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In  this  review  I discuss  recent  live  imaging  studies  that  demonstrate  that  synapses,  and  in  particular
inhibitory  synapses,  are  highly  dynamic  structures.  The  ongoing  changes  of presynaptic  boutons  within
axons  emphasize  the  stochastic  aspect  of  inhibitory  synapse  formation  and  paint  a  picture  of a  dynamic
trial-and-error  process.  Furthermore,  I  discuss  recent  and  previous  insights  in  the  molecular  and  mech-
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anistic  pathways  that  underlie  synapse  formation,  with  a specific  focus  on the  formation  of  inhibitory
presynaptic  boutons.
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. Introduction

Recent developments in microscopy have had a great impact in
euroscience. Live imaging in brain tissue has revealed a dynamic
orld of ongoing changes of molecular complexes and subcellular

tructures in dendrites and axons within the brain. In particular,
ive imaging studies have demonstrated that synapses are incred-
bly dynamic structures. Both pre- and postsynaptic sites undergo
tructural changes in both shape and size spontaneously, and in

out of synapses (Alvarez-Castelao and Schuman, 2015; Matz et al.,
2010; Ziv and Fisher-Lavie, 2014). Synaptic dynamics presumably
reflect ongoing adjustments of synaptic strength and connectivity
of the neuronal circuitry and are thought to be very important for
experience-dependent circuit adaptations. Inhibitory axons appear
particularly dynamic (Dobie and Craig, 2011; Kuriu et al., 2012;
Schuemann et al., 2013; Villa et al., 2016; Wierenga et al., 2008).
Rapid adaptation of inhibitory synapses has been suggested to serve
as a gating mechanism for plasticity at nearby excitatory synapses,
esponse to environmental signals (Bonhoeffer and Yuste, 2002;
ury and Sabo, 2015; Frias and Wierenga, 2013). At the molecular

evel synaptic proteins show fast turnover and movement in and

E-mail address: c.j.wierenga@uu.nl

ttp://dx.doi.org/10.1016/j.brainresbull.2016.09.018
361-9230/© 2016 Elsevier Inc. All rights reserved.
occurring at a slower time scale (Chen et al., 2015; Froemke et al.,
2007; Keck et al., 2011; Villa et al., 2016), and may  be a general fea-
ture during circuit development and adaptation (Froemke, 2015;

Hensch, 2005). In this review I will focus on dynamic changes in
presynaptic structures during synapse formation, and specifically
focus on bouton formation in inhibitory axons which reflects the
initial stage of inhibitory synapse formation.

dx.doi.org/10.1016/j.brainresbull.2016.09.018
http://www.sciencedirect.com/science/journal/03619230
http://www.elsevier.com/locate/brainresbull
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brainresbull.2016.09.018&domain=pdf
mailto:c.j.wierenga@uu.nl
dx.doi.org/10.1016/j.brainresbull.2016.09.018
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Fig. 1. Time-lapse two-photon microscopy of inhibitory axons.
A.  Overview of a large field of view showing multiple GFP-labeled inhibitory axons in an organotypic slice from a GAD65-GFP mouse. B. Individual axon imaged repeatedly
every  10 min (only every 2nd image is shown here). The majority of inhibitory boutons are present at all time points. These persistent boutons (blue arrow heads) reflect
inhibitory synapses (see main text for references). Their shape and size can change substantially between time points. In addition, some boutons are only present at some,
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ut  not all time points. These non-persistent boutons (orange arrow heads) reflec
ndicated with the box in A.

