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General introduction
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Chapter 1

The mammalian brain is the most fascinating organ. It consists of billions
of neurons (Herculano-Houzel, 2009), which are specialized cells with long
and thin branched structures: dendrites and axons. Neurons receive synaptic
input signals from other neurons via their dendrites and send signals via their
axons. This unidirectional signal transduction makes neurons so unique. The
large majority of neurons in the brain are excitatory neurons which mostly
use glutamate as neurotransmitter, while around 10-20% of the neurons are
inhibitory neurons, and they mainly use GABA as neurotransmitter. Despite
being clearly outnumbered by the excitatory neurons, the inhibitory neurons
play several important roles in shaping brain network activity and neuronal
connectivity (Flores and Méndez, 2014; Chiu et al., 2019; Herstel and
Wierenga, 2021). Dysfunction of inhibitory neurons is at the basis of many
brain diseases, including autism spectrum disorders, intellectual disability,
Fragile X syndrome and schizophrenia (Lewis et al., 2005; Mullins et al.,
2016).

Communication between neurons is compartmentalized in synapses.
Synapses consist of three parts: a presynaptic terminal - from here on
called bouton -, the synaptic cleft, and a postsynaptic terminal (Sheng and
Hoogenraad, 2007). When a presynaptic neuron fires an action potential,
chemical neurotransmitters are released from the presynaptic axonal
terminal. The released neurotransmitter diffuses across the synaptic cleft and
activates receptors in the postsynaptic dendrite. Postsynaptic receptors are
ligand-gated ion channels which transform the chemical neurotransmission
signal into an electric signal, a small alteration of the membrane potential of
the postsynaptic neuron. In case of excitatory transmission, the membrane
potential of the postsynaptic neuron depolarizes. Thereby the postsynaptic
neuron is more likely to fire an action potential. In contrast, inhibitory
neurotransmitters hyperpolarize the membrane of the postsynaptic neuron,
reducing the probability to fire an action potential.

The strength of both inhibitory and excitatory synaptic transmission is not
fixed but can be adapted in an activity-dependent manner. This capacity for
adaptation, generally termed synaptic plasticity, is thought to be the principal
mechanisminthebrainforlearningand memoryformation. Synaptic plasticity
includes changes in synaptic strength and structure, including changes in the
number of synapses. Therefore, understanding the mechanism underlying
synapse formation and synaptic plasticity is essential for unraveling basic
biological processes such as learning and memory formation, and will provide
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important insight in neurodevelopmental diseases.

The structure of inhibitory synapses

Although neurons are capable of forming electrical synapses via gap
junctions, the majority of synapses in the brain are chemical (Pereda, 2014).
80-90% of chemical synapses are excitatory synapses, which use glutamate
as neurotransmitter and serve to activate the postsynaptic neuron. In
contrast, inhibitory synapses utilize gamma-aminobutyric acid (GABA) as
neurotransmitter and serve to decrease the membrane potential, and
thereby inhibit activation of the postsynaptic neurons. Inhibitory synapses
are typically formed directly onto the dendritic shaft of the postsynaptic
neuron (Rudy et al., 2011; Kubota et al., 2016; Wamsley and Fishell, 2017),
while excitatory synapses are often formed on small dendritic protrusions
called spines (Wierenga et al., 2008). Excitatory synapses can be recognized
under the electron microscope from their asymmetric axonic-dendritic spine
ultrastructure, which contains a dense, mesh-like postsynaptic density (Harris
and Weinberg, 2012; Tao et al., 2018). In contrast, inhibitory synapses have a
symmetric ultrastructure, with weaker, sheet-like, presynaptic boutons and
postsynaptic densities (Harris and Weinberg, 2012; Nakamoto et al., 2014;
Tao et al., 2018).

The presynaptic bouton is a small specialized subcellular structure, which
can be recognized as a swelling of the axon. An average bouton made by
pyramidal cellsisaround 1 umin diameter,and around 2-3 um in Purkinje cells
(Kawaguchi, 2019). A single bouton contains hundreds of synaptic vesicles
and other organelles (De Paola et al., 2003, 2006). Morphology of axonal
boutons is highly diverse: some axons show high density of small boutons,
while other axons have a lower bouton density, but larger boutons. These
differences may result from the diversity neuron cell types and neuronal
developmental stages (Morimoto et al., 2018).

Axonal boutons are filled with synaptic neurotransmitter vesicles and
contain active zone proteins, scaffolding proteins and the neurotransmitter
release machinery (Fig. 1). Excitatory and inhibitory presynaptic terminals
have a similar molecular organization of the active zone, except for the
neurotransmitter (glutamate versus GABA) inside the synaptic vesicles
(Murthy and De Camilli, 2003; Takamori et al., 2006; Stdhof, 2012). The
arrival of an action potential triggers synaptic vesicle fusion, and release of
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neurotransmitters. The presence of a cluster of synaptic vesicles is the most
prominent feature of presynaptic terminals, and they can be subdivided into
three ‘pools’ of vesicles: resting pool, recycling pool and readily releasable
pool (Alabi and Tsien, 2012). These vesicles are located at the active zone,
which is discernable with electron microscopy as an electron-dense area
of the presynaptic membrane (Siksou et al., 2007; Harris and Weinberg,
2012). The active zone is the specialized structure for docking, priming, and
release of synaptic vesicles. Bassoon and piccolo are the most abundant
active zone proteins (Waites et al., 2013; Ackermann et al., 2015). The
molecular composition of the active zone is regulated by neuronal activity.
For instance, neuronal inactivity results in the diffusion of bassoon clusters
within the active zone and actin depolymerization at the active zone to
strengthen neurotransmitter release machinery (Glebov et al., 2017). The
actin cytoskeleton is highly dynamic and displays ongoing polymerization
and depolymerization, which mediates presynaptic structural plasticity
(Cingolani and Goda, 2008). In addition, boutons can be the site for
microtubule nucleation, which may be important for presynaptic organization
and synapse maturation (Qu et al., 2019). Several cellular organelles are
located at presynaptic terminals, including mitochondria, endosomes, and
polyribosomes. These organelles can move along the axonal shaft and can
move between synaptic boutons, which can be monitored with live imaging
(Frias and Wierenga, 2013; Wierenga, 2017; Lees et al., 2020). These cellular
organelles are important for synaptic plasticity (Smit-Rigter et al., 2016), or
axonal regeneration (Han et al., 2016; Patrén and Zinsmaier, 2016).

The synapticcleftis organized by trans-synapticadhesion molecules, including
neurexins and neuroligins, leucine-rich repeat proteins, immunoglobulin
(Ig) family proteins, receptor phosphotyrosine kinases and phosphatases
(Chua et al., 2010; Missler et al., 2012; De Wit and Ghosh, 2016). Pairs of
these proteins bind and connect the pre- and postsynaptic compartments.
This binding, which is often highly specific, is thought to be important not
only for synapse formation, but also for modulating synaptic maturation and
function (Elia et al., 2006; Mendez et al., 2010; Nikitczuk et al., 2014). Synaptic
adhesion proteins play important roles in inhibitory synapse formation
and development (Fig. 1). For instance, neuroligin 2 (NL2) is specifically
expressed at the postsynaptic side of inhibitory synapses (Varoqueaux et
al., 2004; Craig and Kang, 2007). When neurons are cocultured with non-
neuron cells expressing NL2, NL2 is sufficient to induce presynaptic terminal
differentiation, and synaptic inhibition is impaired in neurons that lack NL2
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(Scheiffele et al., 2000; Liang et al., 2015).

The GABA, receptors are pentameric ligand-gated ion channels located at
inhibitory postsynaptic terminal to mediate fast inhibition (Fig. 1). With the
help ofelectron microscopyandsuper-resolution microscopy, thearchitecture
of the postsynaptic terminal has been largely resolved. Directly underneath
the postsynaptic membrane scaffold proteins are highly enriched. Gephyrin
is the main scaffold protein at inhibitory synapses. Gephyrin closely regulates
the number, location and clustering of postsynaptic GABA, receptors (Essrich
et al., 1998; Kneussel et al., 1999). The crucial role of the number and nano-
organization of postsynaptic neurotransmitter receptors for synapse function
and plasticity has been studied in greatest detail at excitatory synapses. For
instance, it was shown that AMPARs are more localized towards the periphery
of the postsynaptic density (PSD) at excitatory synapses, while NMDARs have
a more central location (Kharazia and Weinberg, 1997; Chen et al., 2008; Tang
et al., 2016). This distribution facilitates the rapid trafficking of AMPARs from
PSD peripherytoits center during long-term potentiation. After translocation,
more receptors will become activated when glutamate is released from the
presynaptic active zone, resulting in a larger postsynaptic response. More
recently, super-resolution microscopy has revealed that AMPARs display a
clustered distribution within the PSD, forming postsynaptic nanodomains
(MacGillavry et al., 2013; Nair et al., 2013). Additionally, presynaptic release
machinery and postsynaptic receptors can form trans-synaptic nanocolumn
to fast the efficiency of neuronal signal transduction (Tang et al., 2016).
These nanodomains are important for efficient neuronal communication and
the distribution of these nanodomains can be modulated. Like glutamate
receptors, GABA, receptors and gephyrin also form nanodomains and trans-
synaptic nanocolumns to prompt information transfer efficiency (Specht et
al., 2013; Crosby et al., 2019). Changes in GABA, receptors play an important
role in shaping brain network activity (Luscher et al., 2011; Pennacchietti
et al., 2017; Yamasaki et al., 2017; Crosby et al., 2019; Scott and Aricescu,
2019).
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Figure 1 Molecular components of excitatory and inhibitory synapses

The schematic diagram shows a subset of proteins which decorate the excitatory synapse
(left, red) and inhibitory synapse (right, green). These proteins include presynaptic active
zone proteins, synaptic vesicles, neurotransmitter release machinery (not shown here);
synaptic adhesion proteins, like the neurexins-neuroligins complex; postsynaptic receptors
for neurotransmitters, scaffold proteins, and cytoskeleton proteins in both pre and
postsynaptic terminals.

Inhibitory synapse formation and dynamics

As described above, inhibitory synapses are specialized cellular structures
with complex molecular components. Building these structures is not a
plug-and-play process, but follows a dynamic, multiple-step process, which
is tightly orchestrated temporally and spatially (Sytnyk et al., 2004; Dobie
and Craig, 2011; Wierenga, 2017; Favuzzi and Rico, 2018). Whereas some
types of inhibitory neurons make synapses specifically with the soma, others
target the axonal initial segments or dendrites of their target neurons (Pelkey
et al., 2017). New inhibitory synapses can be formed at dendritic locations
where an inhibitory axon is crossing. This requisite for a pre-existing contact
site is very different from excitatory synapses, where new synapses can be
formed by outgrowth of dendritic filopodia (Sytnyk et al., 2004; Wierenga
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et al., 2008). The newly formed bouton is first unstable (it can disappear
and reappear several times), but it can eventually stabilize and recruit
postsynaptic proteins to grow out to a functional, mature inhibitory synapse.
More and more proteins and signaling molecules are being uncovered that
play a role in inhibitory synapse formation, stabilization, and maturation, and
this was also the main focus of the research described in this thesis.

Synaptic adhesion proteins are well-known organizers for initiating synaptic
recognition and promoting synapse development (Craig and Kang, 2007;
De Wit and Ghosh, 2016; Lu et al., 2017; Favuzzi and Rico, 2018). Adhesion
moleculesrecruitsynapticvesiclesand neurotransmitterrelease machineryon
the presynaptic side, and scaffold proteins and receptors on the postsynaptic
side. Many synaptic adhesion proteins complexes are involved in regulating
inhibitory synapse development (Graf et al., 2004; Craig and Kang, 2007; De
Wit and Ghosh, 2016). As mentioned above, Neuroligin 2 (NL2) is specific
for the postsynaptic membrane and mediates inhibitory synapse formation
(Varoqueaux et al., 2004; Craig and Kang, 2007). Conditional knockout of NL2
impairs inhibitory synaptic transmission and induces anxiety-like behavior
(Varoqueaux et al., 2004; Blundell et al., 2009; Gibson et al., 2009). Other
synaptic proteins like Slitrk3 (ST3) cooperate with NL2 to promote inhibitory
synapse development (Li et al., 2017).

Whereas the dendrite is actively involved in excitatory synapse formation,
the inhibitory axon is the central player in the formation of inhibitory
synapses (Wierenga et al., 2008). Live imaging studies, including from our
lab, revealed that inhibitory boutons are highly dynamic structures. During
time lapse imaging, boutons are appearing and disappearing over a time
course of tens of minutes to hours (Frias and Wierenga, 2013; Schuemann et
al., 2013; Wierenga, 2017). Bouton dynamics vary widely between cell types,
developmental stage, and brain region. For instance, catecholaminergic
axonal boutons have higher bouton turnover than pyramidal neurons
(Morimoto et al., 2018). In general, boutons are more dynamic in younger
brain tissue and less dynamic in adulthood (Ruiter et al., 2021). Interestingly,
aging mice show high bouton turnover rate in excitatory axons (Grillo et
al., 2013). Not all boutons form functional synapses. Only stable boutons
that contain presynaptic markers, and are associated with postsynaptic
receptors, represent functional synapses (Wierenga et al., 2008; Schuemann
et al., 2013). The non-stable boutons presumably present a state transition
between bouton initiation, pruning or maturation. This will be further
described in this thesis.
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Inhibitory synapse structural plasticity

Neuronal plasticity refers to the capacity of the nervous system to change its
function and structure in response to internal and external cues, including
environmental influences and pathological conditions. Neuronal plasticity
comprises the genesis and death of neurons, the remodeling of axons
and dendrites, the removal and addition of synapses, and the plasticity
of neuronal excitability and synaptic strength (Frick and Johnston, 2005).
Synaptic plasticity is perhaps the most important aspect of neuronal plasticity
and may be the fundamental basis for learning and memory. Synaptic
plasticity is an overarching term which include Hebbian processes such
as long-term or short-term potentiation and depression and homeostatic
plasticity processes such as synaptic scaling. (Turrigiano, 2008, 2017; Castillo
et al., 2011; Lee and Kirkwood, 2019). Although the excitatory synapses have
received the bulk of the attention of neuroscience research in the past, it is
now clear that learning also involves critical changes in inhibitory synapses
and impaired inhibitory plasticity is linked to several neuronal disorders
(Flores and Méndez, 2014; Chiu et al., 2019; Herstel and Wierenga, 2021).

Inhibitory synapses are capable to adapt via structural modifications as
remodeling of inhibitory axons or dendrites, and as inhibitory synapse
formation or elimination or via short or long term modulations in functional
changes in synaptic strength (Lee et al., 2008; Knodel et al., 2011; Wierenga,
2017; Boivin and Nedivi, 2018; Eavri et al., 2018). Synaptic strength can be
modulated by short-term or long-term regulation of GABA release (Castillo
et al., 2011; Méndez and Bacci, 2011; Capogna et al., 2020), as well as by
activity-dependent postsynaptic reorganization (Flores and Méndez, 2014;
Chiu et al., 2019; Herstel and Wierenga, 2021). This involves the regulation of
intracellular trafficking and membrane diffusion of receptors, for instance via
scaffold proteins (Muir et al., 2010; Petrini et al., 2014). Structural plasticity
at the inhibitory presynapses remains relatively less explored (Frias and
Wierenga, 2013; Schuemann et al., 2013).

Though it is widely recognized that learning involves structural plasticity
of spines, where excitatory synapses are located (Caroni et al., 2012; Fu et
al., 2012; Yang et al., 2018), inhibitory synapses change during learning as
well. During learning dendritically located inhibitory boutons are decreased
in number, and perisomatic inhibitory bouton density increases (Chen
et al., 2015). Also in other studies, coordinated changes in excitatory and
inhibitory synapses are found during learning (Keck et al., 2011; Donato et
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al., 2013; D’amour and Froemke, 2015; Keller et al., 2020). This demonstrates
that structural plasticity at excitatory and inhibitory synapses are tightly
coordinated to facilitate learning.

A previous study from our lab has shown that strong local excitatory activity
cantrigger the formation of a new inhibitory bouton at the same dendrite (Hu
etal., 2019) (Fig. 2). This process is mediated by the endogenous cannabinoid
2-AG, which is synthesized by the dendrite and activates endocannabinoid
type 1 (CB1) receptors at the inhibitory axon. This shows that the dendrite can
actively regulate the local coordination of excitatory and inhibitory synaptic
inputs. However, the underlying molecular mechanism and signal cascades
after receptor activation remained unclear and this was an important part of
my PhD research. In the following part, | will introduce the endocannabinoid
signal system.

A B

Figure 2. Endocannabinoid 2-AG promotes new bouton formation

This cartoon shows that local activation of spines in excitatory neurons induces inhibitory
bouton formation at the axon-dendrite crossing site This process is mediated by the
endocannabinoid 2-AG. Glutamate uncaging at 4 spines (indicated in blue, A), results in the
formation of a new bouton occurs at the crossing site (B). Endogenous cannabinoid 2-AG
is synthesized and released from the dendrite upon stimulation of spines to trigger nearby
inhibitory bouton formation. Adapted from (Hu et al., 2019).

The endocannabinoid system

Endocannabinoids are probably the most well-known neuromodulators
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of brain function, acting at the synaptic, neuronal and behavioral level
(Kano et al., 2009; Castillo et al., 2012a; Busquets-Garcia et al., 2018). The
endocannabinoid system includes enzymes for endocannabinoid synthesis
and degradation, receptors and downstream effectors (Turu and Hunyady,
2010; Lu and MacKie, 2016). Dysfunction of the endocannabinoid system
affects synaptic plasticity and can trigger abnormal behavior (Karhson et
al., 2016; Busquets-Garcia et al., 2018; Hurd et al., 2019). Endocannabinoid
signaling is implicated in various neuronal degeneration diseases, including
Parkinson’s disease and Huntington’s disease (Hashimotodani et al., 2007;
Mulder et al., 2011; Aso and Ferrer, 2014; Dhopeshwarkar and Mackie, 2014;
Basavarajappa et al., 2017; Kendall and Yudowski, 2017).

The endocannabinoid system is named after its best-known exogenous
ligand, which is cannabis. Humans have a long history of using plant cannabis,
also known as marijuana. As it was found to be functional to reduce pain,
nausea, and anxiety, helpful to promote appetite and sleep and to relax
muscles, marijuana has been widely applied for medical purpose already
in ancient times (Mechoulam and Hanus, 2001). The primary psychoactive
ingredient of the plant cannabis is A°-tetrahydrocannabinol (THC), which
was isolated in the 60’s (Mechoulam and Gaoni, 1965), and is currently also
used in clinical trials. In addition to THC, many more cannabinoids have been
discovered. Because its psychoactive effects limit the clinical application for
THC, cannabidiol (CBD), the major non-psychoactive cannabinoid in cannabis
plants is often used for medical purposes in various disorders (Kicman and
Toczek, 2020).

The discovery of endogenous cannabinoids and their receptors in the late
80’s and 90’s increased the attention on the endocannabinoids system.
The endocannabinoid system consists of the two major endogenous
cannabinoids- 2-AG and anandamide (AEA), the endocannabinoid
receptors CB1 and CB2 and the enzymes for synthesis and degradation
(Fig. 3). AEA (Anandamide) was the first endogenous cannabinoid that was
discovered (Devane et al., 1992). However, as it could not replicate THC's
effect, further studies revealed a second endogenous cannabinoid, 2-AG
(2-Arachidonoylglycerol) (Mechoulam et al., 1995; Sugiura et al., 1995).
Already before, the endocannabinoid receptor type 1 (CB1R) was cloned
by Lisa A. Matsuda and colleges in 1990, followed by the type 2 receptor
(CB2R) by Sean Munro and colleges in 1993 (Matsuda et al., 1990; Munro et
al., 1993). In addition to CB1 and CB2 receptors, the endocannabinoid AEA
can also interact with other receptors, like the transient receptor potential
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TRPV1, and peroxisome proliferator-activated receptor y (PPARy) (Bouaboula
et al., 2005; O’Sullivan, 2007; Chavez et al., 2010; Muller et al., 2019).
Pharmacological and biochemical characterization demonstrated that AEA
is a high-affinity ligand for CB1R, while it binds with lower affinity to CB2R.
In contrast, 2-AG activates both CB1R and CB2R with roughly equal affinity.
2-AG is more abundant compared with AEA in the brain, indicating that 2-AG
is the primary endogenous cannabinoids (Freund et al., 2003; Murataeva et
al., 2014). Furthermore, several synthetic cannabinoids have been generated.
For instance, CP 55940, and WIN55212-2 are widely used chemical agonists
for endocannabinoids receptors, which have high binding affinity, and are
stable in biological conditions. The diversity of ligands and receptors make
endocannabinoid signaling in the brain quite complex (Zygmunt et al., 1999;
Bouaboula et al., 2005; O’Sullivan, 2007; Chavez et al., 2010; Muller et al.,
2019).

The components of endocannabinoid system

In the following, | mainly focus on 2-AG and CB1 receptors, which is most
relevantformyPhDresearch. Foracomplete overview of the endocannabinoid
system, many excellent reviews are available (Kano et al., 2009; Turu and
Hunyady, 2010; Castillo et al., 2012b; Lu and MacKie, 2016; Zou and Kumar,
2018).

2-AG is produced by the enzyme diacylglycerol lipase (DAGL) from
2-arachidonoyl-containing phospholipids in the membrane (Bisogno et al.,
2003; Gao et al., 2010). Importantly, 2-AG is synthesized on demand, in
response to cell depolarization or neuronal activity (Hashimotodani et al.,
2007, 2013; Kano et al., 2009; Castillo et al., 2012b). Endocannabinoids
are lipids and therefore highly hydrophilic, which severely limits diffusion,
especially extracellularly. It remains unclear how endocannabinoids are
transported from the postsynaptic dendrite to the presynaptic axon, until
recently data shows that synuclein mediated endocannabinoids exocytosis
and depended on SNARE complex (Albarran et al., 2021) However, it is clear
that dendritically produced endocannabinoids can activate CB1 receptors
that are located at the presynaptic terminals and axons of other neurons
(Castillo et al., 2012b). After being produced, endocannabinoids are rapidly
degraded via several 2-AG hydrolysis enzymes including monoacylglycerol
lipase (MGL), alpha/beta domain containing hydrolase 6 (ABHD6), and
alpha/beta domain containing hydrolase 12 (ABHD12) (Blankman et al.,
2007), terminating the endocannabinoid signaling. In addition, 2-AG can be
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oxidized by cyclooxygenase-2 (COX-2) which is also followed by hydrolysis
(Hermanson et al.,, 2014). Interestingly, the different 2-AG degradation
enzymes have different subcellular locations, which indicates that there are
multiple mechanisms to regulate the endocannabinoids signal. Thereby,
MGL is mostly located at presynaptic terminals to control 2-AG modulation of
synaptic release properties. For instance, activity of MGL strongly regulates
tonic activation of presynaptic CB1 receptors at perisomatic inhibitory
synapses in the hippocampal CA1 area (Lee et al., 2015; Lenkey et al., 2015).
This suggests that dendritic endocannabinoid signaling is tightly regulated by
local synthesis and degradation.

The CB1 receptor is the major endogenous cannabinoid receptor mediating
retrograde modulation of synaptic transmission. CB1 receptor is coded by the
CNR1 gene and contains ~470 amino acids in humans and more than 95% of
the amino acid sequence is identical to other species (Agrawal and Lynskey,
2009; Hartman et al., 2009). Interestingly, CB1 receptors have different
isoforms from alternative splicing, with possible different functions (Ryberg
et al., 2005; Marti-Solano et al., 2020). CB1 receptors are mainly expressed
in the central nervous system, including in brain regions involved in cognition
and motivation behavior, such as, hippocampus, cerebellum, cortex, and
basal ganglia (Herkenham et al., 1990; Mackie, 2005). The expression of
CB1 receptors in the brain is not homogenous. For instance, CB1 receptors
are enriched in the cell layers of CA1 and CA3 in the hippocampus (Lenkey
et al., 2015). At the cellular level, CB1 receptor is highly expressed by a
specific subtype of inhibitory neurons, which also express cholecystokinin
(CCK). In these neurons, CB1 receptors are localized to the axonal shaft and
presynaptic terminals (Katona et al., 1999; Dudok et al., 2015). In addition,
CB1 receptors are also expressed by excitatory neurons, although the
expression level is much lower compared to inhibitory neurons (Katona
et al., 2006). Furthermore, CB1 receptors at astrocytes may also regulate
synaptic plasticity and memory formation (Navarrete and Araque, 2008; Han
et al.,, 2012). With super-resolution microscopy, the precise location and
dynamics of CB1 receptor were resolved. This revealed that CB1 receptors
are homogenously distributed at boutons and axonal shaft of inhibitory
axons, even after receptor activation (Dudok et al., 2015). The localization of
axonal CB1 receptors is highly corelated with membrane-associated periodic
skeleton (MPS), which is proposed to help signal transduction (Zhou et al.,
2019; Li et al., 2020). Intriguingly, CB1 receptors are not only localized in
the cell membrane, but also in intracellular membranes of mitochondria and
endosomes (Bénard et al., 2012; Hebert-Chatelain et al., 2016; Busquets-
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Garcia et al., 2018; Zou and Kumar, 2018).

Figure 3 Endocannabinoid signaling at inhibitory synapses

Overview of endocannabinoid (2-AG) signal in inhibitory synapse. Endogenous cannabinoid
2-AG is synthesized from diacylglycerol (DAG) via diacylglycerol lipase (DAGL). Upon activity-
dependent synthesis and release from the postsynaptic dendrite, it can retrogradely activate
presynaptic endocannabinoid type 1 (CB1) receptors and recruit various downstream
effectors to inhibit GABA release (inhibitory synapse). The functions and signaling pathways
downstream of axonal shaft located CB1 receptors (blue question mark) are the focus of
chapter 3 in my PhD thesis.

Endocannabinoid signaling at synapses

The most well-known function of endocannabinoids is to serve as retrograde
messenger to reduce neurotransmitter release. Endocannabinoids are
synthesized and released from postsynaptic dendrites in response to
elevated intracellular calcium levels (Ohno-Shosaku et al., 2001), for instance
after synaptic activation. Released endocannabinoids activate presynaptic
CB1 receptors (Kano et al., 2009; Castillo et al., 2012b). CB1 receptors are
G-protein coupled receptors (GPCRs). Heterotrimeric G proteins contain
three subunits, a, and By. Upon endocannabinoid binding, the Ga subunit
gets activated via a transition from the guanosine diphosphate (GDP)
state to the guanosine triphosphate (GTP) state. Active Ga will dissociate
from the heteromeric G protein complex, and affect multiple downstream

13
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effectors, including enzymes and ion channels. Typically, the CB1 receptor
isa G, coupled receptor. Activated Go, reduces cellular cyclic adenosine
monophosphate (cAMP) levels, and thereby inhibits RIM phosphorylation
and neurotransmitter release. In parallel, CB1 receptor activation can also
inhibit voltage-dependent calcium channels (VGCC) and activate inward-
rectifying K+ channels via their GBy subunits. All these presynaptic pathways
converge to weakening of synaptic transmission (Kano et al., 2009; Castillo
etal., 2012a).

In addition, activated CB1 receptors can also interact with other G proteins,
andcansignalvia G-proteinindependent pathways. Forinstance, CB1receptor
can couple with G_protein, which directly opposes the typical CB1-G, signal
pathway, by increasing intracellular cAMP levels and PKA activity (Cui et al.,
2016; Finlay et al., 2017; Wang et al., 2017)(. Stimulated CB1 receptors can
also interact with Gq proteins to increase intracellular calcium concentration
and they can interact with G,,,; to guide axon growth (Lauckner et al.,
2005; Roland et al., 2014). Persistent activation of CB1 receptors results in
receptor uncoupling from G proteins, inducing receptor internalization and
desensitization via G-protein-coupled receptor (GPCR) kinases (GRKs) and
B-arrestins mediated process. Internalized CB1 receptors can interact with
B-arrestins and exert G-protein independent signal cascades (Nguyen et al.,
2012; Delgado-Peraza et al., 2016).

Endocannabinoid-mediated synaptic plasticity

The best-known physiological effect of the endocannabinoid system is to
inhibit neurotransmitters release for several minutes (Kreitzer and Regehr,
2001; Ohno-Shosaku et al., 2001). Depolarization-induced suppression
of inhibition (DSI) is the earliest verified function of endocannabinoids as
a retrograde signal. The mechanism of DSl is via By subunits, which inhibit
calcium influx via voltage-gated calcium channels (VGCCs) (Wilson et al.,
2001), as described in more detail above. Later, it was also shown that
depolarization-induced suppression of excitation (DSE) is also mediated
by endocannabinoids, although excitatory synapses appear less sensitive
(Kreitzer and Regehr, 2001). DSI and DSE are present in many brain regions
and therefore represent a general form of short-term modulation of synaptic
strength (Castillo et al., 2012b).

Endocannabinoids also induce long-term suppression of GABA transmission
(eCB-LTD, but the mechanism is not fully understood (Castillo et al., 2012b;
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Monday et al., 2020). The downstream effectors involved in eCB-LTD
include the active zone protein RIM1a, presynaptic cAMP/PKA activity and
protein synthesis (Chevaleyre and Castillo, 2003; Chevaleyre et al., 2007;
Hashimotodani et al., 2017).

Normally, endocannabinoids are synthesized and released by principal
excitatory neurons, and act as a retrograde signal to regulate synaptic
transmission of incoming inputs. Interestingly, it was also shown
that interneurons including CCK-expressing neurons can synthesize
endocannabinoids to hyperpolarize itself via activation of G-protein-coupled
inward rectifier potassium (GIRK) conductance (Bacci et al., 2004). This
phenomenon is called slow-self inhibition, as it results from repeated firing
by the CCK-neurons themselves (Glickfeld and Scanziani, 2005; Marinelli et
al., 2008).
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Scope of this thesis

During my PhD, | have focused on the mechanisms of inhibitory synapses
formation upon CB1 receptors activation. | have used high-resolution
two photon microscopy to monitor the appearance, disappearance,
and reappearance of boutons on inhibitory axons in living brain slices. In
these live imaging experiments, we followed inhibitory bouton dynamics
over several hours and demonstrated that inhibitory boutons are highly
dynamic structures. | have used a combination of pharmacological, viral and
chemogenetic approaches to manipulate inhibitory bouton dynamics and to
unravel underlying pathways. In chapter 2, | describe that Sema4D, the class
4 semaphorin, is necessary for inhibitory bouton stabilization. We showed
that SemadD-induced bouton stabilization requires activation of the receptor
tyrosine kinase MET and involves activity-dependent actin remodeling. In
chapter 3, | discovered that activation of CB1 receptor triggers new inhibitory
bouton formation via an increase in intracellular cAMP/PKA activity, which
suggests that axonal CB1 receptors are coupled to G_ rather than G, protein
signaling. In chapter 4, | found that repeated activation of CB1 receptor
with WIN, but not 2-AG, can induce CB1 receptor internalization, and alter
membrane expression of CB1 receptors. Interestingly, WIN-induced CB1
receptor internalization and expression pattern changes occur in slices, but
they appear absent in cultured primary neurons. In chapter 5, | discuss the
molecular identity of inhibitory boutons and factors which may be involved
in regulating inhibitory bouton dynamics. Furthermore, | further discuss the
multiple downstream signal cascades upon CB1 receptors activation, and
functional selectivity of endocannabinoid signaling.
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ABSTRACT

Changes in inhibitory connections are essential for experience-
dependent circuit adaptations. Defects in inhibitory synapses are linked to
neurodevelopmental disorders, but the molecular processes underlying
inhibitory synapse formation are not well understood. Here we use high
resolution two-photon microscopy in organotypic hippocampal slices
from GAD65-GFP mice of both sexes to examine the signaling pathways
induced by the postsynaptic signaling molecule Semaphorin4D (Sema4D)
during inhibitory synapse formation. By monitoring changes in individual
GFP-labeled presynaptic boutons, we found that the primary action of
SemadD is to induce stabilization of presynaptic boutons within tens of
minutes. Stabilized boutons rapidly recruited synaptic vesicles, followed by
accumulation of postsynaptic gephyrin and were functional after 24 hours,
as determined by electrophysiology and immunohistochemistry. Inhibitory
boutons are only sensitive to Sema4D at a specific stage during synapse
formation and sensitivity to Sema4D is regulated by network activity. We
further examined the intracellular signaling cascade triggered by Sema4D
and found that bouton stabilization occurs through rapid remodeling of the
actin cytoskeleton. This could be mimicked by the actin-depolymerizing drug
Latrunculin B or by reducing ROCK activity. We discovered that the intracellular
signaling cascade requires activation of the receptor tyrosine kinase MET,
which is a well-known autism risk factor. By using a viral approach to reduce
MET levels specifically in inhibitory neurons, we found that their axons are
no longer sensitive to Sema4D signaling. Together, our data yield important
insights into the molecular pathway underlying activity-dependent Sema4D-
induced synapse formation and reveal a novel role for presynaptic MET at

inhibitory synapses.

