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Abstract

Neurotransmitter release occurs at active zones, which are specialized regions of the presynaptic
membrane. A dense collection of proteins at the active zone provides a platform for molecular
interactions that promote recruitment, docking, and priming of synaptic vesicles. At mammalian
neuromuscular junctions (NMJs), muscle-derived laminin B2 interacts with presynaptic voltage-
gated calcium channels to organize active zones. The molecular architecture of presynaptic active
zones has been revealed using super-resolution microscopy techniques that combine nanoscale
resolution and multiple molecular identification. Interestingly, the active zones of adult NMJs are
not stable structures and thus become impaired during aging due to the selective degeneration of
specific active zone proteins. This review will discuss recent progress in the understanding of
active zone nanoarchitecture and the mechanisms underlying active zone organization in
mammalian NMJs. Furthermore, we will summarize the age-related degeneration of active zones
at NMJs, and the role of exercise in maintaining active zones.
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1. Introduction

A neuromuscular junction (NMJ) is a chemical synapse formed between a presynaptic motor
neuron and a postsynaptic muscle cell. These synapses ensure efficient signaling between
the two cells through the regulated release of neurotransmitters. The exocytotic release of
neurotransmitters occurs at specific sites on the presynaptic membrane that are termed active
zones. At the ultrastructural level, active zones appear as electron-dense projections on the
presynaptic membrane where synaptic vesicles fuse for subsequent exocytosis (Couteaux
and Pecot-Dechavassine, 1970; Tsuji, 2006). Electron microscope tomography has revealed
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that active zones in frog NMJs are elongated structures, and the way synaptic vesicles attach
to the active zone makes them appear as “pearls on a string” (Harlow et al., 2001). Active
zones in mammalian NMJs are much smaller than those of frog NMJs and are distributed in
a discrete and scattered pattern within each presynaptic terminal (Nagwaney et al., 2009;
Rowley et al., 2007). Presynaptic active zones perform the following functions involved in
accurate and efficient neurotransmitter release: (1) dock and prime synaptic vesicles; (2)
recruit voltage-gated calcium channels (VGCCs); (3) contribute to the precise, exactly
opposite locations of pre- and postsynaptic specializations; and (4) mediate presynaptic
plasticity (Stdhof, 2012). The first three concepts are relevant for the active zones of NMJs.
This review will focus on recent findings regarding active zones at mammalian NMJs. We
will briefly describe what has been shown at the NMJs of other species and at other
synapses. Presynaptic active zones of the central nervous system (CNS) have been reviewed
extensively elsewhere (Fejtova and Gundelfinger, 2006; Gundelfinger et al., 2016; Sudhof,
2012). Our goal is also to highlight recent insights into the distribution patterns of active
zone proteins in mammalian NMJs using findings from super-resolution microscopy and the
selective degeneration of active zone proteins in aged animals. Analysis of active zones
using super-resolution microscopy at Drosophila NMJs will be described in a separate
review article by Robert Kittel in this special issue.

2. Analysis of active zone nanoarchitecture and ultrastructure

Active zones were first described using transmission electron microscopy. They were
characterized as electron-dense projections to which synaptic vesicles attach (Couteaux and
Pecot-Dechavassine, 1970). Electron micrographs of rodents and frogs revealed that NMJ
active zones appear as triangular electron-dense projections that extend from the presynaptic
membrane into the cytosol (Couteaux and Pecot-Dechavassine, 1970; Hirokawa and Heuser,
1982; Nishimune et al., 2004; Rowley et al., 2007). Three-dimensional reconstructions of
serial electron micrographs of rat NMJs revealed the location of synaptic vesicle pools that
were clustered in close proximity to the active zones (Rowley et al., 2007). Transmission
electron microscopy of DrosgphilaNMJs also showed electron-dense projections at the
presynaptic membranes, which appear as T-shaped structures. These projections, named T-
bars, also recruit vesicles to the active zones (Kittel et al., 2006). Electron micrographs of
CNS synapses from an en face view show active zones as hexagonal grids of dense
projections with a web-like pattern (Gray, 1963). These projections found in CNS synapses
are formed by an array of electron-dense, cone-shaped particles that project into the
cytoplasm from the presynaptic membranes (Gray, 1963; Limbach et al., 2011; Pfenninger et
al., 1972). The authors suggest that these dense projections represent an underlying
molecular organization of the active zone material and are not artificially induced by fixation
(Limbach et al., 2011; Pfenninger et al., 1972). However, whether the exact ultrastructural
appearance and quantitative parameters are influenced by specimen processing remains
unknown (Limbach et al., 2011).

