcium
variations induced by the pairing of MNI-glutamate uncaging with respect to LFS alone, the AF/Fo

recorded upon LFS+MNI-glutamate uncaging was normalized to that observed upon LFS (i.e.,
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Figure 5D and 5E). When considering the spatial spread of calcium variations induced by the

stimulating protocols (Figure 5E), the aforementioned normalization was computed for each ROI.

Quantum dot labelling and imaging:

In the experiments aimed at monitoring the modulation of GABAA receptor lateral mobility during
spatially-regulated synaptic plasticity, we combined SPT experiments with electrophysiology and
plasticity induction (see sections above). Non-Hebbian or Hebbian stimulation protocols were
delivered to neurons expressing the HA-tagged al subunit of GABAA receptor along with
Homerlc-DsRed and gephyrin-GFP. The surface labelling of the HA tag with QDs allowed to
selectively probe the mobility of GABAARs belonging to the neuron that received the plasticity

protocol.

Before the experiment, QDs 655 (Invitrogen) were diluted in PBS and pre-exposed to casein 1X
(Vectorlab, Italy) for 15 min to prevent QD non-specific binding. Then, living neurons were
incubated with the anti-HA antibody (Roche) 1 pug/ml in the electrophysiology external recording
solution for 4 minutes and subsequently with the diluted QDs solution for 3 minutes. The final
concentration of QD was 0.1 nM. Control experiments omitting the anti-HA antibody were

performed to validate the antibody-specific labelling of HA-tagged GABAARs.

SPT experiments were acquired by live-cell imaging on a wide field inverted fluorescence
microscope (Olympus IX 70) equipped with a diode-based illumination device (Lumencor, SpectraX
Light Engine, Optoprim, Italy), an EM-CCD camera (QuantEM:512SC, Photometrics, pixel size 16
pm) and an Apo-plan oil-immersion 100X objective 1.4 NA (Olympus). For each neuron, we chose a
dendritic portion where we first localized glutamatergic and GABAergic synapses by Homerlc-
DsRed and gephyrin-GFP fluorescence acquired with appropriate excitation and emission filter sets
(ex:543/22,472/30, em: 593/40, 520/35, respectively) to achieve a 2D map of the relative
localization of excitatory and inhibitory synapses. QD fluorescence acquired with specific filters
(ex: 435/40 and em: 655/15 filters, Semrock, Italy) was monitored over time by recording movies
of 600 consecutive frames at 20 Hz using the Metamorph 7.8 software (Molecular Devices, USA).
The mobility of GABAAR-QD complexes was probed in the same field of view before and 30
minutes after the induction of synaptic plasticity, either with the LFS or with LFS paired with MNI-

glutamate uncaging. During the experiments, neurons were kept at 28°C (TC-324B Warner
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Instrument Corporation, CT, USA) in an open chamber and continuously superfused with the

recording solution at 12 ml/h.

Single particle tracking:

Tracking of QD-labelled GABAAR was performed as previously described (de Luca et al., 2017;
Petrini et al., 2009). The spatial coordinates of single QDs were identified in each frame as sets of >
4 connected pixels using two-dimensional object wavelet-based localization at sub-diffraction
limited resolution (~ 40 nm) using the MIA software which is based on simulated annealing
algorithm. Continuous tracking between blinks was performed with an implemented version of
custom software originally written in MATLAB (The Mathworks Inc., Italy) in Dr Choquet’s lab,
based on a QD maximal allowable displacement (4 pixels) during a maximal allowable duration of
the dark period. This stringent reconnection of trajectories across QD blinking combined with the
highly diluted QD labelling have been set to avoid erroneous reconnection of neighbouring QDs in
the same trajectory and to provide unambiguous observations of individual receptor-QD complex
trajectories. When, occasionally, two QDs were too close to be unambiguously identified, they
both were discarded from the analysis. Receptor trajectories were defined as synaptic (or
extrasynaptic) when their spatial coordinates matched (or not) those of clustered gephyrin-GFP
fluorescence. Although the definition of the synaptic compartments was diffraction limited, the
sub-wavelength resolution of the single particle detection (~40 nm) allowed accurate description
of receptor mobility within such small regions. For each receptor-QD complex, the instantaneous
diffusion coefficient, D, was calculated from the linear fits of the n=1-4 values of the MSD versus
time plot, using a custom-made software developed by Dr Choquet (Bordeaux, France). For two-

dimensional free diffusion, MSD is represented by the equation: MSD(t)=<r’>=4Dt .

MSD(t) was calculated according to the formula:

<r’>= [Z15 Xiwn- X)* + (Yien Yi)? /(N —n)]dt

Only reconstructed trajectories with >80 frames were retained for the analysis. The diffusion
coefficients are presented as median and IQR (i.e. the interquartile range) defined as the interval
between 25-75% percentiles. The immobile fraction is defined as the relative duration of the

residency of a receptor-QD complex in a given compartment with coefficient <0.0075 um? s, This
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threshold represents the local minimum of the bimodal distribution of synaptic GABAAaR diffusion
coefficients. To achieve a more complete characterization of GABAA receptor diffusion, we also
measured the percentage of time spent by each receptor-QD in a given compartment (synaptic or
extrasynaptic). In the case of local iLTD, when GABAAR disperse from inhibitory synapses, leaving
few receptor-QD complexes for quantification, we also calculated the percentage of receptor

number found at synapses after plasticity induction as compared to before the protocol.

Quantification and statistical analysis:

For each experiment quantifications and statistical details (statistical significance and test used)
can be always found in the main text and figure legends. Unless otherwise stated, normally
distributed data are presented as mean + SEM (standard error of the mean), whereas non-
normally distributed data are given as medians £ IQR (inter quartile range). For
electrophysiological experiments in the paired-patch configuration as well as for gephyrin live-cell
imaging and intracellular calcium imaging experiments n represents the number of neurons
observed. In uncaging experiments, the number of synapses (n) is reported along with the number
of neurons considered. For SPT experiments, n indicates the number of receptor trajectories,
followed by the number of neurons observed. Each experiment was repeated on neurons
obtained from at least three different cultures. The sample size used in each experiment was
based on previous electrophysiological, live-cell imaging and SPT experiments (de Luca et al., 2017;
Petrini et al., 2014). Data and statistical analysis was performed using Prism 5.0 and 6.0 Software
(GraphPad Prism, USA). Normally distributed data sets were compared using the two-tailed
unpaired Student’s t-test or, in the case of paired data, with the paired t-test. Non—Gaussian data
sets were tested by two-tailed non-parametric Mann-Whitney U-test, or in the case of paired data,
Wilcoxon paired test. In paired-patch experiments, statistical differences in time course data
within a group was quantified by one-way ANOVA variance test followed by Turkey’s multiple
comparison test. For time course of uncaging and imaging experiments exhibiting only one time
point at the baseline, one-way ANOVAs were performed followed by Dunnett’s multiple
comparisons test. When possible, RM ANOVA was used, as indicated. Statistical significance

between more than two normally distributed data-sets was tested by two-way ANOVA variance
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test followed by Bonferroni’s multiple comparisons test. Indications of significance correspond to

p-values as follows: p<0.05 (*), p<0.01 (**), p<0.001 (***) and non-significant (ns), i.e. p>0.05.
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RESULTS

In previous work of our laboratory, we demonstrated that the application of NMDA and CNQX
induced moderate calcium influx, and promoted the recruitment of Gephyrin and GABAA receptors
at inhibitory synapses thus leading to inhibitory LTP (iLTP) (Petrini et al., 2014). Such enhancement
of inhibitory synapses is mediated by the CaMKIl-mediated phosphorylation of GABAA receptor.
CaMKIl is known also to be required in excitatory plasticity, prompting us to consider a possible

interaction between excitatory and inhibitory plasticity

Electrophysiological induction of inhibitory long term potentiation (iLTP):