Significance Statement

GABAergic synapses provide the main inhibitory control of neuronal activity
in the brain. We wanted to unravel the sequence of molecular events that
take place when formation of inhibitory synapses is triggered by a specific
signaling molecule, Sema4D. We find that this signaling pathway depends on
network activity and involves specific remodeling of the intracellular actin
cytoskeleton. We also reveal a previously unknown role for MET at inhibitory
synapses. Our study provides novel insights into the dynamic process of
inhibitory synapse formation. As defects in GABAergic synapses have been
implied in many brain disorders, and mutations in MET are strong risk factors
for autism, our findings urge for a further investigation of the role of MET at
inhibitory synapses.

26



Sema4D stabilizes inhibitory boutons via MET

INTRODUCTION

GABAergic synapses provide the main inhibitory control over neuronal activity
in the brain and are indispensable for shaping network function (Isaacson
and Scanziani, 2011). Although the majority of synaptic connections are
formed during development, synapse turnover is still ongoing in postnatal
brain tissue to allow for continuous adaptation and learning (Caroni et al.,
2012). Recent studies have indicated that activity-dependent formation
and disassembly of inhibitory synapses are crucial in experience-dependent
circuit adaptation (Hensch, 2005; Keck et al., 2011; Chen et al., 2015;
Froemke, 2015; Sprekeler, 2017), and defects in GABAergic synapses have
been observed in many neurodevelopmental disorders (Marin, 2012; Cellot
and Cherubini, 2014; Nelson and Valakh, 2015). We and others have shown
that inhibitory synapses are dynamic structures with presynaptic boutons and
postsynaptic scaffolds forming and disappearing with apparently stochastic
dynamics (Wierenga et al., 2008; Fu and Huang, 2010; Dobie and Craig,
2011; Kuriu et al., 2012; Schuemann et al., 2013; Villa et al., 2016). These
dynamics allow quick adaptation of connections in response to changes in
the neuronal circuitry (Staras, 2007; Keck et al., 2011; Frias and Wierenga,
2013; Chen et al., 2015).

Previous work has shown that the formation of inhibitory synapses is a
highly dynamic process, which starts with the formation of a new bouton by
the presynaptic axon and takes several hours, up to 1-2 days, to be complete
(Wierenga et al., 2008; Dobie and Craig, 2011; Schuemann et al., 2013;
Flores et al., 2015). In recent years, enormous progress has been made by
the identification and characterization of proteins that are involved in the
formation of inhibitory synapses (Siddiqui and Craig, 2011; Lu et al., 2016;
Krueger-Burg et al., 2017), but the precise molecular events that take place
when new synapses are formed are not yet clear. For instance, boutons do
not emerge randomly, but appear and reappear at specific axonal locations
(Staras, 2007; Dobie and Craig, 2011; Schuemann et al., 2013), which seem to
be predefined by a currently unknown mechanism. Furthermore, only some
boutons get stabilized at these locations to form mature synapses (Wierenga
et al., 2008; Fu et al., 2012; Schuemann et al., 2013; Villa et al., 2016) and it
is currently not clear what determines the decision to ‘stay or go’.

The class 4 semaphorin Sema4D, originally identified as an axon guidance
factor (Kolodkin et al., 1993; Pasterkamp, 2012), was shown to be specifically
required for the formation of GABAergic, but not glutamatergic, synapses
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in primary cultures as well as in vivo (Paradis et al., 2007). It was further
shown that activation of the Sema4D signaling pathway rapidly induces
the formation of inhibitory synapses (Kuzirian et al., 2013). Sema4D is a
postsynaptic membrane protein and induces inhibitory synapse formation via
presynaptic PlexinB1 receptors (Raissi et al., 2013; McDermott et al., 2018),
but the precise molecular events that take place during Sema4D-induced
inhibitory synapse formation are not known. The observation that somatic
and dendritic inhibitory synapses respond equally to Sema4D signaling
(Kuzirian et al., 2013) suggests that it acts at the majority of (or perhaps all)
inhibitory synapses, making Sema4D signaling an interesting starting point to
study the process of inhibitory synapse formation.

We used high resolution two-photon microscopy in organotypic hippocampal
slices to characterize the molecular events during Sema4D-induced formation
of inhibitory synapses in intact tissue. We found that Sema4D signaling does
not induce the formation of de novo synapses, but specifically promotes
the rapid stabilization of inhibitory boutons along the axon in an activity-
dependent manner. Rapid presynaptic changes are followed by subsequent
slower recruitment of postsynaptic gephyrin, and maturation to functional
inhibitory synapses completes over the course of several hours. The
intracellular pathway for bouton stabilization involves specific remodeling
of the actin cytoskeleton. We demonstrate that Sema4D-induced inhibitory
bouton stabilization requires the activation of the receptor tyrosine kinase
MET. Our data unravel animportant regulatory pathway of activity-dependent
inhibitory synapse formation and reveal a novel role for presynaptic MET in
Sema4D-induced formation of inhibitory synapses.
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RESULTS

We performed time-lapse two-photon microscopy in organotypic
hippocampal cultures from GAD65-GFP mice to monitor the dynamics of
inhibitory boutons in the CA1 region of the hippocampus (Wierenga et al.,
2008; Schuemann et al., 2013). In GAD65-GFP mice, the majority of GFP-
labeled interneurons are dendritically targeting CGE-derived interneurons,
while MGE-derived parvalbumin and somatostatin interneurons are not
labeled (Lopez-Bendito et al., 2004; Wierenga et al., 2010). This results in
GFP-labeling of approximately 20% of CAl interneurons, allowing monitoring
of individual axons over time. High-resolution image stacks of GFP-labeled
inhibitory axons were acquired every 10 minutes, for a total period of 140
minutes (15 time points).

As previously reported (Wierenga et al., 2008; Dobie and Craig, 2011; Fu
et al., 2012; Schuemann et al., 2013), inhibitory boutons are remarkably
dynamic and many boutons appeared, disappeared and reappeared during
the course of the imaging period. To bias our analysis towards synaptic
events, we only included boutons that were present for at least 2 time points
at the same location during the imaging period (Schuemann et al., 2013). We
distinguished two main classes of boutons: persistent boutons, which were
present during all time points (Fig. 1A), and non-persistent boutons, which
were absent during one or more time points during the imaging session (Fig.
1B). In our slices, the majority of GFP-labeled boutons (77%, with standard
deviation of 12%) were persistent (Fig. 1C) and they reflect mature inhibitory
synapses (Wierenga et al., 2008; Millner et al., 2015). Non-persistent
boutons reflect locations where inhibitory synapses are ‘in transition’, e.g.
where synapses are being formed or disassembled in an apparent trial-and-
error fashion (Wierenga et al., 2008; Dobie and Craig, 2011; Fu et al., 2012;
Schuemann et al., 2013).

We assume that synapse formation is reflected in subsequent transitions of
boutons from absent (A) to non-persistent (NP) to persistent (P) (A > NP > P)
and synapse disassembly in the reverse order. We identify these transitions
by comparing the dynamics of individual boutons in a baseline and wash-in
period and we define 5 subgroups of non-persistent boutons: new (A - NP),
lost (NP = A), stabilizing (NP = P), destabilizing (P - NP) and intermittent
(always NP) boutons (Fig. 1B,D; details are given in the methods section).
We could observe transitions between developmental bouton stages in
~50% of non-persistent boutons (Fig. 1E). After live imaging, slices were
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fixed and immunostained for the presynaptic vesicular GABA transporter
(VGAT) and the postsynaptic scaffold gephyrin to correlate bouton dynamics
of individual boutons with their molecular composition. We found that
boutons that were non-persistent at the end of the imaging period (new,
destabilizing and intermittent boutons) showed a lower percentage of
association with VGAT and gephyrin compared to persistent boutons,
reflecting that these boutons usually do not (yet) form synapses (Fig. 1F).
Stabilizing boutons, which had been present for at least 90 minutes before
fixation, showed similar association with VGAT and gephyrin to persistent
boutons (Fig. 1F), indicating that they represent nascent inhibitory synapses
that have started to recruit pre- and postsynaptic proteins within this period.
Association of non-persistent boutons with VGAT and gephyrin increased
with their total lifetime, suggesting a gradual recruitment of proteins over
the imaging period (Fig. 1G). Recruitment of gephyrin was delayed compared
to VGAT, consistent with earlier reports that synaptic proteins are recruited
in a presynaptic before postsynaptic order (Wierenga et al., 2008; Dobie and
Craig, 2011). These data demonstrate that inhibitory presynaptic boutons
are continuously being formed and disassembled along axons. By monitoring
the dynamics of individual inhibitory boutons over time we can distinguish
boutons at different stages of synapse assembly and disassembly.
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Figure 1. Classification of presynaptic inhibitory boutons by their dynamics.

(A) Time-lapse two-photon images of two inhibitory boutons (blue arrowheads) along
a GAD65-GFP-labeled axon in the CA1 region of the hippocampus. These boutons were
present at all time points, and were therefore categorized as persistent boutons. Only every
second image is shown for clarity. On the right, the same region is shown after fixation
and staining against vesicular GABA transporter (VGAT, magenta). The zoom shows a single
optical plane through the bouton to demonstrate overlap (white) of VGAT and GFP boutons
(green). Time in minutes. Scale bars 2 um and 1 um (zoom).

(B1-5) Same as in A, showing examples of new (B1; absent during baseline), lost (B2;
absent during wash-in), stabilizing (B3; non-persistent during baseline, persistent during
wash-in), destabilizing (B4; persistent during baseline, non-persistent during wash-in) and
intermittent (B5; non-persistent during both baseline and wash-in) boutons. Filled yellow
arrowheads indicate that the bouton is present, and empty yellow arrowheads indicate that
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the bouton is absent at the time point shown.

(C) Average fraction of persistent (P) and non-persistent (NP) boutons at any given time
point.

(D) Schematic illustration of bouton classification. We consider 3 developmental stages of
inhibitory boutons at axon-dendrite crossings: absent (A), non-persistent (NP) or persistent
(P). Within the group of NP boutons, we define 5 subgroups, reflecting transitions between
these stages: N: new (A = NP), L: lost (NP = A), S: stabilizing (NP = P), D: destabilizing (P -
NP) and I: intermittent (always NP) boutons.

(E) Average fraction of the 5 subgroups of non-persistent (NP) boutons normalized to
the total number of NP boutons (N — new; L — lost; S — stabilizing; D — destabilizing; | —
intermittent).

(F) Fraction of boutons positive for VGAT and gephyrin per axon. Two-way ANOVA analysis
showed a significant effect on bouton type (p = 0.008). For gephyrin, P vs |, p=0.001 (Sidak’s
multiple comparisons test).

(G) Fraction of boutons co-localizing with VGAT or gephyrin as a function of bouton lifetime
(total number of time points (TPs) present during the imaging period). Lost boutons (‘L’ in D)
were not included. x%: TP2-5, p = 0.36; TP6-8, p = 0.11; TP9-11, p = 0.15; TP12-14, p = 0.33:
TP15, p = 0.008.

SemadD treatment induces stabilization of inhibitory boutons

We used our live imaging method to examine if Sema4D signaling affects a
specific step in the process of inhibitory synapse formation. We bath applied
the extracellular domain of mouse Sema4D conjugated to the Fc region of
mouse IgG2A (SemadD; 1 nM) and compared inhibitory bouton dynamics
during a baseline period of 5 time points and during Sema4D treatment in
the subsequent 10 time points (Fig. 2A). We used Fc (1 nM) as a control
treatment (Kuzirian et al., 2013). Bath application of Sema4D did not
affect axonal morphology (Fig. 2A) and did not change the overall density
of inhibitory boutons (Fig. 2B). However, when we analyzed the different
subgroups of non-persistent boutons, we found that Sema4D treatment
resulted in an enhanced fraction of stabilizing boutons from 6 + 2% to 16
+ 3% (Fig. 2C). The absolute density of stabilizing boutons was increased by
>2-fold, while the other subgroups of boutons were unaffected by Sema4D
(Fig. 2D-H). Noticeably, new boutons were unaffected (Fig. 2D), indicating
that Sema4D treatment did not induce de novo bouton formation. To
examine how bouton stabilization developed over time, we quantified the
number of boutons that were present for 5 consecutive time points during
the baseline and the wash-in period. Sema4D induced a marked increase
in bouton stabilization over the course of the wash-in period (Fig. 2I), and
strongly increased the number of boutons that were stabilized by the end of
the imaging period (Fig. 2J). Stabilizing boutons were relatively rare in our
slices, as under control conditions most axons display no, or at most one,
stabilizing bouton (Fig. 2K). Treatment with Sema4D significantly increased
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the fraction of axons with one or more stabilizing boutons (Fig. 2K). Longer
Sema4D treatment (6 h) did not increase bouton stabilization beyond the 2
h level (Fig. 2L), indicating that only a limited number of inhibitory boutons
can be stabilized by Sema4D. Altogether, these data show that Sema4D
treatment in intact tissue does not induce de novo bouton formation,
but rather specifically promotes the stabilization of inhibitory presynaptic
boutons, without affecting synapse elimination.
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Figure 2. Sema4D treatment promotes inhibitory bouton stabilization.
(A) Time-lapse two-photon images of GFP-labeled inhibitory axons in the CA1 region of
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the hippocampus during baseline (5 time points) and wash-in (10 time points; gray box)
of 1 nM Fc - control (C; upper panel) or 1 nM Sema4D-Fc (S4D; bottom panel). Only every
second image is shown for clarity. Persistent (blue) and non-persistent (yellow) boutons are
indicated by arrowheads. Filled arrowheads indicate that the bouton is present, and empty
arrowheads indicate that the bouton is absent at that time point. Images are maximum
intensity projections of 11-18 z stacks. Time in minutes. Scale bar 5 um.

(B) Cumulative distribution of the change in mean bouton density during the wash-in period
compared to baseline after wash-in of C or S4D (MW, p = 0.83).

(C) Average fraction of subgroups of non-persistent boutons in C- and S4D-treated axons: N
—new (MW, p=0.86); L—lost (MW, p =0.93); S —stabilizing (MW, p = 0.003); D — destabilizing
(MW, p = 0.25); | — intermittent (MW, p = 0.89).

(D-H)  Density of new (D; MW, p = 0.41), lost (E; MW, p = 0.61), stabilizing (F; MW, p =
0.003), destabilizing (G; MW, p = 0.84) and intermittent (H; MW, p = 0.34) boutons in axons
treated with 1 nM Fc (C) and 1 nM Sema4D-Fc (S4D). Each dot represents an individual axon.
(I) Stabilization of inhibitory boutons, as determined by the change (compared to baseline)
in density of boutons that were present at 5 consecutive time points during the imaging
period: 0’-40’ (baseline), 50°-90’ (wash-in, gray box) and 100°-140’ (wash-in, gray box). Two-
way ANOVA analysis showed a significant effect of both treatment (p = 0.04) and time (p =
0.03).

(J) Density of boutons that stabilized in the last 5 time points (TPs) (MW, p = 0.0008).

(K) Frequency distribution of the stabilizing bouton density in C- and S4D-treated axons (x?,
p =0.03).

(L) Density of stabilizing boutons after treatment with Fc or S4D for 50, 100 and 400 minutes.
Two-way ANOVA analysis showed that S4D increased bouton density independent of time
(p =0.0002). At 100’, p = 0.005 (Sidak’s multiple comparisons test).

Data are represented as mean + SEM. Data from 20 control axons (N=6) and 22 S4D-treated
axons (N=5). Data in L at 400’ from 15 control axons (N=4) and 17 S4D-treated axons (N=4)

SemadD-induced stabilization of inhibitory boutons is the first step of
inhibitory synapse formation

We wanted to verify that Sema4D-induced inhibitory bouton stabilization
leads to the formation of functional synapses in our slices. We treated
organotypic hippocampal slices with 1 nM Fc or 1 nM Sema4D for 24 h,
and recorded miniature inhibitory postsynaptic currents (mIPSCs) (Fig. 3A).
Treatment with Sema4D increased the mIPSC frequency by 37% (from 5.2
+ 0.5 to 7.1 + 0.5 Hz), while mIPSC amplitude was not affected (Fig. 3B,C).
We also determined overall inhibitory synapse density by co-localizations of
presynaptic VGAT and postsynaptic gephyrin (Fig. 3D,E). Consistent with the
electrophysiology results, Sema4D induced a clear 24 + 7% increase in the
density of inhibitory synapses (Fig. 3F). These results demonstrate that the
bouton stabilization observed within 2 h after Sema4D treatment leads to
the formation of new functional synapses after 24 h.

A previous study has shown that Semad4D can induce rapid changes in
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postsynaptic gephyrin in primary neurons (Kuzirian et al., 2013), but it
was not addressed if these postsynaptic changes preceded or followed
presynaptic changes. To determine the time course of the recruitment of
pre- and postsynaptic elements during Sema4D-induced synapse formation,
we quantified VGAT and gephyrin immunostaining after 2, 6 and 24 h
treatments. Treatment with Sema4D induced an increase in the area of
VGAT puncta, without affecting their density (Fig. 3G-I), consistent with an
effect on stabilization, and not de novo formation, of inhibitory boutons. For
gephyrin, Sema4D treatment caused an increase in puncta density, but not
in their size (Fig. 3J-L), suggesting that stabilizing boutons were recruiting
gephyrin. The average puncta intensity was not affected (at 24 h, VGAT: 107 +
4% of control, p = 0.35 (MW); gephyrin: 106 + 5% of control, p = 0.51 (MW)).
Interestingly, the time course for presynaptic and postsynaptic changes was
different. Whereas an increase in presynaptic VGAT area could already be
detected after 6 h (Fig. 3G), the increase in postsynaptic gephyrin density
was only evident after 24 h (Fig. 3K). This suggests that Sema4D signaling
induced a gradual increase in presynaptic vesicle content in stabilized
boutons and subsequent acquisition of postsynaptic scaffolds to form new
inhibitory synapses. Our data indicate that Semad4D signaling primarily acts
via the presynaptic axon and that the changes in postsynaptic gephyrin are
secondary.

The previously reported rapid increase in postsynaptic gephyrin clusters after
Sema4D treatment in primary cultures (Kuzirian et al., 2013) may be well
explained by an overall difference in neuronal maturation level compared
to our experiments. In young neurons, new gephyrin clusters can be rapidly
induced by local GABA signaling (Oh et al., 2016), while in mature neurons
prolonged or additional signaling appears to be required. In our slices,
SemadD treatment increased inhibitory synapse density by ~25% after 24
hours (Fig. 3F), which is comparable to experience-dependent changes in
inhibitory synapses observed in vivo (Keck et al., 2011; Chen et al., 2015;
Villa et al., 2016).
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Figure 3. SemadD increases overall inhibitory synaptic density.

(A) Representative whole-cell voltage-clamp recordings of miniature inhibitory
postsynaptic currents (mIPSCs) from CA1 pyramidal cells in organotypic hippocampal
slices treated for 24 h with 1 nM Fc (C) or 1 nM S4D (S4D).

(B) Mean mIPSC frequency after 24 h treatment with C or S4D (MW, p = 0.008).

(C) Mean mIPSC amplitude after 24 h treatment with C or S4D (MW, p = 0.35).

(D) Representative images of CA1 dendritic area of GAD65-GFP hippocampal slices
treated with 1 nM Fc (C) or 1 nM Sema4D-Fc (54D) for 24 h, and immunostained for
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presynaptic vesicular GABA transporter (VGAT, green) and gephyrin (magenta). Images are
average intensity projections of 5 z stacks. Scale bar 2 um.

(E) Example of an inhibitory synapse (white box in D), identified as the apposition of VGAT
(green) and gephyrin (magenta) puncta. The respective xz and yz projections show the close
apposition of the two markers. Images are maximum intensity projections of 6 z stacks.
Scale bar 1 um.

(F) Density of inhibitory synapses in slices treated with Fc or S4D for 24 h (MW, p = 0.03).
(G) Normalized area of VGAT puncta (after treatment with 1 nM S4D for 2 h, 6 h and 24 h).
Two-way ANOVA analysis showed that S4D treatment increased VGAT area independent of
time (p = 0.005).

(H) Normalized density of VGAT puncta, after treatment with 1 nM S4D for 2 h, 6 h and 24 h.
(I) Cumulative distributions of the normalized area of VGAT after treatment with 1 nM S4D
for 2, 6 and 24 h. Black line represents the normalized control values. p = 0.81, p = 0.08 and
p =0.14 (KS) for 2, 6 and 24 h, respectively.

(J-K) Same as G-H, but for normalized area (J) and density (K) of postsynaptic gephyrin
puncta. In K, two-way ANOVA analysis showed a significant effect of time (p = 0.04) and an
interaction between treatment and time (§; p = 0.04).

(L) Same as in |, but for normalized gephyrin density. p = 0.99, p = 0.99 and p < 0.0001 (KS)
for 2, 6 and 24 h, respectively.

Data are represented as mean + SEM. Data in A-C from 14 control cells (N=5) and 14 S4D-
treated cells (N=7), data in F from 15 control images (N=3) and 15 S4D images (N=3), and
datain G-L from 15-20 control images (N=3-4) and 15-20 S4D images (N=3-4) per time point.
Dashed linesin G, Hand J, K represent control values (treatment with 1nM Fcfor 2 h, 6 h and
24 h). In B and C, dots represent individual cells.

Local application of Semad4D suggests competition between presynaptic
boutons

Under physiological conditions, Sema4D is a membrane-attached protein
acting locally at the synapse (Pasterkamp, 2012; Raissi et al., 2013), which
is very different from the bath-applied Sema4D treatment that we use in
our experiments. To examine possible differences between local and global
Sema4D signaling, we locally applied Sema4D to short stretches (~40 um) of
GFP-labeled inhibitory axons (Fig. 4A). Local application with control solution
slightly reduced local bouton stabilization (compare control curves in 4B and
21), possibly because of mechanical pressure. In contrast, local application
of Sema4D induced robust stabilization of inhibitory boutons in these axons
(Fig. 4B). In fact, local application of Sema4D induced a significant increase in
local bouton density (Fig. 4C), whereas bath application had failed to induce
a change in overall bouton density (Fig. 2B). Presynaptic boutons are known
to share presynaptic proteins and vesicles along the axon (Staras, 2007;
Bury and Sabo, 2016). Our data suggest that stabilizing boutons compete
for presynaptic components within individual axons when Sema4D is bath
applied, limiting an increase in overall bouton density.
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Figure 4. Sema4D induces local stabilization of inhibitory boutons.

(A) Representative image of the local treatment of GFP-labeled inhibitory axons in the CA1
region of the hippocampus. Alexa568 (red) was added to the pipette to visualize the area of
the puff (yellow circle). Scale bar 10 um.

(B) Stabilization of inhibitory boutons, as determined by the change (compared to baseline)
in density of boutons that were present at 5 consecutive time points during the imaging
period after local treatment with 10 nM Fc (C) or 10 nM Sema4D (S4D). Red line marks
the puffing. Two-way ANOVA analysis showed a significant effect of treatment (p = 0.0002)
and an interaction between treatment and time (§; p =0.02). At 50’-70’, p = 0.003 (Sidak’s
multiple comparisons test).

(C) Cumulative distribution of the change in mean bouton density after local treatment with
C or S4D compared to baseline (MW, p = 0.045).

Data are represented as mean + SEM. Data from 15 control axons (N=6) and 17 S4D-treated

axons (N=6).

Actin remodeling by low dosis of LatrunculinB promotes stabilization of
inhibitory boutons

Induction of inhibitory synapses in response to Sema4D was previously shown
to be mediated by presynaptic PlexinB1 receptors (Kuzirian et al., 2013;
McDermott et al., 2018). Bouton stabilization is presumably induced by local
changes in the intracellular actin cytoskeleton via Sema4D/PlexinB1 signaling
pathways, which are well described in non-neuronal cells (Zhou et al., 2008;
Cagnoni and Tamagnone, 2014). Interestingly, it was reported that Sema4D/
PlexinB1 signaling can induce either polymerization or depolymerization
of actin via RhoA regulation, depending on the co-activation of receptor
tyrosine kinases MET and ErbB-2, which act as co-receptors for PlexinB1
(Swiercz et al., 2008; Sun et al., 2012). To examine how the actin cytoskeleton
is involved in inhibitory bouton stabilization, we studied the effect of two
actin remodeling drugs in our system with intended opposite effects: the
actin monomer sequestering drug LatrunculinB (100 nM LatB), which
promotes actin depolymerization, and the actin stabilizer Jasplakinolide (200
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nM Jasp), which promotes actin polymerization. None of these actin drugs
affected overall axon morphology (Fig. 5A). We analyzed bouton dynamics
in the presence of these actin drugs and found that LatB treatment, and
not Jasp treatment, increased the fraction of stabilizing boutons (Fig. 5B,C).
The effect of LatB was highly specific for stabilizing boutons, as the other
bouton subgroups were not affected (Fig. 5C). Indeed, we found that LatB
specifically increased the absolute density of stabilizing boutons by almost
2-fold (Fig. 5D) and increased the fraction of axons with stabilizing boutons
(Fig. 5E), while Jasp did not change overall inhibitory bouton dynamics.
The changes in bouton dynamics after LatB treatment were rapid and were
surprisingly similar to Sema4D treatment (compare Fig. 5D-E with Fig. 2F and
2K). At these low concentrations, actin drugs do not affect synaptic function
(Honkura et al., 2008; Rex et al., 2009), and we therefore assume that the
observed effects reflect the direct action of the actin drugs on the local actin
cytoskeleton. Our findings suggest that inhibitory bouton stabilization is
promoted by conditions favoring local actin depolymerization, rather than
polymerization.

The striking similarity between stabilization of inhibitory boutons induced
by treatment with LatB or Sema4D suggests that both treatments induce
a comparable effect on intracellular actin. As we found that only a specific
subset of inhibitory boutons was stabilized by Sema4D treatment, we tested
if these were the same boutons that responded to LatB. We treated slices
with a combination of LatB and Fc or LatB and Sema4D. We found that bouton
stabilization by LatB occluded a further increase by co-application with
Sema4D (Fig. 5F,G). These results suggest that LatB and Sema4D treatment
act to stabilize a specific, overlapping, subset of inhibitory boutons.
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Figure 5. Inhibitory bouton dynamics are regulated by actin.

(A) Time-lapse two-photon images of GAD65-GFP-labeled axons in the CA1 region of the
hippocampus during baseline (5 time points) and wash-in (10 time points; gray box) of
DMSO - control (C; upper panel), 200 nM Jasplakinolide (Jasp; middle panel) or 100 nM
LatrunculinB (LatB; bottom panel). Only every second image is shown for clarity. Persistent
and non-persistent boutons are indicated as in Figure 2. Images are maximum intensity
projections of 12-14 z stacks. Time in minutes. Scale bar 5 um.

(B) Fraction of non-persistent (NP) boutons in C and Jasp-treated axons: N — new (MW, p =
0.37); L—lost (MW, p = 0.18); S — stabilizing (MW, p = 0.49); D — destabilizing (MW, p = 0.95);
| —intermittent (MW, p = 0.93).

(C) Same as in B, but for C and LatB-treated axons (N: MW, p = 0.99; L: MW, p = 0.66; S: MW,
p =0.01; D: MW, p = 0.6; I: MW, p = 0.29).

(D) Density of stabilizing boutons in C, Jasp- (MW: p = 0.28) and LatB-treated axons (MW: p
< 0.0001). Dots represent individual axons.

(E) Frequency distribution of the stabilizing bouton density in C, Jasp- and LatB-treated
axons (x% Cvs Jasp, p = 0.31; C vs LatB, p = 0.0005).

(F) Same as E, but for combined treatment with 100 nM LatB/1 nM Fc (LatB+C) or 100 nM
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LatB/1 nM Sema4D (LatB+S4D) (x% p = 0.37).

(G) Same as B, but for combined treatment with LatB+C or LatB+S4D (N: MW, p = 0.005; L:
MW, p = 0.58; S: MW, p = 0.96; D: MW, p = 0.82; I: MW, p = 0.52).

Data are represented as mean + SEM. Data in B from 21 control axons (N=6) and 20 Jasp-
treated axons (N=5), in C from 18 control axons (N=5) and 20 LatB-treated axons (N=5) and
in F-G from 18 LatB+Fc- (N=4) and 20 LatB+S4D-treated axons (N=5).

We then wondered if treatment with the actin depolymerizing drug LatB
would be sufficient to induce inhibitory synapse formation, similar to Sema4D
signaling (Fig. 3F). Interestingly, we observed that although LatB induced
changes in VGAT area and gephyrin puncta density after 2 h (Fig. 6A-F), these
changes were not coordinated and did not result in an increase in the density
of inhibitory synapses (Fig. 6G). The changes in gephyrin and VGAT staining
returned to baseline with longer LatB treatment. Together, our data suggest
that LatB and Sema4D induce rapid stabilization of the same subgroup of
inhibitory boutons, but that only Sema4D signaling leads to coordinated
pre- and postsynaptic changes resulting in inhibitory synapse formation. This
indicates that presynaptic bouton stabilization alone is not enough to induce
inhibitory synapse formation, which requires further signaling mechanisms.
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Figure 6. Latrunculin B treatment does not promote inhibitory synapse formation.

(A) Normalized area of presynaptic vesicular GABA transporter (VGAT) puncta after treatment
with 100 nM LatB for 2 h and 24 h. Two-way ANOVA analysis indicated a significant effect of
time (p = 0.02) and an interaction between treatment and time (§, p = 0.02).
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(B) Normalized density of VGAT, after treatment with 100 nM LatB for 2 h and 24 h.

(C) Cumulative distributions of the normalized area of VGAT after treatment with 100 nM
LatB for 2 and 24 h. Black line represents the normalized control values. p = 0.047 and 0.33
(KS) for 2 and 24 h, respectively.

(D-E)  Same asin A-B, but for the area (D) and density (E) of postsynaptic gephyrin puncta.
In E, Two-way ANOVA analysis showed a significant effect of time (p =0.04) and interaction
between treatment and time (§, p =0.04).

(F) Same as in C, but for normalized gephyrin density. p = 0.047 and 0.33 (KS) for 2 and 24
h, respectively.

(F) Normalized density of inhibitory synapses.

Data are represented as mean + SEM. Data from 15 control images (N=3) and 15 LatB images
(N=3) per time point. Dashed line represents control values (treatment with DMSO for 2 h
and 24 h).