Subsequent freeze-fracture electron microscopy studies revealed the membrane-embedded
structure of active zones at a macromolecular resolution in an en face view orientation. In
human, mouse, rat, and lizard NMJs, parallel rows of large intramembranous particles (10 —
12 nm in diameter) were seen on the cytosolic half of the plasma membrane (the P-face of
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freeze-fracture electron micrographs) (Ellisman et al., 1976; Fukunaga et al., 1982; Fukuoka
et al., 1987b; Walrond and Reese, 1985). Based on these data, an active zone unit of
mammalian NMJs has been proposed as consisting of a parallel array of 20
intramembranous particles arranged in four rows (Ellisman et al., 1976). These active zone
units were observed in large numbers and were distributed in discrete locations within the
presynaptic membrane of NMJs. However, the organization of the large intramembranous
particles on the P-face was different at frog NMJs (Heuser et al., 1979; Heuser et al., 1974).
At frog NMJs, an active zone was identified as a continuum of the intramembranous
particles that nearly spanned the width of a nerve terminal branch (Ko, 1985). The existence
of these active zone units defined by these intramembranous particles has been further
supported by the tomography analyses described below.

Electron microscope tomography revealed the first three-dimensional structure of the
cytoskeletal matrix of the active zones (CAZ) of frog NMJs (Harlow et al., 2001). The CAZ
is a collection of proteins that constitute an active zone (see “NMJ active zone assembly and
organization” for details) (Dresbach et al., 2001). The macromolecule components of the
active zones identified by electron microscope tomography were named “beams,” “ribs,”
and “pegs,” and they were connected to each other and arranged along the midline of the
presynaptic ridge (see Figure 5 of reference (Harlow et al., 2001)). Based on the frequency
and distribution of the pegs, the authors suggested that pegs are putative VGCCs embedded
in the presynaptic membrane. A recent electron microscope tomography analysis of frog
NMJs further revealed that an active zone has three sublayers: the superficial layer and the
intermediate layer, both of which are approximately 15 nm thick, and the deepest layer,
which is up to 45 nm thick (Szule et al., 2012). The superficial layer contains the previously
described beam-rib-peg assembly and is followed by the intermediate layer, which contains
macromolecules named steps and spars. The deepest layer includes macromolecules termed
masts, booms and topmasts (Szule et al., 2012). These macromolecules are arranged in a
highly ordered ultrastructure that interacts with synaptic vesicles at multiple points on an
active zone (see Figure 2 of reference (Szule et al., 2012)).

An electron microscope tomography analysis of mouse NMJs identified a similar highly
ordered ultrastructure with the beam-rib-peg assemblies and two docked synaptic vesicles
(Nagwaney et al., 2009). The macromolecules of mouse active zones showed a bilateral
arrangement relative to the two docked synaptic vesicles (Figure 1). The numbers and
distribution patterns of the pegs were very similar to the parallel rows of the large
intramembranous particles that were identified as an active zone unit by freeze-fracture
electron microscopy analysis of mouse NMJs. The macromolecules of mouse active zones
show a bilateral arrangement, whereas the macromolecules of frog active zones show a
unilateral arrangement relative to the docked vesicles (see Figure 8 of reference (Nagwaney
et al., 2009) for a comparison of the arrangement of macromolecular connections in the
active zones of mouse versus frog NMJs). This bilateral arrangement in mice may favor
more efficient vesicle docking and/or fusion (Nagwaney et al., 2009). The authors observed
only two primary docked vesicles per active zone and further predicted that there are
approximately 450 primary docked vesicles per mouse NMJ. The beam-rib-peg complexes
of frog and mouse NMJs are significantly different from that of CNS synapses.
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Electron microscope tomography analyses of neocortical synapses revealed an array of
polyhedral cages approximately 60 nm in diameter at active zones (Zampighi et al., 2008).
Previously, filamentous proteins protruding from presynaptic membranes were observed
using rapid freezing combined with freeze-etched electron microscopy (Landis et al., 1988).
Synaptosomes prepared from adult rat cortices were stained with ethanolic phospho-tungstic
acid (EPTA) and analyzed using electron microscopy. These micrographs clearly showed a
presynaptic particle web formed by electron-dense protrusions from the membrane that were
connected with thin linkers (Phillips et al., 2001). This ultrastructure of CNS active zones
detected using EPTA staining was somewhat similar to the distribution pattern of polyhedral
cages revealed by the tomography method (Figure 8 of reference (Phillips et al., 2001) and
Figure 10 of reference (Zampighi et al., 2008)). Hair cell ribbon synapses analyzed using
electron microscope tomography revealed a ribbon attached to a presynaptic density, which
are located in the center of two rows of docked synaptic vesicles (Frank et al., 2010). This
structure was closer to, but not the same as, the frog NMJ active zone. There seem to be
ultrastructural differences between the active zones of CNS synapses, hair cell synapses, and
NMJs (see Figure 1 of (Zhai and Bellen, 2004) or Figure 1 of (Ackermann et al., 2015) or
Figures 6 and 7 of (Slater, 2015) for descriptions of the different active zone morphologies
in various species and synapses). Despite the structural heterogeneity between these
synapses and NMJs, these active zones function similarly to facilitate the docking of
synaptic vesicles to the presynaptic membrane.