As first step, we identified an electrical stimulation protocol able to induce an iLTP in hippocampal
neurons. To this end, we performed paired-patch recordings between a presynaptic parvalbumin
positive interneuron (PV+) and a postsynaptic putative pyramidal neuron in hippocampal (Fig 1.A).
The application of an action potential train at 2 Hz for 40 seconds (low frequency stimulation, LFS)
to the pyramidal neuron was able to induce an increase of inhibitory post-synaptic currents (IPSCs)
recorded from pyramidal neurons up to 30 minutes after stimulation (Fig 1.B). Synaptic plasticity is
usually promoted by modification that may occur at presynaptic or postsynaptic level. To point out
the expression site for this form of plasticity we first decided to measure the “paired pulse ratio”
(PPR). The lack of changes in PPR before and after the delivery of the LFS protocol suggested a
postsynaptic mechanism (Fig S.1). Previous studies have shown that inhibitory synaptic potentiation
could be induced by the retrograde action of nitric oxide (NO). In order to assess whether this
mechanisms could underlie the IPSCs increase observed in our experiments, inhibitory plasticity was
induced in the presence L-NAME, a blocker for nitric oxide. However L-NAME failed to change the
LFS-induced potentiation of GABAergic synaptic currents thus arguing against a postsynaptic
expression of this form of inhibitory plasticity (Fig S.2). In order to further investigate the source of
our plasticity we used a GABA uncaging approach. In this technique, the GABA molecule is covalently
bound to a chemical “cage” (DPNI-GABA) making the neurotransmitter unable to bind GABAA
receptors. Following illumination with UV light, GABA can be readily separated from its cage, thus
inducing an “uncaging” inhibitory current. Interestingly, by using diffraction-limited UV laser spot

(about 500 nm) we can elicit uncaging postsynaptic currents (IPSCs) at individual inhibitory
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synapses. In particular inhibitory synapses were identified by overexpressing vGAT-DsRED, a
presynaptic marker specific for inhibitory vesicles (Fig 1.C). By coupling this technique with
electrophysiology, we observed an increase in IPSCs following the application of LFS protocols, thus
indicating the postsynaptic origin of this form of electrically-induced iLTP (Fig 1.D). Moreover, we
focused on the possible molecular mechanisms which underlie this type of plasticity. Remindful of
our previous work focusing on chem-iLTP, we studied the possible role of the CaMKII. To this aim,
we first administered KN-93, an inhibitor for the CaMKII. Interestingly this CaMKII blocker prevented
the increase of IPSCs amplitude, while the application KN-92, an inactive analogue of KN-93, left
IPSCs unchanged, thus suggesting the involvement of CaMKIl in this form of LFS-induced iLTP (Fig
1.E). Since CaMKIl is activated by calcium we subsequently investigated the possible sources of
calcium during iLTP induction. Calcium entry through NMDA receptors (and consequent activation
of CaMKIl) has been often implicated in excitatory plasticity. However the application of APV, a
NMDA did not prevent iLTP indicating that NMDAR activity is not required in this iLTP (Fig S.3).
Another important source of calcium influx is represented by the voltage gated calcium channels
(VGCC). We blocked selectively L-type VGCC using Nifedipine, and P/Q and N type VGCC, using Q-
conotoxin MVIIC, but the IPSCS enhancement by LFS was not prevented (Fig 1.F). However, the
simultaneous block of all this type of VGCC could abolish iLTP, suggesting that for the induction of
this plasticity is sufficient the activation of a reduce number of VGCC and the influx of mild calcium.
We also tested Q-conotoxin GVIA, a specific blocker for N-type VGCC to further discriminate
between P/Q or N-type involvement, since in literature is demonstrated that P/Q type are not
postsynaptically expressed on hippocampal neuron (Higley and Sabatini, 2008), confirming a
blockage of the iLTP. Altogether these results suggest that the application of a LFS is able to induce
an CaMKII mediated increase in IPSCs amplitude promoted by a moderate influx of calcium through

L and N type VGCC.
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Figure 1: LFS induces iLTP

A. Top: Experimental configuration of paired patch recordings including a presynaptic parvalbumin-tdTomato
positive (PV+) interneuron (red) and a postsynaptic pyramidal cell (grey). The schematic shows the low-
frequency protocol (2 Hz APs train for 40 s, LFS) to induce synaptic plasticity. Bottom: Representative average
traces of inhibitory postsynaptic response (IPSCs) before and 30 min after the protocol. B. Potentiation of
IPSC amplitude after LFS (arrow; n = 24 neurons, Fz770s = 5.3, p < 0.001, one-way ANOVA followed by Turkey’s
multiple comparison test post-hoc test). C. Top: Identification of GABAergic synapses by live labeling of vGAT
(red, see Star Methods) in an EGFP-expressing neuron (green). The “target” symbol indicates an individual
GABAergic synapse where a diffraction-limited 378 nm UV laser spot was directed to uncage DPNI-GABA (see
Star Methods). Scale bar, 1 um. Timeline of the experiment (LFS, as in A). Bottom: Representative averaged
traces of uncaging IPSCs (ulPSCs) before (baseline) and 30 min after LFS (iLTP). D. ulPSCs are potentiated after
LFS (n = 23 synapses from 7 neurons; F4s7=5.0, p = 0.001; one-way ANOVA followed by Dunnett’s post-test).
E. CaMKIl is required for LFS-induced iLTP. ulPSC amplitude normalized to baseline values in the presence of
KN-93 (white; n = 19 synapses from 5 neurons; Fae1= 1.4, p = 0.24, one-way ANOVA followed by Dunnett’s
post-test) and the inactive analogue KN-92 (pink; n = 26 synapses from 7 neurons; F49,= 6.5, p < 0.001; one-
way ANOVA followed by Dunnett’s post-test). F. Influence of voltage-gated calcium channels (VGCCs) on iLTP
expression. Relative (after/before) ulPSC amplitude upon LFS in control conditions (black; n = 24 synapses
from 9 neurons; F47s=5.1, p = 0.001), or in the presence of the following VGCCs blockers: ®w-conotoxin MVIIC
for P/Q and N-type (blue; n =16 synapses from 4 neurons; F46:= 9.1, p < 0.001), or nifedipine, for L-type and
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m-conotoxin MVIIC (orange; n = 24 synapses from 6 neurons; Fas0 = 0.3, p = 0.88) or nifedipine and -
conotoxin GVIA for N-type (yellow; n = 17 synapses from 6 neurons; Fs4s; = 1.9, p = 0.13). All statistical
comparisons were performed with one-way ANOVA followed by Dunnett’s post-test. Values are expressed
as mean + SEM. **p < 0.01, ***p < 0.001, ns = not significant. See also Figure S1.
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LFS induces excitatory long term depression (LTD):

In the attempt to investigate the coordinated plasticity at excitatory and inhibitory synapses we next
sought to assess the effect of LFS on the excitatory transmission. To this end, we decided to use
paired-patch recordings between two putative pyramidal neurons (Fig 2.A). In line with previous
studies, the induction of LFS determined a decrease in the amplitude of EPSCs (LTD) that lasted up
to thirty minutes (Fig 2.B). By following a similar experimental approach as in figure 1 we next used
glutamate uncaging to demonstrate that this form of excitatory LTD is expressed at postsynaptic
side. In this case we used MNI-glutamate uncaged at glutamatergic spines identified by
overexpression of Homerlc-GFP, a proteins composing the excitatory postsynaptic density (PSD)
(Fig 2.C). In line with the paired recordings data, we observed that after the delivery of the LFS
protocol, UEPSC were depressed suggesting that this LTD is expressed postsynaptically (Fig 2.D).
Overall, this set of experiments shows that the delivery of LFS protocols induces opposite effects at
excitatory and inhibitory synaptic transmission by depressing glutamatergic synapses and enhancing
the GABAergic ones. It is worth to mention that these activity-induced modifications were

selectively observed at postsynaptic level.
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Figure 2: iLTP-inducing protocol promotes LTD at excitatory synapses

A. Experimental configuration of paired patch recordings used to probe excitatory postsynaptic currents
(EPSCs) in a pyramidal neuron interconnected with another pyramidal cell. Synaptic plasticity was induced
following the protocol outlined in Figure 1A. B. LFS induces long-term depression (LTD). Time course of
normalized EPSC amplitude after LFS delivery (arrow) over 30 min (n = 15 synapses, Fig433= 2.8, p < 0.001,
one-way ANOVA followed by Turkey’s test). C. Top: Identification of glutamatergic spines by Homerlc-GFP
fluorescence. Scale bar, 1 um. The target symbol indicates where a diffraction-limited 378 nm UV laser spot
was directed to uncage MNI-glutamate at an individual spine. Bottom: Timeline of the experiment (as in
Figure 1C) and representative average uncaging EPSC (uEPSC) traces recorded before (baseline) and at 30
minutes after LFS (LTD). D. Persistent reduction of uEPSC amplitude upon LFS as compared to baseline (n =

16 synapses from 11 neurons, F46s= 6.0, p < 0.001; one-way ANOVA followed by Dunnett’s post-test). Values
are expressed as mean + SEM. **p < 0.01, ***p < 0.001.
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Gephyrin recruitment is involved in the iLTP :