Inhibitory bouton stabilization by Sema4D requires MET activation

Our observation that LatB could mimic the Sema4D-induced stabilization of
inhibitory boutons points to a possible involvement of MET, as co-activation
of MET mediates the actin depolymerization pathway downstream of
Sema4D/PlexinB1 signaling (Swiercz et al., 2008). We therefore assessed if
MET activation is necessary for the Sema4D-induced bouton stabilization by
makinguse ofthe highly specific MET inhibitor PHA-665752 (PHA) (Christensen
et al., 2003; Lim and Walikonis, 2008). We first verified that adding PHA
alone did not affect bouton dynamics (Fig. 7A) or spontaneous inhibitory
postsynaptic currents (Fig. 7B-D), indicating that MET is not very active under
baseline conditions in our slices. Next, we treated our slices with Sema4D to
induce bouton stabilization and compared bouton dynamics in the presence
or absence of PHA (Fig. 7E). Blocking MET with PHA completely abolished
the Sema4D-induced increase in the density of stabilizing boutons, while
the other bouton subgroups were hardly affected (Fig. 7F). In fact, blocking
MET in combination with Sema4D treatment almost entirely abolished the
occurrence of stabilizing boutons in our slices (Fig. 7G,H). Consistent with the
live imaging data, inhibiting MET with PHA also blocked the increase in VGAT
staining intensity (Fig. 71,J) and mIPSC inter-event interval (Fig. 7K) triggered
by Sema4D treatment. Taken together, these data indicate that activation of
MET is required for the Sema4D-induced stabilization of inhibitory boutons.
As the actin depolymerization pathway downstream of Sema4D/PlexinB1
signaling via MET is mediated via a reduction of intracellular RhoA activity
(Swiercz et al., 2008; Sun et al., 2012), we tested if stabilization of inhibitory
boutons could also be achieved by directly reducing ROCK activity, a well-
known downstream effector of RhoA (Amano et al., 2010). We found that
treatment with the specific ROCK inhibitor Y-27632 (Deguchi et al., 2016)
resulted in an increase in the density of stabilizing boutons in our slices
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(Fig. 7L), without affecting the other subclasses of boutons. These findings
are consistent with an intracellular pathway induced by Sema4D/PlexinB1
signaling via co-activation of MET and reduction of ROCK activity to promote
stabilization of inhibitory boutons.
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Figure 7. Inhibitory bouton stabilization by Sema4D requires MET activation.

(A) Density of non-persistent boutons in slices treated with DMSO (C) and 1 uM PHA-665752
(PHA): N — new (MW, p = 0.28); L — lost (MW, p = 0.77); S — stabilizing (MW, p = 0.98); D —
destabilizing (MW, p = 0.24); | — intermittent (MW, p = 0.67).

(B) Representative whole-cell voltage-clamp recordings of spontaneous IPSCs (sIPSCs) from
CA1 pyramidal cells in organotypic hippocampal slices before (-5’) and after treatment (+20’)
with PHA-665752 (PHA; 1 uM). Time in minutes.

(C-D) Mean sIPSC frequency (C) and amplitude (D) before (-5’) and after (+20’) treatment
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with PHA. Time in minutes. One-way ANOVA for multiple time points: p = 0.97 (C); p =0.19
(D).

(E) Time-lapse two-photon images of GAD65-GFP-labeled axons in organotypic hippocampal
slices during wash-in (gray box) of combination of 1 nM Sema4D and DMSO (S4D; upper
panel) or combination of 1 nM Sema4D with 1 uM PHA-665752 (S4D+PHA; bottom panel).
Only every second image is shown for clarity. Persistent and non-persistent boutons are
indicated as in Figure 2. Images are maximum intensity projections of 15-16 z stacks. Scale
bar 5 um.

(F) Fraction of non-persistent (NP) boutons in S4D- and S4D+PHA-treated axons: N: MW, p
=0.34; L. MW, p =0.74; S: MW, p = 0.01; D: MW, p = 0.64; I: MW, p = 0.53.

(G) Density of stabilizing boutons in slices treated with S4D or S4D+PHA (MW, p = 0.006).
Dashed line represents control values. Dots represent individual axons.

(H) Frequency distribution of the stabilizing bouton density in S4D- and S4D+PHA-treated
axons (x2, p = 0.048).

(I) Representative images of hippocampal slices treated with S4D (upper panel) or S4D+PHA
(bottom panel) for 100’, and stained for presynaptic VGAT. Images are average intensity
projections of 5 z stacks. Scale bar 5 um.

(J) Normalized mean staining intensity for VGAT in S4D- and S4D+PHA-treated slices (MW, p
= 0.009). Control value is indicated with dashed line.

(K) Inter-event interval (IEI) of mIPSCs from CA1 pyramidal cells in organotypic slices after
treatment with 1 nM Fc¢/DMSO (C), 1 nM S4D/DMSO (S4D) or 1nM S4D/1 uM PHA-665752
(S4D+PHA) for 24 h (KW, C vs S4D, p = 0.04; C vs PHA, p = 0.19). Dots represent individual
cells.

(L) Fraction of non-persistent boutons in axons treated with MQ (control; C) or 10 uM ROCK
inhibitor Y-27632: N: MW, p = 0.05; L: MW, p = 0.39; S: MW, p = 0.02; D: MW, p = 0.38; I:
MW, p = 0.78.

Data are represented as mean + SEM. Data in A from 18 control axons (N=4) and 18 PHA-
treated axons (N=4), in C-D from 5 CA1 pyramidal cells (N=5), in F-H from 17 S4D-treated
axons (N=4) and 16 S4D+PHA-treated axons (N=4), in J from 16 images of S4D-treated slices
(N=3) and 23 images of S4D+PHA-treated slices (N=4), in K from 14 control cells (N=5), 14
S4D-treated cells (N=7) and 17 S4D+PHA-treated cells (N=6), and in L from 21 control axons
(N=5) and 22 Y-27632-treated axons (N=5).

MET is required in presynaptic inhibitory axons

Our pharmacological experiments do not address if the Sema4D-induced
changes in actin occur in the pre- or postsynaptic compartment. MET was
reported to be expressed predominantly in axons, where it is present in
small puncta in the axonal shaft and small presynaptic terminals (Judson et
al., 2009; Eagleson et al., 2013). However, studies on MET have focused on
glutamatergic synapses (Tyndall and Walikonis, 2006; Xie et al., 2016) and
MET localization in GABAergic axons has never been directly addressed. We
made use of an antibody (Qiu et al., 2014) and a nanobody (Heukers et al.,
2014) with demonstrated specificity for MET to localize MET in our slices. We
first confirmed that MET was present at synapses in primary hippocampal
cultures (Fig. 8A,B). In line with previous reports (Tyndall and Walikonis,

44



Sema4D stabilizes inhibitory boutons via MET

2006; Eagleson et al., 2013; Xie et al., 2016), the majority of MET puncta
overlapped with excitatory synapses (Fig. 8A,B), but clear association of MET
with inhibitory presynapses was also observed in these cultures (Fig. 8B).
This was further confirmed with STED microscopy (Fig. 8C). We then used
the MET nanobody and antibody to label MET in our hippocampal slices
of GAD65-GFP mice (Fig. 8D). Although there was a quantitative difference
presumably reflecting a difference in labeling affinity, both methods clearly
showed that a subset of GFP-labeled inhibitory boutons was enriched for
MET (Fig. 8E). Comparison between the MET staining pattern with staining
for postsynaptic gephyrin (compare Figs. 8F and 3E) suggests a presynaptic
localization of MET at these inhibitory synapses, as MET puncta were often
completely enclosed by the GFP-labeled bouton. These data indicate that
MET is present at inhibitory axons and terminals, where it can mediate
Semad4D signaling to induce bouton stabilization.

To directly test if presynaptic MET is required for Sema4D-induced bouton
stabilization we reduced MET specifically in presynaptic inhibitory axons
using a miRNA-based knock down approach. We first verified that the
miRNA construct effectively reduced MET levels in primary hippocampal
neurons (Fig. 8G-H) and HEK cells (Fig. 81). We then injected Cre-dependent
Lentiviruses in hippocampal slices from VGAT-Cre mice at DIV 1 to infect a
few GABAergic cells per slice. We either used a construct with GFP (control),
or GFP with miRNA against MET (MET-miRNA), and we performed similar
two-photon experiments at >DIV 14 as previously described. We first
confirmed that Sema4D promoted bouton stabilization in GFP-positive axons
in VGAT-Cre slices (Fig. 8)). As GFP-labeled axons in VGAT-Cre slices comprise
all inhibitory axons (compared to only a subset in GAD65-GFP slices), this
suggests that many, if not all, inhibitory axons are sensitive to Sema4D
signaling. In MET-miRNA axons, in which MET levels were reduced for several
days, overall bouton dynamics appeared slightly enhanced (fraction of non-
persistent boutons in MET-miRNA axons was 20.9 + 1.6% compared to 15.5
+ 1.7% in control GFP axons; p = 0.04). In contrast to GFP-positive axons,
Sema4D was not able to increase the density of stabilizing boutons along
MET-miRNA axons (Fig. 8K). These data demonstrate that Sema4D-induced
inhibitory bouton stabilization requires the co-activation of presynaptic MET
in inhibitory axons.
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Figure 8. MET is required at inhibitory presynaptic boutons.

(A) Images of primary cultures of hippocampal neurons immunostained with MET nanobody
(red) and markers for excitatory synapses: presynaptic vesicular glutamate transporter
(VGLUT; green) and postsynaptic Homer (blue). The majority of MET puncta co-localize with
one or both markers (white arrows), but some MET puncta do not co-localize (red arrows).
Images are maximum intensity projections of 13 stacks. Scale bar 5 um (overview) and 2 um
(zoom).

(B) Same as A, but neurons were stained with MET nanobody (red) and markers for excitatory
presynapses (VGLUT; green) and inhibitory presynapses (vesicular GABA transporter VGAT;
blue). White arrows indicate MET co-localizing with VGLUT and blue arrows indicate MET
co-localizing with VGAT. Images are maximum intensity projections of 12 stacks. Scale bar 5
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pum (overview) and 2 um (zoom).

(C) Representative STED images (single optical sections) of primary cultures of hippocampal
neurons immunostained with MET antibody (red) and VGAT (green). Green arrows highlight
MET puncta co-localizing with VGAT, while red arrows indicate MET puncta that do not co-
localize with VGAT. Scale bar 10 um (overview) and 1 um (zoom).

(D) Representative images of GFP-labeled inhibitory boutons (green) in hippocampal
slices, stained with a nanobody (upper panel) and an antibody (lower panel) against MET
(magenta). Images are maximum intensity projections of 5-6 z stacks. White arrows indicate
MET enrichment in GFP-labeled boutons. Scale bar 5 um.

(E) Fraction of GFP boutons positive for MET. Aspecific staining was determined by anti-
myc staining without nanobody (‘C’; black) and random co-localization was determined by
inverting the MET channel (‘Inv’; light gray) (Nanobody - KW, C vs MET: p = 0.0002, MET vs
Inv: p = 0.04; Antibody: MW, p < 0.0001).

(F) Example of two inhibitory boutons (green) in hippocampal slices showing enrichment
in MET (magenta), and the respective xz and yz projections. Images are maximum intensity
projections of 6 z stacks. Scale bar 1 um.

(G) Representative images of primary hippocampal neurons (DIV 11) transfected at DIV 9
with mCherry-MET (mCh-MET) together with GFP (control) or MET-miRNA#2+GFP (MET-
miRNA#2). Red dashed line highlights the neuronal cell body. Scale bar 20 um.

(H) Normalized intensity of mCherry-MET in primary hippocampal neurons co-transfected
with GFP (control) or MET-miRNA constructs (KW: Cvs#1, p < 0.0001; Cvs#2, p = 0.001).

(I) Western blot analysis of MET levels in HEK293 cell extracts upon transfection with
mCherry-MET and MET-miRNA constructs normalized to control (GFP). Dashed line
represents control.

(J) Density of stabilizing boutons in GFP-positive axons treated with 1 nM Fc (C) and 1 nM
SemadD-Fc (S4D) in VGAT-Cre slices (MW, p = 0.05).

(K) Same as inJ, but in MET-miRNA-expressing axons (MW; p =0.88).

Data are represented as mean + SEM. Data in E from 10 control images (N=2), 12 images in
MET and inverted group (N=3) for the nanobody staining and 15 images in MET and inverted
group (N=3) for the antibody staining, in H from 45 control cells (N=3), 40 MET-miRNA#1 cells
(N=2) and 43 MET-miRNA#2 cells (N=3), in | from 2 independent Western blot experiments,
in J from 23 control axons (N=6) and 26 S4D-treated axons (N=7), and in K from 24 control
axons (N=6) and 19 S4D-treated axons (N=5). In J and K, dots represent individual axons.

Semad4D-induced bouton stabilization relies on network activity

Finally, we asked whether SemadD-induced stabilization of inhibitory
boutons depends on the level of neuronal activity. As previously reported
(Schuemannetal., 2013), blocking activity by bath application of tetrodotoxin
(TTX) mildly decreased overall bouton dynamics in our slices (data not
shown). We found that in the presence of TTX, Sema4D treatment no longer
induced stabilization of inhibitory boutons, and that Sema4D treatment
even led to a reduction in bouton stabilization compared to control (Fig.
9A,B). Whereas under control conditions Sema4D treatment increased the
fraction of axons that displayed stabilizing boutons, it led to a decrease in the
presence of TTX (Fig. 9C,D). Interestingly, bouton stabilization by LatB was
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not affected by TTX (Fig. 9A-D), indicating that activity-dependent changes in
the actin cytoskeleton cannot explain this result. These findings suggest that
the activity-dependent sensitivity to Sema4D is regulated upstream of the
changes induced at the presynaptic actin cytoskeleton.
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Figure 9. Sema4D-induced bouton stabilization is activity-dependent.

(A) Density of stabilizing boutons in axons treated with 1 nM Fc (C, circles) or DMSO (C,
diamonds), 1 nM Sema4D-Fc (S4D), and 100 nM LatrunculinB (LatB) in the presence of 0.5
UM TTX (MW: Cvs S4D, p = 0.17; C vs LatB, p = 0.008). Dots represent individual axons.

(B) Stabilization of inhibitory boutons upon treatment with C, S4D or LatB in the presence
of 0.5 uM TTX, determined by the change (compared to baseline) in density of boutons
that were present at 5 consecutive time points during the imaging period: 0’-40’ (baseline),
50’-90’ (wash-in) and 100’-140’ (wash-in). Two-way ANOVA analysis showed a significant
effect of treatment (C vs S4D, p = 0.01; C vs LatB, p = 0.0095). At 100’-140’, Cvs S4D, p = 0.04
(Sidak’s multiple comparisons test).

(C) Frequency distribution of the stabilizing bouton density in C-, S4D- and LatB-treated
axons, in the presence of 0.5 uM TTX (x% Cvs S4D, p = 0.32; Cvs LatB, p = 0.01).

(D) Fraction of axons with stabilizing boutons in axons treated with C or S4D, in control or
activity-depleted slices with TTX (x? (p-values are Bonferroni-corrected): C vs $4D, p = 0.01;
Cvs C+TTX, p = 0.58; C+TTX vs S4D+TTX, p = 0.22; S4D vs S4D+TTX, p < 0.0001; C+TTX vs
LatB+TTX, p = 0.006).

Data from 19 control (Fc) axons (N=5), 20 S4D-treated axons (N=5), 20 control (DMSO) axons
(N=6) and 22 LatB-treated axons (N=6). The two controls groups are pooled for clarity in B
and C, but statistics were performed between treatment and its own control.
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DISCUSSION

Research on synapse formation is traditionally dominated by excitatory
synapses and has been focused on the postsynaptic side. Inhibitory synapses
are formed in a fundamentally different manner, with a more prominent
role for the presynaptic axon (Wierenga et al.,, 2008). Our live imaging
experiments provide unique insight into the dynamics of inhibitory synapse
formation in brain slices, which remain undetected with methods using
stationary comparisons before and after treatment. We used Sema4D-
induced inhibitory synapse formation as a model system to study the
molecular events happening during presynaptic bouton formation. Rather
than being specific for a certain subtype of inhibitory cell, our observations
indicate that Sema4D acts at a specific molecular step during inhibitory
synapse formation. Our current data put the presynaptic inhibitory axon in
the spotlight and highlights the importance of understanding the precise
presynaptic changes and signaling events that occur during the formation of
new inhibitory synapses.

We demonstrate that the primary action of Sema4D is on the presynaptic
side. During the formation of inhibitory synapses, synaptic changes generally
occur in a pre-before-post sequence (Wierenga et al., 2008; Dobie and Craig,
2011), but it was recently reported that the formation of inhibitory synapses
can also be induced by postsynaptic gephyrin clustering (Flores et al., 2015).
A previous observation of rapid formation of new gephyrin clusters after
Sema4D treatment in primary cultures (Kuzirian et al., 2013) suggested
that Sema4D may promote inhibitory synapse formation via postsynaptic
gephyrin. However, our data clearly argue against a triggering mechanism of
Sema4D via postsynaptic gephyrin and indicates that the primary action of
Semad4D is at the presynaptic bouton. We found that Sema4D signaling does
not induce de novo inhibitory synapse formation, but it specifically stabilizes
non-persistent boutons within tens of minutes, without affecting bouton
disassembly. Initial presynaptic bouton stabilization is followed by a slower
postsynaptic recruitment of gephyrin and the entire synapse maturation
process takes several (up to 24) hours. Our results highlight the importance
of the presynaptic changes that occur during inhibitory synapse formation.

Our observations that longer Sema4D treatment does not further enhance
bouton stabilization and that LatB and Sema4D stabilize an overlapping
bouton population suggests that only a specific set of boutons is responsive
to Sema4D. This indicates that Sema4D acts at a specific, early step during

49



Chapter 2

the synapse formation process and inhibitory boutons which are more
mature or too immature are irresponsive to Sema4D. Bouton stabilization
and gephyrin recruitment was also induced by LatB, but in an uncoordinated
manner, such that LatB failed to induce new inhibitory synapses after bouton
stabilization (Figure 6). This suggests that Sema4D signaling coordinates pre-
and postsynaptic changes and that independent signaling pathways exist
for pre- and postsynaptic changes during inhibitory synapse formation.
This is in line with two recent studies, which show that impairing clustering
of postsynaptic gephyrin does not affect presynaptic bouton stabilization
(Yamasaki et al., 2017; Wu et al., 2018). Gephyrin clustering at synapses
is a complex process, which is regulated via phosphorylation-dependent
interactions with multiple postsynaptic proteins and GABA, receptors
(Petrini et al., 2014; Tyagarajan and Fritschy, 2014; Flores et al., 2015; Oh et
al., 2016; Yamasaki et al., 2017; Wu et al., 2018). It is currently not known
how presynaptic bouton stabilization triggers subsequent recruitment of
postsynaptic proteins, but this may involve the recruitment of presynaptic
organizers such as neurexins (Fu and Huang, 2010; Siddiqui and Craig, 2011;
Neupert et al., 2015).

Stabilization of inhibitory boutons involves specific actin remodeling via
actin depolymerization downstream of Sema4D signaling. This might seem
counterintuitive at first sight, but a similar rapid actin depolymerization was
implied in building specific actin structures during spine growth (Bosch et al.,
2014; Meyer et al., 2014) and in the formation of immunological synapses
(Ritter et al., 2015; De La Roche et al., 2016). Actin remodeling likely involves
a qualitative switch in the combined action of many actin-regulating proteins
(Lomakin et al., 2015; Rotty et al., 2015; Suarez et al., 2015). Our data
suggest that the actin cytoskeleton at stabilizing boutons is different from
other compartments and specifically sensitive to LatB. Recent nanoscopy
studies have revealed several actin-based structures in axons (Xu et al., 2013;
Ganguly et al., 2015; Leterrier et al., 2017), but the precise actin structure
in presynaptic boutons remains unresolved. It is currently not known which
actin-regulating factors are involved in presynaptic bouton stabilization, but
promising candidates include cortactin (Alicea et al., 2017), cofilin (Bosch et
al., 2014; Piccioli and Littleton, 2014) and Mical (Orr et al., 2017).

Our experiments uncovered an unexpected role for the receptor tyrosine
kinase MET in inhibitory synapses. Human imaging and genetic studies have
identified mutations in the MET gene as a risk factor for autism spectrum
disorder (ASD) (Peng et al., 2013), but the exact role of MET in ASD is not
50
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yet understood (Eagleson et al., 2017). Previous studies in neurons have
implicated MET in regulating postsynaptic strength in excitatory neurons
(Qiu et al., 2014; Lo et al., 2016), excitatory synapse formation (Xie et al.,
2016) and interneuron migration (Martins et al.,, 2011). We found that
reducing MET levels specifically in inhibitory axons blocked Sema4D-induced
inhibitory bouton stabilization, suggesting that presynaptic MET acts as a co-
receptor with PlexinB1 (or other family members (McDermott et al., 2018)) to
mediate actin remodeling in the presynaptic bouton. This novel role for MET
in inhibitory axons could shed new light on its role in neurodevelopmental
diseases such as ASD.

Finally, we found that the sensitivity to Sema4D signaling is regulated by
activity. Several members of the Semaphorin and Plexin family have been
shown to be regulated by neuronal activity (Orr et al., 2017; Wang et al.,
2017). Our experiments suggest that intracellular actin is not changed, but
that the sensitivity for Sema4D is altered in the axon, possibly by activity-
dependent regulation of surface expression or complex formation of
receptors. It will be important to further address the activity-dependent
regulation of the SemadD signaling pathway, including PlexinB and MET
receptors, in future studies. Changes in inhibitory synapses play an
important role in the rewiring of neural circuits during development and in
response to behavioral demands in adulthood (Keck et al., 2011; Chen et
al., 2015; Froemke, 2015) and defects in inhibitory synapses are associated
with many neurodevelopmental diseases (Hensch, 2004; Marin, 2012). Our
data emphasize that inhibitory synapses are not plug-and-play devices, but
that the activity-dependent formation of new inhibitory synapses requires a
complex series of molecular events. A better understanding of the signaling
pathways that regulate these events will be crucial to understand circuit
adaptation processes during learning and in brain diseases.
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EXPERIMENTAL PROCEDURES

Animals

All animal experiments were performed in compliance with the guidelines
for the welfare of experimental animals issued by the Federal Government
of The Netherlands. All animal experiments were approved by the Animal
Ethical Review Committee (DEC) of Utrecht University.

Hippocampal slice cultures

Hippocampal slice cultures (400 um thick) were prepared from postnatal
day 5-7 male and female GAD65-GFP mice (Lépez-Bendito et al., 2004) as
previously described (Miullner et al., 2015). In short, the hippocampi were
dissected in ice-cold HEPES-GBSS (containing 1.5 mM CaCl, 0.2 mM KH,PO,,
0.3 mM MgSO, 5 mM KCl, 1 mM MgCI ‘6H,0, 137 mM NaCl, 085 mM
Na,HPO, and 12.5 mM HEPES) supplemented W|th 1 mM kynurenic acid and
25 mM glucose and plated in a MEM-based medium (MEM supplemented
with 25% HBSS, 25% horse serum, 30 mM glucose and 12.5 mM HEPES).

In GAD65-GFP mice, approximately 20% of the CAl interneurons express GFP
from early embryonic developmental stage into adulthood (Lépez-Bendito et
al., 2004; Wierenga et al., 2010). The majority of GFP-labeled interneurons
expresses reelin and VIP, while parvalbumin and somatostatin expression
is nearly absent (Wierenga et al., 2010). For our study, the relatively low
number of GFP-positive axons is crucial for the proper analysis of individual
boutons.

The slices were kept in culture for at least one week before the experiments
(range 7-29 days in vitro) at 35°C in 5% CO,. For live imaging experiments,
slices were transferred to an imaging chamber, where they were continuously
perfused with carbogenated artificial cerebrospinal fluid (ACSF; containing
126 mM NacCl, 3 mM KCl, 2.5 mM CaCIZ, 1.3 mM MgCIz, 1.25 mM NaH,PO,,
26 mM NaHCO,, 20 mM glucose and 1mM Trolox). The temperature of the
chamber was maintained at 35-37°C. Treatment and control experiments
were conducted in slices from the same culture.

Pharmacological treatments

The following pharmacological treatments were used: 0.1/0.2 % DMSO,
1 nM Fc and Sema4D-Fc (amino acids 24-711) (both R&D Systems), 100
nM Latrunculin B (Santa Cruz Biotechnology), 200 nM Jasplakinolide
(Tocris Bioscience), 1 uM PHA-665752 (Sigma-Aldrich), 10 uM Y-27632
(Sigma-Aldrich), tetrodotoxin citrate (TTX; Tocris Bioscience), 20 uM
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6,7-dinitroquinoxaline-2,3-dione disodium salt (DNQX; Tocris Bioscience) and
50 uM DL-2-Amino-5-phosphonopentanoic acid (APV; Tocris Bioscience). We
used the small molecule PHA-665752 (PHA), a highly specific MET inhibitor
(Christensen et al., 2003), to decrease endogenous phosphorylation of MET
without affecting MET expression or neuronal cell viability (Christensen et
al., 2003; Lim and Walikonis, 2008).

For treatments that were followed by immunostaining of inhibitory synapses,
1 nM Fc or Sema4dD-Fc was added to the culturing medium and slices were
left in the incubator for 2, 6 or 24 h before fixation.

Two-photon imaging

Time-lapse two-photon microscopy images were acquired on a Femtonics 2D
two-photon laser-scanning microscope (Budapest, Hungary), with a Nikon
CFl Apochromat 60X NIR water-immersion objective. GFP was excited using
a laser beam tuned to 910 nm (Mai Tai HP, Spectra Physics). The 3D images
(93.5 um x 93.5 um in xy, 1124 x 1124 pixels) consisted of 29-33 z stacks (0.5
um step size in z). Small misalignments due to drift were manually corrected
during the acquisition.

For acute treatments, drugs were added to the perfusion ACSF after a
baseline period of 40 minutes (5 time points) and we continued imaging for
an additional 10 time points in the wash-in period (total imaging period is
140 minutes). In longer treatments, we treated the slices for 6 hours after
the baseline period (5 imaging time points) at the microscope and restarted
imaging for 5 time points, for a total treatment period of 6 hours and 40
minutes (400 minutes). Morphology of the axons did not change during this
period, indicating slice health was well preserved. For activity blockade, 0.5
MM TTX was added to the perfusion ACSF prior to the transfer of the slice to
the imaging chamber.

Two-photon image analysis

Theanalysis of inhibitory bouton dynamics was performed semi-automatically
using ImageJ (US National Institute of Health) and Matlab-based software
(Mathworks). The 3D coordinates of individual axons were selected at every
time point using the CellCounter plugin (Kurt De Vos, University of Sheffield,
Academic Neurology). For each image, 1-5 axons (average length 78 um
with standard deviation 18 um, with average of 31 boutons per axon with
standard deviation 10; for local treatment experiments, average length 39
um with standard deviation 8 um, with average of 14 boutons per axon with
standard deviation of 4) were selected for analysis.

A 3D intensity profile along the selected axons was constructed at each time
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point, and individual boutons were identified in a two-step process using
custom-made Matlab software (Schuemann et al., 2013). In brief, an axon
threshold was calculated to differentiate the axon from the background (2
standard deviations above mean intensity); subsequently, a local threshold
(0.5 standard deviation above mean axon intensity) identified the boutons
along the selected axon. Only boutons with at least 5 pixels above bouton
threshold were included. Each image stack was visually examined, and
false positives and negatives were corrected manually. Only raw data was
analyzed; images were median-filtered for illustration purposes only.
Boutons were classified as persistent when they were present during
all time points, and non-persistent when they were absent during one or
more time points during the imaging session. Per axon, we calculated the
average fraction of persistent and non-persistent boutons by normalization
to the average number of boutons for each time point. To bias our analysis
towards synaptic events (Schuemann et al., 2013), we restricted our analysis
to boutons that appeared for at least 2 time points at the same location
during the imaging period. We verified that our main conclusions did not
change when this restriction was released. Based on their presence during
baseline and treatment periods, we defined five subgroups of non-persistent
boutons: new boutons (not present during baseline), lost boutons (not
present during wash-in), stabilizing boutons (non-persistent during baseline,
persistent during wash-in), destabilizing boutons (persistent during baseline,
non-persistent during wash-in), and intermittent boutons (non-persistent
in baseline and wash-in) (Fig. 1). The average fraction of each subgroup of
boutons was normalized to the total average number of non-persistent (NP)
boutons per axon. Bouton density was calculated as the average number of
boutons at all time points divided by the 3D axon length.

Local treatment experiments

For the local treatment experiments, we used HEPES-ACSF (containing 126
mM NaCl, 3 mM KCl, 2.5 mM CaCl, 1.3 mM MgCl,, 1.25 mM NaH_PO,, 20
mM glucose, and 10 mM HEPES; pH 7.4) with 20 uM Alexa 568 (Invitrogen),
in order to visualize the spread of the local application. Sema4D or Fc was
added to the HEPES-ACSF to a final concentration of 10 nM. We increased
the concentration in comparison to bath application experiments to account
for fast dilution. The solution was loaded into a patch pipette (4-6 MQ), and
was locally applied to a GFP-labeled axon using a Picospritzer Il (General
Valve). Time-lapse two photon microscopy imaging was performed as
described previously, except that a second laser (Mai Tai HP, Spectra Physics)
was used at 840 nm to visualize the area of the puff and images were taken
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at every 5 minutes. The 3D images (51.3 um x 51.3 um in xy, 620 x 620 pixels)
consisted of 18-22 z stacks (0.5 um step size in z). After a baseline period of
20 minutes (5 TPs), the pipette was put into position before the stimulation.
The stimulation consisted of 300 puffs of 20-50 ms at 2 Hz. The pipette
was carefully retracted before continuing the time series for 10 additional
time points (total imaging period of 70 minutes). Images were analyzed as
described in the previous section.

Electrophysiology

During the experiment, the slice was placed in a recording chamber perfused
with carbogenated ACSF at a rate of 1 ml/min. The recording ACSF consisted
of 126 mM NaCl, 3 mMKCl, 2.5 mM CaCl,, 1.3 mM MgCl,, 1.25 mM Na,H_PO,,
26 mM NaHCO,, and 20 mM glucose. Whole cell voltage clamp recordings
were performed at 35°Cin CA1 cells of GAD65-GFP slice cultures at DIV 13-19.
Recordings were made on a Multiclamp 700B amplifier (Molecular Devices)
and stored using pClamp 10 software. To isolate sIPSCs, 20 uM DNQX and
50 uM APV were added to the recording ACSF. For mIPSCs, 0.5 uM TTX was
added as well. Thick-walled borosilicate pipettes of 3-6 MQ were filled with
aninternal solution containing 70 mM K-gluconate, 70 mM KCI, 0.5 mM EGTA,
10 mM HEPES, 4 mM MgATP, 0.4 mM NaGTP, and 4 mM Na_Phosphocreatine.
Cells were excluded from analysis if the series resistance increased more than
35% over the course of the experiment. IPSCs were automatically detected
in Clampfit and further analyzed in custom Matlab scripts. Detected events
within 3 ms of each other were merged and events smaller than 3 times the
RMS of the signal were excluded.

Immunohistochemistry, confocal imaging and image analysis

For post hoc immunohistochemistry, an autofluorescent laser “scar” was
made after live imaging by performing a line scan at high intensity to mark
the imaged region. Organotypic hippocampal slices were fixed in 4% (w/v)
paraformaldehyde for 30 minutes at room temperature. Slices were rinsed in
phosphate buffer (PBS)and permeabilized with 0.5% TritonX-100in phosphate
buffer for 15 minutes. Slices were then blocked with 0.2% TritonX-100 and
10% normal goat serum (ab7481, Abcam) in PBS for 60 minutes. Primary
antibodies were applied overnight at 4°C in blocking solution. After washing,
slices were incubated with secondary antibodies in blocking solution for
4 h at room temperature. Slices were washed and mounted on slides in
Vectashield mounting medium (Vector Labs).