. Live imaging of inhibitory axons in brain slices

In labeled presynaptic axons, synaptic terminals forming en pas-
ant boutons along the axon are visible under a microscope as
ocal swellings of the axonal shaft. In our lab, we  are using time-
apse two-photon microscopy to visualize presynaptic structures of
nhibitory synapses in organotypic slices of mouse hippocampus.

e  make use of a transgenic mouse line, the GAD65-GFP line, in
hich a known subset of inhibitory neurons express GFP (López-
endito et al., 2004; Wierenga et al., 2010). Only ∼20% of inhibitory
eurons are labeled and the bright labeling of all processes, includ-

ng axons, makes this mouse line ideally suited to follow changes
n individual GFP-labeled inhibitory axons over time. We  study
nhibitory synapse formation and plasticity by monitoring individ-
al inhibitory boutons by repeated imaging (typically every 10 min)
sing two-photon microscopy (Fig. 1). Using this method we gener-
lly distinguish two classes of inhibitory boutons, defined by their
ynamics. Persistent boutons (blue arrow heads in Fig. 1) are gener-
lly large and continuously present at a fixed location throughout
he imaging period (2–6 h). They represent inhibitory synapses,
nd contain pre-and postsynaptic structural specializations such as
ynaptic vesicles and scaffolding proteins, which can be revealed
y post-hoc immunostaining (Schuemann et al., 2013; Wierenga
t al., 2008), or by electron microscopy (Müllner et al., 2015).
ven though these boutons are stable in the sense that they are
ontinuously present during the imaging period, their shape and
ize varies significantly over time, presumably reflecting ongoing
hanges in their molecular content (Matz et al., 2010; Minerbi et al.,
009). In addition to persistent boutons, there are many boutons
hich appear, disappear and reappear during the imaging period

orange arrow heads in Fig. 1). In addition, neighboring boutons
ccasionally merge or split. We  generally refer to these boutons
s non-persistent boutons. They are usually smaller than persistent
outons and most likely reflect incomplete synapses that are in the

rocess of being formed or disassembled (Schuemann et al., 2013;
ierenga et al., 2008).
Similar bouton dynamics have been observed in many studies by

thers in excitatory (Becker et al., 2008; Bury and Sabo, 2011; Sabo
oing processes of inhibitory synapse formation and disassembly. The axon in B is

et al., 2006) and inhibitory (Fu et al., 2012; Kuriu et al., 2012) axons.
These dynamics are not limited to in vitro preparations, but also
occur in vivo (Chen et al., 2015; Grillo et al., 2013; Keck et al., 2011),
indicating that dynamic boutons are a general feature of many, if
not all, axons.

3. Dynamic boutons

The formation of inhibitory synapses along the axon is not
random, but boutons appear, disappear and reappear repeatedly
at specific axonal locations (Schuemann et al., 2013; Wierenga
et al., 2008), suggesting multiple attempts to form new synapses
at these spots. Indeed, when we performed post-hoc immunos-
taining at locations where boutons had appeared and reappeared,
we noticed that these locations often contained pre- and/or post-
synaptic proteins, suggesting that synapses were being built or
being disassembled at these locations (Schuemann et al., 2013).
We also found that newly formed boutons which stabilize, acquire
pre- and postsynaptic markers over the course of several hours
(Wierenga et al., 2008), with the presynaptic marker VGAT gen-
erally arriving before the postsynaptic gephyrin (Dobie and Craig,
2011; Schuemann et al., 2013). This indicates that persistent and
non-persistent boutons are not separate categories of inhibitory
boutons, but reflect inhibitory synapses at different stages of their
life cycle. Indeed, non-persistent boutons that appeared de novo
and then stabilized at an axon-dendrite crossings during an imag-
ing session were found back at the same position on the next day,
suggesting they had transformed into persistent boutons over time
(Wierenga et al., 2008). Vice versa, some persistent boutons may
destabilize and become non-persistent when imaged longer.

Our observations of inhibitory bouton dynamics build upon pre-
vious studies of axons in primary cultures, which showed that new
boutons emerge not randomly along an axon, but at specific, appar-
ently predefined, locations (Sabo et al., 2006). It was shown that