Gephyirin is one of the main scaffold proteins at inhibitory synapses by stabilizing the inhibitory
postsynaptic density (iPSD). Our previous work demonstrates that the accumulation of gephyrin at
synapses played an important role in the expression of chem-iLTP. Next we studied whether changes
in gephyrin synaptic expression were also involved in this form of electrically-induced iLTP. To this
end, we transfected neurons with gephyrin-GFP and we studied on the variations of fluorescence
intensity of gephyrin clusters before and after the application of the iLTP protocol (Fig 3.A). We
decided to use overexpressed gephyrin-GFP to maintain the same experimental conditions as in
previous electrophysiology experiments. We observed that, after LFS application gephyrin
fluorescence clearly increased over time (Figure 3.B and 3.C) thus matching the electrophysiological
data showing the increase of inhibitory synaptic current amplitude. These experiment shows that
following LFS, gephyrin is recruited at inhibitory synapses concomitantly with the increase of the

inhibitory synaptic currents.
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Figure 3: Enhanced gephyrin clustering during iLTP

A. Representative epifluorescence image of a neuron expressing GFP-tagged gephyrin. Scale bar, 10 um. B.
Top: Pseudocolor magnification of the dendritic portion framed in A. Scale bar, 2 um. Please note that the
fluorescence scale has been enhanced to visualize small clusters. Bottom: Pseudocolor images of the
gephyrin cluster framed above at different time points before and after LFS (arrow). Scale bar, 1 um. C.
Summary of the normalized gephyrin fluorescence increase (after/before) observed upon iLTP induction with
LFS (arrow; n = 13, F445=21.5,, p < 0.001, RM one-way ANOVA followed by Dunnett’s post-test). Values are
expressed as mean = SEM. ***p < 0.001.
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Interaction between excitatory and inhibitory plasticity:

It has been shown that dendritic glutamatergic and GABAergic synapses are closely intercalated in
the dendritic tree (Megias et al., 2001). Thus, in the attempt to investigate the interaction between
synaptic excitation and inhibition, we assumed that dendritic synapses might interplay due to their
spatial contiguity. To test this hypothesis, we induced LTP at an individual glutamatergic spine and
we examined the changes of the synaptic strength at GABAergic synapses nearby the stimulated
spine. Previous studies showed that by pairing the depolarization of a pyramidal neuron with
repetitive glutamate uncaging at a single spine it is possible to induce an Hebbian-like LTP that
remains confined to the stimulated spine (Harvey and Svoboda, 2007; Matsuzaki et al., 2004). In our
experiments we performed a protocol of single spine LTP, by pairing MNI-glutamate uncaging with
a frequency of 4 Hz for 40 seconds, together with the aforementioned protocol of LFS (Fig. 4A
bottom panel). In a typical experiment layout, we identified two different spines and two different
GABAergic synapses located on the dendritic portion of 10-20 um identified by homer1C-DsRed and
gephyrin-GFP overexpression, respectively (Fig. 4A upper panel). Baseline uncaging currents at
glutamatergic spines and GABAergic synapses (UEPSCs and ulPSCs) were recorded by using the
uncaging of MNI-glutamate and DPNI-GABA, respectively. Next, after the induction of single spine
LTP as described above, we studied the changes of UEPSCs and ulPSCs amplitude at the same
synaptic location (Fig. 4B). In the example reported in the figure 4A, the pairing of LFS and repetitive
uncaging at spine 1, induced a clear LTP, thus confirming the efficacy of the single spine LTP protocol.
We also observed that spine 3 and GABAergic synapse 4, that were relatively far from the
potentiated spine, showed depression (LTD) and potentiation (iLTP), respectively. The behavior of
spine 3 and GABAergic synapse 4 matched the results obtained in the previous experiments after
the LFS i.e. depression of glutamatergic synapses and potentiation of the GABAergic ones.
Interestingly, we observed that GABAergic synapse 2 located in the close proximity of the
potentiated spine showed iLTD (Fig. 4.B). Thus these experiments suggest that the “vicinity” of a
GABAergic synapses to a potentiated glutamatergic spine is able to “revert” the sign of GABAergic
plasticity from iLTP to iLTD. We next decided to study the spatial rules of such plasticity interplay
between excitatory and inhibitory plasticity. To this end we systematically studied the sign and the
extent of GABAergic plasticity in relation to their distance from the potentiated spine and we found
that GABAergic synapses located within £3 um from the stimulated spine were depressed while at

locations >3 um they showed iLTP (Fig 4.C). Next, we studied the role of calcium in this distance-
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dependent plasticity interplay, and we observed that the application of nifedipine prevented the
expression of iLTD at inhibitory synapses located near the potentiated spine, suggesting that the
activation of L-type VGCC is required for this “inversion” of inhibitory plasticity (Fig 4.C blue line). In
addition the “local” inhibitory iLTD was also blocked by the calpain inhibitor MDL28170 (Fig 4.C red
line). Calpain is a protease that has been already implicated in GABAergic synaptic depression (Mele
et al., 2016; Tyagarajan and Fritschy, 2014; Tyagarajan et al., 2011). Interestingly, gephyrin is a
calpain substrate thus providing a potential mechanistic insight for the form of GABAergic iLTD we
described. Overall, we demonstrate that the induction of single spine LTP determines the expression
of a GABAergiciLTD that is spatially restricted to GABAergic synapses located in a range of 3 microns

from the potentiated spine.
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Figure 4: Plasticity interplay between potentiated spine and neighboring GABAergic synapses

A. Epifluorescence image showing a typical experimental layout. Top: Dendritic portion of a neuron
expressing Homerlc-DsRed (red) to identify excitatory spines and Gephyrin-GFP (green) to identify inhibitory
synapses. Scale bar, 1 um. Excitatory and inhibitory synaptic responses were probed by uncaging MNI-
glutamate at two glutamatergic spines (#1 and #3) and DPNI-GABA at two GABAergic synapses (#2 and #4),
respectively. The yellow arrowhead indicates the stimulated spine (see below). Bottom: Induction of synaptic
plasticity. LFS (2Hz AP train) delivered to the whole neuron through the patch pipette was paired with
diffraction-limited 4 Hz MNI-glutamate uncaging (yellow arrowhead) selectively at spine #1 (LFS + MNI-
glutamate uncaging). B. Representative average traces of uEPSCs (top, red) and ulPSCs (bottom, green)
recorded from glutamatergic synapses (#1 and #3) and GABAergic synapses (#2 and #4) before (baseline) and
30 min after the induction of synaptic plasticity. The relative localization of each spine with respect to #1
(receiving the single spine LTP protocol, yellow arrowhead) is schematized above the traces. Please note that
the stimulated synapse #1 displays LTP, while glutamatergic synapse #3 and GABAergic synapse #4, both
located relatively far from the potentiated spine, show LTD and iLTP, respectively. Interestingly, GABAergic
synapse #2, close to the potentiated spine, shows iLTD. C. Spatial distribution of GABAergic plasticity at
inhibitory synapses located at different distances from the potentiated spine. Please note that ulPSCs at
GABAergic synapses located in close proximity of the stimulated spine (d < 3 um) were depressed, whereas
those located at d > 3 um displayed potentiation (green, for each data point n = 18-39 synapses from 20
neurons, Feeos = 30.6, p< 0.001, one-way ANOVA followed by Dunnett’s post-test). In the presence of
nifedipine, the same protocol (LFS + MNI-glutamate uncaging) does not elicit iLTD at synapses at d <3 um. In
these conditions, all GABAergic synapses exhibit iLTP regardless of their distance from the stimulated spine
(purple, for each data point n = 7-16 synapses from 7 neurons, Fses = 6.6, p < 0.001, one-way ANOVA followed
by Dunnett’s post-test). The blockade of calpain activity with MDL28170 prevents the local iLTD (orange, for
each data point n = 9-67 synapses from 24 neurons, Fe 23 = 13.0, p < 0.001, one-way ANOVA followed by
Dunnett’s post-test). Values are expressed as mean + SEM.*p < 0.05, **p < 0.01, ***p < 0.001, ns = not
significant. See also Figure S2.
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Spatial dendritic calcium dynamics during iLTP and LTP:

As shown in previous studies, iLTP might be induced by moderate calcium entry through a CaMKII-
mediated mechanisms (Chiu et al., 2018; Marsden et al., 2007, 2010; Petrini et al., 2014) while
sustained calcium entry could lead to iLTD due to the activation of calcineurin or calpain (Mele et
al., 2016; Niwa et al., 2012). This evidence allowed us to hypothesize that the “local” iLTD observed
in the range of 3 microns from the potentiated spine could be induced by “local” high calcium influx
through L-type VGCC activated during the induction of single spine LTP. To verify this hypothesis we
used a calcium imaging approach to study the dendritic calcium dynamics during both LFS alone
(non-Hebbian) and LFS+uncaging (Hebbian) protocols. In particular, neurons expressing homer-GFP
to identify glutamatergic spines, were filled with the calcium indicator Rhod-2 through the patch
pipette and the variations of fluorescence in whole dendrite and in the dendritic portion below the
spine were evaluated after the delivery of the LFS or the LFS+uncaging. These experiments showed
that calcium influx was significantly higher after the application of the LFS+uncaging with respect
to the LFS alone (Fig. 5C). Calcium concentration was measured 5 seconds after the protocol onsets
since both LFS and LFS+uncaging protocols already reached a plateau. Moreover, we studied the
variation of fluorescence intensity at increasing distances from the stimulated spine (Fig 5.D).
Interestingly, the calcium increase in the dendritic region of = £3 um from the stimulated was higher
in LFS+uncaging with respect to LFS (Fig. 5.E). These findings are in line with our hypothesis that
higher calcium concentration in the dendritic region right below the spine, may activate a signaling
vascade that leading to depression instead of a potentiation of inhibitory synapses. In our previous
experiments we observed that in the presence of L-type VGCC blocker nifedipine, “local” iLTD was
reverted in iLTP. Thus, in a subsequent set of calcium imaging experiments we focused on the local
calcium dynamics in presence of the drug. The administration of nifedipine significantly reduces the
calcium influx in the postsynaptic neuron after the single spine LTP protocol compared with the
simple LFS (Fig S3). Hence, the block of L-type VGCC significantly reduces the local calcium entry in
the dendritic area below the stimulated spine. These calcium dynamics support the hypothesis that
in the proximity of the spine, local high calcium concentrations can locally induce iLTD instead of

iLTP.
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Figure 5: Spatial dynamics of dendritic calcium during iLTP and LTD

A. Representative epifluorescence image of a Homerlc-GFP expressing neuron (left) loaded with Rhod-2
through the patch pipette (gold, right). Scale bar, 5 um. B. Relative Rhod-2 fluorescence intensity quantified
during the LFS protocol (black) and the LFS paired with glutamate uncaging protocol (blue) in two 4 pm-long
dendritic portions of the same neuron centered below a reference and stimulated spine, respectively. The
arrow indicates the beginning of the protocol. C. Left: Magnifications of the dendritic portions framed in A,
stimulated with LFS (top) or LFS paired with MNI-glutamate uncaging (bottom). The yellow arrowhead
indicates the stimulated spine. Scale bar, 1 um. Right: Gold pseudocolor representation of Rhod-2
fluorescence intensity changes at plateau (5 s) of the stimulating protocols (i.e., LFS, top and LFS paired with
glutamate uncaging, bottom) with respect to baseline values (Fss-Foaseline). The lines indicate the position of
the linescans quantified in D. D. Relative fluorescence variation induced by “LFS + glut uncaging” protocol
with respect to LFS alone. The fluorescence intensities quantified along the two linescans in C are normalized
to the average fluorescence detected along the linescan in LFS. E. Changes in the relative dendritic Rhod-2
fluorescence intensity (as measured in Figure 5D) as a function of the distance from a reference or stimulated
spine during the LFS (black) or the LFS+ glut uncaging (blue), respectively. The grey area indicates the range
of £+ 3um from the potentiated spine where significant changes in Rhod-2 fluorescence are quantified as
compared to the LFS protocol (LFS: n= 23 neurons, LFS+ glut uncaging: n = 22 neurons, F1 2 =22.1, p < 0.001,
two-way ANOVA followed by Bonferroni’s multiple comparison test). Statistical significance for each data
point is shown. Values are expressed as mean + SEM. *p < 0.05, **p < 0.01, ns = not significant.
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Gephyrin dynamics during single spine LTP protocol:

Previous work from our laboratory showed that iLTP involves the increase of gephyrin expression at
synapses. In contrast inhibitory synaptic depression is associated with the loss of synaptic gephyrin
Thus, to corroborate our electrophysiology data we focused on the dynamics of gephyrin clusters
intensity after the induction of single spine LTP. In these experiments we decided to label gephyrin
by using finger-GFP, an intrabody-based strategy vyielding the best signal to noise ratio, a
fundamental requisite to visualize subtle fluorescence variation as those occurring during inhibitory
synaptic plasticity. By combining quantitative imaging experiments with electrophysiology we
observed that following the induction of single spine LTP, gephyrin clusters located = +3 um from
the potentiated spine were undergoing a decrease of fluorescence intensity, indicating a loss of
gephyrin (Fig. 6A). In contrast, after the single inhibitory clusters located at distance > 3 um from
the potentiated spine showed higher fluorescence, in line with inhibitory iLTP (Fig 6.B and C).
Importantly, the detection of the fluorescence increase after the induction of single spine LTP was
also observed by overexpressing gephyrin-GFP. This indicate that the gephyrin increase associated
with iLTP is not affected by the gephyrin labeling strategy. Overall, these experiments show that the
dependence of the gephyrin synaptic clustering on the relative distance from the potentiated spine
matches the observations made by electrophysiological experiments, thus reinforcing our paradigm
that LFS alone potentiates GABAergic synapses while the potentiation of a single spine creates a

region of low inhibition in the dendritic portion of +3 um from the potentiated spine
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Figure 6: Gephyrin dynamics after single-spine LTP protocol

A. Representative dendritic portion of a Homerlc-DsRed expressing neuron (white outline) showing
pseudocolored FingR-gephyrin fluorescent clusters at different time points before (baseline) and after the
delivery of the LFS+glutamate uncaging protocol (yellow arrowhead). Clusters at distance > 3 um (white
arrowhead) from the stimulated spine (yellow arrowhead) were potentiated, whereas clusters at distance <
3 um (white arrow) from the stimulated spine were depressed. Scale bar, 1 um. B. Summary of the relative
changes (after/before) in gephyrin fluorescence intensity quantified in clusters located at d < 3um from the
stimulated spine (n = 13, F44s = 4.8, p=0.02, RM one-way ANOVA followed by Dunnett’s post-test). C.
Summary of the relative changes in gephyrin fluorescence intensity quantified in clusters located at d > 3um
from the stimulated spine (n = 13; F445 = 2.7, p = 0.04, RM one-way ANOVA followed by Dunnett’s post-test).
Data are presented as mean + SEM. *p < 0.05, **p < 0.01.
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Surface dynamics of GABA receptors after induction of single spine LTP :

Postsynaptic long-term potentiation and long-term depression are associated with decreased or
increased lateral mobility of postsynaptic receptors, respectively (Choquet and Triller, 2013; Petrini
and Barberis, 2014). We next aimed to understand whether the opposing gephyrin modifications at
increasing distances from a single spine expressing LTP is accompanied by differential surface
dynamics of GABAA receptors (GABAARs). For this purpose, the lateral mobility of al subunit-
containing GABAARs was analyzed by quantum dots-based single particle tracking (SPT). In
particular, with observations before and after the expression of single-spine LTP, we monitored the
mobility of synaptic receptors at GABAergic synapses located either in the dendrite at a distance of
+ 3 um from an individual potentiated glutamatergic spine or further away (> 3 um) (Figure 7A).
Interestingly, at inhibitory synapses located > 3 um from the potentiated spine — that is, those
exhibiting iLTP (Figure 4B and S2B) — GABAARs were less mobile after the single spine LTP induction
protocol, as indicated by reduced paired diffusion coefficient (before = 0.013 pum?2s? and
interquartile range (IQR) 0.008 - 0.029; after = 0.006 um?s? and IQR: 0.002 - 0.011; n = 31
trajectories from 9 neurons, p<0.001; Figure 7B), increased immobile fraction (before =0.29 + 0.07;
after =0.58 £ 0.07; n = 31, p<0.001; Figure 7C) and prolonged time spent at synapses (before = 36%
+ 5%; after = 61% * 6%; n=31, p=0.002; Figure 7D). We next considered GABAARs diffusing at
synapses within a 3 um range from the potentiated spine (d < 3 um). Before the protocol, they
exhibited diffusive properties comparable to GABAARs at synapses located > 3 um from potentiated
spine (ng>3=31; ng<3 =9, p>0.05; Figure 7B-7D). After the stimulation, GABAARs at synapses close to
the potentiated spine (d < 3 um), (i.e., exhibiting iLTD in response to the single-spine LTP protocol,
see Figure 4B and S2B), displayed markedly increased mobility (Figure 7A) as quantified in the
diffusion coefficient (before = 0.012 um?s?* and IQR: 0.007 - 0.017; after = 0.022 um?s! and IQR:
0.017 - 0.030; n =9 trajectories from 5 neurons, p=0.04; Figure 7B) and immobile fraction (before =
0.29 £ 0.12; after = 0.04 + 0.03; n=9, p=0.04; Figure 7C) after the stimulation. As expected, in these
conditions of increased mobility, GABAARs escaped more frequently from the synaptic area, thus
depleting inhibitory synapses of GABAARs during local iLTD (-61 % + 11, n = 19; p<0.001; Figure 7E).
As a control, we quantified the fraction of residual GABAARs at synapses within 3 um of non-photo-
stimulated spines at the end of each experiment (-6 % + 3, n =12; p = 0.25; Figure 7E). The negligible
variation in synaptic GABAAR number in this control suggests that GABAARs selectively disperse