The following primary and secondary antibodies were used: rabbit a-VGAT
(1:1000; Synaptic Systems, 131 003, RRID: AB_887869), mouse a-gephyrin
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(1:1000; Synaptic Systems, 147 011, RRID: AB_887717), guinea pig
a-VGLUT1 (1:400; Millipore, AB5905, RRID: AB_2301751), rabbit a-Homer1
(1:1000; Synaptic Systems, 160 002, RRID: AB 2120990), mouse a-myc
(1:200; Oncogene Research Products, OP10), mouse a-MET (1:500; Santa
Cruz Biotechnology, sc-8057, RRID: AB_673755), Alexa405-, Alexa-488 and
Alexa-568 conjugated secondary antibodies (Invitrogen). For staining MET,
we also used a previously described myc-tagged nanobody, which was
shown to recognize MET with low nanomolar affinity (Heukers et al., 2014).
We visualized the nanobody with an antibody against the C-terminal myc
tag. We validated the MET staining in primary hippocampal cultures using a
previously described immunostaining protocol (Esteves da Silva et al., 2015).
For immunostainings, high resolution confocal laser scanning microscopy
was performed on a Zeiss LSM-700 system with a Plan-Apochromat 63x 1.4
NA oil immersion objective. Each image was a z-series of 11-35 images (0.3
um z step size), each averaged 4 times. The imaging area in the CA1 region
was 78 x 78 um (1024 x 1024 pixels). Settings were kept the same to compare
fluorescence intensities between slices.

To account for within-slice variability, we took confocal images from separate
regions (maximally 5 per slice) as independent measurements. For the
guantification of VGAT and gephyrin intensities per image, we determined
the mean intensity of 3 randomly chosen areas of 10 x 10 um of the average
projection image from the 5 middle z-stacks. For the cumulative plots
individual values (per area) were used. Synaptic puncta size and number of
the same image areas were determined using the PunctaAnalyzer plugin, and
inhibitory synapses were defined as overlapping VGAT and gephyrin puncta.
For determining co-localization of GFP-labeled boutons with synaptic
markers VGAT or gephyrin, or with MET, we manually inspected individual
boutons through all z-sections. A bouton was only considered positive when
at least one z stack of the bouton overlapped with VGAT or MET staining.
Images were median-filtered for illustration purposes only. To check for
random overlap between MET puncta and GFP boutons, co-localization was
determined in images in which the MET channel was inverted.

STED imaging

Dual-color STED imaging was performed in primary neurons with a Leica TCS
SP8 STED 3X microscope using a HC PL APO 100 x / 1.4 oil immersion STED
WHITE objective. Primary hippocampal neurons were prepared as previously
described (Esteves da Silva et al., 2015). Neurons (DIV 18) were fixed with
4% PFA and 4% sucrose in PBS for 10 minutes at room temperature and
washed three times with PBS supplemented with 100 mM glycine (PBS/
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Gly). Next, cells were permeabilized and blocked with 100 mM glycine,
0.1% Triton-X and 10% normal goat serum in PBS for 1 h at 37°C. Neurons
were then incubated for 2-3 h at room temperature with primary antibodies
diluted in PBS supplemented with 100 mM glycine, 0.1% Triton-X and 5%
normal goat serum. Next, cells were washed three times with PBS/Gly and
incubated for 1 h at room temperature with secondary antibodies diluted in
PBS supplemented with 100 mM glycine, 0.1% Triton-X and 5% normal goat
serum. Cells were then washed three times with PBS/Gly and mounted in
Mowiol mounting medium. Abberior STAR 580 was excited with 561 nm and
Abberior STAR 635P with 633 nm pulsed laser light (80 MHz). Both Abberior
STAR 580 and 635P were depleted with a 775 nm pulsed depletion laser.
Fluorescence emission was detected using Leica HyD hybrid detector.

The following primary and secondary antibodies were used: rabbit a-VGAT
(1:1000; Synaptic Systems, 131 003, RRID: AB_887869), mouse a-MET (1:500;
Santa Cruz Biotechnology, sc-8057, RRID: AB_673755), Abberior STAR 635P
o-mouse (1:200; Abberior GmbH, 2-0002-007-5) and Abberior STAR 580
a-rabbit (1:200; Abberior GmbH, 2-0012-005-8).

miRNA and DNA constructs

The miRNA sequences targeting the ORF of mouse full-length
MET cDNA (NM_008591) were designed with the BLOCK-iT™ RNAI
Designer (Sequence #1: 5'-GCAGTGAATTAGTTCGCTATG-3’; Sequence
#2: 5'-GCTTGTTGACACATACTATGA-3'). Sequence #1 was based on a
previously published shRNA (Qiu et al., 2014). A scrambled sequence
was generated with the siRNA Sequence Scrambler from Genscript
(Sequence: 5’-ACTATAGTAATGCTCGTGCAT-3’). A loop sequence was added
(5'-GTTTTGGCCACTGACTGAC-3’) and oligos were annealed and cloned into
pSM155-GFP (Du et al., 2006). The miRNA cassette was then cloned into a
lentiviral plasmid (FUGW, RRID: Addgene_14883), which also contains GFP.
A double-floxed (lox2272/loxp) inverse orientation version of these plasmids
was created for Cre-dependent expression of the miRNA and GFP.

cDNA for overexpression of MET was obtained from pBabe puro MET
WT (RRID:Addgene_17493). A PCR was performed with forward primer
5'-AAGGCGCGCCGCCACCATGAAGGCTCCCACCGT-3' and reverse primer
5'-AAGGATCCATGTGTTCCCCTCGCC-3'. This fragment was ligated into a
pGW2-mCherry vector resulting in a C-terminal tagged MET.

Verification of knock down
Endogenous MET levels were too low to detect reliably with Western blot and
we therefore relied on MET overexpression to verify our miRNA constructs.
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Primary hippocampal neurons were transfected using Lipofectamine 2000
(Invitrogen) at DIV 9. Briefly, MET-mCherry and miRNA or GFP only constructs
(~total 2.1 pg/well, for a 12-well plate) were mixed with 3.3 pL Lipofectamine
2000in 100 pL Neurobasal medium (NB), incubated for 25 minutes, and then
added to the neurons in NB with 0.5 mM glutamine at 37°C in 5% CO, for 40
minutes. Next, neurons were washed in preheated NB and transferred back
to their original medium for 48 h. Neurons were fixed with 4% PFA + 4%
sucrose for 10 minutes and mounted on microscope slides with Vectashield
mounting medium (Vector Labs). Images were acquired using a Zeiss LSM-
700 confocal laser scanning microscope. The imaging settings were kept the
same between experiments to compare fluorescence intensity in the soma.
HEK293 cells (American Type Culture Collection, CRL-1573, RRID:CVCL_0045)
were grown in 10-cm dishes at 37°C and 5% CO,, and transfected with MET-
mCherry and miRNA or GFP only constructs using polyethylenimine (1 pg/
uL; PEI, Polysciences) to assess MET levels by Western blot analysis. After
24-48 h, HEK293 cells were lysed in Laemmli sample buffer (10% glycerol, 2%
SDS, 100 mM DTT, 50 mM Tris-HCl pH 6.8 and 0.004% bromophenol blue)
and scrapped, and samples were then boiled for 10 minutes. Samples were
loaded equally and run on a 10% SDS-PAGE gel. Proteins were transferred
to Nitrocellulose membranes (BIO-RAD, #1620115) and blocked in 2%
(w/v) bovine serum albumin in PBS/0.1 % (v/v) Tween 20 for 1 h at room
temperature. Primary antibodies were diluted in the blocking solution and
applied overnight at 4°C. Membranes were washed 3 times in PBS/0.1 %
Tween 20 and incubated with secondary IRDye antibodies for 1 h at room
temperature. Afterwards, membranes were washed 3 times in PBS/0.1 %
Tween 20, and scanned using an Odyssey Infrared Imaging System (LI-COR
Biosciences). MET intensity was corrected for tubulin loading control, and
values for miRNAs were normalized to GFP control values.

The following primary and secondary antibodies were used: mouse a-MET
(1:250; Santa Cruz Biotechnology, sc-8057, RRID: AB_673755), rabbit
a-tubulin (1:10000; Abcam, ab52866, RRID: AB_869989), IRdye 680LT
a-mouse (1:20000, LI-COR Biosciences, 926-68020, RRID:AB_10706161)
and IRdye 800CW a-rabbit (1:15000, LI-COR Biosciences, 926-32211,
RRID:AB_621843).

Lentivirus production and infection

HEK293 cells were grown in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin (Pen/Strep) at 37°C and 5% CO,. A confluent
10-cm dish of HEK293 cells was split 1:4 the day before transfection.
Per 10-cm dish the following mixture was used for transfection: 2 ug
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pMD2.G (RRID:Addgene_12259), 4 ug psPAX2 (RRID:Addgene_12260), 6
ng FUGW (RRID: Addgene_14883), 500 pl OptiMEM and 36 ul PEI (1 pg/
uL; Polysciences). After 15 minutes incubation at room temperature, the
mixture was added to the cells. Culture medium was replaced with 5 mL
OptiMEM supplemented with 1% Pen-Strep 4-6 h later. Lentivirus containing
supernatant was harvested after 48-60 h. Virus were concentrated with
Amicon spin filters (Millipore), aliquoted and stored at -80°C.
Cre-dependent expression of miRNA (sequence #2) and GFP was induced in
organotypic slices of VGAT-Cre mice (RRID:IMSR_JAX:028862). Stereotactic
injections of Lentiviral constructs (miRNA sequence #2 + GFP) were
performed in DIV 1 slices using a microinjector (Eppendorf Femtolet) and
stereoscopic microscope (Leica M80). Per slice, 6-8 injections were done in
the CA1 stratum radiatum with ~50 Pa pressure (< 1 plL virus solution per
slice). For control, we used a lentiviral construct for Cre-dependent GFP
expression without miRNA sequence. Imaging and analysis of GFP-labeled
axons in VGAT-Cre slices was performed at DIV 14-29 as described above.

Experimental design and statistical analysis

All data analysis was performed blind to the treatment. Live imaging
experiments were performed in pairs (control + treatment) per batch of slices,
and for each pair of experiments, slices from different animals were used.
Data are represented as mean values * standard error of the mean, unless
stated otherwise. Statistical analysis was performed using GraphPad Prism
software. Results from treatment and control experiments were compared
using the Mann-Whitney U test (MW). The Chi-Square test (x?) was used for
comparing the fraction of axons with/without stabilizing boutons and the
fraction of boutons with synaptic markers VGAT and gephyrin. For comparing
multiple groups, we used the Kruskal-Wallis test (KW) followed by a posthoc
Dunn’s comparison test. We used a One-Way ANOVA followed by a Dunnett’s
multiple comparison test (One-Way ANOVA) to compare the effect of wash-
in of PHA over time during the electrophysiological recordings. Treatment
effects at multiple time points were compared using Two-Way ANOVA
followed by a Sidak’s multiple comparisons test (Two-Way ANOVA). For the
comparison of cumulative distributions, we used the Kolmogorov-Smirnov
(KS) test. We have indicated the tests and p-values in the figure legends.
Differences between control and treatment were considered significant
when p < 0.05 (*, p <0.05; **, p < 0.01; ***, p < 0.001). In all figure legends
and text, N indicates the number of independent experiments (slices or
neuronal cultures), and n indicates the number of axons/images analyzed.
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Chapter 3

Abstract

Experience-dependent formation and removal of synapses are essential
throughout life. For instance, GABAergic synapses are removed to facilitate
learning, and strong excitatory activity is accompanied by formation of
inhibitory synapses to maintain coordination between excitation and
inhibition. We recently discovered that active dendrites trigger the growth of
inhibitory synapses via CB1 receptor-mediated endocannabinoid signaling,
but the underlying mechanism remained unclear. Using two-photon
microscopy to monitor the formation of individual inhibitory boutons
in hippocampal organotypic slices from mice (both sexes), we found that
CB1 receptor activation mediated the formation of inhibitory boutons and
promoted their subsequent stabilization. Inhibitory bouton formation did
not require neuronal activity and was independent of G, , protein signaling,
but was directly induced by elevating cAMP levels using forskolin and by
activating G_ proteins using DREADDs. Blocking PKA activity prevented CB1
receptor-mediated inhibitory bouton formation. Our findings reveal that
axonal CB1 receptors signal via unconventional downstream pathways and
that inhibitory bouton formation is triggered by an increase in axonal cAMP
levels. Our results demonstrate an unexpected role for axonal CB1 receptors
in axon-specific, and context-dependent, inhibitory synapse formation.

Significance statement

Coordination between excitation and inhibition is required for proper
brain function throughout life. It was previously shown that new inhibitory
synapses can be formed in response to strong excitation to maintain this
coordination, and this was mediated by endocannabinoid signaling via CB1
receptors. As activation of CB1 receptors generally results in suppression of
synaptic transmission, it remained unclear how CB1 receptors can mediate
the formation of inhibitory synapses. Here we show that CB1 receptors on
inhibitory axons signal via unconventional intracellular pathways and that
inhibitory bouton formation is triggered by an increase in axonal cAMP levels
and requires PKA activity. Our findings point to a central role for axonal cAMP
signaling in activity-dependent inhibitory synapse formation.

68



Inhibitory bouton formation via cAMP increase

Introduction

Synaptic plasticity, the strengthening and weakening of existing synapses,
is often considered the physiological basis for learning and adaptation. In
addition, the experience-dependent formation and removal of synapses is
equally important (Bailey and Kandel, 1993; Caroni et al., 2012). Changes
in the number of synaptic connections have been shown to be critical
during learning in vivo (Bailey and Chen, 1989; Hofer et al., 2009; Ruediger
et al., 2011; Caroni et al., 2012; Kozorovitskiy et al., 2012) and strongly
determine postsynaptic function (Scholl et al., 2020). Plasticity of GABAergic
synapses is particularly important for shaping and controlling brain activity
throughout life (Flores and Méndez, 2014; Maffei et al., 2017; Chiu et al.,
2019; Herstel and Wierenga, 2021) and GABAergic dysfunction is associated
with multiple brain disorders, including schizophrenia and autism (Lewis et
al., 2005; Mullins et al., 2016; Tang et al., 2021). For example, the number
of inhibitory synapses is rapidly adjusted during learning (Bourne and Harris,
2011; Donato et al., 2013, 2015; Chen et al., 2015) or when sensory input is
lost (Keck et al., 2011) to facilitate plasticity at nearby excitatory synapses.
Vice versa, potentiation of excitatory synapses can trigger the formation of
inhibitory synapses to maintain a local balance (Knott et al., 2002; Bourne
and Harris, 2011; Hu et al., 2019). The formation, stabilization and removal
of synapses likely requires local context-dependent signaling mechanisms
(Kleindienst et al., 2011; Nishiyama and Yasuda, 2015; Oh et al., 2016;
Niculescu et al., 2018; Hu et al., 2019; Kirchner and Gjorgjieva, 2019), but our
current understanding of these processes, especially at inhibitory synapses,
is far from complete.

We recently discovered that strong, clustered activation of excitatory
synapses along dendrites of hippocampal CA1 pyramidal neurons can
trigger the formation of a new inhibitory bouton onto the activated dendrite
(Hu et al., 2019). We proposed that this dendritic mechanism serves to
maintain local balance between excitatory and inhibitory inputs during
ongoing synaptic plasticity. Inhibitory bouton formation required dendritic
endocannabinoid synthesis and activation of CB1 receptors (Hu et al., 2019).
Dendritic endocannabinoids are well-known to serve as retrograde signals
to regulate synaptic plasticity (Alger, 2002; Chevaleyre and Castillo, 2003;
Kano et al., 2009; Castillo et al., 2012; Katona and Freund, 2012), but it is
unclear how CB1 receptors can trigger new inhibitory bouton formation.

CB1 receptors are G-protein coupled receptors and are widely abundant
in the brain. They are expressed in both excitatory and inhibitory neurons,
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as well as in glia cells (Navarrete et al., 2014; Hebert-Chatelain et al.,
2016; Maroso et al., 2016; Bonilla-Del Rio et al., 2021). Perhaps the most
prominent CB1 expression is in a subset of inhibitory axons in the dendritic
layer of the hippocampal CAl area (Dudok et al., 2015; Bonilla-Del Rio
et al.,, 2021). Axonal CB1 signaling plays an important role during axon
guidance (Berghuis et al., 2007; Argaw et al., 2011; Roland et al., 2014;
Njoo et al., 2015), but axonal CB1 receptor expression remains high during
adulthood. The best described actions of CB1 receptors in adulthood is to
suppress neurotransmitter release (Alger, 2002; Kano et al., 2009; Castillo
et al., 2012). However, CB1 receptors are not enriched in boutons, but
freely diffuse within the entire axonal membrane (Dudok et al., 2015). It is
possible that axonal CB1 receptors may function as replacement pool for
internalized synaptic receptors at boutons as recently suggested for opioid
receptors (Jullié et al., 2020), although synaptic enrichment would still be
expected. In addition, GABA release at dendritic inhibitory synapses is not
strongly modulated by CB1 receptors (Lee et al., 2010, 2015), and coupling
between CB1 receptors and the active zone is weak (Dudok et al., 2015).
This suggests that CB1 receptors in inhibitory axons serve an additional
purpose. Interestingly, it was recently described that CB1 receptors can also
mediate synaptic potentiation (Cui et al., 2016; Monday and Castillo, 2017;
Wang et al., 2017). Although CB1 receptors typically signal via G, -proteins,
many additional downstream pathways, both dependent and independent
of G-proteins, have been described (Glass and Felder, 1997; Berghuis et al.,
2007; Flores-Otero et al., 2014; Roland et al., 2014; Cui et al., 2016; Zhou et
al., 2019; Marti-Solano et al., 2020).

Here, we demonstrate that activation of axonal CB1 receptors can trigger
the initial formation of inhibitory synapses. Using two-photon time lapse
imaging we observed the formation of inhibitory boutons upon brief
application of the CB1 receptor agonist WIN. We demonstrate that this
requires the presence of CB1 receptors on inhibitory axons. Furthermore,
we found that CB1l-mediated inhibitory bouton formation is independent
of G,, protein signaling and neuronal activity. We find that new inhibitory
boutons are formed in response to elevated cAMP levels or activation of
G_ protein signaling in inhibitory axons. Our data indicate that activation of
axonal CB1 receptors triggers inhibitory synapse formation via an atypical
signaling pathway via G -proteins. Furthermore, our data identify an increase
in axonal cAMP as a crucial second messenger for mediating inhibitory
bouton formation.
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Results

Repeated CB1 receptor activation increases functional presynaptic
terminals

We previously demonstrated that new inhibitory boutons can form in
response to brief CB1 receptor activation (Hu et al., 2019). Newly formed
boutons often did not persist (Hu et al., 2019), suggesting that additional
or repeated signaling is required to eventually form functional inhibitory
synapses (Wierenga, 2017; Frias et al., 2019). It was recently reported that
strong, but brief, CB1 receptor activation can induce synaptic potentiation,
while longer CB1 activation induces synaptic depression (Cui et al., 2015,
2016). This suggests that CB1 activation pattern is an important factor in
determining its downstream signaling. We therefore sought to employ
repeated, short activation of CB1 receptors in order to induce the formation
of inhibitory synapses. We activated CB1 receptors in hippocampal slice
cultures by repeated short exposure to the CB1 receptor ligand 2-AG (100
UM; 3 times 20 minutes with 2 hours interval) (Fig. 1A). We verified that
this treatment did not affect the distribution of CB1 receptors in these slices
(data not shown). We recorded miniature inhibitory postsynaptic currents
(mIPSCs) in CA1 pyramidal neurons to assess functional inhibitory synapses
24 hours after the start of the first 2-AG exposure (Fig. 1B). Repeated CB1
receptor activation resulted in an increase of the mean mIPSC frequency by
38% (control: 3.9 £ 0.3 Hz; 2-AG: 5.5 £ 0.4 Hz, p=0.013; Fig 1C), while mIPSC
amplitudes were not affected (Fig. 1D). Continuous exposure to 2-AG for
24 hours did not alter frequency or amplitude of spontaneous IPSCs (Fig.
1E,F), consistent with the notion that activation pattern determines CB1
downstream signaling. Interestingly, mIPSCs after repeated 2-AG exposure
appeared to have longer rise times (Fig. 1G), while decay times were not
different (Fig. 1H). We separated mIPSCs with slow and fast rise times based
on a double Gaussian fit of the distribution of rise times (Fig. 11). When we
then analyzed the interevent intervals of fast and slow mIPSCs separately, we
observed that the interevent intervals of slow mIPSCs were decreased after
repeated CB1 activation, while the interevent intervals of fast mIPSCs were
not affected (Fig. 1J,K). This analysis revealed that the observed increase
in mIPSC frequency was due to a specific increase in the frequency of slow
mIPSCs with long rise times (Fig. 1L). The rise time of mIPSCs depends on
synaptic maturation (Lazarus and Josh Huang, 2011; Gonzalez-Burgos et
al., 2015; Pardo et al., 2018), but is also strongly influenced by subcellular
location, as dendritic filtering attenuates mIPSCs originating from dendritic
inhibitory synapses (Rall, 1967; Bekkers and Clements, 1999; Wierenga and
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Wadman, 1999). This suggests that the increased mIPSC frequency after
CB1 receptor activation may reflect an increase of inhibitory currents from
dendritic locations, or from immature synapses.
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Figure 1. Repeated CB1 receptor activation results in increased mIPSC frequency.

(A)

Organotypic hippocampal cultures were treated 3 times with culturing medium

containing 100 uM 2-AG or DMSO (control) for 20 minutes with 2 hour intervals. After 24
hours, slices were used for electrophysiology and immunostaining experiments.

(B) Example traces of miniature inhibitory postsynaptic currents (mIPSCs) recordings from
control (black) and 2-AG treated slice (red).
(C, D) Mean frequency (C) and amplitude (D) of mIPSCs in control and 2-AG treated slices
(MW, p =0.013 in Cand p = 0.16 in D). Data from 22 cells in 6 control slices and 19 cells in
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6 2-AG treated slices.

(E, F) Mean frequency (E) and amplitude (F) of sIPSCs in control and 2-AG treated slices,
when 2-AG was continuously present for 24 hr (p =0.99 in E and p = 0.95 in F; MW). Data
from 11 cells in 5 control slices and 11 cells in 6 2-AG treated slices.

(G) Mean rise time of mIPSCs in control and 2-AG treated slices (MW, p = 0.073).

(H) Mean of mIPSC decay time in control and 2-AG treated slices (MW, p = 0.19).

(1) The distribution of rise times of mIPSCs was fitted with a double Gaussian to separate
fast and slow mIPSCs.

(J,K) Cumulative distribution of interevent intervals of mIPSCs with fast (J) and slow (K) rise
times (KS, p=0.65in J, and p < 0.0001 in K).

(L) Mean frequency of mIPSCs with fast and slow rise times (2w ANOVA Sidak, fast: p =0.14;
slow: p = 0.0095).

Data in G-L and C,D are from the same data set

To determine if the observed increase in mIPSCs was associated with an
increase in the number of inhibitory synapses, we analyzed presynaptic
VGAT and postsynaptic gephyrin puncta in the dendritic region of the CA1
area in parallel immunohistochemistry experiments (Fig. 2A). We observed
that the density of VGAT puncta was slightly increased after repeated 2-AG
application (Fig. 2B), while the VGAT puncta size was decreased (Fig. 2C).
Gephyrin puncta density and size were not affected by repeated 2-AG
exposure (Fig. 2D,E), and the density of inhibitory synapses, defined as
VGAT-gephyrin associations, was also not different from control slices (Fig.
2F,G). We therefore made a distinction between VGAT puncta that were
associated with gephyrin and VGAT puncta without gephyrin (Fig. 2A, last
panel). We observed that the increase in VGAT density was due to a specific
increase in VGAT puncta that were not associated with gephyrin (Fig. 2H). In
contrast, the reduction in VGAT puncta size was mostly due to a reduction
in size of VGAT puncta with gephyrin association (Fig. 2I). This suggests that
repeated short activation of CB1 receptors has two separable effect on
inhibitory synapses: on the one hand it leads to shrinkage of VGAT clusters at
inhibitory synapses, possibly reflecting synaptic depression (Monday et al.,
2020), while at the same time new VGAT clusters are formed which are not
associated with the postsynaptic scaffold gephyrin. Live imaging experiments
have shown that VGAT is rapidly recruited when new boutons are formed
in inhibitory axons, and that gephyrin normally follows within a few hours
(Wierenga et al., 2008; Dobie and Craig, 2011; Frias et al., 2019). Our data
suggest that repeated CB1 receptor activation induces the formation of
presynaptic VGAT clusters, likely reflecting immature inhibitory synapses.
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Figure 2. Repeated CB1 receptor activation induces the formation of partial inhibitory
synapses.

(A) Representative immunostaining images showing the presynaptic VGAT (blue) and
postsynaptic gephyrin (purple) in control (upper) and 2-AG (lower) slices. Individual VGAT
puncta were identified using watershed segmentation and these were color coded to
distinguish VGAT puncta associated with gephyrin (blue) and VGAT puncta without gephyrin
(red).

(B, C) Normalized density (B) and size (C) of VGAT puncta in control and 2-AG slices (MW, p
=0.0061in B; p=0.004 in C).

(D, E) Normalized density (D) and size (E) of gephyrin puncta in control and 2-AG slices
(MW, p=0.54in D; p = 0. 64 in E).

(F, G) Normalized density (F) and size (G) of VGAT/gephyrin colocalizations in control and
2-AG slices (MW, p=0.76 in F; p =0.099 in G).

(H, 1) Normalized density (F) and size (G) of VGAT puncta with and without gephyrin (2w
ANOVA Sidak, p =0.55 and p =0.003 in H; p=0.017 and p = 0.65 in I).

Data from 13 image stacks in 7 slices per group.
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Acute activation of CB1 receptors affects non-persistent boutons density
only slightly

To get further insight in the role of CB1 receptors in the formation of
inhibitory synapses, we performed two-photon live imaging in organotypic
hippocampal slices to monitor GFP-labeled inhibitory bouton dynamics in
response to shortactivation of CB1receptors. Here we used short applications
(5 minutes) of CB1 receptor agonists to mimic retrograde endocannabinoid
signaling (Hu et al.,, 2019), but we wanted to avoid inducing synaptic
weakening (Monday et al., 2020). We used the endogenous CB1 receptor
ligand 2-AG as well as the chemically synthesized agonist WIN552121-2 (WIN),
which is widely used because of its high affinity and stability (Chevaleyre
et al., 2007; Roland et al., 2014; Wang et al., 2017). We verified that brief
WIN application only transiently and mildly suppressed inhibitory currents
(data not shown). As previously reported (Frias et al., 2019), the majority of
inhibitory boutons were present at all timepoints during the 140 minutes
imaging period (persistent boutons), but a substantial fraction of inhibitory
boutons appeared, disappeared, or reappeared, during the imaging period
(Fig 3A) (Schuemann et al., 2013; Frias et al., 2019). We will refer to the
latter as non-persistent (NP) boutons. Bath application of 100 uM 2-AG (5
minutes) did not affect overall bouton density (control: 30.8 + 1.7 boutons
per 100 um; 2-AG: 29.8 + 1.7 boutons per 100 um, p=0.81). The density
of NP boutons appeared slightly increased after 2-AG compared to DMSO
control (Fig. 3B,C), but this was mainly due to a large effect in a single axon.
We calculated for each axon the average fraction of NP boutons that are
present over time (NP presence). In control slices there was a small decrease
in NP presence over time, possibly reflecting a decrease in network activity
level when the slices are transferred from the incubator to the microscope.
After 2-AG application NP presence appeared slightly more stable (Fig. 3D),
but this difference did not reach statistical significance. We assessed if this
difference could be traced back to a more specific effect in a particular
subgroup of NP boutons (see methods and (Frias et al., 2019)), but we could
not detect any differences in the densities of NP bouton subgroups in slices
treated with control DMSO or 2-AG (Fig. 3E). There was also no difference in
bouton duration (data not shown).

The endocannabinoid 2-AG is rather unstable in solution and gets rapidly
degraded in biological tissue (Savinainen et al., 2012; Décs et al., 2017). To
exclude the possibility that 2-AG gets degraded before it can activate CB1
receptors, we repeated these experiments using 20 uM WIN. Short activation
(5 minutes) of CB1 receptors by bath application of WIN slightly increased in
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NP bouton density (Fig. 3F,G). Although the increase appeared more robust
compared to the 2-AG-induced effect, the effect was too small to reach
statistical significance. Similar to 2-AG, the average NP presence appeared
slightly increased (Fig. 3H), but we could not detect any changes in specific
NP boutons subgroups (Fig. 31). Together these observations indicate that
short CB1 receptor activation by 2-AG or WIN leads to only a small (if any)
increase in NP bouton density in GFP-labeled inhibitory axons.

Endocannabinoids are produced on demand in postsynaptic neurons (Alger
and Kim, 2011; Hashimotodani et al., 2013; Piomelli, 2014), but an ambient
level of endocannabinoids is always present, even in slices (Szabé et al.,
2014; Lee et al., 2015; Lenkey et al., 2015). Tonic CB1 receptor activation
by endocannabinoids affects mostly perisomatic inhibitory synapses, while
dendritic inhibitory synapses are reported to be less sensitive (Lee et al.,
2010, 2015). To address if tonic activation of CB1 receptors contributes to
inhibitory bouton dynamics in our GFP-labeled axons (which mostly target
dendrites (Wierenga et al., 2010)), we applied 5 uM AM251, an antagonist
of CB1 receptors. However, AM251 had no effect on NP bouton density (Fig.
3J,K), NP presence or NP bouton subgroups (Fig. 3L,M).

Together our experimental findings indicate that inhibitory bouton dynamics
of the GFP-labeled axons are not under strong tonic endocannabinoid control
and that short CB1 receptor activation by 2-AG or WIN only slightly increases
NP inhibitory bouton density.
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Figure 3. Brief activation of CB1 receptors slightly increases NP bouton density

(A) Representative two-photon time lapse images of GAD65-GFP labelled inhibitory axons
in the dendritic region of the hippocampal CA1 area (maximal projections of 17 z-sections).
After a baseline of five time points (40 minutes), CB1 receptor agonist or DMSO was washed
in for 5 minutes. Imaging was continued for another ten time points (total imaging period
is 140 minutes). Persistent boutons (blue) and non-persistent (NP) boutons (orange) are
indicated by arrow heads. Empty arrow heads reflect a NP bouton which was absent at the
time point. Scale bar is 2 um.
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(B) CB1 receptors were activated by bath application of 100 uM 2-AG for 5 minutes.
Normalized NP bouton density over time in control (black) slices and after 2-AG (red)
application (2w ANOVA, p = 0.33).

(C) Maximum change in NP bouton density in control slices and after 2-AG application
(MW, p = 0.54).

(D) Normalized NP presence over time in control and 2-AG treated slices. P1= time points
1to 5, P2=time points 6 to 10, and P3= time points 11 to 15) in control and 2-AG treated
slices (2w ANOVA, p = 0.61).

(E) Mean density of NP bouton subgroups in control slices and after 2-AG application. N —
new boutons (MW, p = 0.35); L — lost boutons (MW, p = 0.44); S — stabilizing boutons (MW,
p =0.21); D — destabilizing boutons (MW, p = 0.91); | — intermittent boutons (MW, p = 0.87).
(F) CB1 receptors were activated by bath application of 20 uM WIN for 5 minutes.
Normalized NP bouton density over time in control (black) slices and after 2-AG (green)
application (2w ANOVA, p = 0.20).