clusters of synaptic vesicles continuously travel up and down the
axonal shaft (Bury and Sabo, 2011; Darcy et al., 2006; Staras et al.,
2010; Wu et al., 2013), and that new boutons are formed by clusters
of synaptic vesicles stopping and pausing at these specific locations.
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Fig. 2. Working model for inhibitory synapse formation.
Baseline
Inhibitory axons (green) make inhibitory synapses (persistent boutons) with multiple dendrites (red). Synaptic vesicles and larger vesicles containing active zone components
are  transported along the axon. Synaptic vesicles are continuously exchanged between neighboring boutons. Even though actin is prominently present at mature synapses,
their  molecular structure is independent of actin. At axon-dendrite crossings without inhibitory synapses transient clustering of synaptic vesicles occur (non-persistent
boutons). These locations are presumably somehow marked, for instance by guidepost molecules, or by other membrane specializations.
Step  1: trigger from cell surface signaling induces actin remodeling
Inhibitory synapse formation may  be triggered by signals from the cell surface, for instance from the postsynaptic dendrite or through extracellular (secreted) factors. This
results  in remodeling of intracellular actin structures within the local axon. Presumably, different signaling pathways will trigger specific actin remodeling.
Step 2: capture of synaptic vesicles
Local actin structures recruit presynaptic proteins such as liprin�, synapsin and neurabin, which induces stabilization of synaptic vesicle clusters. The immature inhibitory
synapse does not have an active zone, but spontaneous vesicle release already occurs. Additional signaling proteins required for full maturation may  be delivered by local
vesicle  fusion.
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tep 3: assembly of pre- and postsynaptic specializations
ranssynaptic signaling is required for the full assembly of pre- and postsynaptic sp
or  the assembly of the postsynaptic specialization, and vice versa, retrograde signali
ctive zone. Acquiring of mature synaptic morphology and function will take sever

lthough it is not clear how these pausing sites are determined
r ‘marked’ within the axonal shaft, these observations suggest
hat some structural change in the axon precedes or even induces
ubsequent molecular specialization. The formation of new bou-
ons followed by subsequent recruitment of pre- and postsynaptic
roteins is reminiscent of bouton formation at Drosophila neuro-
uscular junction (NMJ). During development or in response to

levated activity levels, the NMJ  undergoes a rapid growth of many
ew presynaptic boutons. These newly formed boutons are called
host boutons, as they do not contain pre- or postsynaptic mem-
rane specializations (Ataman et al., 2008). Ghost boutons are small

n size and their active zones are immature, but they already con-

ain synaptic vesicles (Ataman et al., 2008). One of the first proteins
o be transported into the ghost boutons is synapsin (Vasin et al.,
014), which is a known presynaptic organizer of synaptic vesi-
ations. Neurotransmitter release from the presynaptic terminal may  be instructive
m the dendrite to the axon may be required to induce maturation of the presynaptic
rs to days.

cles (Chi et al., 2003). After their initial formation, the new boutons
rapidly grow in size and acquire the pre- and postsynaptic molec-
ular specializations of mature synapses. It was  shown that ankyrin
is required for this second growth phase (Koch et al., 2008; Pielage
et al., 2008), providing structural stability as well as stabilization
of microtubules, which guide the transport of building blocks for
further bouton growth. This demonstrates that a structural change
in the axon may  be an early event during the formation of new
synapses.

4. Location of future synapses
In primary cultures, predefined locations for bouton formation
can be present in the absence of contact with any postsynaptic
partners (either neuron or glia cell), illustrating the self-organizing
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ower of axons and their boutons (Sabo et al., 2006). However,
n a more physiological situation within neuronal tissue, axonal
ocations for presynaptic terminal assembly will generally be deter-

ined by external cues, such as physical contact with dendrites
f other neurons (Gerrow et al., 2006; Wierenga et al., 2008). Not
ll contacts will result in bouton formation and whether or not
outons will be formed is likely determined by the presence of
pecific recognition or signaling molecules, such as cell adhesion
olecules or other surface molecules, at the pre- and postsynaptic
embranes. In this way specificity of synaptic contacts is achieved

de Wit  and Ghosh, 2016), something which is of crucial impor-
ance in the complex neuronal circuits within the brain. An adhesive
vent per se can be sufficient to trigger assembly of presynap-
ic specializations within axons (Gokce and Südhof, 2013; Lucido
t al., 2009). A positive adhesive trigger at axon-dendrite cross-
ngs will instruct stabilization of boutons at these axonal locations
nd promote the synapse assembly process. In C. elegans, it was
hown that future locations of synapses are decorated with adhe-
ion molecules that are present at the membrane before synapse
ormation (Shen and Bargmann, 2003). In this case, boutons were
emporarily formed at future synapse locations with guidepost cells
Shen et al., 2004). Guidepost cells also exist in the developing