The freeze-fracture electron microscopy and electron microscope tomography analyses
revealed the ultrastructure of active zones as described in the sections above. Furthermore,
immunoelectron microscopy with the SDS-digested freeze-fracture replica labeling method
has revealed the clustered distribution pattern of P/Q-type VGCCs within the intramembrane
particles of the presynaptic membrane at rodent cerebellar synapses and calyx of Held
synapses (Indriati et al., 2013; Nakamura et al., 2015; Ritzau-Jost et al., 2014). These results
are in agreement with the observation that an active zone unit contains a cluster of 20
intramembrane particles at NMJs (Ellisman et al., 1976). Immunoelectron microscopy was
used to analyze the distribution of active zone proteins at the ultrastructural level in CNS and
sensory neuron synapses (Dieck et al., 1998; Limbach et al., 2011; Tao-Cheng, 2006, 2007;
tom Dieck et al., 2005). However, there are only a few reports of analysis of NMJ active
zones using immunoelectron microscopy (Fukuoka et al., 1987a; Juranek et al., 2006;
Mizoguchi et al., 1992) and the precise ultrastructural distribution pattern of CAZ proteins
within an active zone unit has not been reported using these electron microscopy techniques.

Super-resolution microscopy techniques have greatly improved the resolving power of light
microscopy to under 50 nm compared to the diffraction-limited resolution of approximately
200 nm using confocal microscopy. Super resolution microscopy methods with a resolving
power below 50 nm include Stimulated Emission Depletion (STED) microscopy,
PhotoActivated Localization Microscopy (PALM), and STochastic Optical Reconstruction
Microscopy (STORM) (Betzig et al., 2006; Hell and Wichmann, 1994; Rust et al., 2006).
These techniques have been utilized to reveal the molecular architecture of presynaptic
terminals (Dani et al., 2010; Ehmann et al., 2014; Kittel et al., 2006; Willig et al., 2006).
These techniques are easier than electron microscopy-based methods for analyzing the

Neurosci Res. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Badawi and Nishimune Page 5

relative locations of two or more proteins in a large number of synapses from multiple
animals (Nishimune et al., 2016).

The first study of active zone proteins using super-resolution microscopy analyzed
Drosophila NMJs (Kittel et al., 2006). STED microscopy revealed a doughnut-like
distribution pattern of Bruchpilot protein at the active zones of Drosophila NMJs. Further
analysis using STED microscopy demonstrated that the N-terminal epitope of Bruchpilot
localized within the “doughnut hole” of the C-terminal epitope of Bruchpilot (Fouquet et al.,
2009). The N- and C-terminal epitopes of Bruchpilot were separated along an axis vertical to
the presynaptic membrane, with its N terminus closer to the presynaptic membrane than its
C terminus. These data suggested that individual Bruchpilot proteins can adopt an elongated
bouquet-like conformation, which shapes the T-bar structure (Fouquet et al., 2009). Calcium
channels (Calcium channel a1 subunit, Cacophony) and Rab3-interacting molecule-binding
proteins are essential for neurotransmitter release at Drosophila NMJs, and their locations
relative to Bruchpilot have also been revealed using STED microscopy (Fouquet et al., 2009;
Liu et al., 2011a). A detailed description of the super-resolution microscopy analysis of
Drosophila active zones are discussed by Robert Kittel in a separate review in this special
issue.