(G) Maximum change in NP bouton density in control slices and after WIN application (MW,
p=0.11).

(H) Normalized NP presence over time in control slices and after WIN application (2w
ANOVA, p = 0.20).

(1) Mean density of NP bouton subgroups in control slices and after WIN application (MW,
p =0.40 (N); p = 0.06 (L); p = 0.79 (S); p = 0.70 (D); p = 0.10(1)).

(J) Slices were treated with the CB1 receptor antagonist AM251 (5 uM) after time point 5.
Normalized NP bouton density over time in control (black) slices and during AM251 (blue)
application (2w ANOVA, p = 0.66).

(K) Maximum change in NP bouton density in control slices and during AM251 application
(MW, p = 0.6).

(L) Normalized NP presence over time in control slices and during AM251 application (2w
ANOVA, p = 0.56).

(M) Mean density of NP bouton subgroups in control slices and during AM251 application
(MW, p = 0.46 (N); p = 0.23 (L); p = 0.94 (S); p = 0.29 (D); p = 0.10(1)).

Data in A from 24 axons in 6 control slices and 23 axons in 6 2-AG slices. Data in B from 24
axons in 7 control slices and 22 axons in 7 WIN slices. Data in C from 20 axons in 5 control
slices and 20 axons in 5 AM251 slices.

CB1 receptors regulate inhibitory bouton dynamics specifically in CB1R+
axons

The expression of CB1 receptors largely overlaps with the expression
pattern of CCK in GABAergic interneurons (Katona et al., 1999, 2006).
These interneurons are partially labeled in the GAD65-GFP mice which we
use for our experiments (Wierenga et al., 2010). We previously estimated
that ~50% of the GFP-labeled inhibitory axons express CB1 receptors in our
slices (Hu et al., 2019), and this may significantly dilute an effect of CB1
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receptor activation on bouton dynamics (Fig. 3). We therefore used post-hoc
immunostaining immediately after two-photon live imaging to distinguish
between axons with and without CB1 receptors (CB1R+ and CB1R- axons
respectively; Fig. 4A, B). In accordance with previous reports (Mikasova et
al., 2008; Dudok et al., 2015), CB1 receptors covered the entire surface of
CB1R+ inhibitory axons and individual CB1R+ axons could be easily traced
from the CB1 immunostainings (Fig. 4A, B). In addition, there was significant
CB1 background staining, presumably reflecting CB1 receptors in pyramidal
cells and glia cells (Bonilla-Del Rio et al., 2021). CB1R- axons had a higher
bouton density and higher bouton turnover compared to CB1R+ axons (Fig.
4C; see below), supporting the notion that CB1R+ and CB1R- GFP-labeled
axons belong to separate subtypes of GABAergic cells.

2P-GFP

CB1R

1o

1200

1300 140

CB1R+

CB1R-

Figure 4. Distinction between CB1R+ and CB1R- axons using post hoc
immunohistochemistry

(A) Z-projection of representative two-photon image of GFP-labeled inhibitory axons.
After two-photon live imaging, the slice was immediately fixated and further processed for
immunohistochemistry to assess CB1R expression.

(B) Confocal images of the same area after post hoc immunohistochemistry, showing
the same GFP-labeled axons (B1) as in A (indicated with solid and dashed red boxes).
Immunostaining against CB1 receptors (B2) show a clear distinction between CB1R+ axons
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(solid red box), which express CB1 receptors, which cover the entire axonal surface, and
CB1R- axons (dashed red box). Which do not express CB1 receptors.

(C) Two-photon time lapse imaging of bouton dynamics in the CB1R+ and CB1R- axons
indicated in A and B. Arrow heads indicate P (blue) and NP (orange) boutons as in Fig. 3A.
Scale bars are 10 um in A,B and 2 um in C,D.

We repeated the WIN application experiments, but now separately
analyzed CB1R+ and CB1R- axons. In CB1R+ axons the density of NP boutons
significantly increased after WIN application (Fig. 5A,B). WIN also increased
average NP presence compared to control axons (Fig. 5C). When we analyzed
the NP bouton subgroups we found a specific increase in the density of
new and stabilizing boutons (Fig. 5D,F), whereas other NP subgroups were
unaffected (Fig. 5D-H). New boutons reflect immature synapses, which start
to recruit pre- and postsynaptic proteins, while levels of VGAT and gephyrin
at stabilizing boutons at the end of the imaging period is comparable to
persistent boutons (Schuemann et al., 2013; Frias et al., 2019). In clear
contrast, WIN had no effect on bouton density or dynamics in CB1R- axons
in the same slices (Fig. 5I-P). These results indicate that axonal CB1 receptors
are required for mediating the WIN-induced changes in bouton dynamics
in inhibitory axons, and exclude a role for CB1 receptors on other cells. Our
results indicate that short activation of axonal CB1 receptors leads to an
increase in NP bouton density by specifically promoting the formation and
stabilization of inhibitory boutons.
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Figure 5. WIN promotes formation and stabilization of inhibitory boutons only in CB1R+
axons

(A) Normalized NP bouton density in CB1R+ axons over time in control (black) slices and
after WIN (green) application (2w ANOVA, p = 0.018; interaction p = 0.026).

(B) Maximum change in NP bouton density in CB1R+ axons in control (black) slices and after
WIN (green) application (MW, p = 0.047).

(C) Normalized NP presence in CB1R+ axons over time in control slices and after WIN
application (2w ANOVA, p = 0.022; interaction p = 0.045).

(D-H) Mean density of NP bouton subgroups in CB1R+ axons in control slices and after WIN
application. D, new boutons (MW, p = 0.002); E, lost boutons (MW, p = 0.39); F, stabilizing
boutons (MW, p = 0.005); G, destabilizing boutons (MW, p = 0.87); H, intermittent boutons
(MW, p = 0.16).

(1) Normalized NP bouton density in CB1R- axons over time in control (black) slices and after
WIN (green) application (2w ANOVA, p = 0.27).

(J) Maximum change in NP bouton density in CB1R- axons in control (black) slices and after
WIN (green) application (MW, p = 0.21).

81



Chapter 3

(K) Normalized NP presence in CB1R- axons over time in control slices and after WIN
application (2w ANOVA, p = 0.37).

(L-P) Mean density of NP bouton subgroups in CB1R- axons in control slices and after WIN
application. L, new boutons (MW, p = 0.77); M, lost boutons (MW, p = 0.46); N, stabilizing
boutons (MW, p = 0.50); O, destabilizing boutons (MW, p = 0.99); P, intermittent boutons
(MW, p =0.34).

Data from 25 CB1R+ and 16 CB1R- axons in 4 control slices and 20 CB1R+ and 15 CB1R-
axons in 4 slices with WIN application.

WIN-induced bouton formation does not require G, signaling and neuronal
activity

CB1 receptors are G-protein coupled receptors. Endocannabinoid signaling
via CB1 receptors typically activates G, heterotrimeric proteins, resulting in
a reduction of neurotransmitter release at presynaptic terminals (Lovinger,
2008; Castillo et al.,, 2012). We therefore tested whether WIN-induced
bouton formation requires G, signaling. We pretreated the slices with
pertussis toxin (PTX) (1 pg/ml) for 24 hours to eliminate G, signaling (Guo
and lkeda, 2004; Campbell and Smrcka, 2018), and then performed two-
photon time-lapse live imaging as before. Axons with and without CB1R were
distinguished using post-hoc immunostaining (Fig. 6A-C). PTX pretreatment
had no major effect on CB1 receptor expression patterns.

Under control conditions, CB1R- axons had a higher bouton density
compared to CB1R+ axons (Fig. 6D), which was mainly due to a higher
density of NP boutons (Fig. 6E,F). The density for all NP bouton subgroups
was almost twice as high in CB1R- axons compared to CB1R+ axons (Fig. 6G),
showing that overall inhibitory bouton dynamics were more pronounced in
CB1R- axons compared to CB1R+ axons. Unexpectedly, we observed that
24 hr pretreatment with PTX affected bouton density. PTX pretreatment
specifically downregulated bouton density in CB1R- axons, while bouton
density in CB1R+ axons was largely unaffected (Fig. 6D). PTX specifically
reduced the density of non-persistent boutons in CB1R- axons (Fig. 6E,F).
After PTX pretreatment there was no longer a difference in NP bouton
subgroups between CB1R+and CB1R- inhibitory axons (Fig. 6H). This suggests
that under normal conditions CB1R- axons have a higher G, , protein activity
compared to CB1R+ axons in these slices. These data imply that G, signaling
is an important regulator of inhibitory bouton dynamics.
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Figure 6. G, signaling is an important regulator of inhibitory bouton

dynamics
(A) Z-projection of representative two-photon image of GFP-labeled inhibitory axons after

PTX pretreatment.
(B) Confocal images of the same area after post hoc immunohistochemistry, showing the

same GFP-labeled axons (B1) as in A (solid and dashed red boxes indicate CB1R+ and CB1R-

axons).
(C) Two-photon time lapse imaging of bouton dynamics in the CB1R+ and CB1R- axons
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indicated in A and B after PTX pretreatment. Arrow heads indicate P (blue) and NP (orange)
boutons as in Fig. 3A.

(D) Average bouton density during baseline in CB1R+ and CB1R- axons in control slices
and after PTX pretreatment. Comparisons between CB1R+ and CB1R- axons: p = 0.0056 for
control, p = 0.79 after PTX; between control and PTX: p = 0.11 for CB1R- axons, p > 0.99
for CB1R+ axons; between CB1R+ (control) and CB1R- (PTX): p = 0.86 and between CB1R-
(control) and CB1R+ (PTX): p = 0.0057 (2w ANOVA Sidak).

(E) Average density of persistent (P) boutons during baseline in CB1R+ and CB1R- axons in
control slices and after PTX pretreatment (p=0.057 for axon type, 2w ANOVA Sidak).

(F) Average density of non-persistent (NP) boutons during baseline in CB1R+ and CB1R-
axons in control slices and after PTX pretreatment. Comparisons between CB1R+ and CB1R-
axons: p = 0.0007 for control, p = 0.99 after PTX; between control and PTX: p < 0.0001 for
CB1R- axons, p > 0.99 for CB1R+ axons; between CB1R+ (control) and CB1R- (PTX): p =0.93
and between CB1R- (control) with CB1R+ (PTX): p = 0.0008 (2w ANOVA Sidak).

(G) Mean density of NP bouton subgroups in CB1R+ and CB1R- axons in control slices. N
— new boutons (MW, p = 0.035); L — lost boutons (MW, p = 0.037); S — stabilizing boutons
(MW, p = 0.002); D — destabilizing boutons (MW, p = 0.47); | — intermittent boutons (MW,
p =0.010).

(H) Mean density of NP bouton subgroups in CB1R+and CB1R- axons after PTX pretreatment
(MW, p = 0.45 (N); p = 0.41 (L); p = 0.36 (S); p = 0.88 (D); p = 0.40(1)).

Data from 23 CB1R+ and 16 CB1R- axons in 4 control slices, and 18 CB1R+ and 21 CB1R-
axons in 4 PTX-pretreated slices. Scale bars are 10 um in A,B and 2 um in C,D.

We then tested whether acute activation of CB1 receptors via WIN can
induce changes in inhibitory bouton dynamics in the absence of G,
signaling. We observed that short activation of CB1 receptors by WIN
could still induce the formation of new inhibitory boutons in CB1R+ axons
after pretreatment with PTX (Fig. 7A). This indicates that the formation of
new inhibitory boutons by CB1 receptor activation is independent of G,
signaling. However, in the absence of Gi/0 signaling WIN application no longer
promoted bouton stabilization (Fig. 7B; compare with Fig. 5F), suggesting
that bouton stabilization requires intact G, signaling. As before, other NP
bouton subgroups were not affected (Fig. 7C) and WIN application did not
affect bouton formation (density of new boutons was 81 + 23 % of control;
MW, p = 0.51) or bouton dynamics (data not shown) in CB1R- axons. These
data indicate that short activation of CB1 receptors on inhibitory axons by
WIN promotes the formation of new boutons via a Gi/o-independent signaling
pathway.

G, , protein signaling can hyperpolarize neurons via activation of K* channels

84



Inhibitory bouton formation via cAMP increase

(Bacci et al., 2004; Guo and lkeda, 2004). Blocking ongoing G, , activity with
PTX may therefore enhance neuronal activity in our slices, which may by itself
affect inhibitory bouton dynamics. However, as enhancing neuronal activity
is expected to promote overall inhibitory bouton turnover (Schuemann et
al., 2013; Frias et al., 2019), this does not appear in line with the observed
decrease in inhibitory bouton dynamics in CB1R- axons after PTX. To address
if WIN-induced inhibitory bouton formationis affected by activity, we blocked
network activity with TTX to reduce overall bouton dynamics (Schuemann et
al., 2013; Frias et al., 2019). We observed that in the presence of TTX, brief
activation of CB1 receptors with WIN still induced the specific increase in
the density of new boutons (Fig. 7D). However, WIN did no longer induce
a change in the density of stabilizing boutons (Fig. 7E), consistent with our
earlier finding that inhibitory bouton stabilization requires activity (Frias
et al., 2019). Other NP bouton subgroups were not affected (Fig. 7F) and
WIN application did not significantly affect bouton formation (179 + 216 %
of control; MW, p = 0.11) or other bouton dynamics (data not shown) in
CB1R- axons. Together these data demonstrate that CB1 receptor-mediated
inhibitory bouton formation does not require G,, protein signaling and is
independent of neuronal activity.
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Figure 7. CBl-mediated bouton formation does not require G, signaling and is

independent of activity.

(A) Mean density of new boutons in CB1R+ axons after control (black) and WIN (green)
application in PTX-pretreated slices (MW, p = 0.047).

(B) Mean density of stabilizing boutons in CB1R+ axons after control and WIN application in
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PTX-pretreated slices (MW, p = 0.93).

(C) Mean density of other NP bouton subgroups in CB1R+ axons after control and WIN
application in PTX-pretreated slices. L — lost boutons (MW, p = 0.82); D — destabilizing
boutons (MW, p = 0.37); | — intermittent boutons (MW, p = 0.59).

(D) Mean density of new boutons in CB1R+ axons after control (black) and WIN (green)
application in the presence of TTX (MW, p = 0.013).

(E) Mean density of stabilizing boutons in CB1R+ axons after control and WIN application in
the presence of TTX (MW, p = 0.61).

(F) Mean density of other NP bouton subgroups in CB1R+ axons after control and WIN
application in the presence of TTX. L—lost boutons (MW, p =0.23); D — destabilizing boutons
(MW, p =0.56); | — intermittent boutons (MW, p = 0.16).

Data in A-C from 18 axons in 4 slices with DMSO (control) application and 18 axons in 4 slices
with WIN application. Data in D-F from 14 axons in 4 slices with DMSO (control) application

and 15 axons in 5 slices with WIN application.

Acute elevation of cAMP levels promotes inhibitory bouton formation via
PKA

Besides the typical downstream signaling pathway via G,, proteins, CB1R
activation can trigger several other signaling pathways, including via Gys
(Roland et al., 2014), Gq (Lauckner et al., 2005) and G_ proteins (Glass and
Felder, 1997; Finlay et al., 2017). Intriguingly, a novel form of CB1 receptor-
mediated synaptic potentiation was recently reported, which was shown to
depend on activity of presynaptic protein kinase A (PKA) (Cui et al., 2016;
Wang et al., 2017). This raises the attention to CB1 receptor-mediated G,
signaling, as G_ protein signaling enhances PKA activity via stimulation of
cAMP production (Antoni, 2012; Taylor et al., 2013). We therefore tested
if inhibitory bouton dynamics were affected when we directly elevated
cAMP levels via activation of adenylyl cyclase (AC) by 25 uM forskolin (5
minutes) (Fig. 8A). We observed that brief application of forskolin induced
the formation of new inhibitory boutons (Fig. 8B), while other NP subgroups
were not affected (Fig. 8C,D). This suggests that the inhibitory bouton
formation that we observed after CB1 receptor activation may be mediated
by G, signaling. The increase in inhibitory bouton formation after forskolin
application appeared much stronger compared to WIN application (compare
Fig. 8B to Fig. 3l), suggesting that most, if not all, GFP-labeled inhibitory
axons responded to forskolin.

To directly test if downstream PKA activity is required, we blocked PKA
activity with PKI 14-22 (Chevaleyre et al., 2007). We observed that in the
presence of PKI 14-22 WIN did no longer trigger the formation or stabilization
of inhibitory boutons (Fig. 8E,F). Interestingly, we observed a decrease in the
density of destabilizing boutons after WIN treatment (Fig. 8G), suggesting
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that PKA activity levels may be important for the maintenance of inhibitory
boutons. Together these data show that the formation of new inhibitory
boutons is promoted by increasing intracellular cAMP levels and PKA activity.
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Figure 8. Inhibitory bouton formation is promoted by increasing intracellular cAMP levels

with forskolin

(A) Representative two-photon time lapse images of bouton dynamics in GFP-labeled
axons after control or forskolin application. Arrow heads indicate P (blue) and NP (orange)
boutons as in Fig. 3A. Scale bar is 2 um.

(B) Mean density of new boutons in control (black) slices and after forskolin (blue)
application (MW, p = 0.007).

(C) Mean density of stabilizing boutons in control slices and after forskolin application
(MW, p =0.67).

(D) Mean density of other subgroup of NP boutons in control slices and after forskolin
application. L — lost boutons (MW, p = 0.46); D — destabilizing boutons (MW, p = 0.37); | —
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intermittent boutons (MW, p = 0.81).

Scale bars are 2 um.

(E) Mean density of new boutons in control (black) slices and after WIN (green) application
in the presence of PKA blocker PKI 14-22 (MW, p = 0.81).

(F) Mean density of stabilizing boutons in control slices and after WIN application in the
presence of PKA blocker PKI 14-22 (MW, p = 0.66).

(G) Mean density of other subgroup of NP boutons in control slices and after WIN application
in the presence of PKA blocker PKI 14-22. L — lost boutons (MW, p = 0.29); D — destabilizing
boutons (MW, p = 0.027); | — intermittent boutons (MW, p = 0.45).

Scale bars are 2 um.

G, signaling in inhibitory axons promotes inhibitory bouton formation
Bath application of forskolin strongly increases neuronal activity (Mitoma and
Konishi, 1996; Gekel and Neher, 2008) and will raise cAMP levels in all cells in
the slice. The observed specific increase in new inhibitory bouton formation
after forskolin, without affecting overall bouton dynamics, is therefore quite
remarkable. However, we cannot conclude that the observed increase in
inhibitory bouton formation is a direct effect of elevated cAMP levels in the
inhibitory axons. We made use of DREADDs (Designer Receptors Exclusively
Activated by Designer Drugs) (Urban and Roth, 2015; Roth, 2016) to achieve
cell-specific manipulation of presynaptic cAMP levels. G -DREADDs allow
the direct activation of the G_-protein signaling pathway using the specific
ligand CNO. To achieve sparse expression restricted to inhibitory neurons
we infected hippocampal slices from VGAT-Cre mice with Cre-dependent
AAVs. We used two AAVs: one containing a HA-tagged G_-DREADD construct
and one containing GFP (Fig. 9A; see methods for details). Infections with
these two AAVs resulted in sparse GFP-labeling of inhibitory cells and their
axons, which partially overlapped with G -HA expression (Fig. 9B). Post-hoc
immunostaining allowed us to identify GFP-labeled axons with and without
G_-HA (HA+ and HA- axons) in the same slice (Fig. 9C,D). We performed two-
photon microscopy to monitor bouton dynamics in GFP-expressing HA+ and
HA- inhibitory axons (Fig. 9E). Bouton dynamics in VGAT-Cre slices were in
line with previous data (Frias et al., 2019), indicating that the AAV infections
did not alter overall bouton dynamics in inhibitory axons. After a 40-minute
baseline period, G-DREADDs were activated via bath application of CNO
ligand. We found that CNO activation strongly increased the density of new
boutons in G -HA positive axons compared to HA- axons (Fig. 9F). Other NP
bouton subgroups were not affected, although the density of stabilizing
boutons appeared to be somewhat increased (Fig. 9G,H). These data show
that specific activation of G_signaling in inhibitory axons mimics the WIN-
induced inhibitory bouton formation.
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Together, our results indicate that inhibitory bouton formation after
brief CB1 receptor activation does not require Gi/O—signaIing, and that it is
mimicked by activation of G_signaling in inhibitory axons. This suggests that
CB1 receptors on inhibitory axons couple to G_ proteins rather than the
conventional Gi/0 effectors to trigger inhibitory bouton formation.
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Figure 9. Specific activation of Gs at inhibitory axons induce new bouton formation.
(A) Experimental design. Hippocampal slice cultures are prepared from P7 VGAT-Cre mouse
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pups. At DIV1 (days in vitro), AAV5-hSyn-DIO-EGFP and AAV5-hSyn-DIO-Gs-HA viruses are
applied to the VGAT-Cre slice cultures. After 2-3 weeks (DIV 14-21) slices were used for two-
photon live imaging and post hoc immunostaining to reveal Gs-HA expression.

(B) Representative example of VGAT-Cre slice culture at DIV20 showing sparse expression
of GFP and Gs-HA in GABAergic cells. Right images (zoom from white box) show Gs-HA and
EGFP co-expression in a subset of neurons (red arrow heads).

(C) Z-projection of representative two-photon image of GFP-labeled inhibitory axons in
VGAT-Cre slice.

(D) Confocal images of the same area in C after post hoc immunohistochemistry against
HA, showing the same GFP-labeled axons as in A (solid and dashed red boxes indicate HA+
and HA- axons).

(E) Two-photon time lapse imaging of bouton dynamics in the HA+ and HA- axons indicated
in C and D. Gs-DREADDs were activated by bath application of 10 uM CNO after the 40
minutes baseline period. Arrow heads indicate P (blue) and NP (orange) boutons as in Fig.
3A.

(F) Mean density of new boutons at HA+ and HA- axons in response to Gs-DREADD activation
(MW, p = 0.003).

(G) Mean density of stabilizing boutons at HA+ and HA- axons in response to Gs-DREADD
activation (MW, p = 0.10).

(H) Mean density of other subgroup of NP boutons at HA+ and HA- axons in response to
Gs-DREADD activation. L — lost boutons (MW, p = 0.30); D — destabilizing boutons (MW, p =
0.44); | — intermittent boutons (MW, p = 0.85)

Data from 11 HA+ and 11 HA- axons in 4 slices. Scale bars are 200 um (overview) and 20 um
(zoom) in B, 10 um in C,D and 2 um in E.
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Discussion

Here we examined the signaling pathway underlying the CB1 receptor-
mediated formation of new inhibitory synapses. We made several important
observations. First of all, repeated CB1 activation led to an increase in
mIPSC frequency and an increase in the density of presynaptic VGAT
clusters, which were not associated with postsynaptic gephyrin. Inhibitory
synapses which do not contain gephyrin are immature and show reduced
transmission (Danglot et al., 2003; Yu et al., 2007; Patrizi et al., 2008; Niwa et
al., 2012; Nguyen et al., 2016). Our observations are in line with the notion
that pre- and postsynaptic signaling pathways during synapse formation
are largely independent (Wierenga, 2017; Jiang et al., 2021) and suggest
that CB1 receptors act purely presynaptically. Second, brief activation of
CB1 receptors specifically triggered the formation of inhibitory synapses
in CB1R+ axons. This indicates that formation of inhibitory synapses is
mediated by axonal CB1 receptors and our data exclude a prominent role for
CB1 receptors in astrocytes or postsynaptic neurons. Third, bouton turnover
in inhibitory axons was strongly reduced when G,, protein signaling was
blocked by PTX pretreatment. This suggests that modulation of axonal cAMP
levels is an important regulator of bouton turnover in inhibitory axons.
Fourth, CB1 receptor-mediated inhibitory bouton growth was independent
of ongoing G, signaling and activity, suggesting that signaling pathways
downstream of axonal CB1 receptors differ from presynaptic CB1 receptors.
Finally, inhibitory synapse formation was induced in response to an increase
in CAMP after forskolin application, and when G_signaling was activated via
G_-DREADDs, which were expressed exclusively in inhibitory neurons. These
findings revealed that an increase in cAMP is

the key second messenger signal for inhibitory bouton formation and suggest
that axonal CB1 receptors trigger inhibitory bouton formation by enhancing
PKA activity.

Our present study has limitations that are important to mention here. First
of all, we use transgenic mice in which several inhibitory neuron subtypes
are labeled with GFP (Wierenga et al., 2010). This unspecific labeling diluted
and hampered the detection of axon-specific effects (Fig. 2). However,
we used it to our advantage by performing posthoc immunostaining to
distinguish between different inhibitory axon types. This allowed comparison
between CB1R+ and CB1R-, or HA+ and HA- axons in the same slice and
avoided comparison between slices from different GFP-labeled mouse lines.
Another limitation of our study is that we have used bath application of CB1
agonist WIN to trigger inhibitory bouton formation. Under physiological
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conditions, endocannabinoid signals are likely transient and highly localized
(Hashimotodani et al., 2007; Monday and Castillo, 2017; Hu et al., 2019),
providing spatial and temporal control over inhibitory synapse formation.
We elevated cAMP levels to trigger inhibitory bouton formation by bath
application of forskolin or by activation of G -DREADDs in inhibitory cells.
While this allowed separation of formation and stabilization of inhibitory
boutons, it likely abolished spatial modulations. Axons contain several
phosphodiesterases, whichrapidlydegradecAMPand provide spatiotemporal
compartmentalization of cAMP signaling (Baillie, 2009; Argyrousi et al.,
2020). Pretreatment with PTX will disturb these cAMP modulations and this
strongly reduced inhibitory bouton dynamics and abolished the difference
between CB1R+ and CB1R- axons (Fig. 6L). This indicates that CB1R- axons
have higher G, baseline activity compared to CB1R+ axons and suggests
that cAMP modulation is an important factor regulating inhibitory bouton
dynamics. Future research should further assess the relationship between
cAMP signaling and inhibitory bouton turnover.

Synapse formation is a multistep process, with each step regulated by specific
signaling pathways (Wierenga, 2017; Jiang et al., 2021). Our detailed two-
photon analysis allows dissecting these steps and addressing the involved
signaling pathways. Inhibitory synapse formation starts with the growth of
a new bouton at an axonal location where the inhibitory axon is in close
proximity to a dendrite (Wierenga et al., 2008; Dobie and Craig, 2011; Villa
et al., 2016; Hu et al., 2019). Our data indicate that axonal CB1 receptors
can trigger bouton formation, which does not require neuronal activity.
We observed that CB1 receptor-mediated inhibitory bouton formation
was not affected in the presence of TTX (Fig. 7D). In addition, we observed
that forskolin, which strongly raises neuronal activity (data not shown), did
not affect overall bouton turnover (Fig. 8D). This was unexpected given
our previous observations that inhibitory bouton turnover is enhanced by
neuronal activity (Schuemann et al., 2013; Frias et al., 2019). On the other
hand, we observed that blocking G, signaling strongly affected bouton
turnover (Fig. 6F,H), which appeared independent of activity. These data
suggest that axonal cAMP is the primary second messenger affecting
inhibitory bouton formation, which is indirectly modulated by activity,
possibly via changes in neuromodulatory signals.

Our data indicate that axonal CB1 receptors can directly trigger bouton
formation via an increase in cAMP, while subsequent bouton stabilization
and postsynaptic assembly requires additional signaling. WIN-induced
bouton stabilization was prevented when G, signaling was blocked by PTX
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(Fig. 7B), and bouton stabilization was not altered by increasing cAMP levels
with forskolin (Fig. 8C), although it may be facilitated with longer elevations
(Fig. 9H). These data suggest that after the initial formation, CB1 receptors
may also promote bouton stabilization via a more indirect pathway. We
previously showed that bouton stabilization requires neuronal activity and
involves local actin remodeling via a reduction in ROCK activity (Frias et
al., 2019). Interactions between CB1 receptor signaling and ROCK activity
(Berghuis et al., 2007) and actin remodeling (Njoo et al., 2015; Zhou et al.,
2019) have been reported, but future research should further clarify the
precise nature of these interactions.

CB1 receptors are highly versatile and are involved in many neuronal
processes via multiple downstream pathways, including axon guidance and
synaptic plasticity (Berghuis et al., 2007; Roland et al., 2014; Njoo et al., 2015;
Araque et al., 2017; Monday and Castillo, 2017). There are multiple factors,
including interacting proteins (Guggenhuber et al., 2016), which determine
which downstream signaling pathway is activated after CB1 receptor
activation (Flores-Otero et al., 2014; Nogueras-Ortiz and Yudowski, 2016)
and this functional selectivity of CB1 receptors may have important clinical
relevance (lbsen et al., 2017; Laprairie et al., 2017; Sholler et al., 2020). It was
recently reported that the duration of CB1 receptor activation determines
the direction of plasticity at corticostriatal synapses with brief activation
inducing LTP, while prolonged activation induces LTD (Cui et al., 2015, 2016).
Our data suggest that brief activation of axonal CB1 receptors promotes the
formation of new inhibitory boutons via G_-mediated elevation of cAMP
levels, but we have not extensively tested longer activations or different
ligand concentrations. An intriguing possibility is that the subcellular location
of CB1 receptors affects downstream signaling pathway, or that different
CB1 receptor isoforms are localized to different subcellular locations (Marti-
Solano et al., 2020). CB1 receptors at presynaptic terminals couple to G,
to affect GABA release (Guo and lkeda, 2004; Lee et al., 2015), while CB1
receptors in the axonal shaft of the same inhibitory axons may couple to G_
proteins. Even though CB1 receptors prefer coupling to G-proteins, they can
switch to G, when G-proteins are not available or already occupied (Glass
and Felder, 1997; Caballero-Flordn et al., 2016; Eldeeb et al., 2016; Finlay et
al., 2017). This may suggest that G, proteins are only available at presynaptic
terminals, while G_protein coupling could be dominant in axons.

Our experiments indicate that PKA is an important effector downstream
of cAMP to trigger inhibitory bouton formation. Presynaptic PKA activity is
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also involved in CB1-mediated synaptic plasticity (Chevaleyre et al., 2007;
Cui et al., 2016) and may act by altering local clustering and inter-bouton
exchange of synaptic vesicles (Patzke et al., 2019; Chenouard et al., 2020).
PKA resides close to the plasma membrane and preferably phosphorylates
membrane proteins in its close proximity (Tillo et al., 2017). Potential PKA
targets to mediate inhibitory bouton formation remain yet to be identified.
In addition, PKA-independent pathways downstream of cAMP signaling
may also play a role, for instance via Epac2 (Kawasaki et al., 1998). Epac2
activity can strongly increase synaptic transmission (Gekel and Neher,
2008; Fernandes et al., 2015), yet a role in synapse formation has not been
reported. Interestingly, Epac2 was recently found to be downstream of G -
coupled B adrenergic receptors to mediate presynaptic LTP at parallel fiber
synapses to Purkinje cells (Martin et al., 2020). cAMP signaling via PKA,
Epac2 or Rho GTPases may affect the axonal cytoskeleton. Actin isimportant
in the formation, stabilization and maintenance of presynaptic terminals
(Bednarek and Caroni, 2011; Pielage et al., 2011; Chia et al., 2013, 2014;
Frias et al., 2019; Chenouard et al., 2020) and cAMP fluctuations may drive
local modifications in the actin cytoskeleton (Bernier et al., 2019) underlying
structural presynaptic changes.