from inhibitory synapses during local iLTD. However, the few GABAARs that remained at synapses
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during iLTD spent the same time in that compartment before and after single spine LTP induction
(before = 39% * 6%,; after = 34% + 8%; n = 9, p=0.49; Figure 7D). In line with these data, following
the single spine LTP protocol, the steady state of the mean square displacement vs time curve (MSD)
for GABAARs at synapses far from the potentiated spine (d > 3 um) was reduced, thus indicating
higher receptor confinement (n = 19 from 8 neurons, p=0.01; Figure 7F, left). In contrast, after the
delivery of the same plasticity induction protocol, GABAARs in the dendritic range of + 3 um from
the potentiated spine were less confined, as indicated by an increased MSD steady state (n =9 from

5 neurons, p=0.01; Figure 7F, right).

It is worth noting that the single spine LTP protocol did not change the lateral diffusion properties
of extrasynaptic receptors at distances > 3 um (Figure S4A and S4B). Likewise, matched observations
of individual extra-synaptic GABAARs in the range of 3 um (d < 3 um) from the potentiated spine
showed unchanged diffusion coefficients and immobile fractions before and after the single spine
LTP protocol (Figure S4C and S4D), while the percentage of time spent at the extrasynaptic domain
increased (Figure S4C right). In order to rule out that the effect of the single spine LTP protocol on
GABAAR diffusion was due to UV laser illumination, but instead required MNI-glutamate uncaging,
we performed a control experiment in which the same protocol was performed without puffing
MNI-glutamate (i.e., LFS paired with UV illumination). Synaptic GABAARs close to the illuminated
spine (d < 3 um) showed reduced mobility (before = 0.017 um?s’; IQR: 0.006 — 0.025; after =
0.005 um?s? ; IQR: 0.004 - 0.09; n = 7 from 4 neurons; p=0.01; Figure S4E), increased immobile
fraction (before = 0.22 + 0.13; after = 0.62 + 0.16; n=7; p=0.03; Figure S4E) and enhanced
confinement (n = 4, p<0.001; Figure S4F), similarly to GABAARs at d > 3 um from the potentiated
spine, i.e. during iLTP (compare with Figure 7B-7D). Therefore, UV illumination (without MNI-
glutamate) is not sufficient to reproduce the modifications of GABAAR dynamics observed during
local iLTD. Overall, these results show that following the induction of single spine LTP, the spatial
dependence of dendritic lateral diffusion of GABAAR faithfully corresponds with modulation of IPSC

amplitude and gephyrin synaptic clustering.
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Figure 7: GABAA receptor lateral diffusion after the single-spine LTP protocol

A. Representative synaptic (yellow) and extrasynaptic (blue) trajectories of individual GABAARs diffusing on
a gephyrin-GFP and Homerlc-DsRed expressing neuron, before (left) and after (right) the delivery of the LFS
+ MNI-glutamate uncaging protocol at the indicated spine (yellow arrowhead). Scale bar, 1 um. B-D. Effect
of LFS+glut uncaging on the surface mobility of GABAA receptors at synapses located atd >3 ord < 3 um
from the potentiated spine. B. Paired diffusion coefficient values of synaptic GABAARs before and after the
stimulating protocol (d > 3 um: n = 31 trajectories from 9 neurons, p < 0.001, paired Wilcoxon test; d < 3 um:
n =9 trajectories from 5 neurons, p = 0.04, paired Wilcoxon test). Comparison ‘before stim” d >3 umvs d <
3 um: p = 0.19, Mann-Whitney test. C. Immobile fraction of synaptic GABAARs before and after the
stimulating protocol (d > 3 um: n = 31 from 9 neurons, p < 0.001, paired Wilcoxon test; d < 3 um: n =9 from
5 neurons, p = 0.03, paired Wilcoxon test). Comparison before d >3 pm vs d < 3 um: p = 0.62, Mann-Whitney
test. D. Percentage of time spent at synapses of synaptic GABAARs before and after the stimulating protocol
(d>3 um:n=31, p=0.003, paired Wilcoxon test; d <3 um: n =9, p = 0.50, paired Wilcoxon test. Comparison
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‘before stim” d > 3 um vs d < 3 um: p = 0.54, Mann-Whitney test. E. Variation in the number of synaptic
GABAARs at GABAergic synapses close (d < 3 um) to the potentiated spine (red; n = 19, p < 0.001, paired
Wilcoxon test) or to a spine receiving the same protocol in the absence of MNI-glutamate (orange; n=12, p
= 0.25, paired Wilcoxon test). F. MSD versus time values of matched observations of individual GABAARs
localized at d > 3um (left) and d < 3um (right) from the potentiated spine, before and after LFS+glut uncaging
(d>3 um: n=19 from 8 neurons, F13=7.0, p=0.01; d <3 um: n =9 from 5 neurons, F116= 8.5, p=0.01; RM
two-way ANOVA followed by Bonferroni’s multiple comparison test). Unless otherwise stated, values are
expressed as mean = SEM.*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant. See also Figure S4.
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Most studies investigate synaptic modifications occurring either few milliseconds (short-term
plasticity) or several minutes or hours (long term plasticity) following the plasticity induction.
However, the different processes that precede the expression of long term potentiation have been
less investigated. In the second part of my thesis I've been studying on the molecular mechanisms
occurring in the early stages of expression of the aforementioned plasticity paradigms. In particular
| focused on how early events after the induction of plasticity impact on the formation and

maintenance of long-term plasticity.

iLTP is preceded by a transient depression:

In the previous section of the present thesis, we highlighted that gephyrin is recruited at inhibitory
synapses after the delivery of the iLTP-inducing protocols. Interestingly, during the delivery of the
same protocols, we observed opposite gephyrin dynamics. Indeed, in gephyrin-GFP transfected
neurons, during a 40 second depolarization step at 0 mV, we observed a marked decrease of
gephyrin fluorescence that progressively increased in the following minutes to reach the gephyrin
increase (iLTP) shown in the first part of this thesis (Fig. 8A). Thus the gephyrin accumulation
following iLTP is preceded by a transient gephyrin dispersal. Subsequently, we investigated the role
of depolarization duration in this transient gephyrin depression and we observed that, with respect
40 second pulses, longer depolarization induced more pronounced depression while shorter
depolarization resulted in lower depression (Fig. 8B). Having established that the amount of
depression depends on the depolarization length we next explored the possibility that such
transient gephyrin depression could impact on the subsequent gephyrin accumulation. To this end,
we studied the long term effect of the same depolarization protocols and we found that the increase
of the depolarization length to 80 seconds abolished the gephyrin increase (Fig. 8B). In contrast by
shortening the depolarization duration to 20, 10 and 5 seconds induced a pronounced increase of
the long-term accumulation of gephyrin that was maximum at 10 seconds (Fig. 8B). The further
shortening of the depolarization pulse to 1 second abolished the gephyrin accumulation (Fig. 8B).
These results reveal that the transient gephyrin depression is not required for the following long-
term increase of gephyrin iLTP, and, at least in a specific range of pulse durations, gephyrin transient

depression and the following gephyrin potentiation seem to be oppositely regulated. This also
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allowed to hypothesize that this two phenomenon might be modulated by different and molecular

mechanismes.
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Figure 8: siSTD precedes gephyrin recruitment after LFS induction