Active zone-specific proteins at mammalian NMJs were recently analyzed for the first time
using super-resolution microscopy (Nishimune et al., 2016). Our STED microscopy analysis
of mouse NMJs revealed punctate and discrete distribution patterns of two active zone
proteins, Bassoon and the P/Q-type VGCC, with the two proteins co-localizing together.
This is consistent with the protein interaction analysis that showed Bassoon interacting with
P/Q-type VGCC p subunit (Chen et al., 2011). In addition, we identified that the active zone
protein Piccolo does not co-localize with Bassoon (Figure 1). Piccolo puncta sandwiched a
Bassoon punctum in a side-by-side pattern. There were many Piccolo-Bassoon-Piccolo
structure units within a single NMJ, which suggested these may be functional units of an
active zone (Nishimune et al., 2016). This distribution pattern of Bassoon and Piccolo at
subdiffraction-limited resolution was not previously known and could not be resolved using
confocal microscopy analyses of mouse NMJs. The epitopes close to the N and C termini of
Bassoon colocalized and were not present in a bouquet pattern, as Bruchpilot was at
DrosophilaNMJs (Nishimune et al., 2016). However, the punctate distribution pattern of
VGCCs remained similar between mouse and Drosophila active zones, in addition to the
colocalization of VGCC puncta with active zone-specific proteins (Bassoon and Bruchpilot).
On the postsynaptic side of the mouse NMJ, accumulation of acetylcholine receptors at the
mouth of postsynaptic junctional folds and in front of the active zones were revealed by 3D-
STORM analysis (York and Zheng, 2017).

In the CNS, super-resolution microscopy has also been used to reveal the relative location of
the active zone proteins and pre- and postsynaptic proteins in the mouse hippocampus, main
olfactory bulb, calyx of Held, and ribbon synapses (Chamma et al., 2016; Dani et al., 2010;
Dzyubenko et al., 2016; Kempf et al., 2013; Wong et al., 2014). Analyses using 3D-STORM
revealed a discrete punctate distribution pattern of Bassoon in GABAergic inhibitory
interneuron synapses in the mouse hippocampus (Dudok et al., 2015). This pattern was
similar to the Bassoon distribution pattern at mouse NMJs that we found using STED
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microscopy (Nishimune et al., 2016) and to the Bassoon distribution pattern in mouse
hippocampal synapses identified using confocal microscopy (Bednarek and Caroni, 2011).
Furthermore, 3D-STORM analysis of excitatory synapses of the mouse main olfactory bulb
revealed similarities to the non-colocalizing distribution of Piccolo and Bassoon at mouse
NMJs (Dani et al., 2010). The connection between this ultrastructure information and
functional studies of the synapses will be described in the next section.

3. Correlations between active zone ultrastructure and synaptic function

NMJs have been described as strong and reliable synapses, and these two features allow for
the efficient, consistent, and finely tuned movement of body parts (Meriney and Dittrich,
2013). The NMJ is a reliable synapse because it releases neurotransmitters in excess of that
which is required to excite and cause contraction of postsynaptic muscle cells (Wood and
Slater, 2001). Early observations showed that the size of active zones correlates with the
quantal content or the number of synaptic vesicles released by the presynaptic terminal of
frog NMJs (Propst and Ko, 1987). Subsequent analyses of mouse NMJs suggested that these
synapses are assembled using low probability release sites (Meriney and Dittrich, 2013;
Nagwaney et al., 2009). We previously showed that adult mouse NMJs contain 600 — 800
active zones (Chen et al., 2012), and Nagwaney and others showed that each active zone has
2 docked synaptic vesicles (Nagwaney et al., 2009). Therefore, a mouse NMJ may contain
approximately 1200 — 1600 docked vesicles in the readily releasable pool. However,
following an action potential, only approximately 60 — 80 vesicles are released (Ruiz et al.,
2011; Wang et al., 2004), suggesting that approximately 5% of active zones release synaptic
vesicles (Tarr et al., 2013). Several other studies have shown that only a subpopulation of
NMJ active zones are used per action potential for synaptic transmission, partly due to the
low release probability (Luo et al., 2015; Luo et al., 2011; Peled and Isacoff, 2011; Ruiz et
al., 2011; Wang et al., 2010; Wu and Betz, 1999; Wyatt and Balice-Gordon, 2008).
Interestingly, Luo and others used a novel high-resolution calcium fluorescence imaging and
single-pixel optical fluctuation analysis to estimate the opening probability of individual
VGCCs at frog NMJs. They concluded that the low probability of vesicle release is due to
the low probability (approximately 0.2) of opening of individual calcium channel at frog
active zones (Luo et al., 2011). This conclusion is consistent with the results at mouse NMJs
that used electrophysiological estimates of the readily releasable pool size in a model of
sequential depletion and refilling of vesicles (Ruiz et al., 2011). Taken together, these studies
led to the hypothesis that transmitter release at the NMJ is controlled by the assembly of
many low-probability vesicle release sites (Tarr et al., 2013).