Our findings suggest that axonal CB1 receptors serve an important role
in local, on demand synapse formation. Our observation that inhibitory
bouton formation was more prominent after cAMP elevation than after
WIN application (compare Fig. 8B and 9F to 3l) suggests that axonal cAMP
signaling is an important second messenger signal mediating bouton
formation not only in CB1R+, but perhapsin all, inhibitory axons. Intriguingly,
our observations are reminiscent of cAMP-mediated bouton formation in
zebrafish (Yoshida and Mishina, 2005), Aplysia (Nazif et al., 1991; Bailey
and Kandel, 1993; Upreti et al., 2019) and Drosophila axons (Zhong et al.,
1992; Koon et al., 2011; Maiellaro et al., 2016). This raises the possibility
that axonal cAMP signaling is a universal second messenger system for
regulating structural plasticity in axons. Activation of CB1 receptors via
dendritic endocannabinoid signaling (Hu et al., 2019) then represents one
specific way to trigger cAMP-mediated bouton formation in CB1R+ axons
in response to strong excitatory synaptic activity. Other axons may employ
different axonal receptors to mediate bouton formation. Indeed, GABAergic
interneurons express many different G-proteins (Cox et al., 2008; Helboe et
al., 2015; Puighermanal et al., 2017), which often provide neuromodulatory
context signals from other brain areas (Hattori et al., 2017). Our findings
raise the intriguing possibility that neuromodulatory receptors on the
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axonal surface provide the opportunity to build a new inhibitory bouton on
demand, triggered by axon-specific and context-dependent signaling.
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Materials and Methods

Animals

All animal experiments were performed in compliance with the guidelines
for the welfare of experimental animals issued by the Federal Government
of The Netherlands. All animal experiments were approved by the Animal
Ethical Review Committee (DEC) of Utrecht University.

Mouse hippocampal slice culture

Organotypic mouse hippocampal slices were acquired from female and male
GADG65-GFP mice at 6-7 days after birth. In these mice, ¥20% interneurons are
labelled by GFP from early embryonic developmental stage into adulthood
(Lépez-Bendito et al., 2004). Most GFP-labelled interneurons target dendrites
of CA1 pyramidal cells and express VIP or reelin, while parvalbumin and
somatostatin-positive neurons are not labelled (Wierenga et al., 2010). Slice
culture preparation details are described previously (Frias et al., 2019; Hu et
al., 2019). Mice were sacrificed and the isolated hippocampus was placed
in ice-cold HEPES-GBSS (containing 1.5 mM CaCl,-2H,0, 0.2 mM KH_PO,, 0.3
mM MgS0,-7H,0, 5 mM KCI, 1 mM MgCl,-6H,0, 137 mM NaCl, 0.85 mM
Na,HPO, and 12.5 mM HEPES) supplemented with 12.5 mM HEPES, 25 mM
glucose and 1 mM kynurenic acid (pH set around 7.2, osmolarity set around
320 mOsm, sterile filtered). Slices were vertically chopped along the long axis
of hippocampus at thickness of 400 um. They were then quickly washed with
culturing medium (consisting of 48% MEM, 25% HBSS, 25% horse serum,
30 mM glucose and 12.5 mM HEPES, pH set at 7.3-7.4 and osmolarity set
at 325 mOsm), and transferred to Millicell cell culture inserts (Milipore) in
6-well plates. Slices were cultured in an incubator (35 °C, 5% CO,) until use.
Culturing medium was completely replaced twice a week. Slices were used
after 2 to 3 weeks in vitro, when the circuitry is relatively mature and stable
(De Simoni et al., 2003).

Pharmacological treatments

The following drugs were used: 20 uM WIN 55212-2 (WIN; Tocris Bioscience),
100 uM 2-AG (Tocris Bioscience), 25 uM forskolin (Abcam), Pertussis toxin
1 ug/ml (Tocris Bioscience), 10 uM CNO (Tocris Bioscience), 5 uM AM251
(Tocris Bioscience), 1 uM TTX (Abcam), 1 uM PKI 14-22 (Tocris Bioscience). For
acute treatments, ACSF containing the drug or 0.1% DMSO vehicle was bath
applied for 5 minutes. AM251 and CNO were bath applied after a baseline
period (5 time points) and continued until the end of the experiment. TTX
or PKI 14-22 were added to the ACSF and were present during the entire
two-photon imaging period. Pertussis toxin was added to the slice culture
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medium and a small drop was placed on top of the slice 24 hours before the
start of the experiment. Treated slices were kept in the incubator.

CB1 receptor activation can result in different downstream signaling
pathways, which depend on ligand concentration and duration (Cui et al.,
2015, 2016). We used a relatively high concentration of WIN (20 uM) to aim
for strong activation of CB1 receptors. We used relatively short applications
to mimic CB1 receptor activation under physiological conditions (Hu et al.,
2019) and to avoid the induction of synaptic depression which have been
observed with longer applications (Cui et al., 2016; Monday et al., 2020). We
expect that CB1 receptor activation under physiological conditions will be
shorter, and therefore perhaps more efficient in triggering inhibitory bouton
formation.

For repeated treatment of 2-AG, normal culturing medium was replaced
by medium containing 100 uM 2-AG or 0.1% DMSO for 20 minutes. This
was repeated 3 times with 2 hours intervals. At the start of each medium
replacement, a small drop was placed on top of the slices to facilitate
exchange. A treatment duration of 20 minutes (rather than 5) was chosen
to ensure penetration in the entire slice as solution exchange may be slower
in the incubator compared to the microscope bath. After the last treatment,
the medium was replaced 3 times with fresh medium to ensure wash
out. During and after the treatment slices were kept in the incubator and
experiments (immunocytochemistry or electrophysiology) were performed
24 hours after the start of the first treatment.

Electrophysiology recording and analysis

Slices were transferred to a recording chamber which was continuously
perfused with carbogenated artificial cerebrospinal fluid (ACSF; containing
126 mM NaCl, 3 mM KCl, 2.5 mM CaCl,, 1.3 mM MgCl,, 1.25 mM NaH_PO,,
26 mM NaHCO,, 20 mM glucose and 1 mM Trolox) at 32 °C. Whole-cell patch
clamp measurements were recorded with a MultiClamp 700B amplifier
(Molecular Devices) and stored using pClamp 10 software. Recordings were
filtered with a 3 kHz Bessel filter. Thick-walled borosilicate pipettes of 4—6
MQ were filled with pipette solution containing (in mM): 70 K-gluconate, 70
KCI, 0.5 EGTA, 10 HEPES, 4 MgATP, 0.4 NaGTP, and 4 Na,-phosphocreatine.
Cells were discarded if series resistance was above 35 MQ or if the resting
membrane potential exceeded -50 mV. Recordings were excluded when
the series resistance after the recording deviated more than 30% from its
original value. To isolate miniature inhibitory postsynaptic currents (mIPSCs)
TTX, AP5 and DNQX were added to the ACSF. The mIPSCs were analyzed
in pClamp and Matlab with homemade scripts (Ruiter et al., 2020). Rise
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time of mIPSCs were determined as the time between10% and 90% of the
peak value. The distribution of the rise times of mIPSCs recorded in control
conditions (generated from 150 mIPSCs per cell) were fitted with two
Gaussians and their crossing point determined the separation between fast
and slow mIPSCs (Ruiter et al., 2020). A double Gaussian fit for the rise time
distribution in 2-AG conditions gave a similar separation value (control: 0.9
ms; 2-AG: 1.1 ms) and we verified that our conclusions did not change by
taking the 2-AG separation value.

Two-photon time lapse imaging

Time-lapse two-photon imaging was performed in carbogenated,
continuously perfused ACSF at 32 °C. Slices were transferred in a 3 cm dish
containing ACSF. Two-photon imaging was performed on a customized
two-photon laser scanning microscope (Femto2D, Femtonics, Budapest,
Hungary) with a Ti-Sapphire femtosecond pulsed laser (MaiTai HP, Spectra-
Physics) with a 60x water immersion objective (Nikon NIR Apochromat, NA
= 1.0). A 4x objective (Nikon Plan Apochromat) was used to determine the
location of the dendritic layer of the CA1 region. GFP was excited at 910
nm to visualize GFP-labelled axons. 3D image stacks were acquired at a size
of 93.5 um x 93.5 um (1124 x 1124 pixels) with 50-63 z-steps (0.5 um step
size). Acquisition time per image stack was ~7 minutes. We acquired image
stacks every 10 minutes, with a total of 15 time points (140 minutes). After
a baseline of 5 time points, drugs were bath applied.

For slices in which we performed post-hoc immunostaining, an overview
of the imaging region was made after the last time point (203 um x 203
um, ~50 z-steps of 1.0 um step size), and a line scar was made using high
intensity laser power at 910 nm at the edge of the zoomed out imaging area
to facilitate alignment with post-hoc confocal microscopy.

Two-photon image analysis

Individual axons with at least 50 um length were traced using the CellCounter
plugin imbedded in Fiji for all time points (TPs). Individual boutons were
identified with custom-built semi-automatic Matlab software, as described
previously (Frias et al., 2019). In short, a 3D axonal intensity profile was
reconstructed at each TP and individual boutons were selected based on
a local threshold (0.5 standard deviation above mean axon intensity). Only
boutons containing at least 5 pixels above threshold were included. All
boutons at all time points were visually inspected and manual corrections
were made if deemed necessary.

Persistent (P) boutons were defined as boutons which were present at all
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TPs. Non-persistent (NP) boutons were absent at one or more TPs. Boutons
which were present for only one time point were considered transport
events and were excluded (Schuemann et al., 2013; Frias et al., 2019). Based
on their presence or absence during baseline (first 5 TP) and after treatment,
NP boutons were further classified into five subgroups (Frias et al., 2019;
Ruiter et al., 2021): new boutons (only present after baseline), lost boutons
(only present during baseline), stabilizing boutons (non-persistent during
baseline, persistent after treatment), destabilizing boutons (persistent
during baseline, non-persistent after treatment), intermittent boutons (non-
persistent during baseline and after treatment).

Bouton density was calculated per axon as the average number of boutons
at each TP divided by the 3D axon length. NP bouton density was determined
for each TP as the number of NP boutons that were present divided by
the 3D axon length. NP bouton densities were normalized to the average
baseline value (first 5 TP) to allow comparison between axons. The maximum
change in NP bouton density change was calculated as the maximum NP
bouton density (average over 3TPs) divided by the baseline NP bouton
density (average over TP2-4). NP presence was determined as the fraction
of NP boutons that were present at each time point and these values were
averaged for the first, second and third period of 5 TPs each. Changes in NP
presence reflect changes in the density of NP bouton subgroups, as well as in
bouton duration. However, differences in bouton duration (% of TPs present)
of NP bouton subgroups were never observed in any of the conditions and
we therefore only report NP bouton densities.

Immunocytochemistry and confocal microscopy

Fixation of the slices was performed in 4% paraformaldehyde (PFA) for
30 minutes at room temperature covered by aluminum foil. Following
washing with phosphate-buffered saline (PBS; 3x 10 minutes), slices were
permeabilized with 0.5% Triton X-100 (15 minutes), followed by PBS washing
(3x 5 minutes), and 1 hour incubation in blocking solution (0.2% Triton X-100
and 10% goat serum). Application of primary antibodies in blocking solution
was performed overnight at 4 °C. After PBS washing (3x 15 minutes),
secondary antibodies were applied for 4 hours. After PBS washing (2x 15
minutes), slices were mounted in Vectashield solution.

We used the following primary antibodies: rabbit a-VGAT (Synaptic Systems,
131003;1:1000; RRID: AB 887869), mouse a-gephyrin (Synaptic Systems, 147
011; 1:1000; RRID: AB_887717 ), mouse a-CB1R (Synaptic Systems, 258 011;
1:1000; RRID: AB_2619969), rat a-HA (Roche, 11 867 423 001; 1:500; RRID:
AB_390918), and the following secondary antibodies: anti-mouse Alex647
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(Life Technologies, A21241, 1:500; RRID: AB_2535810) and anti-rabbit
Alex405 (Life Technologies, A31556, 1:250; RRID: AB_221605) for VGAT and
gephyrin staining, anti-mouse Alexa647 (Life Technologies, A21236, 1:500;
RRID: AB_2535805) and anti-mouse Alexa568 (Life Technologies, A11031,
1:500; RRID: AB_144696) for CB1R staining, and anti-rat Alexa568 (Life
Technologies, A11077, 1:500; RRID: AB_2534121) for HA staining.

Confocal imaging was performed using a Zeiss LSM-700 microscope system
with a 63x oil-immersion objective. A 20x objective was used to find back the
two-photon imaging area based on the line scar. Image size was 101.3 um x
101.3 um (1024 x 1024 pixels) with 0.3 um z steps for synapse quantification,
and up to 203 um x 203 um for post-hoc axon identification. Confocal images
were analyzed in Fiji and corresponding axons in the confocal and two-
photon images were identified using the line scar as a guide. Expression of
CB1R or HA was determined by visual inspection. In some cases, the image
was mirrored to confirm or reject positive staining. Negative axons were
always chosen close to positive axons in the same imaging area, assuring that
the absence of CB1R or HA expression was not due to low immunostaining
quality. In addition, we verified that CB1R expression or staining levels did
not affect our conclusion as we found the same results when we split CB1R+
axons in two separate groups with high and low CB1R levels. Per slice, 2-6
axons per group were included in the analysis.

For synapse quantification images were analyzed in Fiji using a custom
macro (Ruiter et al., 2020). An average projection image was made from 5
z-planes, images were median filtered (1 pixel radius) and individual puncta
were identified using watershed segmentation. VGAT and gephyrin puncta
were analyzed separately and overlap was determined afterwards. Four
independent experiments were performed with 1 or 2 image areas per slice.
To compare between treatments, data were normalized per experiment.

AAV virus application in VGAT-Cre slices

Hippocampal slice cultures were prepared as described above from VGAT-
Cre mice (JAX stock #028862) at 6-7 days after birth. Floxed AAVS5 viruses
to express GFP (ssAAV-5/2-hSynl-dlox-EGFP(rev)-dlox-WPRE-hGHp(A),
#v115-5, RRID: Addgene_50457; Viral Vector Facility, Zurich University)
and HA-tagged G_-DREADDs (pssAAV-2-hSynl-dlox-HA_rM3D(Gs)_IRES_
mCitrine(rev)-dlox-WPRE-hGHp(A), #v111-5, RRID: Addgene 50456;
Viral Vector Facility, Zurich University) were applied at DIV1 on top of the
hippocampal CA1 region by a microinjector (Eppendorf, Femtolet) aided
by a stereoscopic microscope (Leica, M80). This resulted in widespread,
but sparse GFP and G_-HA expression in GABAergic neurons, which partially
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overlapped. Two-photon time lapse imaging was performed when slices were
kept 2 to 3 weeks in vitro. After a baseline period (5 time points), G_signaling
was activated by bath application of 10 uM CNO (Tocris Bioscience), which
was continued until the end of the experiment. Post hocimmunostaining was
performed using rat anti-HA primary antibodies (Roche, #11 867 423 001;
1:500; RRID: AB_390918) and anti-rat Alexa568 (Life Technologies, A11077,
1:500; RRID: AB_2534121) as secondary antibodies. We selected slices with
good GFP labeling in the dendritic layer for the two-photon experiments and
in 4 out of 13 slices we were able to identify up to 5 axons of each type
within the imaging area. Identification of HA+ and HA- axons was performed
in Fiji, bouton dynamics analysis in Matlab as described above.

Experimental Design and Statistical Analyses

All experiments were performed and analyzed blindly. Live imaging
experiments for bouton dynamics analysis were performed in paired
slices from the same animal and the same culture. Statistical analysis was
performed using GraphPad Prism software. Data are reported as mean %
standard error unless stated otherwise. The variance between axons was
larger than the variance between slices, indicating that individual axons
are independent measurements. Results from treatment and control
experiments were compared using the nonparametric Mann-Whitney U
test (MW). Distributions were compared with Kolmogorov-Smirnov test
(KS). Multiple comparisons were made using two-way ANOVA (2w ANOVA)
followed by Sidak’s test. Repeated two-way ANOVA analysis was used for
comparing NP bouton density and NP presence over time. P-values (not
adjusted for multiplicity) are indicated in the figure legends. Differences
were considered significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p <
0.001).
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Abstract

Endocannabinoid type 1 (CB1) receptor is the most abundant G-protein
coupled receptor in the brain. It is widely expressed in multiple regions
of central nervous system and peripheral nervous system. Activation of
CB1 receptors with endogenous or exogenous agonists induces receptor
internalization and desensitization. Internalized CB1 receptors are located
at endosomes, where they are sorted into lysosomes or recycled back to the
plasma membrane. Newly synthesized CB1R are anterogradely transported
from the soma to axonal terminals, but the regulation mechanism of CB1
receptor internalization and trafficking after activation remains unclear.
In addition, agonist-induced bias signals are common for many GPCRs,
including CB1 receptors. For instance, CB1 receptors have different dwell
times at plasm membrane upon activation with endogenous cannabinoid
2-AG or with chemical agonist WIN 55212-2 (WIN) and distinct downstream
effectors will be activated. However, it is unclear if biased signals affect
receptor trafficking and distribution of CB1 receptors. Here we investigated
CB1 receptor internalization in hippocampal slice cultures and primary
cultures. We found that the synthetic agonist WIN induced CB1 receptor
internalization and retrograde translocation of internalized CB1 receptors
into the soma, while endogenous cannabinoid 2-AG resulted in recycling
of internalized CB1 receptors back to the membrane. Furthermore, we
found that WIN-induced CB1 receptor internalization and translocation
was promoted by neuronal activity and G protein signals. Interestingly,
the difference in CB1 receptor internalization between WIN and 2-AG was
absent in cultured primary neurons. This demonstrates that CB1 receptor
internalization or trafficking is a highly regulated process.
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Introduction

Endocannabinoids in the central nerve system are widely distributed
neuromodulators involved in brain development, synaptic plasticity, stress
and learning (Tsou et al., 1998; Kano et al., 2009; Castillo et al., 2012). Most
of these effects are mediated through cannabinoid receptor type 1 (CB1).
CB1 receptors are G protein coupled receptors (GPCRs) and belong to the
class A GPCRs. Heterotrimeric G proteins contain three subunits: a, B and
y. Activated CB1 receptors promote switching of the Ga subunits from
the inactive guanosine diphosphate (GDP) state to the active guanosine
triphosphate (GTP) state. Active Ga dissociates from the heteromeric G
protein complex and can interact with multiple downstream effectors,
including enzymes and ion channels. Typically, CB1 receptors are coupled to
Ga, proteins (Howlett et al., 2002; Busquets-Garcia et al., 2018). Activated
Ga, inhibits adenylyl cyclase (AC), the enzyme that converts ATP into cyclic
adenosine monophosphate (cCAMP). Activation of presynaptic CB1 receptors
therefore typically results in a reduction of cellular cAMP levels, which
reduces neurotransmitter release via a decrease in RIM phosphorylation
by cAMP-dependent protein kinase A (PKA) (Chevaleyre et al., 2007). In
parallel, the released GPy subunits directly inhibit voltage-dependent
calcium channels (VGCC) and/or activate inward-rectifying K* channels,
also resulting in short-term synaptic depression (Kano et al., 2009). There is
accumulating evidence that activated CB1 receptors also interact with other
downstream effectors mediating alternative signal transduction pathways,
via other G-protein dependent effectors like Ga,, Gq, 612/13 (Lauckner et al.,
2005; Roland et al., 2014; Cui et al., 2016; Finlay et al., 2017; Wang et al.,
2017) as well as G protein independent effectors like B-arrestin (Nguyen et
al., 2012; Delgado-Peraza et al., 2016).

The diversity of downstream signaling after CB1 receptor activation may
result from functional selectivity induced by different agonists (Hua et al.,
2016; Laprairie et al., 2017). CB1 receptors in the brain are activated by two
major endogenous cannabinoids, 2-AG and AEA. In addition, there are many
chemical synthetic agonists, including CP55 940 and WIN 55212-2 (WIN).
WIN is widely used in endocannabinoid research because of its high affinity
of CB1 receptors and high stability in biological conditions (Compton et al.,
1992). Binding with different agonists can induce specific conformational
changes of the CB1 receptor (Laprairie et al., 2014; Shao et al.,, 2016),
resulting in the recruitment of different downstream effectors. For instance,
it has been reported that CB1 receptor activation by WIN or 2-AG results in
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a different dwell time at the membrane, which may result from different
receptor conformations, and this biases downstream signaling (Flores-Otero
et al., 2014; Delgado-Peraza et al., 2016).

CB1 receptors are not uniformly distributed in the central nervous system
(Tsou et al., 1998). They are highly expressed at inhibitory neurons, where
their distribution is polarized towards axonal shaft and terminals. Newly
synthesized CB1 receptors undergo protein quality control through cis-
and trans-Golgi modifications before they are inserted into to the plasma
membrane (Leterrier et al., 2006). The axonal polarization of CB1 receptors
is established through biased delivery via anterograde transport to the axon
and continuous internalization of CB1 receptors at the somatodendritic
region (Leterrier et al., 2006; Fletcher-Jones et al., 2019). The c-terminal
of CB1 receptors contains a H9 domain, which plays an important role for
maintaining polarity of the CB1 receptor distribution (Fletcher-Jones et
al., 2019). Internalization and desensitization of activated CB1 receptors is
regulated via interactions with GPCR kinases (GRKs) and B-arrestins (Jin et
al., 1999; Kouznetsova et al., 2002). Internalized CB1 receptors are sorted
into endosomes, and then they either recycle back to the membrane to
continue signal transduction or traffic into lysosomes to be degraded. The
distribution pattern of CB1 receptors can be regulated by receptor activity
(Leterrier et al., 2006; Simon et al., 2013), also the precise mechanisms
remain unresolved (Fletcher-Jones et al., 2020).

Here, we analyzed the CB1 receptor distribution in hippocampal slice
cultures. We find that some CB1 receptors get localized to the somata
of GABAergic cells after the acute WIN application that we used in our
two photon live imaging experiments, while their localization remained
strictly axonal in control slices. Blocking Ga,  activity or reducing neuronal
activity also increased CB1 receptor localization to GABAergic somata,
and WIN enhanced this effect. This suggests that G protein activity and
neuronal activated promote CB1 receptor internalization and/or retrograde
transport after WIN activation. In addition, longer and repeated treatment
with WIN further reduced CB1 receptor expression levels and enhanced
retrograde trafficking. However, endogenous agonist 2-AG had no effect,
suggesting functional selectivity of CB1 receptor signaling. Interestingly,
CB1 receptor expression patterns are different at organotypic hippocampal
slices and cultured dissociated neurons. WIN failed to induce CB1 receptor
internalization and trafficking in cultured dissociated neurons. This suggests
that the axonal distribution of CB1 receptor is largely dependent on intact
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neuronal networks, and that functional selectivity determined the agonist-
induced redistribution of CB1 receptors.
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Results

CB1 receptor location in somata after short WIN treatment and activity
block

As described in chapter 3, we performed post-hoc immunostaining of CB1
receptors in the slices that were used for the two-photon time lapse imaging.
These slices were treated for 5 minutes (bath application) with 20 uM WIN or
0.1% DMSO control, followed by 1.5 hr imaging. We could clearly distinguish
CB1- and CB1+ axons with similar certainty in control and WIN-treated slices,
but we did notice a subtle difference in CB1 expression pattern between
WIN-treated and control slices. In the hippocampus, C1B receptors are
typically located at axonal shafts and in presynaptic terminals of GABAergic
interneurons (Katona et al., 1999; Dudok et al., 2015). In agreement with the
literature, we observed only a few CB1+ somata in control slices. However,
we noticed that the number of CB1+ somata were significantly increased in
WIN-treated slices (Fig. 1B). A substantial fraction of CB1R+ somata were
also positive for GFP, indicating that they were GABAergic cells (Fig. 1A). We
assume that also GFP- somata with CB1R+ staining were GABAergic cells, as
they were located mostly outside of the pyramidal layer. We verified that
the number of GFP+ cells were similar in the images taken from control and
WIN-treated slices (Fig. 1C). These data suggest that activated CB1 receptors
are partially internalized and translocated into the cell body, which agrees
well with previous reports from literature (Coutts et al., 2001; Grimsey et al.,
2010; Thibault et al., 2013).

We also analyzed the density of CB1+ somata in slices that were treated
with PTX, a G, protein blocker, or TTX, a sodium channel blocker which
inhibits neuronal activity in the slice (see chapter 3). Interestingly, we found
that the number of CB1 positive somata were slightly increased under PTX
pretreatment and TTX conditions, and that CB1 activation by WIN did not
result in a further increase (Fig. 1B). This suggests that G protein activity and
neuronal activity play an important role in endocytosis and/or intracellular
transport of CB1 receptors.
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Figure 1. WIN induced CB1R accumulation at somata during acute treatment.

(A) Representative images of CB1R post hoc immunostaining (middle, red) after 5 minutes
of DMSO (control) or WIN application in hippocampal slices. Arrows indicate CB1R+ somata.
Scale bar 50um

(B) Density of CB1R+ somata in slices treated for 5 minutes with DMSO or WIN. Shown
are data from slices in normal ACSF, slices which were 24hr pretreated with PTX and slices
which were in ACSF containing TTX. MW tests: p = 0.0043 for ACSF comparison; p = 0.2 for
PTX comparison; p = 0.8 for TTX comparison. One-way ANOVA with Dunnett’s test, p = 0.14
comparison for control and control with PTX; p = 0.097 comparison for control and control
with TTX and p = 0.14 comparison between WIN and WIN with PTX; p = 0.66 comparison
between WIN and WIN with TTX.

(C) Density of GFP somata in slices treated for 5 minutes with DMSO or WIN. Shown are
data from slices in normal ACSF, slices which were 24hr pretreated with PTX and slices
which were in ACSF containing TTX. MW tests: p = 0.66 for ACSF comparison; p = 0.2 for
ACSF comparison; p = 0.78 for ACSF comparison.

Data from 7 slices in control group and 6 slices in WIN treated group. 4 paired slices under
PTX pretreated groups. 5 slices in control under TTX treatment and 4 slices with WIN under
TTX treatment.

CB1R translocation within axons after short WIN treatment
We further analyzed the CB1 receptor expression patterns in GFP-labeled
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inhibitory axons in these slices in more detail. At first glance, there was no
clear difference in CB1 receptor expression level in the axons in control
and WIN-treated slices (Fig. 2A), but under PTX and TTX conditions the CB1
receptor expression level appeared decreased after WIN treatment (Fig. 2B,
C). When we zoom in on individual axons, the CB1R staining is more dotty
and the clear outline of CB1R+ axons is absent under PTX and TTX conditions
(Fig. 2B, C). To quantify these changes, we made line profiles along GFP-
labeled CB1R+ axons (Fig. 2D) and determined the coefficient of variation
(CV) of the fluorescence profiles for GFP and CB1 signals. As expected, the
CV of the GFP signal was similar for all groups (Fig. 2E), indicating that axon
morphology was similar in all slices. However, the CV of CB1 receptor signal
along the inhibitory axons was significantly reduced under PTX conditions
(Fig. 2F). Unfortunately, we could not compare fluorescence intensities
between slices as image acquisition parameters were not kept constants for
all slices.

Under baseline conditions, the CB1R profile closely follows the GFP
profile, in agreement with the notion that CB1 receptors are not enriched
in presynaptic boutons, but evenly decorate the entire axonal membrane
(Dudok et al., 2015). This close alignment with CB1R levels and axonal
morphology is reflected in high Pearson’s correlation coefficients of the GFP
and CB1 fluorescence profiles (Fig. 2G). The PTX and TTX conditions did not
affect this correlation, but we observed that CB1 activation by WIN strongly
reduced Pearson’s correlation coefficients under these conditions (Fig. 2G).

Together our data indicate that WIN induces CB1 receptor translocation
towards the soma, probably after internalization (although we did not show
this directly) and redistribution along the axon. Furthermore, Gi protein
activity and neuronal activity appear to promote these processes, although
CB1R levels in the axons closely correlated with axonal morphology. Under
these conditions axonal CB1 receptors appear more sensitive to WIN-
induced translocation within the axon.

118



Agonist-induced changes in CB1 receptor distribution

A GFP CB1R
©
=
c
Q
@]
Z
B
>< Control WIN Contral WIN Contral WIN
= PTX TTX
o *k
F
25+ *
2.0
] & 1.5
5]
3 1.0
E 0.5
g 0.0
Control WIN  Conrol WIN  Control WIN
g G = T
C &
5
g
4
@
U»
s
4
> 4
'_
[
> _
}—
=
+
Z
- ‘

Figure 2. WIN induced CB1R internalization during acute treatment.

(A) Representative images of CB1R post hoc immunostaining (red) after 5 minutes
application of DMSO (upper) or WIN (lower) application in slices in normal ACSF.

(B) Representative images of CB1R post hocimmunostaining (red) after 5 minutes application
of DMSO (upper) or WIN (lower) application in slices after 24hr PTX pretreatment.

(C) Representative images of CB1R post hoc immunostaining (red) after 5 minutes
application of DMSO (upper) or WIN (lower) application in slices in ACSF containing TTX.
(D) Individual GFP-labeled inhibitory axon showing CB1R immunostaining (upper panel),
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and line profiles for GFP and CB1R signal (lower panel).

(E) Coefficient of variation (CV) of GFP signal. MW test: p = 0.93 for ACSF group; p = 0.55
for PTX group; p = 0.46 for TTX group. One-way ANOVA with Dunnett’s test within control,
p > 0.99 between DMSO and PTX; p > 0.99 between DMSO and TTX. One-way ANOVA
with Dunnett’s test within WIN treatment, p = 0.85 between WIN and WIN + PTX; p = 0.25
between WIN and WIN + TTX.

(F) Coefficient of variation (CV) of CB1R signal. MW tests: p = 0.73 for ACSF group; p = 0.34
for PTX group; p > 0.99 for TTX group. One-way ANOVA with Dunnett’s test within control,
p = 0.031 between DMSO and PTX; p = 0.27 between DMSO and TTX. One-way ANOVA
with Dunnett’s test within WIN treatment, p = 0.002 between WIN and WIN + PTX; p = 0.15
between WIN and WIN + TTX.

(G) Pearson correlation coefficient of CB1R vs GFP from acute DMSO/WIN group, p = 0.62
MW test; p = 0.014 at acute DMSO/WIN group under PTX treatment; p = 0.14 under TTX
treatment. One-way ANOVA with Dunnett’s test within control, p = 0.35 between DMSO
and PTX; p = 0.99 between DMSO and TTX. One-way ANOVA with Dunnett’s test within WIN
treatment, p = 0.002 between WIN and WIN + PTX; p = 0.097 between WIN and WIN + TTX.
Data from 9 axons of 3 individual slices per each group.

WIN induced CB1R translocation towards the soma after repeated
treatment

We next asked whether repeated agonists treatment further enhances CB1
receptor internalization. We therefore performed repeated treatments (3
times, 20 minutes, interval 2 hours), followed by immunostainings after 24
hours. Here we compared repeated CB1R activation with 2-AG and with
WIN. These are both agonists of CB1 receptors, but 2-AG is expected to
degrade rapidly in biological tissue, while WIN will stay active. We observed
that CB1R expression levels appeared unaffected by the repeated 2-AG
treatment (Fig. 3A, B). However, we observed a clear reduction in overall
CB1R immunofluorescence level and an increased accumulation into
somata after repeated WIN treatment (Fig. 3C). WIN induced CB1 receptors
internalization and translocation is consisted with previous studies (Thibault
etal., 2013).
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Figure 3. Agonists alters distribution of CB1 receptors after repeated treatment.