ammalian brain (Squarzoni et al., 2015), but molecules mark-
ng future synapses have not been identified so far in mammalian
ystems. In inhibitory axons, in which new synapses are formed
t pre-existing axon-dendrite crossings (Wierenga et al., 2008),
rossings without synapses may  be somehow marked as potential
ynapses where new boutons preferentially would emerge (Sabo
t al., 2006). It is currently not clear if such locations are marked by
pecific guidepost molecules, or if they are defined by local mem-
rane properties.

. Synaptic maturation

Spontaneous fusion of synaptic vesicles and neurotransmit-
er release can occur at the axonal membrane in the absence of
ny presynaptic specialization (Krueger et al., 2003; Ratnayaka
t al., 2011), but for fast action potential-triggered neurotrans-
itter release at nascent presynapses development of an active

one is required (Gundelfinger and Fejtova, 2012; Südhof, 2012).
nterestingly, it was shown that spontaneous (miniature) synaptic
ransmission is required for the maturation of ghost boutons into
arger, more mature, boutons and for maturation of the active zone
Cho et al., 2015; Choi et al., 2014). Active zone assembly at nascent
ynapses may  be achieved by the fusion of large vesicles, containing
reassembled active zone protein complexes (Petzoldt et al., 2016;
iv and Garner, 2004). Fusion of a few of these large vesicles allows
ctive zone assembly within 1–2 h after initial bouton stabilization
Ahmari et al., 2000; Friedman et al., 2000; Zhai et al., 2001; Ziv
nd Garner, 2004). Postsynaptic scaffolding proteins and receptors
re also recruited within the first hours, probably at slightly slower
ace (Bresler et al., 2004; Garner et al., 2006; Gerrow et al., 2006).
ull maturation of ultrastructural morphology and electrophysio-
ogical properties of a newly formed synapse continues during the
ollowing 1–2 days (Ahmari et al., 2000; McAllister, 2007; Nägerl
t al., 2007). The requirement for vesicle release for completing
he transition from ghost bouton to functional presynaptic termi-
al in Drosophila (Cho et al., 2015; Choi et al., 2014) indicates the

nvolvement of bidirectional transsynaptic signaling during a cru-

ial step of synapse development. It is currently not known if vesicle
elease is also required for development of pre- and postsynaptic
pecializations in mammalian synapses, but different transsynaptic
ignaling pathways have been identified (see below).
ulletin 129 (2017) 43–49

6. Exchange of synaptic vesicles between neighboring
synapses

Intra-axonal transport of synaptic vesicles and presynaptic pro-
teins does not only occur during axonal development. In fact, it
has been shown that exchange of synaptic vesicles and presynaptic
proteins is still ongoing in mature synapses between neighbor-
ing presynaptic terminals (Staras, 2007). Presynaptic dynamics are
often monitored with epifluorescence and confocal microscopy, in
which labeled synaptic proteins or morphological structures are
monitored in live primary cultures. Such studies have revealed that
the molecular machinery in presynaptic terminals is dynamic and
continuously changing. For instance, use-dependent and photo-
activatable labeling of synaptic vesicles has shown that synaptic
vesicles are shared and continuously exchanged between neigh-
boring synapses within tens of minutes (Fernandez-Alfonso and
Ryan, 2008; Krueger et al., 2003; Staras et al., 2010). In addition,
FRAP (Fluorescence Recovery After Photobleaching) experiments
showed that proteins at synapses are continuously replaced and
that turn-over rates are different for different proteins and can
change with activity (Darcy et al., 2006; Staras, 2007). This demon-
strates that presynaptic boutons, even in mature axons, are in
continuous interaction with neighboring boutons through shar-
ing of presynaptic components and synaptic vesicles. New boutons
emerging along the axon recruit presynaptic material from neigh-
boring mature boutons and presynaptic material is recycled and
used for strengthening of neighboring synapses when synapses are
being disassembled (Park et al., 2011; Wu  et al., 2013). In case of
limited availability, sharing may  turn into competition. The bal-
ance between capture and dissociation of packages of presynaptic
proteins and synaptic vesicles from the axonal pool determines
success or failure to form a new synapse (Wu et al., 2013). Intra-
cellular factors can interfere with this recruitment process and
may  directly or indirectly affect synapse formation. For instance,
synapse formation can be hindered by promoting interactions
between presynaptic assembly packages and motor proteins, or can
be promoted by strengthening local interactions with active zone
proteins (Bamji et al., 2006; Klassen et al., 2010; Park et al., 2011;
Wu et al., 2013). In this way, the local intracellular environment at
and near newly formed boutons can influence bouton stabilization
and subsequent synapse formation.