A. Summary of the normalized gephyrin fluorescence variation (after/before) observed upon iLTP induction
with 40 seconds depolarization (n = 17, Fa4s= 21.5,, p < 0.001, RM one-way ANOVA followed by Dunnett’s
post-test). B. Summary of the normalized gephyrin fluorescence variation (after/before) observed after the
delivery depolarization of 1 second (purple, n=3), 5 seconds (light blue, n=3), 10 seconds (green, n=5), 20
seconds (blue, n=6), 40 seconds (black, n=17) and 80 seconds (red, n=6). C. Summary of the normalized
gephyrin fluorescence variation (after/before) observed upon iLTP induction with 40 seconds depolarization
in extracellular solution with 0 calcium (n=9, p < 0.001, RM one-way ANOVA followed by Dunnett’s post-test).
D. Summary of the normalized gephyrin fluorescence variation (after/before) observed upon iLTP induction
with 40 seconds depolarization in presence of calcineurin inhibitor cyclosporin (n =8, p < 0.001, RM one-way
ANOVA followed by Dunnett’s post-test). Values are expressed as mean = SEM. ***p < 0.001.
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Calpain is crucial for the induction of the transient loss of gephyrin:

As mentioned above, synaptic plasticity is mostly dependent on variations of intracellular calcium
concentration. In this framework, we studied the role of calcium during the induction of the
transient gephyrin depression induced by depolarization. In a first set of experiments the
depolarization delivered in the presence of extracellular solution nominal zero calcium failed to
induce the transient gephyrin depression (Figure 8C) indicating that this phenomenon is calcium
dependent. In line with previous data, also the gephyrin potentiation was prevented by the absence
of calcium (Petrini et al., 2014). Sustained calcium influx has been shown to be required for
GABAergic depression due to the activation of both calcineurin and calpain (Bannai et al., 2015;
Mele et al., 2016; Niwa et al., 2012; Tyagarajan et al., 2011). In a second set of experiments the
application of cyclosporine, calcineurin inhibitor, left unchanged the transient gephyrin depression
induced by depolarization and the following gephyrin accumulation (Figure 8D). Next, the
depolarization was delivered in presence of the calpain inhibitor MDL28170. In these conditions the
transient gephyrin depression was abolished (Fig. 9A). In addition, we observed that the gephyrin
increase (iLTP) was significantly higher with respect to that in 40 second depolarization without
MDL28170 (figure 8A). Thus calpain is involved not only in the early transient depression but also in

the late potentiation.

In analogy with the experiments shown in Fig. 8B, we studied both the transient depression and the
potentiation induced by different stimulation intensities in MDL28170. Interestingly, the inhibition
of calpain completely abolished the dependence of both gephyrin depression and potentiation on
the depolarization duration (Figure 9A). Interestingly, we noticed that the strength of the
potentiation attained in presence of MDL28170 was comparable with the “maximal potentiation”
obtained in control conditions following the delivery of 10 seconds depolarization (Compare Fig. 9A
and Fig. 8B). Moreover, further test the role of calpain in these types of inhibitory plasticity, we
performed the same experiments on neurons transfected with a mutant form of gephyrin (gephyrin-
D269) that shows a 269 aminoacid deletion that make gephyrin insensitive to the calpain proteolytic
action (Figure 9B). In this conditions, the transient gephyrin depression was strongly reduced with
respect to wild type conditions, although not completely abolished. In line with these data the
gephyrin late potentiation persisted and at depolarization durtions of 20 and 40 seconds it reached
a value comparable to that obtained in the presence of MDL28170 (Figure 9A). At 80 seconds pulses,

however the gephyrin time course of gephyrin potentiation was significantly slower than that
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observed in MDL28170. In summary, we observed that calcium and calpain are crucial for the
induction of the transient gephyrin depression and the subsequent potentiation observed following
the delivery of a depolarization step. Previously we demonstrated that CaMKIl is involved in iLTP,
with an opposite action respect to the calpain. Thus, the effects of neuronal depolarization seem to
be ruled by the opposite action of calpain and CaMKII, that may be activated by different calcium

concentrations and at specific time points after plasticity induction.
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Figure 9: Calpain is crucial for the transient dispersion of gephyrin

A. Summary of the normalized gephyrin fluorescence variation (after/before) observed in presence of
calpain ibhibitor MDL28170 after the depolarization of 40 seconds (black, n=9), 80 seconds (red, n=4) and
20 seconds (blue, n=12). B. Summary of the normalized mutated gephyrin fluorescence variation
(after/before) observed after the depolarization of 40 second (black, n=10), 20 seconds (blue, n=5) and 80
seconds (red, n=5).
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Figure S1 (related to Figure 1): Postsynaptic mechanism and Ca?" dependence of LFS-induced iLTP

A-B. Unlikely presynaptic mechanisms of iLTP. A. Left: Representative IPSC paired pulses traces recorded
before (baseline) and after (iLTP) the delivery of the LFS. Right: Quantification of the paired pulse ratio (PPR)
(n = 25; p = 0.14, paired Student’s t-test). B. The nitric oxide synthase blocker L-NAME does not prevent
LFS-induced iLTP (n =5, Fs3136= 1.6, p = 0.03; one-way ANOVA followed by Turkey’s multiple comparison
test). C-E. Time course of relative IPSC amplitude increase before and after the delivery of the LFS protocol
(arrow), in the presence of the fast Ca?* chelator BAPTA (C; n = 4, Fas60= 0.4, p = 0.99), APV (D; n = 11,
Fas241= 2.2, p < 0.001), nifedipine (E; n = 21, Faze40= 3.6, p < 0.001), and APV + nifedipine (F; n = 6, F3 162
=2.1,p=0.002). One-way ANOVA followed by Turkey’s multiple comparison test. Values are expressed as
mean = SEM. *p < 0.05, **p < 0.01, ****p < 0.001, ns = not significant.
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Figure S 2
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Figure S2 (related to Figure 4):
synapses upon single spine LTP

A. After the “LFS+glut uncaging” protocol, the stimulated spine is selectively potentiated (circle, n = 7-20
synapses from 20 neurons, Fae1 = 9.3, p< 0.001) and the non-photostimulated (“non-stim”) spines (putatively
exposed only to LFS) are depressed (triangle, n = 6-16 from 20 neurons, Fa 51 = 6.3, p< 0.001). All the statistical
comparison shown here are performed with one-way ANOVA followed by Dunnett’s post-test. B. After the
“LFS+glut uncaging protocol”, GABAergic synapses located at d > 3 um from the stimulated spine are
potentiated (diamond, n = 7-41 synapses from 20 neurons, Fa127 = 11.4, p< 0.001) and those located at d < 3
pm are depressed (square, n = 11-30 20 neurons, Fs103 = 3.0, p = 0.02). C. Same as in A in presence of
nifedipine. Stimulated spine, n = 4-7 synapses from 7 neurons, F42 = 3.9, p = 0.01; non-photostimulated spine,
n = 3-6 synapses from 7 neurons, Fa20 = 0.8, p =0.51. D. Same as in B, in presence of nifedipine. d <3 um, n

= 3-9 synapses from 7 neurons, Fs»7 = 4.0, p = 0.01; d > 3 um, n = 4-14 synapses from 7 neurons, Fs s = 6.1,
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p <0.001. E. Same as in A in presence of MDL28170. Stimulated spine, n = 3-24 synapses from 24 neurons,
Fa7s =11.9, p <0.001; non-photostimulated spine, n = 3-25 synapses from 24 neurons, Fa7=1.2, p=0.31. F.
Same as in B, in presence of MDL28170. d < 3 um, n = 5-24 synapses from 24 neurons, F471 = 7.1, p <0.001;
d > 3, n = 6-68 synapses from 24 neurons, Fs 174 = 20.0, p <0.001. Values are expressed as mean + SEM. *p <
0.05, ***p < 0.001, ns = not significant.
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Figure S 3
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Figure S3 (related to Figure 5): Spatial dynamics of dendritic calcium during iLTP and LTD in