4. The role of synaptic activity and exercise in maintaining active zone

density

The mammalian NMJ contains multiple active zones that are distributed in a discrete pattern.
Active zone density at NMJs is preserved in mammals and remains relatively constant
during postnatal development (Chen et al., 2012). During the first two months of mouse
postnatal development, there is a 3.3-fold increase in the size of NMJs and a similar increase
in the active zone number. However, the density of active zones at these NMJs remained
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constant at 2.3 active zones/um? (Chen et al., 2012). Similar maintenance of active zone
density has also been shown at Drosophila NMJs during the larval stage and at rat calyx of
Held synapses between postnatal day (P) 9 and P21 (Dondzillo et al., 2010; Graf et al.,
2009; Meinertzhagen et al., 1998; Reiff et al., 2002; Sigrist et al., 2002). Maintaining a
constant density of active zones at synapses has the potential advantage of ensuring efficient
synaptic transmission because a regulated distance between active zones in the presynaptic
terminal ensures their access to synaptic vesicles and calcium buffering systems (Chen et al.,
2012; Llinas et al., 1992; Neher, 1998). Active zone density is an essential parameter for
maintaining synaptic transmission efficiency.

Meanwhile, does synaptic activity influence the organization and density of active zones?
For the initial formation of active zones, synaptic activity does not seem necessary. At
embryonic mouse NMJs that lack synaptic transmission due to a null mutation of choline
acetyltransferase, active zone density is unaltered compared to wild-type control NMJs
(Misgeld et al., 2002).

Differences in motor neuron firing rates do not seem to alter the active zone density at NMJs
during the maturation stage of NMJs, either. Muscle fibers acquire slow or fast fiber type
characteristics during development (Condon et al., 1990; Narusawa et al., 1987) and the
motor neurons innervating them are classified based on the contractile properties of the
motor units (Burke et al., 1973; Kanning et al., 2010). Therefore, these fast and slow motor
neurons have different firing rates and activities (Gardiner, 1993; Lee and Heckman, 1998).
However, the NMJ active zone densities of these fast and slow motor neurons were similar
in the rat diaphragm (Rowley et al., 2007), suggesting that differences in synaptic activity
levels do not influence active zone density.

During aging, pre- and postsynaptic NMJ morphology is altered in humans and rodents
(Arizono et al., 1984; Fahim et al., 1983; Fahim and Robbins, 1982; Li et al., 2011; Smith
and Rosenheimer, 1982; Valdez et al., 2010; Valdez et al., 2012). In mice, partial denervation
of NMJs begins at 12 months of age and fully denervated NMJs are present at 18 months of
age. By 24 months of age, the number of fully denervated NMJs appears significantly higher
compared to that of young-adult NMJs (Valdez et al., 2010). This is accompanied by a
reduced number of synaptic vesicles and an altered synaptic transmission efficiency (Banker
et al., 1983; Fahim, 1997; Fahim et al., 1987; Gutmann et al., 1971; Jacob and Robbins,
1990; Kelly and Robbins, 1983; Smith, 1988). Specifically, mEPP frequency decreased
(Banker et al., 1983; Gutmann et al., 1971; Smith, 1988), but mEPP amplitude and input
resistance increased with aging (Banker et al., 1983; Fahim, 1997). EPP amplitude increased
for the first EPP in a train of stimuli, and the quantal content showed a matching increase at
aged NMJs. However, EPP amplitude decreased after repetitive stimulation to the plateau
level (Banker et al., 1983; Fahim, 1997). The age-related changes in NMJ synaptic
transmission are described in Table 1.

Heterogeneity of the aging process complicates the interpretation of these electrophysiology
findings; however, the decrease in mEPP frequency and EPP amplitude suggest a decrease in
the number or function of NMJ active zones in aged animals. Consistently, the active zone-
specific protein Bassoon was under the detection limit at many aged mouse and rat NMJs
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(27- and 24-month-old, respectively) (Chen et al., 2012; Nishimune et al., 2012). These data
indicate that NMJ active zones are not stable structures and can degenerate during aging. In
addition, this loss of Bassoon occurred before the denervation of aged NMJs, suggesting that
a loss of active zones may play a role in age-dependent NMJ denervation.