7. Transsynaptic signaling pathways

The picture that emerges from live imaging studies expose
synaptic assembly as a nonlinear process with many stochastic ele-
ments in which synapses are built and rebuilt several times before
stabilization and eventually maturation takes place. At first sight
these trial-and-error dynamics seem at odds with studies using
co-culturing assays in which the formation of presynaptic termi-
nals can be directly induced by so-called ‘synaptogenic’ signaling
molecules (Scheiffele et al., 2000). In this assay, axons get into con-
tact with non-neuronal cells expressing a strong synaptic adhesion
molecule, which induces the formation of presynaptic terminals on
the surface of the non-neuronal cells (Krueger et al., 2012; Siddiqui
and Craig, 2011). For example, transsynaptic interactions between
neuroligin-2 and neurexin (Poulopoulos et al., 2009; Varoqueaux
et al., 2004), or between slitrk3 and PTP� (Takahashi et al., 2012;
Yim et al., 2013) are sufficient to induce the formation of inhibitory
presynaptic terminals by themselves. Co-culturing experiments are
well-suited to study synapse formation in a controlled manner,

but the dynamics of the process are often lost. Presynaptic assem-
bly appears as a sequential process, in which the local adhesion
between the non-neuronal cell and the axon simply triggers the
subsequent recruitment of presynaptic proteins and synaptic vesi-
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Curie Actions) of the European Union’s Seventh Framework Pro-
gramme  FP7/2007-2013/under REA grant agreement 289581, and
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les. However, trial-and-error bouton dynamics have also been
bserved at adhesion sites with non-neuronal cells (Sabo et al.,
006), suggesting that strong adhesion signals may  reduce bouton
ynamics by simply speeding up synapse formation. It is currently
ot clear if synaptogenic signals form the initial trigger for synapse

ormation, or if synaptogenic molecules get recruited to nascent
ynapses in response to a separate triggering signal.

For inhibitory synapses, many additional proteins have been
dentified that are involved in synapse formation, but that cannot
nduce inhibitory synapses by themselves. Some of these proteins
nterfere directly or indirectly with synaptogenic signaling path-

ays (e.g. IgSF9b and MDGA1 both interact with neuroligin-2, but
ith opposite effects (Lee et al., 2013; Pettem et al., 2013; Woo  et al.,

013)), while other signaling proteins, such as Sema4D (Kuzirian
t al., 2013; Paradis et al., 2007), or FGF7 (Terauchi et al., 2010)
eem to signal through independent pathways. It is currently not
nown if these different pathways can occur in parallel or sequen-
ially in the same synapses, or to what extent differences between
ell-types or brain regions exist. For an overview of signaling path-
ays involved in inhibitory synapse formation, I refer the reader to

ecent reviews (Frias and Wierenga, 2013; Ko et al., 2015; Lu et al.,
017). It will be important to understand how different regulatory
athways interact. The involvement of specific pathways at specific
tages of synapse formation shows that synapse formation is a pro-
ess that involves multiple steps with modulation and regulation
t each level, allowing (activity-dependent) fine-tuning of synaptic
onnections. The existence of multi-level signaling pathways indi-
ates that the formation of inhibitory synapses, perhaps even more
o than excitatory synapses, is a highly regulated process.