(A-C) Representative images of CB1R immunostaining in GAD65-GFP slices 24 hours after
repeated (3x 20min treatment) DMSO (A), WIN (B) or 2-AG (C) treatment in hippocampal
slices. Scale bar 50um

2-AG

WIN

In addition, we determined fluorescence profiles of CB1 receptors along GFP-
labeled axons in these slices (Fig. 4A). After repeated activation by WIN, but
not by 2-AG, axonal CB1 receptor levels were dramatically reduced compared
to control and the remaining CB1 receptors appeared accumulated at
boutons (Fig. 4A). Indeed, quantification of the mean intensity of the axonal
profiles of VGAT (Fig. 4B), GFP (Fig. 4C) and gephyrin (Fig. 4E), were similar in
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all slices, but CB1R intensity was strongly reduced in WIN-treated slices (Fig
4D). We analyzed the coefficient of variation (CV) of the fluorescent profiles
along the GFP-labeled axons. The CV of CB1 receptor signals were significant
decreased after repeated WIN treatment (Fig. 4H). In contrast, there was
no effect on CV of VGAT, gephyrin or GFP profiles (Fig. 4F, G, 1), indicating
that the effect was specific for CB1 receptors. Furthermore, the correlation
between CB1 receptors and axonal morphology (GFP profile) also was
significantly decreased (Fig. 4J). Interestingly, we also observed a decrease in
correlation between CB1R and gephyrin, which may result from loss of CB1
receptors in boutons. (Fig. 4K). These data indicate that repeated activation
of CB1 receptors by WIN, but not by 2-AG, induce a significant reduction in
axonal receptor levels and possible translocation of CB1 receptors towards
boutons. The loss of axonal CB1 receptors appears to represent a loss of
function, as we observed, in clear contrast with our earlier observations
after 2-AG (Fig. 2 in chapter 3), that the presynaptic VGAT and postsynaptic
gephyrin puncta density at dendritic area of CA1 were not affected after
repeated WIN application (Fig. 4L, M).
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Figure 4. Agonists induced CB1R internalization after repeated treatment.

(A) Representative axon images of CB1R (red), VGAT (blue), Gephyrin (magenta) after
repeated DMSO, WIN or 2-AG treatment in hippocampal slices. Scale bar 50um

(B) Mean intensity of VGAT, one-way ANOVA with Turkey’s test, p = 0.87 between DMSO
and WIN; p = 0.65 between DMSO and 2-AG; p = 0.39 between WIN and 2-AG.

(C) Mean intensity of GFP, one-way ANOVA with Turkey’s test, p = 0.99 between DMSO and
WIN; p = 0.25 between DMSO and 2-AG; p = 0.26 between WIN and 2-AG.

(D) Mean intensity of GFP, one-way ANOVA with Turkey’s test, p = 0.0016 between DMSO
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and WIN; p = 0.96 between DMSO and 2-AG; p = 0.0008 between WIN and 2-AG.

(E) Mean intensity of GFP, one-way ANOVA with Turkey’s test, p = 0.23 between DMSO and
WIN; p = 0.99 between DMSO and 2-AG; p = 0.19 between WIN and 2-AG.

(F) Coefficient of variation (CV) of VGAT, one-way ANOVA with Turkey’s test, p = 0.22
between DMSO and WIN; p = 0.46 between DMSO and 2-AG; p = 0.82 between WIN and
2-AG.

(G) Coefficient of variation (CV) of GFP, one-way ANOVA with Turkey’s test, p = 0.57
between DMSO and WIN; p = 0.052 between DMSO and 2-AG; p = 0.46 between WIN and
2-AG.

(H) Coefficient of variation (CV) of CB1R, one-way ANOVA with Turkey’s test, p < 0.0001
between DMSO and WIN; p = 0.77 between DMSO and 2-AG; p < 0.0001 between WIN and
2-AG.

(I) Coefficient of variation (CV) of Gephyrin, one-way ANOVA with Turkey’s test, p = 0.86
between DMSO and WIN; p = 0.51 between DMSO and 2-AG; p = 0.87 between WIN and
2-AG.

(J) Pearson correlation coefficient of CB1R vs GFP, one-way ANOVA with Turkey’s test, p <
0.0001 between DMSO and WIN; p = 0.75 between DMSO and 2-AG; p < 0.0001 between
WIN and 2-AG.

(K) Pearson correlation coefficient of CB1R vs Gephyrin, one-way ANOVA with Turkey’s
test, p = 0.0016 between DMSO and WIN; p = 0.79 between DMSO and 2-AG; p = 0.0003
between WIN and 2-AG.

(L) Normalized VGAT puncta density under repeated WIN (20uM) treatment; p =0.49 (MW).
(M) Normalized gephyrin puncta density under repeated WIN (20uM) treatment; p = 0.64
(MW).

Data from 13 image stacks in seven slices in control and 2-AG treated group, and 11 image
stacks in six slices in WIN treated group.

Different CB1R distributions in organotypic hippocampal slices and cultured
primary neurons

The molecular mechanisms underlying the observed differences in
CB1R translocation after 2-AG vs WIN activation are unclear. Molecular
mechanisms of receptor internalization and translocation are often studied
in more simple systems, such as cell lines. We therefore wondered if we
could further study these processes in cultured primary neurons. CB1
receptors are well expressed in primary hippocampal neurons (Roland et al.,
2014; Fletcher-Jones et al., 2019).

We compared the CB1 receptor distribution in organotypic hippocampal
slices and cultured neurons. In slices, CB1 receptors are highly abundant in
the CA1 cell layer, and CB1R staining closely overlaps well with VGAT staining,
beautifully outlining the somata of the CA1 pyramidal cells. In addition, it is
easy to follow CB1R+ axons in the imaging field (Fig. 5A). As described above,
repeated WIN application results in a loss of CB1 receptor staining at axons
and VGAT terminals, and a gain of CB1R staining in (presumably) GABAergic
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stomata (Fig. 5A). In clear contrast, CB1 receptors appeared much more
abundant in cultures of primary hippocampal neurons. CB1R staining was
present in many (if not all) somata and neurites, including axons, which can
be identified with Tau immunostaining (Fig. 5B). The staining pattern was not
strongly affected by WIN activation. These data indicate that CB1 receptor
distributions are very different in these two culture systems.
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Figure 5. Different CB1R distributions in organotypic slices and cultured primary neurons.
(A) Representative images of CB1R and VGAT immunostaining in organotypic hippocampal
slices after repeated DMSO (control) of WIN treatment (3x 20 min treatment, 24 hours later
fixation). Scale bar is 25 pm.

(B) Representative image of CB1R and Tau immunostaining in cultured primary hippocampal
neurons after 24 hours treatment with DMSO or WIN. Scale bar is 100 pm.

(C, D) Representative image of axonal intensity profile of VGAT, Tau, CB1R and Rab5A
immunostaining in cultured primary neurons treated with DMSO (C) or WIN (D) for 24
hours. Bottom: Axonal line profile of fluorescence intensities. Scale bar is 1.5 um.

We analyzed axonal intensity profiles for VGAT, tau and CB1R and Rab5a in
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primary cultures after WIN treatment to address if CB1R translocation was
similar comparedtoslice cultures (Fig.5C, D). Here we included the endosome
marker Rab5a to examine if activated CB1R get located to endosomes (Irving
et al., 2000). We examined three different WIN treatments: 5 minutes
treatment followed by 1.5 hrs washout and recovery (similar to the short
WIN treatment during the two-photon live imaging experiments in chapter
3), and continuous WIN treatment for 1 hr and for 24 hrs. In cultures that
were treated for only 5 minutes with WIN, we observed an increased
intensity of VGAT, Tau and Rab5A profiles, while CB1R immunofluorescence
levels remained unaffected (Fig. 6A-D).

When we compared these results with the 1 hr and 24 hrs WIN treatments,
we found that the changes in VGAT and Tau immunofluorescence intensity
were somewhat variable between the different WIN treatments and not very
pronounced (Fig. 6E-L). In fact, the intensity of VGAT profiles was decreased
after 24 hours WIN treatment, possibly reflecting synaptic weakening
after prolonged CB1R activation (Monday et al., 2020). Interestingly, we
consistently observed an increase in Rab5A intensity profiles in WIN treated
versus control cultures (Fig. D, H, L), suggesting that CB1R activation results
in an increase in endosomes in axons.

In addition to the change in Rab5a intensity, we consistently observed an
increased correlation between the axonal Rab5A profiles with CB1 receptors
and Tau immunostaining profiles after all WIN treatments (Fig. 6M-R).
These data suggests that CB1R activation mobilizes Rab5A endosomes into
axons, and that activated CB1R may translocate to endosomes after WIN
application. However, drawing conclusions from these data should be done
with great care as CB1R translocation after WIN activation was not very
strong and we could not detect any clear difference between VGAT+ and
VGAT- axons in any of these parameters (data not shown). Furthermore,
the clear differences between CB1R localization in organotypic slices and
cultured primary neurons prevents generalization of these observations to
our previous findings in intact tissue.
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Figure 6. WIN has no effect on CB1R internalization during acute, short or long-term
treatment in disassociated neuron culture.

(A-L) Mean density of VGAT (blue), Tau (green), CB1R (red) and Rab5 (magenta) from acute
5 minutes WIN treatment, then fixation after 1.5 hours (A-D). Mean intensity of VGAT in A,
p = 0.017 (MW); mean intensity of Tau in B, p = 0.04 (MW); mean intensity of CBIRin C, p =
0.62 (MW); mean intensity of Rab5A in D, p = 0.042 (MW). Mean density of VGAT (blue), Tau
(green), CB1R (red) and Rab5 (magenta) from 1 hour WIN treatment (E-H). Mean intensity
of VGAT in E, p = 0.66 (MW); mean intensity of Tau in F, p = 0.65 (MW); mean intensity of
CB1R in G, p = 0.82 (MW); mean intensity of Rab5A in H, p = 0.09 (MW). Mean density of
VGAT (blue), Tau (green), CB1R (red) and Rab5 (magenta) from 24 hours WIN treatment (I-
L). Mean intensity of VGAT in |, p = 0.0058 (MW); mean intensity of Tau in J, p =0.036 (MW);
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mean intensity of CB1R in K, p = 0.85 (MW); mean intensity of Rab5A in L, p = 0.038 (MW).
(M-R) M is the Pearson’s correlation coefficient of CB1R vs Rab5A, p = 0.0016 (MW). N is
the Pearson’s correlation coefficient of Tau vs Rab5A, p = 0.017 (MW). O is the Pearson’s
correlation coefficient of CB1R vs Rab5A, p = 0.0088 (MW). P is the Pearson’s correlation
coefficient of Tau vs Rab5A, p = 0.039 (MW). Q is the Pearson’s correlation coefficient of
CB1R vs Rab5A, p < 0.0001 (MW). R is the Pearson’s correlation coefficient of Tau vs Rab5A,
p < 0.0001 (MW). Data from 36 axons in 4 cultures per groups (only repeated 2 round).
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Discussion

In the present study, we found that the synthetic CB1R agonist WIN
promotes CB1 receptor translocation within axons and towards the soma in
organotypic hippocampal slices. Although we did not address this directly,
this translocation likely requires receptor internalization, followed by
intracellular transport (Coutts et al., 2001; Grimsey et al., 2010; Winckler
and Mellman, 2010; Simon et al., 2013). Surprisingly, activation of CB1
receptors with the endogenous agonist 2-AG did not induce any prominent
translocation of CB1 receptors, not even after repeated 2-AG application.
Finally, we observed that CB1 receptor expression patterns were dramatically
different between organotypic hippocampal slices and cultured primary
hippocampal neurons.

We observed two different translocations of CB1 receptors, towards the
soma and within axons. First of all, we observed that WIN treatment resulted
in CB1 receptor localization in somata. These somata presumably belong
to CB1R+ GABAergic cells, as a substantial overlap with GFP was found,
and most CB1R+ somata were located outside of the pyramidal cell layer.
This fits well with the reported expression of CB1 receptors by a subset of
GABAergic cells (Klausberger et al., 2005; Dudok et al., 2015), which only
partially overlaps with GFP expression in GAD65-GFP mice (Wierenga et
al., 2010). This suggests that WIN treatment did not induce aberrant CB1R
expression in cells that normally do not express CB1R. In vivo, CB1 receptors
are restricted to the axons of these cells (Katona et al., 1999, 2006; Dudok
et al., 2015). CB1 receptors have fast turnover in vivo (Garzén et al., 2009;
Ogasawara et al., 2015). CB1R location in the somata of CB1R+ cells may
reflect translocation of receptors from the axons back in the soma (Thibault
et al., 2013), possibly to undergo lysosomal degradation. However, our data
does not exclude that CB1 receptors in the soma reflect buildup of newly
synthesized CB1 receptors, for instance by impaired transport towards the
axon (Fletcher-Jones et al., 2019).

We observed that under certain circumstances (not in control slices)
WIN treatment resulted in a more subtle reorganization of CB1 receptors
within the axon, in which the perfect alignment with CB1 receptors and
axonal morphology was disturbed. This suggests that activation of axonal
CB1 receptors lead to local recycling of receptors to and from the axonal
membrane. It is possible that this reflects clustering at presynaptic boutons,
similar to what has been described for other G-protein coupled receptors
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(Jullié et al., 2020). It remains unclear if this reorganization towards boutons
does not occur under control conditions, or if it remains undetectable. If
only a portion of axonal CB1 receptors get reorganized after WIN treatment,
the overall density of axonal CB1 receptors will determine if changes are
detectable.

An important observation from the present study is that CB1R translocation
was strongly influenced by PTX and TTX. When PTX or TTX was present in
the ACSF, CB1 receptors were already present in somata in the absence
of WIN treatment (Fig. 1). Furthermore, in PTX and TTX conditions WIN
induced significant CB1R reorganization within axons that was not observed
under normal conditions. These observations appear to directly contradict
previous studies, which reported that PTX is not involved in agonist-induced
CB1 receptor internalization in cultured primary neurons (Hsieh et al.,
1999; Coutts et al., 2001). The apparent contradiction may be explained
by the difference in model system. Interestingly, we previously observed
that CB1R-mediated bouton formation was maintained in PTX and TTX
conditions (Figures 7Aand 7D in chapter 3), indicating that the WIN-induced
translocation of axonal CB1 receptors, either within axons or towards the
soma, does not interfere with the CB1R signaling pathways required for
bouton formation. Unfortunately, we could not determine overall CB1R
density in our slices and this will be an important parameter to determine in
future experiments. Overall CB1R expression levels appeared not extensively
affected, as overall CB1R immunostaining appeared comparable to control
conditions and CB1R+ and CB1R- axons could be clearly distinguished (Fig.
2A). One possibility is that under PTX and TTX conditions, CB1R delivery to
axons may be impaired, resulting in a buildup of CB1Rs in the soma and a
reduced level of CB1Rs in the axons. This may explain the reduced CV of
CB1R intensity profiles in axons (Fig. 2D) and the impaired correlation of CB1
receptor profiles with axonal morphology (Fig. 2E), without the need for a
direct effect on the internalization process (Hsieh et al., 1999; Coutts et al.,
2001). At this point, we do not have any good explanation how PTX and TTX
may interfere with delivery of CB1 receptors into axons. Alternatively, PTX
and TTX may have a direct effect on CB1R translocation, for instance via
decreasing phosphorylation of CB1 receptors, which is required for receptor
recycling, which may alter post-endocytic trafficking (Bradbury et al., 2009;
Flores-Otero et al., 2014; Kunselman et al., 2019).

The total number of CB1 receptors present at the cell surface determines
the potential for a physiological response to an endocannabinoid signal.
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Here, we found that two widely used agonists affect the distribution of CB1
receptor differentially (Fig. 3A). Prolonged activation of CB1 receptor by
WIN significantly reduced axonal CB1 receptor expression, while axonal CB1
receptors remained in place after repeated activation by the endogenous
agonist 2-AG. This is an important observation as many electrophysiology
studies use WIN instead of 2-AG in experiments. Interestingly, anandamide
(the other endocannabinoid in the brain) showed similar effects as WIN on
CB1 receptor distribution (Hsieh et al., 1999). This difference may reflect
functional selectivity of CB1 receptors, a bias towards downstream signaling
pathways after activation that is determined by the specific agonist. Indeed,
a clear difference in dwell time at the plasma membrane was reported when
CB1 receptors are activated by WIN or by 2-AG (Flores-Otero et al., 2014).
As 2-AG prolongs the receptor dwell time, it may bias towards B-arrestin
signaling cascades participating in CB1 receptor internalization. However,
one should be careful with this interpretation, as the duration and strength
of CB1R activation are also important determinants of effective CB1R
signaling (Cui et al., 2016, 2018). Even though we applied both agonists for
20 minutes to our slices, the efficient CB1R activation in these slices is likely
different between 2-AG and WIN treatment. 2-AG gets rapidly degraded in
neural tissue by degradation enzymes such as MAGL (Lee et al., 2015; Lenkey
et al., 2015), which is expected to substantially shorten CB1R activation. WIN
is a synthetic agonist and will remain stable and active during the entire 20
minutes.

Another important observation in this study is that translocation of CB1
receptors is different in cultured primary neurons and organotypic slices.
In primary cultures, we found that WIN-induced activation of CB1 receptors
increases the Rab5a-containing endosomes in axons (lrving et al., 2000)
and that WIN increased the colocalization of CB1 receptors with Rab5a.
However, we observed that CB1 receptors were localized to many, if not all,
somata and neurites of cultured primary neurons. This is in clear contrast to
organotypic slices and in vivo, where CB1 receptors are selectively localized
to axons of GABAergic CB1R+ cells. This polarized distribution is very
important for CB1R function. The nonselective distribution of CB1 receptor
in cultured primary neurons may reflect the relative immature state of these
neurons, or a difference in ambient endocannabinoid levels and ongoing
CB1 receptor activation. However, this significantly limits the interpretation
of our findings in cultured primary neurons.

Itis important to realize that WIN-induced bouton formation appears largely
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independent of the CB1R reorganization or translocation that we studied in
this chapter. Under control conditions, 5 minutes of WIN treatment induces
rapid bouton formation without any detectable receptor reorganization or
translocation of CB1R receptors in the inhibitory axons (Fig. 2). Also after
repeated 2-AG treatment, which induces the formation of new inhibitory
presynaptic terminals (Liang et al., 2021), CB1R profiles remained unchanged
(Fig. 4). Even more, under PTX and TTX conditions in which CB1R expression
was altered, WIN continued to induce bouton formation. In this case, axonal
receptor levels may be reduced, but receptors remain evenly distributed
over the axonal membrane. This would be consistent with a specific role
for extrasynaptic, axonal CB1 receptors in inhibitory synapse formation. A
translocation of extrasynaptic CB1 receptor into presynaptic boutons after
local CB1 receptor activation may represent a mechanism to limit further
inhibitory bouton formation.
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Materials and Methods

Transgenic GAD65-GFP mice from both sexes were used in these experiments.
All animal experiments were performed in compliance with the guidelines
for the welfare of experimental animals issued by the Federal Government
of the Netherlands. All animal experiments were approved by the Animal
Ethical Review Committee (DEC) of Utrecht University

Mouse organotypic hippocampal slice culture

Organotypic mouse hippocampal slices were acquired from female and male
GAD65-GFP mice at 6-7 days after birth. In these mice, ~20% interneurons
are labelled by GFP from early embryonic developmental stage into
adulthood (Lépez-Bendito et al., 2004). Most GFP-labelled interneurons
target dendrites of CA1 pyramidal cells and express VIP or reelin, while
parvalbumin and somatostatin-positive neurons are not labelled. Slice
culture preparation details are described previously (Frias et al., 2019; Hu et
al., 2019) . Mice were sacrificed and the isolated hippocampus was placed
in ice-cold HEPES-GBSS (containing 1.5 mM CaCl.-2H,0, 0.2 mM KH,PO,, 0.3
mM MgSO,-7H,0, 5 mM KCI, 1 mM MgCl,-6H,0, 137 mM Nacl, 0.85 mM
Na,HPO, and 12.5 mM HEPES) supplemented with 12.5 mM HEPES, 25 mM
glucose and 1 mM kynurenic acid (pH set around 7.2, osmolarity set around
320 mOsm, sterile filtered). Slices were vertically chopped along the long axis
of hippocampus at thickness of 400 um. They were then quickly washed with
culturing medium (consisting of 48% MEM, 25% HBSS, 25% horse serum,
30 mM glucose and 12.5 mM HEPES, pH set at 7.3-7.4 and osmolarity set
at 325 mOsm) and transferred to Millicell cell culture inserts (Milipore) in
6-well plates. Slices were cultured in an incubator (35 °C, 5% CO,) until use.
Culturing medium was completely replaced twice a week. Slices were used
after 2 to 3 weeks in vitro, when the circuitry is relatively mature and stable
(De Simoni et al., 2003).

Primary neuron cultures

Primary neurons were acquired from rat hippocampi at embryonic day 18,
which were dissected and dissociated in trypsin in 37°C water bath. Neurons
were plated on coverslips pre-coated with poly-L-lysine (37.5ug/mL) and
laminin (1.25ug/mL). Neurobasal medium (NB) contained 1% B27 (GIBCO),
0.5mM glutamine (GIBCO), 15.6uM glutamate (Sigma), and 1% penicillin/
streptomycin (GIBCO) under controlled temperature and CO2 conditions
(37°C, 5% C0O2) was used for neuron culture (Pan et al., 2019). Treatments
started at DIV 22.
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Immunocytochemistry and confocal microscopy of organotypic slices
Fixation of the slices was performed in 4% paraformaldehyde (PFA) for
30 minutes at room temperature covered by aluminum foil. Following
washing with phosphate-buffered saline (PBS; 3x 10 minutes), slices were
permeabilized with 0.5% Triton X-100 (15 minutes), followed by PBS washing
(3x 5 minutes), and 1 hour incubation in blocking solution (0.2% Triton X-100
and 10% goat serum). Application of primary antibodies in blocking solution
was performed overnight at 4 °C. After PBS washing (3x 15 minutes),
secondary antibodies were applied for 4 hours. After PBS washing (2x 15
minutes), slices were mounted in Vectashield solution.

We used the following primary antibodies: rabbit a-VGAT (Synaptic
Systems, 131 003; 1:1000; RRID: AB 887869), mouse a-gephyrin (Synaptic
Systems, 147 011; 1:1000; RRID: AB_887717 ), mouse a-CB1R (Synaptic
Systems, 258 011; 1:1000; RRID: AB_2619969), and the following secondary
antibodies: anti-mouse Alex647 (Life Technologies, A21241, 1:500; RRID:
AB_2535810) and anti-rabbit Alex405 (Life Technologies, A31556, 1:250;
RRID: AB_221605) for VGAT and gephyrin staining, anti-mouse Alexa647 (Life
Technologies, A21236, 1:500; RRID: AB_2535805) and anti-mouse Alexa568
(Life Technologies, A11031, 1:500; RRID: AB_144696) for CB1R staining.
Acquisition of confocal images was performed under Zeiss LSM-700
microscope system with a 20x (Plan-Apochromat 20x/0.8 M27) and a 63x oil-
immersion objective (Plan-Apochromat; NA=1.4). Image size was 101.3 um
x 101.3 um (1024 x 1024 pixels) with 0.3 um z steps for axon reorganization,
and up to 203 um x 203 um for somata identification. Tile scans with
customized z-stack imaging was used for analyzing CB1 receptor distribution
at organotypic hippocampal slices. Fluorescence intensity profiles were
measured using line profiles in Fiji with a line width of 15 pixels.

Immunohistochemistry and confocal imaging of cultured primary neurons
Cultured primary neurons were treated by transferring the coverslips in a
new well containing half new medium and half old medium with 20uM WIN-
552112-2 or DMSO. After the 5 minutes treatment, neurons were put back in
the incubator in control medium for 1.5 hours and then they were fixed. For
1 hr and 24 hrs WIN treatments, neurons were immediately fixed after 60
minutes or 24 hours WIN treatment respectively. Neurons were fixed with
200 pL 4% PFA for 10 minutes. Subsequently, the neurons were washed for
3 times for 5 minutes in PBS, then 1XGDB buffer was used as blocking buffer
for 30 minutes. Primary antibodies (Synaptic Systems 258011; mouse anti-
CB1R 1:500, Synaptic Systems 131006; chicken anti-VGAT 1:500, Chemicon
mouse anti-tau 1:500, and Invitrogen rabbit anti-Rab5a 1:500) were added
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to the neurons in blocking buffer for 1 hour. The neurons were then
washed again 3 times for 5 minutes with PBS, Secondary antibodies (Life
Technologies A21236 anti-mouse Alexa 647 1:500, BioConnect ab175675
anti-chicken Alexa 405 1:500, Life Technologies A21141 anti-ms-IgG2B Alexa
488 1:500, and Life Technologies A21135 anti-mslgG2A 1:500) were added
into blocking buffer for 3 hours incubation. Finally, neurons were washed 3
times for 10 minutes in PBS and mounted in Vectashield solution. Neurons
were kept at 4 degrees in the dark for storage.

All image acquisition was performed under a Zeiss LSM-700 microscope
system with a 20x (Plan-Apochromat 20x/0.8 M27) and a 63x oil-immersion
objective (Plan-Apochromat; NA=1.4). The 20x objective was used to make
an overview of the neurons, while the 63x objective was used to image a
single neuron and axons. Around 11 steps z-stack imaging (step size 0.3 um)
was made for acquiring intact information. Fluorescence intensity profiles
were measured as described above.

For synapse quantification images were analyzed in Fiji using a custom
macro (Ruiter et al., 2020; Liang et al., 2021). An average projection image
was made from 5 z-planes, images were median filtered (1 pixel radius) and
individual puncta were identified using watershed segmentation.

Experimental Design and Statistical Analyses

All experiments were performed and analyzed blindly. Statistical analysis
was performed using GraphPad Prism software. Data are reported as mean +
standard error unless stated otherwise. Results from treatment and control
experiments were compared using the nonparametric Mann-Whitney U
test (MW). One-way ANOVA with Dunnett’s test was used for comparing
difference among multiple groups/treatment.

Author contributions:

JL and CJW conceived the research and designed the experiments. JL
performed and analyzed all experiments, with pilot experiments performed
by BJBV. JL and CJW wrote the manuscript. CJW supervised the research.
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Dysfunction of synaptic inhibition is associated with a wide spectrum of
brain diseases. In this thesis, | have shown that the formation of inhibitory
boutons is a dynamic process. Multiple proteins and signal modulators are
involved in this process. It is crucial to explore the molecular mechanisms
of inhibitory bouton dynamics and inhibitory synapse formation to develop
experimental tools to address how altered synaptic inhibition influences
neuronal circuit activity and behavioral state. This may yield new insights
into dysfunction of inhibition in diseases.

Inhibitory bouton formation is a dynamic, multi-step process. One of the key
guestions is which signaling pathways and proteins are involved in different
stages of inhibitory bouton formation. This thesis forms a start to answering
this question. In chapter 2 we demonstrated that the secreted protein
Sema4D plays a specific role in stabilizing non-persistent boutons. We found
that Sema4D-induced bouton stabilization requires receptor tyrosine kinase
MET, and that this process involves actin depolymerization and is dependent
on neuronal network activity. Multiple intrinsic and external factors including
aging, neuronal activity, neuromodulators could affect bouton dynamics,
and we will discuss some of these in this final chapter.

In chapter 3 we found that activation of CB1 receptors induced new bouton
formation and stabilizing boutons. CB1 receptors are G-protein coupled
receptor (GPCR), and highly abundant at axons and axonal terminals of
inhibitory neurons. We demonstrated that endocannabinoids mediated
bouton formation involves an unconventional Gs dependent signal pathway.
However, the precise downstream effector pathways after receptor
activation are still unclear, and we will deliberate potential targets after
activation of CB1 receptors involved in bouton formation.

Typically, GPCRs are internalized and then recycled back to the membrane
after activation. Interestingly, in chapter 4 we observed that activation by
WIN, but not by the endogenous cannabinoid 2-AG induces CB1 receptor
clustering in the somata of GFP-labeled GABAergic neurons. The mechanism
underlying thisinternalization and trafficking of axonal CB1 receptors remains
unresolved. However, the ligand dependence suggests functional selectivity,
i.e., biased signal cascades downstream of CB1 receptors, resulting in ligand-
dependent CB1 receptor distribution. Functional selectivity of CB1 receptors
makes endocannabinoid signal highly complex, and we will discuss this in

more detail in this final chapter.
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Molecular identity of inhibitory non-persistent boutons

The neuronal synapse is the place for neuronal information exchange and
transfer. A change in synapses - synaptic plasticity - alters information
processing and is therefore tightly associated with learning and memory
(Stuchlik, 2014; Takeuchi et al., 2014; Abraham et al., 2019). The structure
of synapses has been described in detail (Harris and Weinberg, 2012; Liu et
al., 2019) and modern superresolution microscopy has recently revealed the
molecular organization of mature inhibitory synapses (Specht et al., 2013;
Pennacchietti et al., 2017). However, we do not yet have a complete list of
all molecular components at these synapses and we also do not know in
what order they have to assemble to form new inhibitory synapses (Dobie
and Craig, 2011; Frias and Wierenga, 2013). Our live imaging approach
revealed that inhibitory synapse formation is a highly dynamic process: the
transition from an empty axon-dendrite crossing to a functional inhibitory
synapse involves specific molecular steps including initial bouton formation,
bouton stabilization, and synaptic protein clustering (Wierenga et al., 2008;
Dobie and Craig, 2011; Frias and Wierenga, 2013; Wierenga, 2017).

The vast majority of boutons (~80%) of an inhibitory axon is persistent. We
showed in chapter 2 that these are occupied with presynaptic VAGT and
faced along with postsynaptic protein gephyrin and they represent mature,
and stable inhibitory synapses. However, ~20% of inhibitory boutons are
non-persistent boutons and their identity cannot be seen from a single
snapshot. Only by following the dynamics of boutons over time using live
imaging, we could identify the developmental stage of individual boutons.

By characterizingthe sequence of eventsthat occursduringinhibitory synapse
formation, it should be possible to find markers for specific developmental
stages of boutons. For instance, in chapter 2 we found that presynaptic
VGAT occurs at an earlier stage during synapse formation compared to
postsynaptic gephyrin. We used this knowledge in chapter 3, where we
observed that repeated CB1 receptor activation increases the number of
VGAT puncta that are not associated with gephyrin. This suggested that
inhibitory bouton formation was ‘stuck’ at an early stage. Indeed, detailed
live imaging revealed that cAMP/PKA signaling downstream of axonal
CB1 receptors promotes the initial bouton formation, but that additional,
probably activity-dependent processes are required for subsequent bouton
stabilization and gephyrin recruitment.
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It will be very useful to have immunohistochemical markers for inhibitory
synapses at different developmental stages. For instance, in several diseases,
inhibitory synapse developmentisimpaired or delayed (Milosevicetal., 2018;
Davenportetal.,2019; Shimojo etal., 2020; Kurucu etal.,2021). Havingagood
marker for synapse development would allow comparing inhibitory synapse
development in different conditions and brain areas. As it is much harder to
chemically isolate inhibitory synapses compared to excitatory synapses, the
molecular components of inhibitory synapses remained largely unknown for
a long time. However, with advanced mass spectrometry, numerous bouton
proteins have now been identified, including synaptic vesicle proteins, active
zone proteins, and synaptic adhesion proteins that are specific for inhibitory
synapses (Ken H. Loh et al., 2016). Some of these proteins may be good
candidates for markers of different developmental stages of non-persistent
boutons. For instance, Mdgal is a well-known ligand for Neuroligin 2 and
Mdgal inhibits inhibitory synapse formation by disrupting the interaction
between neurexin and neuroligin 2 (Lee et al., 2013; Pettem et al., 2013).
Additionally, Mdgal is highly colocalized with VGAT, which suggests a
potential role in inhibitory synapse pruning (Ken H. Loh et al., 2016). This
would mean that Mdgal could be a marker for destabilizing boutons or
boutons that will be removed. It will be important to determine at which
stage which molecules get recruited to inhibitory synapses.