presence of nifedipine

A. Representative epifluorescence image of a Homerlc-GFP expressing neuron (left) loaded with Rhod-2
through the patch pipette (gold, right). Scale bar, 5 um. B. Relative Rhod-2 fluorescence intensity variation in
presence of nifedipine during the LFS protocol (black) and the LFS paired with glutamate uncaging protocol
(red) in two 4 um-long dendritic portions of the same neuron centered below a reference and stimulated spine,
respectively. The arrow indicates the beginning of the protocol. C. Left: Magnifications of the dendritic
portions framed in A, stimulated with LFS (top) or LFS paired with MNI-glutamate uncaging (bottom). The
yellow arrowhead indicates the stimulated spine. Scale bar, 1 um. Right: Gold pseudocolor representation of
Rhod-2 fluorescence intensity changes at plateau (5 s) of the stimulating protocols (i.e., LFS, top and LFS
paired with glutamate uncaging, bottom) with respect to baseline values (Fss-Fpaseline). The lines indicate the
position of the linescans quantified in D. D. Relative fluorescence variation induced by “LFS + glut uncaging”
protocol with respect to LFS alone. The fluorescence intensities quantified along the two linescans in C are
normalized to the average fluorescence detected along the linescan in LFS. E. Changes in the relative dendritic
Rhod-2 fluorescence intensity (as measured in Figure 5D) as a function of the distance from a reference or
stimulated spine during the LFS (black) or the LFS+ glut uncaging (red), respectively. The grey area indicates
the range of = 3um from the potentiated spine where significant changes in Rhod-2 fluorescence are quantified
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as compared to the LFS protocol. F. The larger intracellular calcium increase induced by single spine LTP as
compared to LFS is attenuated in the presence of Nifedipine. Bars represent the difference between the DF/FO
induced upon single spine LTP and upon LFS, quantified in the dendritic portion centered below the stimulated
and reference spine respectively. Values in the presence of Nifedipine (red) are compared to control conditions
(black) (LFS: n=13 neurons, LFS+ glut uncaging: n = 13 neurons, p < 0.001, two-way ANOVA followed by
Bonferroni’s multiple comparison test). Statistical significance for each data point is shown. Values are

expressed as mean £ SEM. *p < 0.05, **p < 0.01, ns = not significant.
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Figure S4 (related to Figure 7): Supplementary data on the modulation of GABAAR lateral mobility
upon single spine LTP

A-B. Characterization of the lateral mobility of extrasynaptic GABAARs located at d > 3 pum from the
potentiated spine, before (black) and after (grey) the single spine LTP protocol. A. Left: Median diffusion
coefficient and interquartile range (IQR; n= 526-620 trajectories from 22 neurons; p = 0.63, Mann-Whitney
test). Middle: Immobile fraction (n = 526-620 trajectories from 22 neurons; p = 0.40, Mann-Whitney test).
Right: Percentage of time spent by GABAA receptors in the extrasynaptic compartment (n = 526-638
trajectories; p = 0.16, Mann-Whitney test). B. MSD versus time plot (n=526-617 from 22 neurons; ns, ordinary
two-way ANOVA followed by Bonferroni’s post hoc test). C-D. Characterization of the lateral mobility of
extrasynaptic GABAARs located at d < 3 um from the stimulated spine, before (black) and after (green) the
single spine LTP protocol. C. Left: Paired median diffusion coefficient (n = 25 trajectories from 14 neurons;

p = 0.34, paired Wilcoxon test). Middle: Paired IF (n = 25 trajectories from 14 neurons; p = 0.24, paired
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Wilcoxon test). Right: Paired values of percentage time spent by GABAA receptors in the extrasynaptic
compartments at d < 3 um from the stimulated spine (n = 25 trajectories from 14 neurons; p = 0.01, paired
Wilcoxon test). D. MSD versus time plot of paired extrasynaptic GABAA receptors close to the potentiated
spine (d < 3 um), n = 18 from 14 neurons, ns, RM two-way ANOVA followed by Bonferroni’s post hoc test.
E-F. Same as in C-D, except for the uncaging. Please note that in this set of experiments the stimulating
protocol was LFS + 4Hz UV-light pulses train on a spine (ctrl spine) in absence of MNI-glutamate. Only
synaptic GABAAR trajectories localized in the range of 3um from the ctrl spine were considered. E. Left:
Paired median diffusion coefficient (n = 7 from 4 neurons; p = 0.01, paired Wilcoxon test). Middle: Paired IF
(n =7 from 4 neurons; p = 0.03, paired Wilcoxon test). Right: Paired values of percentage of time spent by
GABAA receptors at synapses close to the control spine (n = 7 from 4 neurons; p = 0.01, paired Wilcoxon
test). F. Paired MSD values of synaptic GABAA receptors close to the control spine (d < 3 um; n =4 from 4
neurons, p < 0.001, RM two-way ANOVA). Unless stated otherwise, values are expressed as mean £ SEM.
*p < 0.05, **p < 0.01, ns = not significant.
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DISCUSSION AND CONCLUSIONS

In the present thesis, by using different experimental approaches, we analysed the interplay
between dendritic excitatory and inhibitory synaptic plasticity. In addition, we have characterized
the mechanisms of the early stage of long-term inhibitory plasticity. In particular, we observed that
the delivery an action potential train of 40 seconds at the frequency of 2 Hz (low frequency
stimulation, LFS) induces the potentiation in inhibitory transmission (iLTP) and, concomitantly,
depresses excitatory transmission (LTD). Moreover, we demonstrate that the induction of a Hebbian
protocol of glutamatergic LTP on a single spine (obtained by pairing LFS with repetitive glutamate
uncaging at an individual spine) influences the plasticity of neighbouring GABAergic synapses. In
particular, we show that, after the induction of single spine LTP, GABAergic synapses located within
+3 um from the potentiated spine were depressed (local iLTD). Our findings strongly support the
existence of dendritic “plasticity micro-domains” that involve both excitatory and inhibitory
synapses. In this view, the synaptic signal can be modulated in specific dendritic portions thus
potentially operating a higher-order regulation of dendritic integration that is expected to ultimately
impact on the neuronal output. In addition, we have also observed that, during the delivery of LFS,
before iLTP expression, gephyrin clusters undergo a transient depression. Such early modulation of
inhibitory postsynaptic density (iPSD) might regulate the expression of long-term inhibitory

plasticity.

In the first part, we demonstrate that LFS is able to induce plasticity of opposite sign at excitatory
and inhibitory synapses, respectively. Previous work at glutamatergic synapses has shown that mild
calcium entry induces LTD, while sustained calcium influx leads to LTP (Coultrap et al., 2014; Lisman,
2001) an experimental paradigm that is in line with the original Bienenstock, Cooper, and Munro
(BCM) theory (Bienenstock et al.,, 1982). Interesting, our data converges with the hypothesis
(validated also by previous studies, Marsden et al., 2010; Petrini et al., 2014) that, at inhibitory
synapses, this paradigm could be opposite — i.e. moderate and sustained calcium entry induce iLTP
and iLTD, respectively. However, the potentiation of inhibition (iLTP), similarly to classical excitatory
LTP, is mediated by the activation of CaMKII. A possible mechanism for this apparent discrepancy is
that high and low calcium concentrations may induce the selective translocation of CaMKIl at

excitatory or inhibitory synapses, respectively (Marsden et al., 2010).
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The “opposite calcium rule” at inhibitory synapses seems also to be confirmed in our Hebbian
paradigm in which LFS is paired with repetitive glutamate uncaging at an individual spine. In these
conditions, a local massive influx of calcium that require both L and P/Q type of VGCC is responsible
for the induction of the (local) iLTD. We propose that VGCCs may be likely activated by
backpropagating action potential during LFS thus leading to iLTP. In contrast, the local
depolarization due to repetitive glutamate uncaging might induce a stronger VGCC activation
leading to further calcium increase nearby the spine. Although it has been shown that the voltage
in the spine is markedly attenuated in the parent dendrite due to heavy neck filtering (Yuste, 2013),
it is possible that the very strong uncaging stimulation we deliver (160 pulses in 40 seconds) might
still induce a significant dendritic depolarization, thus contributing to the further elevation of
calcium in the proximity of the stimulated spine. In contrast, it is unlikely that calcium in the spine
might permeate to the parent dendrite due to i) the strong calcium buffering and extrusion
mechanisms in the spine and ii) the low calcium permeation rate through the spine neck (Sabatini

et al., 2001, 2002).

This mechanisms of local iLTD induced by high calcium concentration is in line with previous works
showing that massive influx of calcium is responsible for the depression of inhibitory transmission
(Bannai et al., 2009, 2015; Muir et al., 2010). In our experiments, iLTD is induced by calpain
activation that, in high calcium concentration, may overcome CaMKIll signalling. In previous studies,
calpain was demonstrated to be involved in the proteolysis of gephyrin clusters and the consequent
reduction of GABAergic synapses (Costa et al., 2016; Tyagarajan et al., 2013). Calpain could be either
activated in dendrites, or, diffuse from activated spines to parent dendrites. The latter mechanism
has been extensively shown for several signaling molecule in the heyerosynaptic interaction
between glutamatergic spines (Chen and Sabatini, 2012; El-Boustani et al., 2018; Harvey et al., 2008;
Murakoshi et al., 2011; Oh et al., 2015; Yasuda, 2017).