. Actin dynamics

During formation of inhibitory synapses, signals from the extra-
ellular environment (for instance from the postsynaptic neuron)
nduce intracellular changes in the inhibitory axon to form a new
outon. Many studies have indicated a direct or indirect link
etween adhesion molecule signaling and intracellular cytoskele-
on rearrangements. Indeed, in C. elegans it was shown that synapse
ormation actually starts with changes in the local actin scaf-
old that subsequently induce recruitment of synapse organizing

olecules to the nascent presynaptic zone (Chia et al., 2014, 2012).
lso the formation of ghost boutons in Drosophila was shown to
equire rearrangements of the actin cytoskeleton by cofilin (Piccioli
nd Littleton, 2014). These studies show a clear involvement of
ctin at an early stage of bouton formation. The important structural
ole of actin in maintaining molecular components at immature
resynaptic terminals has also been shown by experiments in
hich depolymerization of actin structures results in the com-
lete loss of synapses in young axons (Zhang and Benson, 2001).

n mature synapses, actin is still important in regulating and mod-
lating several aspects of synaptic transmission (Cingolani and
oda, 2008; Sankaranarayanan et al., 2003), but maintenance of
ynaptic composition or transmission at mature synapses no longer
epends on actin (Morales et al., 2000; Zhang and Benson, 2001). It

s currently not known what determines the transition from imma-
ure, actin-dependent, to mature, actin-independent, synapses. The
hape and dynamics of the actin cytoskeleton are determined by

 large number of actin-binding proteins and other actin regu-
ators inside the cell. There are many different actin structures
resent within axons which presumably compartmentalize presy-
aptic terminals and axonal shaft (Bleckert et al., 2012; Roy, 2016).
ntracellular actin structures can be highly dynamic and interact
nd compete amongst each other (Burke et al., 2014; Suarez et al.,
015). Indeed, filamentous actin in presynaptic boutons is con-
inuously assembled and disassembled under baseline conditions
ulletin 129 (2017) 43–49 47

(Bleckert et al., 2012; Colicos et al., 2001), and actin can be recruited
from the axonal shaft to presynaptic boutons after a period of
enhanced synaptic activity (Colicos et al., 2001; Sankaranarayanan
et al., 2003). It will be important for future studies to unravel
the changes in intra-axonal actin structures that occur when new
presynaptic boutons are formed and how these structures differ
between immature and mature synapses.

9. Conclusions

In conclusion, live imaging studies have revealed that inhibitory
synapse formation is a dynamic and often non-linear process.
Presynaptic terminals forming boutons along inhibitory axons are
themselves highly dynamic structures that can rapidly be assem-
bled and disassembled. The major advantage of a system in which
synaptic connections are constantly being updated and compete
with neighbors for resources is that it can quickly adapt to chang-
ing circumstances. In this review I have tried to put our work on
inhibitory axons in the context of what is known from previous
studies. In many studies excitatory axons are used as model sys-
tems and much of our current knowledge of molecular mechanisms
underlying synapse formation comes from studies in invertebrates,
in which intracellular pathways can be more easily studied. One
might argue that presynaptic terminals are very different in excita-
tory and inhibitory synapses and different species. However, there
are currently no indications that bouton formation is fundamen-
tally different in different types of axons. In fact, the similarities
between different axons and preparations are more remarkable
than the differences, suggesting that different presynaptic termi-
nals undergo a common assembly process and only diverge at a
later developmental stage.

Together, the available data indicate that synapse formation
involves a series of events with many stochastic elements, and
suggest that multiple signals need to coincide to successfully
assemble a new presynaptic terminal. In an attempt to recon-
cile available data from literature with our own  observations, I
have constructed a working model for inhibitory synapse for-
mation, illustrating the several mechanistic steps of the process
(Fig. 2). The particular proteins and molecular pathways involved
will likely be synapse-specific and there may  be a wide vari-
ety of signaling pathways that regulate and modulate different
steps of inhibitory synapse formation, allowing synapse-specific
and activity-dependent adjustments of synaptic connections.
Characterization of these regulatory pathways will help our under-
standing of experience-dependent circuit adaptation in the healthy
brain and eventually may  enhance insight in neurodevelopmental
diseases in which neuronal circuitry is disturbed.
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