As we showed in chapter 2, it is well possible to combine two photon time-
lapse imaging with post hoc immunostaining, to determine during which
developmental stage some of these components are recruited. However,
establishing the sequence of molecular events by performing live imaging
followed by post hoc immunostaining for every protein of interest would be
very time-consuming. In addition, such an analysis can only be performed for
the small number of proteins for which excellent antibodies are available.
An alternative method would be to label proteins in living brain tissue and
to follow their recruitment during bouton formation under the two-photon
microscope. However, genetic encoding strategies to tag proteins of interest
with fluorescent labels have the considerable disadvantage that they
usually result in overexpression of the protein of interest. Especially in small
compartments like axons and boutons, even a small overexpression may
severely disturb cellular context and protein function (Shiraiwa et al., 2020).
Interestingly, the newest CRISPR (clustered regularly interspaced short
palindromic repeats) mediated knock-in approaches, like HITI (Homology
Independent Targeted Integration) or TKIT (Targeted Knock-In with Two),
provide a unique possibility to label endogenous proteins in post-mitotic
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neurons (Suzuki et al., 2016; Willems et al., 2020; Fang et al., 2021). In this
way, labeled proteins are expressed at endogenous levels and they can be
observed in their natural cellular environment. Importantly, there is no
real limitation in which proteins can be labeled, and the group of Harold
MacGillavry has already generated a library of synaptic proteins that includes
relevant candidates for inhibitory synapses (Willems2020). The use of self-
labeling proteins like Halo Tags or SNAP tags provide additional flexibility
to label endogenous proteins with diverse selective organic fluorophores
(Gautier et al., 2008; Los et al., 2008; Erdmann et al., 2019). When specific
molecular markers are identified, these can then be used to further
characterize the molecular components of the different developmental
stages of inhibitory bouton formation.

Factors implicated in inhibitory bouton dynamics

Inhibitory bouton dynamics are important so that neuronal networks are
flexible and can rapidly adapt to changing circumstances. Inhibitory synapses
can be adapted during learning and adaptation (Keck et al., 2011; Chéreau et
al., 2017; Sun et al., 2019). For instance, when mice were trained to learn a
complicated motor task, it was found that somatic inhibitory bouton density
was increased, while dendritic inhibitory bouton density was decreased
during the training period (Chen et al., 2015). The decrease in dendritic
inhibitory boutons is thought to facilitate the plasticity of the local excitatory
connections at dendritic spines that is required for learning the task. Indeed,
when the researchers interfered with inhibitory plasticity, motor learning
was impaired (Chen et al., 2015). A similar observation was made during
the reorganization of the visual cortex after a lesion in the eye. The density
of inhibitory boutons was quickly reduced (within 48 hr), allowing for a
massive turnover of excitatory connections during the next 2-3 months
(Keck et al., 2011). In our research group, we showed that if excitatory
synapses get overactive, endocannabinoids get produced which led to the
rapid formation of inhibitory synapses via CB1 receptors to reinstate (Hu,
Kruijssen 2019). These example studies show how the dynamic character
of inhibitory synapses allows continuous updating of synaptic connections.
These dynamics are therefore essential for experience-dependent learning
and adaptation of brain function.

Inhibitory presynaptic bouton dynamics reflect the dynamic processes of
inhibitory synapse formation and removal. Changes in cell shape and the
morphology of synapses likely indiacte modifications of the intracellular
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cytoskeleton (Basu and Lamprecht, 2018; Luxenburg and Zaidel-Bar, 2019).
Cytoskeleton filaments are present in boutons and play an important role
in synaptic versicles clustering. Actin is highly enriched at boutons, both
as monomeric G-actin and filamentous F-actin. F-actin is continuously
polymerizing and depolymerizing. By engaging with synapsins and other
actin-binding proteins, actin can serve as presynaptic scaffolding protein and
it maintains and organizes the size of synaptic vesicle pool, vesicle docking
and priming, and eventually regulates synaptic efficacy and morphology.
In chapter 2 we showed that actin depolymerization promotes inhibitory
bouton stabilization, but it is unclear if actin also influences bouton formation
and elimination (Wierenga, 2017; Frias et al., 2019). We showed in chapter 3
that cAMP/PKA signaling is important in mediating initial bouton formation
after CB1 receptor activation, but it is well possible that, either in parallel
or subsequentially, CB1 receptors also signal to the actin cytoskeleton.
For instance, it is known that activation of postsynaptic CB1 receptors in
dendritic spines can result in actin depolymerization via the WAVE complex,
which results in spine loss (Njoo et al., 2015). A similar downstream pathway
is involved in CB1-mediated axonal growth cone collapse, demonstrating
that the interactions between the actin cytoskeleton and CB1 receptors
are common within axons (Njoo et al., 2015). It is therefore well possible
that axonal CB1 receptors regulate actin dynamics in nascent boutons via
a similar mechanism to promote bouton stabilization. Interestingly, CB1-
mediated actin depolymerization was shown to be G.-dependent (Njoo et al.,
2015). This underscores the capacity of CB1 receptors to activate multiple,
Gi-dependent and Gi-independent, downstream signaling pathways. It
will be interesting to establish in the future if CB1 receptors in the axonal
shaft activate both signaling pathways (via cAMP and via actin) in parallel
during inhibitory synapse formation. Alternatively, axonal CB1 receptors
first generate a bouton in a Gi-independent manner via cAMP/PKA. When
this bouton has recruited synaptic vesicles (VGAT) and possibly Gi proteins,
subsequent activation of CB1 receptors can now lead to bouton stabilization
via actin remodeling.

Neurexins are cell adhesion proteins located at presynaptic terminals,
which have crucial roles in synapse development and function. Mammalian
cells have three neurexin genes, Nrx1-3, which are synthesized from two
independent promoters (Craig and Kang, 2007). a-neurexins have longer
extracellular domains containing six LNS domains and three EGF-like
domains, while B-neurexins have short extracellular domains containing
only one LNS domain. Additionally, neurexins have intensively conserved
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splicing sites to generate various isoforms. Neurexins have diverse pre-
and postsynaptic partners, such as neuroligins and leucine-rich repeat
transmembrane proteins (LRRTMs) (Graf et al., 2004; Craig and Kang, 2007;
Huang and Scheiffele, 2008). Interestingly, a-neurexins are distributed
diffusely along inhibitory axons, while B-neurexins are more restricted at
inhibitory boutons via postsynaptic anchoring to NL2 (Fu and Huang, 2010).
Particularly, B-neurexins have high turnover rates at inhibitory synapse,
which provides a potential mechanism to influence synapse formation via
rapid recruitment of neurexins. Surprisingly, loss-of-function mutations
of presynaptic neurexins were shown to enhance tonic endocannabinoid
signaling via promotion of postsynaptic 2-AG synthesis (Anderson et al.,
2015). In contrast, loss-of-function mutations of postsynaptic neuroligin 3
decreased tonic endocannabinoids signal (Foldy et al., 2013). Neurexins can
form nanoclusters at individual synapse, and loss-of-function mutations of
neurexins alter presynaptic GABA, receptor localization and thereby modify
synaptic release (Trotter et al., 2019; Luo et al., 2021). Whether neurexins
can also affect CB1 receptor activation or location at axonal shafts and
terminals is not clear. It will be interesting to investigate whether neurexins
physically interact with axonal CB1 receptors. The dynamics of neurexins are
regulated by neuronal activity and cAMP/PKA activity(Fu and Huang, 2010;
Klatt et al., 2021), but it has not been examined if activation of CB1 receptors
influence the distribution of neurexins inside and outside of synapses . It
will be important to further explore the precise roles of neurexin-neuroligin
interactions in endocannabinoid-mediated synapse development and
plasticity.

Bouton dynamics are affected in disease conditions (Grillo et al., 2013;
Mostany et al., 2013; Liebscher et al., 2014; Ash et al., 2018; Ruiter et al.,
2021). Ageing is a risk factor for many neurodegenerative diseases. In
aged mice brain, excitatory boutons are more dynamic—bouton turnover
is increased and large boutons get destabilized, which may contribute to
cognitive decline (Grillo et al., 2013; Mostany et al., 2013). In an Alzheimer’s
disease (AD) mouse model, boutons in excitatory axons have a higher
turnover rate and lower survival fraction, and this has been linked to synapse
loss and dysfunction of memory and cognition (Liebscher et al., 2014). We
have examined inhibitory bouton dynamics in AB-treated slices and a mouse
model for Alzheimer’s disease (Ruiter et al., 2021). However, we found only
minor changes in bouton dynamics, which was consistent with our earlier
finding that AB affects release properties of GABAergic synapses, but not
the number of inhibitory synapses, at this very early stage of the disease.
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However, at a later stage of Alzheimer’s disease, specific inhibitory axons
are affected and they even get degraded (Schmid Neuron 2016). Together,
these data suggest that excitatory and inhibitory synapses display differential
sensitivity to amyloid B.

Downstream effectors upon CB1 receptors activation

In this thesis, we demonstrated that endocannabinoids could induce
inhibitory bouton formation via activation of axonal CB1 receptors (chapter
3). We found that axonal CB1 receptors use a rather unconventional
downstream signaling pathway in this process. In general, CB1 receptors
can interact with different G proteins to transduce extracellular signals upon
activation. Typically, CB1 receptors recruit heterometric G, proteins to inhibit
cAMP/PKA level (Kano et al., 2009; Argaw et al., 2011; Castillo et al., 2012).
However, more and more evidence shows that CB1 receptors also interact
with other G proteins, including Gq (Lauckner et al., 2005), Gy (Roland
et al., 2014), and G_ (Finlay et al., 2017). Additionally, CB1 receptors can
interact with 3-arrestins to exert G-protein independent signaling pathways
(Turu and Hunyady, 2010). Activated CB1 receptors can signal via multiple
intracellular effectors, including GRKs, (-arrestins, factor associated with
neutral sphingomyelinase, and cannabinoid receptor-interacting protein
1a (CRIP1a) to induce extracellular signal-regulated kinases (ERK) activation
and regulate the activity of many other kinases (Blume et al., 2017).

In most cases, signal transduction via GPCRs starts with activation of receptors
that are present in the membrane. However, the density of GPCRs in the
membrane is regulated by GPCR activation itself. For instance, activated CB1
receptors can recruit GPCR kinases (GRKs), and (-arrestins which mediate
internalization and desensitization of CB1 receptors (Smith et al., 2010).
CRIP1a competes with B-arrestins to bind to the C-terminal of CB1 receptors,
and attenuates CB1 receptors internalization (Howlett et al., 2010; Blume et
al., 2017). In addition to signaling at the plasma membrane, signaling also
occurs via intracellular CB1 receptors (Hebert-Chatelain et al., 2016), or from
endocytosed CB1 receptors (Smith et al., 2010; Rozenfeld, 2011). There is a
wide variety of cytoplasmic effectors, which make endocannabinoid signaling
highly complex (Harkany et al., 2007; Keimpema et al., 2011).

In chapter 3 we found that endocannabinoids can induce inhibitory bouton
formation via an increase in cAMP/PKA activity. We showed that axonal CB1
receptors are mediating this signaling. However, the further downstream
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cascades mediating inhibitory bouton formation remain unresolved. Under
physiological circumstances, when endocannabinoids are produced by
an active dendrite, only the CB1 receptors on a nearby inhibitory axon
will be activated, which is expected to produce a local increase in cAMP/
PKA signaling. An important next challenge will be to resolve how local
this signal is at the subcellular level. Fortunately, there are recent exciting
developments in engineering of sensitive biosensors. For instance, a highly
sensitive new biosensor for PKA was recently developed. This sensor,
called tAKARa, is a FRET-based fluorescent lifetime sensor, which reports
PKA activity by a decrease in lifetime (Ma et al., 2018). Even more recently,
a novel cAMP sensor, called cAMPFIRE, was developed, which shows
significantly improved sensitivity compared to previous sensors (Massengill
et al., 2021a). These new tools make it possible to answer our questions in
the near future by monitoring cAMP/PKA activity in axonal shaft or boutons
of inhibitory axons (Chen et al., 2014; Patel and Gold, 2015; Koschinski and
Zaccolo, 2017; Massengill et al., 2021b). Identification of the downstream
effectors of cAMP/PKA signaling will be the next challenge. Some potential
effectors attract our attention, including the cytoskeleton. Just underneath
the plasma membrane actin, spectrin and associated proteins form a
membrane-associated periodic skeleton (MPS) of rings. This rather rigid
structure may secure structural integrity of the thin axons in the densely
packed neuronal tissue (Leterrier et al., 2017; Leterrier, 2021). The MPS may
provide a platform for CB1 receptor mediated signaling at the membrane.
Interestingly, a recent paper showed that CB1 receptor activation results in
colocalization of these receptors with the MPS (Zhou et al., 2019). This then
leads to transactivation of the ERK pathway via tropomyosin receptor kinase
B (TrkB) or fibroblast growth factor receptors (FGFRs), which both have been
previously linked to inhibitory synaptic plasticity (Frias and Wierenga, 2013;
Zhou et al., 2019). ERK signaling actually results in degradation of the MPS
and thereby ERK signaling is halted. It is interesting to speculate that this brief
ERK signaling after CB1 receptor activation could provide the opportunity to
form a new bouton through local reorganization of cytoskeleton structure
including spectrin and actin (Zhou et al., 2019; Li et al., 2020). However, it
should be noted that these data were all acquired in primary cultures, where
CB1 receptors are ubiquitously expressed at high levels. As we describe in
chapter 4, this is very different from the in vivo situation. These results may
therefore reflect a role for the ERK signaling pathway in redistribution of CB1
receptors away from the membrane.

Otherinteractions between the CB1 receptors and the cytoskeleton have also
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been described. For instance, it has been shown that CB1 receptor activation
by WIN can induce rapid growth cone retraction via actomyosin contractions
during structural plasticity (Roland et al., 2014). In addition, activated CB1
receptors can regulate actin indirectly via the WAVE complex during spine
shrinking and removal (Njoo et al., 2015). Intriguingly, CB1 signaling via the
cytoskeleton may be partially dependent on Rho-GTPase and Rho-associated
kinase (ROCK) activity. In chapter 2, we showed that ROCK-dependent actin
depolymerization is required for bouton stabilization (Frias et al., 2019).
Together, this literature suggests an intriguing link between CB1 receptor
activation, and the intracellular cytoskeleton and it suggests that multiple
downstream pathways may be activated in parallel during CB1 receptor-
mediated inhibitory bouton formation.

Most of the molecular mechanism upon CB1 receptors activation is
investigated in cultured neurons, but we should pay attention that CB1
receptors are ubiquitously expressed at high levels in all cultured primary
neurons, including excitatory neurons, while in vivo, CB1 receptors are
mostly restricted to inhibitory axons. It is unclear if axonal polarization of
CB1 receptors can also occur in cultured primary neurons, for instance when
activity levels are raised. This raises doubt that the molecular mechanisms
downstream of CB1 receptor activation in cultured primary neurons and in
vivo will be comparable. Indeed, we observed clear differences that have
been described in chapter 4. For instance, we observed that WIN induced
CB1 receptor clustering at somata in slices, which was absent, or at least
undetectable, in cultured primary neurons. It is therefore well plausible that
the results described by Zhou et al. (Zhou et al., 2019) may reflect a role
for the ERK signaling pathway in activity-dependent redistribution of CB1
receptors away from the membrane. This illustrates well the advantages
and the limitations of the primary culturing system to study molecular
mechanisms.

Functional selectivity of endocannabinoid’s signal

G-protein coupled receptors (GPCRs) are the largest group of membrane
proteins. As described above, the downstream signaling via G proteins
is highly diverse. Ligand-induced conformational changes are the basis
for GPCR-mediated signal transduction (Wang et al., 2018b). However,
dependent on the specific ligand, the conformational change in the receptor
may be slightly different, thereby affecting downstream recruitment of
effectors and signaling cascades. This selective activation of the downstream
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signaling by different ligands is termed “functional selectivity” or “ligand
bias”. This phenomenon is not specific for CB1 receptors, but commonly
described in the GPCR research field (Bosier et al., 2010; Zhou and Bohn,
2014). For instance, the heptahelical serotonin 2A receptor (5-HT,,) exerts
distinct signal transductions upon different agonists activation. For instance,
psychoactive agonists of 5-HT,, like lysergic acid diethylamide (LSD) induce
hallucinations through distinct Gq and G, signaling pathways, while other
nonhallucinogenic agonists lisuride and serotonin lack this psychoactive
effect. (Gonzalez-Maeso et al., 2007; Abbas and Roth, 2008; Schmid et al.,
2008; Raote et al., 2013).

These diverse functions are mediated via multiple intracellular downstream
signaling cascades. Typically, ligands induce CB1 receptor conformational
changes to activate heterotrimeric G, proteins and activated G, subunits
dissociate away from the receptor-protein complex. The activated Gia
subunit interfaces with adenylyl cyclase (AC) to inhibit cAMP production
(Kano et al., 2009; Castillo et al., 2012). At presynaptic terminals, where
high levels of CB1 receptors are present, activated CB1 receptors result in
a decrease of release probability and therefore a suppression of synaptic
transmission (Castillo et al., 2012). Rather unexpectedly, recent studies
showed that CB1 receptors in the striatum and lateral perforant path (LPP)
can also potentiate neurotransmitter releasing (Cui et al., 2016; Wang et al.,
2018a). In these studies, presynaptic PKA signaling was implied, suggesting
that CB1 receptors signal via unconventional downstream pathways, possibly
via G_proteins. In chapter 3 of this thesis, we found that WIN-induced bouton
formation is also dependent on an increase in PKA signaling, which seems
consistent with a G -protein coupling of axonal CB1 receptors.

Endocannabinoid signaling can also involve G protein independent signaling.
Recent studies showed that CB1 receptors interact with B-arrestinl and
B-arrestin2 to induce receptor internalization, and to activate kinases
including MAPKs and ERKs (Delgado-Peraza et al., 2016; Jagla et al., 2019).
B-arrestins are scaffold proteins regulating receptor internalization and
desensitization, and are well-known to mediate biased signaling of GPCRs.
The balance between G protein-dependent and-independent signaling
appearsto be determined by the agonist (Laprairieetal., 2014,2017; Luetal.,
2019). CB1 receptor activation by endogenous cannabinoid 2-AG results in a
long dwell time of the receptor at the membrane, and downstream signaling
biased towards (-arrestins. However, after activation by the exogenous
synthetic agonist WIN, CB1 receptors display a shorter dwell time, which
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biases signaling towards G proteins (Flores-Otero et al., 2014). Interaction
of CB1 receptors with [3-arrestinl biases downstream signaling towards the
ERK1/2 pathway, while 3-arrestin2 is required for rapid internalization of CB1
receptors (Flores-Otero et al., 2014; Nogueras-Ortiz and Yudowski, 2016).
Moreover, (3-arrestin2 deletion attenuates internalization of CB1 receptors
and reduces endocannabinoid tolerance in vivo (Nguyen et al., 2012). The
precise role of 3-arrestin1/2 in functional selectivity of CB1 receptor signaling
still requires further research.

Another layer of complexity of GPCRs signaling results from the variety of
isoforms that are expressed in different tissue or organisms (Shire et al.,
1995; Ryberg et al., 2005). CB1 receptors are encoded by the CNR gene.
Although this gene does not have many introns, CNR undergoes splicing
which results in different CB1 receptor isoforms (Marti-Solano et al., 2020).
Different isoforms may have bias towards specific downstream signaling
pathways (Marti-Solano et al., 2020). In addition, the subcellular location
of CB1 receptors may determine downstream signaling, perhaps due to
limited availability of downstream effectors. For instance, CB1 receptors are
located in the mitochondria membrane, which regulate synaptic plasticity
and neuronal energy metabolism (Bénard et al., 2012).

It is also of interest to note that CB1 receptors may form heterodimers with
other GPCRs, something which is well described for other GPCRs (Borroto-
Escuela et al., 2013). It is already reported that CB1 receptors can interact
with opioid receptors, A2A adenosine receptors, and D2 dopamine receptors
(Ferré et al., 2010; Terzian et al., 2011; Borroto-Escuela et al., 2013; Befort,
2015). These mosaic heterodimeric receptor complexes can provide a signal
platform to exert unique information transduction.

Trafficking of CB1 receptors in neurons

As described above, CB1 receptors are strongly enriched in inhibitory axons
and inhibitory axonal terminals (Katona et al., 2006; Dudok et al., 2015).
Newly synthesized CB1 receptors undergo protein quality control checks
before they can form functional proteins. This process involves cis- and
trans-Golgi modifications and newly synthesized CB1 receptors are then
inserted into the plasma membrane (Winckler and Mellman, 2010). The
axonal enrichment of CB1 receptors is the result of continuous endocytosis
at somatodendritic compartments, while endocytosis of CB1 receptors does
not occur in axons (Leterrier et al., 2006; Simon et al., 2013). The C-terminal
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of CB1 receptors, and especially the H9 helix, is important for CB1 receptor
trafficking from the soma to axonal terminals (Fletcher-Jones et al., 2019,
2020).

Initiation of the GPCR signal transduction always happens at the plasma
membrane, but translocation of receptors can play an important role
in signal amplification and transduction (Weinberg et al., 2019). Upon
ligand binding, CB1 receptors recruit GRKs and [3-arrestins to initiate fast
receptor internalization and desensitization (Grimsey et al., 2010). Typically,
internalized receptors will be packed into endosomes and recycled back to
the plasma membrane to maintain a dynamic equilibrium. In parallel, CB1
receptors can also be transported into lysosomes to be degraded (Grimsey
et al., 2010). B-arrestins play an important role in mediating subcellular
internalization and translocation of CB1 receptors via endocytosis.
Interestingly, there is some evidence that CB1 receptors are transported
back to the soma via retrograde trafficking in neurons (Thibault et al.,
2013). We also found that CB1 receptors are internalized and translocated
from the axon to the soma upon activation by WIN (chapter 4). However,
we observed that activation by the endogenous cannabinoid 2-AG did not
induce CB1 receptor translocation. We found that in both cases internalized
CB1 receptors were colocalized with the endosomal protein Rab5A. This
suggests that internalized CB1 receptors were packed into endosomes in
the axon, and that an agonist-dependent mechanism exists to direct CB1
receptors to be recycled back to the membrane or be translocated to the
soma (Rozenfeld, 2011). In the future, it would be interesting to monitor
this process with live imaging via new proteins labelling strategies as we
described before.
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Future perspective

The super family of GPCRs is the largest family of membrane proteins
and consist of more than 800 proteins. GPCRs contain more than 50% of
current drug targets against many diseases including various brain disorders.
Functional selectivity of GPCRs hampers the identification of novel drug
targets for treatment. However, recent advances in revealing the crystal
structures of several GPCRs has already provided new insights in functional
selectivity (Zhou and Bohn, 2014; Hua et al., 2016; Li et al., 2020). This is
promising for the search to new therapies targeted at GPCRs. It will be
important to better understand the relationship between the conformational
state of the GPCRs and the interaction with either G proteins or arrestins.
In the future, it may be possible to identify or even design agonists which
can induce a certain downstream signaling cascade by stabilizing a specific
receptor conformation. It may be possible to selectively activate CB1
receptors to either suppress inhibitory transmission or to induce inhibitory
synapse formation. This could have an enormous therapeutic impact.
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English Summary

The synapse is a basic subcellular unit for neural communication. Synaptic
changes such as synaptic potentiation or depression, are recognized to be
the underlying mechanism for learning and memory. Defects in synapse
development are associated with various brain diseases. Although the
mechanism for excitatory synapse development is intensively investigated
in past decades, the molecular mechanism underneath of inhibitory synapse
development is less understood. The development of a single synapse goes
through multiple phases including axons and dendrites are closed to each
other, initiation of axon-dendrite contact, recruitment of synaptic proteins,
synaptic pruning and maturation, and ultimately to be a functional synapse.
With high resolution microscopy, the dynamic process of synapse formation
can be monitored. For instance, during my PhD, | used two-photon
microscopy to trace the dynamics of inhibitory bouton. These boutons
dynamically disappear and reappear or new bouton formation. Inhibitory
bouton dynamics might be tightly regulated by various intrinsic or extrinsic
factorsincluding secreted proteins, modulators, and neuronal activity. In the
present thesis, | aimed to explore the molecular mechanism for inhibitory
bouton formation and stabilization.

In chapter 2, we showed that secreted semaphorin Sema4D plays a crucial
role in stabilization of inhibitory boutons. Exogeneous application of Sema4D
promotes bouton stabilization and this process can be inhibited by either
blocking neuronal activity or MET receptor activity. Additionally, Sema4D
mediates bouton stabilization requires actin depolymerization and ROCK
activity, whichis supposed to be the downstream of MET receptor. Mutations
in MET are recognized as a risk factor for autism spectrum disorder (ASD),
but the function of MET was not fully understood. Here we proposed that
Sema4D interacts with MET to mediate inhibitory bouton stabilization. This
novel insight may shed a new light on the mechanism of ASD.

In chapter 3, we investigated the molecular mechanism of endocannabinoids
signaling in inhibitory bouton formation. Endogenous cannabinoids are
synthesized and released from the post-synapse to activate G-protein
coupled receptors located on the presynaptic axon, such as the CB1
receptor. We described that the activation of CB1 receptors promotes
bouton formation and stabilization, which is consistent with our previous
reports. Interestingly, we further explore that the atypical G_signal pathway
is underlying axonal CB1 receptor mediated new bouton formation. In
addition, this process is not affected by neuronal activity or the G, protein
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pathway. Endocannabinoid signaling is tightly implicated in learning and
memory, and additions and dysfunction of endocannabinoid signaling
is associated with multiple brain diseases, including Alzheimer’s disease
and Parkinson’s disease. Our investigations provide new insights into the
endocannabinoid signaling system. Furthermore, in chapter 4, we assessed
the internalization of activated CB1 receptors via different agonists. We
observed that the distribution pattern of CB1 receptors is changed upon
activation by two distinct agonists, 2-AG and WIN. Consequently, repeated
activation via WIN but not 2-AG induced CB1 receptor clustering at somata.
We hypothesized that this difference probably results from functional
selectivity which is less studied in endocannabinoid receptors. Additionally,
we observed that CB1 receptor expression patterns are different between
cultured slices and cultured neurons. The functional selectivity couldn’t be
reproduced in cultured neurons, which indicates that the distribution of
CB1 receptors may need neuronal network activity. The distribution of CB1
receptor determines their function. The mechanism related to functional
selectivity of CB1 receptor is still needed to be investigated in the future.

Here we used multiple techniques including high-resolution two live
photon imaging, and electrophysiology, combined with pharmacology,
chemogenetics, and viruses to investigate the factors or modulators
involved in inhibitory bouton development. My thesis clearly broads our
understanding of inhibitory synapse development.
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Nederlandse Samenvatting

De synaps is dé subcellulaire eenheid voor neuronale communicatie. Het
veranderen van synapsen , zoals synaptische potentiéring of depressie,
wordt gezien als het mechanisme achter leren en geheugen. Defecten in de
ontwikkeling van synapsen worden in verband gebracht met verschillende
hersenziekten. Hoewel het mechanisme voor de ontwikkeling van
stimulerende synapsen de afgelopen decennia intensief onderzocht is, is het
moleculaire mechanisme achter de ontwikkeling van remmende synapsen
nog minder bekend. Synapsontwikkeling doorloopt verschillende stappen,
die begint met dicht bij elkaar liggende axonen en dendrieten, de initiatie
van axon-dendrietcontact, de rekrutering van synaptische eiwitten, de snoei
en rijping van synapsen, en tenslotte om de functionele synaps. Met hoge
resolutie microscopie kan het dynamische proces van synapsvorming worden
gevolgd. Zo heb ik tijJdens mijn doctoraat twee-fotonenmicroscopie gebruikt
om de remmende bouton-dynamiek te bestuderen. Remmende boutons zijn
dynamisch; ze verdwijnen en verschijnen weer en er worden nieuwe boutons
gevormd. Remmende bouton-dynamiek kan strak worden gereguleerd door
verschillende intrinsieke of extrinsieke factoren, waaronder uitgescheiden
eiwitten, modulatoren en neuronale activiteit. In dit proefschrift odnerzocht
ik het moleculaire mechanisme achter de vorming en stabilisatie van
remmende boutons.

In hoofdstuk 2 hebben we laten zien dat de door hersencellen afgegeven
semaphorin Sema4D een cruciale rol speelt bij het stabiliseren van de
remmende boutons. Exogene Sema4D bevordert de stabilisatie van de
boutons en dit proces kan worden geremd door neuronale activiteit of MET-
receptoractiviteit te blokkeren. Bovendien zijn door Sema4D stabiliserende
boutons vereist voor actine depolymerisatie en ROCK-activiteit, die de
afhankelijk van de MET-receptor zijn. Er zijn mutaties in MET bekend die
een risicofactor voor autisme vormen), maar de functie van MET was nog
niet bekend. Wij stellen dat Sema4D een interactie aangaat met MET-
gemedieerde, stabiliserende, remmende boutons om een functionele
synapsen te vormen. Dit nieuwe onderzoek kan een nieuw licht werpen op
het mechanisme van autisme.

In hoofdstuk 3 onderzochten we het moleculaire mechanisme waarmee
signalering door endocannabinoiden leidt tot de vorming van remmende
boutons. Endogene cannabinoiden worden gesynthetiseerd en vrijgegeven
uit postsynaps om presynaptische, op het axon-gelokaliseerde G-eiwit-
gekoppelde receptoren, zoals CBl-receptor, te activeren. We hebben
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beschreven dat activering van de CB1-receptor de vorming en stabilisatie
van bouton bevordert, wat consistent is met ons eerdere werk. Interessant
is dat de CB1-receptor-gemedieerde nieuwe bouton-vorming gebruik
maakt van atypische Gs-signalering . Bovendien is dit proces onafhankelijk
door neuronale activiteit of Gi-signalering. Endocannabinoid signalering
is belangrijk voor bij leren en geheugen. Een disfunctie van de signalering
door endocannabinoiden wordt in verband gebracht met meerdere
hersenziekten, waaronder de ziekte van Alzheimer en de ziekte van
Parkinson. Ons onderzoek biedt nieuwe inzichten in het signaleringssysteem
van endocannabinoiden. Verder hebben we in hoofdstuk 4 de internalisatie
van geactiveerde CB1-receptoren via verschillende agonisten beoordeeld.
We hebben waargenomen dat de distributie van CB1-receptoren verandert
bij activering door twee verschillende agonisten, 2-AG en WIN. De CB1-
receptor clustert op cellichamen door, herhaalde activering via WIN
maar niet door 2-AG. We veronderstelden dat dit komt door functionele
selectiviteit van endocannabinoide-receptoren die nog niet veel bestudeerd
is. Bovendien hebben we waargenomen dat expressiepatronen van CB1-
receptoren verschillen tussen gekweekte plakjes en gekweekte neuronen.
De functionele selectiviteit kon niet worden gereproduceerd in gekweekte
neuronen, wat aangeeft dat de distributie van CB1l-receptoren mogelijk
neuronale netwerkactiviteit nodig heeft. De verdeling van de CB1-receptor
bepaalt de functie ervan. Het mechanisme achter de functionele selectiviteit
van de CB1-receptor moet in de toekomst nog worden onderzocht.

Hier hebben we meerdere technische gebruikt, waaronder twee-
fotonenmicroscopie, en elektrofysiologie, gecombineerd met
farmacologische, chemogeneticische virusmethoden om de factoren te
onderzoeken die betrokken zijn bij de ontwikkeling van remmende bouton.
Mijn proefschrift verbreedt ons begrip van de ontwikkeling van remmende
synapsen.
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