While from our electrophysiology and uncaging experiments it is clear that the plasticity forms
reported here are expressed at postsynaptic level, it is still possible that reduction of inhibitory
strength could result from increased intracellular chloride concentration following coordinated
neuronal stimulations thus leading to the reduction of the chloride electrochemical gradient
(Woodin et al., 2003). Although our experiments have been performed in whole cell conditions
where the intracellular chloride concentration is “imposed” by intracellular solution, as recently

shown in Khirug et al., 2008 and Otsu et al., 2020, it still possible that, due to the local reduction of
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chloride transporters, a different chloride gradient could be still maintained, especially in dendritic
regions far from the soma. In this case, our local iLTP could be hypothetically due to local alterations
of chloride concentration. However several observations rule against this possibility: i) the synapses
we considered are located rather proximally (around 30 um from the soma) where the “chloride
concentration clamp error” should be limited, ii) the local iLTP has been efficiently blocked by
nifedipine, a pharmacological manipulation that is unlikely to alter chloride gradient, iii)
postsynaptic modifications not related to chloride gradient such as gephyrin depression and

increased of GABAA receptor dynamics at synapses have been associated to local iLTD.

We propose here that the mechanisms underlying the “local iLTP” occurring in the vicinity of a
potentiated glutamatergic synapse would involve diffusive intracellular processes (e.g. calcium and
activated calpain) that are expected to depend on the dendritic microscale topology. In the present
study, experiments were carried on putative pyramidal neurons where most glutamatergic synapses
are located on spines. In these conditions, it is likely that the biochemical compartmentalization
imposed by spines significantly shapes the rate and the range of dendritic diffusion. In this concern,
it would be interesting to study the aforementioned paradigm of “local iLTP” in interneurons that,
typically, do not show spines. In particular, future experiments will clarify how the potential lower
dendritic compartmentalization in these two neuronal types will affect the short-range interaction
between plasticity at excitatory and inhibitory synapses. In addition to the dendritic
compartmentalization, the different expression of receptor/channels between pyramidal neurons
and interneurons may further contribute to specific pyramidal and interneuronal “dendritic local
plasticity patterns”. For instance, while NMDA receptors are abundantly expressed in pyramidal
neurons, they are less expressed on interneurons where the glutamate-activated calcium entry is
mainly supported by calcium permeable AMPA receptors (CP-AMPAR). Whereas calcium entry of an
individual glutamatergic synapse on spine requires dendritic depolarization to remove the NMDA
magnesium block, the activation of glutamatergic synapses on interneurons would be achieved
through CP-AMPARs activation that in contrast, due the polyamines block, requires
hyperpolarization. Thus, such differential expression of glutamate receptors is expected to be very
relevant in shaping dendritic plasticity topology in particular in relation to the coincidence between
synaptic stimulation and back-propagating action potentials bpAP. In this concern, since bpAP are
heavily attenuated in distal dendrites due to cable filtering, the different expression of NMDA and
CP-AMPA receptors in pyramidal neurons and interneurons is also expected to vary the “plasticity

rules” in relation to the synapse electro-tonic distance from the cell soma.
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In this work, we highlight the importance of the coordination of synaptic excitation and inhibition
with special emphasis on the short-range interaction of glutamatergic and GABAergic synapse in
specific spatial compartments. Previous work shows that, following monocular deprivation (MD),
glutamatergic and GABAergic synapses were modulated locally in dendritic subregions of 10um
(Chen et al.,, 2012). Moreover, it has been recently demonstrated that after the Hebbian
potentiation of a specific spine in visual cortex pyramidal neuron, obtained by the pairing of visual
stimulation with an optogenetic activation, spines neighboring the potentiated spine were
depressed (El-Boustani et al., 2018). Similarly, the potentiation of an individual spine following a
protocol of motor skill training determined the shrinkage of spines adjacent to the potentiated
spine. All the aforementioned studies are in line with our conclusions that synapses can locally
interplay in dendritic microdomains and underline the importance to study the role of GABAergic
synapses within such functional dendritic units. Recently it has been shown that GABAergic
inhibitory synapses are very dynamic structures being frequently formed and eliminated in relation
to neuronal activity and in concert with excitatory synapses (Chen et al., 2012; Villa et al., 2016).
Our findings reinforce the concept that modifications of GABAergic synapses are highly influenced
by plasticity occurring at glutamatergic synapses, suggesting that the activity-dependent remodeling

of the network is shaped by concerted synaptic excitation and inhibition plasticity.

In the present experiment, we focused on the interplay of spines and GABAergic synapses located
in proximity of the soma (= 20 to 50 um). Since these synapses are electrotonically relatively close
to the soma, the LFS combined with a photorelease of glutamate at 4Hz is probably sufficient to
ensure summation between synaptic stimulation and bpAP and to trigger the biochemical event to
induce spine LTP and local iLTD. In more distal dendritic regions, the back-propagating action
potentials generated by the LFS stimulation may not attain the membrane depolarization needed
to allow the influx of calcium required for iLPT (see discussion above on NMDA and CP-AMPA
receptors). On the other hand, in the distal regions, the phenomenon of “synaptic scaling” together
with the higher dendritic impedance in thin dendrites, would maximize the impact of local of
synaptic glutamate release on the variation of the membrane potential. In this scenario, at this
stage, it is difficult to predict how the interplay between excitatory and inhibitory synaptic plasticity
and the local spatiotemporal dynamics of calcium can be modulated at distal synapses, since the
strength of the depolarization by bpAP and local activation of glutamatergic synapses are heavily
and oppositely modulated by the distance from the soma. In future studies it will be crucial to assess

how these factors interact to shape distal dendritic microdomains.
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As mentioned above, we find that LFS alone induces glutamatergic LTD and GABAergic iLTP while
opposite trend (glutamatergic LTP and GABAergic iLTD) has been observed with LFS+uncaging. In
this concern, it is interesting to note that, in both conditions, synaptic excitation and inhibition
follow an “anti-homeostatic” rule. This might be considered an unexpected result, since previous
studies found that during network activity, the strengthening/weakening of excitation and inhibition
are regulated to preserve the neuronal output (homestatic plasticity). Even if our model show a
possible altered excitation to inhibition (E/I) unbalance, we should consider that this disequilibrium
is local. In fact, the different microdomains undergoing either non-Hebbian or Hebbian plasticity
could still balance each other at the larger spatial domains such as the whole neuron level or in
longer dendritic portions. In these conditions the overall E/I balance could still be preserved even in

the presence of local unbalance.

A disruption of the E/I balance has been proposed to be at the base of several neurological diseases
including autism and schizophrenia (Antoine et al.,, 2019; Lewis et al., 2012; Rubenstein and
Merzenich, 2003). However, it is worth noting that drugs that effectively act on the E/I balance have
only limited efficacy in treating these diseases. This might be due to the fact that these drugs act at
the whole brain level. We propose that specific E/I alterations in specific dendritic micro-domains
might account for the physiopathology of such neurological diseases. In this scenario, new specific
pharmacological tools may be required to target specific dendritic portions and possibly correct the

E/I unbalance in specific “dendritic nodes”.

In the second part of this thesis, | focused on the transient loss of gephyrin from inhibitory synapses
during the delivery of the depolarization protocol we used for the induction iLTP. We show that the
structural inhibitory short term depression is proportional to the length of the depolarization pulse,
suggesting a close relationship between the amount of calcium influx and the strength of the
transient gephyrin depression. In particular, we demonstrated that longer depolarization are able
to activate the protease calpain that promotes the dispersion of gephyrin, competing with CaMKII,
that on contrary promotes the recruitment of the scaffold protein. Thus, in our model, calpain and
CamKIl pathways (activated at different calcium concentrations) induce opposite effect on gephyrin
assembly. Further experiments will be needed to assess the physiological role for this gephyrin
transient depression. Our working hypothesis is that the transient loss of inhibition could favour

excitation, a process that might be necessary to trigger specific intracellular signalling shaping long-
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term plasticity. In order to further explore this topic, we plan to study the dynamics of excitatory

synapses during the aforementioned depolarization pulses.

Our results reinforce the idea that synaptic plasticity is a highly dynamic process where synapses
undergo profound remodelling even during plasticity induction. Our future work will be devoted to
understand the coordination between excitatory and inhibitory plasticity with the ultimate goal to
study how the early dynamics of GABAergic and glutamatergic synapses influence the remodelling

of the neuronal circuits by regulating synaptic plasticity in the long-term and consolidation phases.
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