In aged animals, synaptic activity is necessary for the maintenance of active zone density.
Interestingly, exercise has been shown to restore presynaptic proteins and ameliorate the
active zone impairment of aged NMJs. In rodents, resistance exercise ameliorated the loss of
Bassoon at the NMJs of 24-month-old aged rats (Nishimune et al., 2012). This is consistent
with the improvements in NMJ function that were observed using electrophysiology in aged
mice after endurance training (Fahim, 1997). Additionally, other beneficial effects of
exercise have been demonstrated for NMJ maintenance and for reversing age-related
changes at rodent NMJs (for review see (Booth et al., 2002; English et al., 2011; Handschin
and Spiegelman, 2008; Houle and Cote, 2013; Nishimune et al., 2014; Panenic and
Gardiner, 1998; Vandervoort, 2002; Wilson and Deschenes, 2005)). This includes a decrease
in the incidence of denervation and fragmentation of postsynaptic structures as a result of
exercise and caloric restriction (Valdez et al., 2010). These data suggest that synaptic activity
has different roles in the organization of active zone density during different life stages of
the animal.

Activity-dependent homeostatic synaptic plasticity can also occur in response to altered pre-
or postsynaptic function in order to maintain constant synaptic transmission (Davis and
Muller, 2015). In mammalian NMJs, an example of this homeostatic process has been
observed in studies of the neuromuscular disease myasthenia gravis, which is characterized
by a loss or impairment of postsynaptic acetylcholine receptors. The associated reduction in
postsynaptic sensitivity results in a compensatory increase in quantal content to restore the
amplitude of excitatory postsynaptic potentials and to maintain muscle excitation (Cull-
Candy et al., 1980; Plomp et al., 1995; Plomp et al., 1992). Modification of active zone
function may underlie this homeostatic plasticity. At the Drosophila NMJ, recent progress
has been made towards identifying molecules that play a role in homeostatic plasticity.
Studies linking active zone ultrastructure with postsynaptic function at Drosophila NMJs
have been reviewed elsewhere (Davis and Muller, 2015; Frank, 2014; Kittel and Heckmann,
2016).

5. NMJ active zone assembly and organization

What are the molecular mechanisms that organize active zones at NMJs? Laminin B2 is an
extracellular matrix protein that organizes the active zone facing the postsynaptic
specialization at mouse NMJs (Nishimune et al., 2004). Laminin B2 is secreted by muscles
and becomes concentrated in the synaptic cleft of NMJs (Hunter et al., 1989; Sanes and

Hall, 1979). The important role of laminin 2 in organizing NMJ active zones was
demonstrated by the active zone loss phenotype observed in laminin 2 knockout mice
(Noakes et al., 1995). In addition, these knockout mice showed impaired presynaptic
differentiation, reduced miniature end plate potentials (mEPPSs), and decreased quantal
content at NMJs (Knight et al., 2003; Noakes et al., 1995). The specific receptors for laminin
2 were identified as P/Q- and N-type VGCCs on the presynaptic terminals of NMJs
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(Nishimune et al., 2004). The binding of laminin p2 and VGCCs induced presynaptic
differentiation by the clustering of VGCCs and presynaptic proteins (Nishimune et al.,
2004). The functional role of this interaction was confirmed /7 vivo through blocking the
interaction between VGCC and laminin B2 in wild-type mice by infusing an inhibitor of the
interaction. This infusion experiment showed a reduction in the number of active zones at
NMJs (Nishimune et al., 2004). At the developing rat NMJ (PO — 4), electrophysiological
studies showed that both P/Q- and N-type VGCCs are used for synaptic transmission,
whereas only P/Q-type VGCCs are utilized in more mature (P5 — 11) rats and adult mice
(Rosato Siri and Uchitel, 1999; Uchitel et al., 1992). P/Q- or N-type VGCC single or double
knockout mice showed reduced numbers of both active zones and docked synaptic vesicles,
which was demonstrated by quantitative analyses of electron micrographs (Chen et al., 2011;
Nishimune et al., 2004). Laminin 2 was not detected at CNS synapses (Yin et al., 2003),
which indicates that this mechanism is specific to NMJs and photoreceptor synapses in the
retina, where laminin 2 also accumulates (Hunter et al., 1992).

At NMJs, laminin B2 can anchor P/Q-type VGCCs from the extracellular side, and the P/Q-
type VGCCs can function as a scaffolding protein for cytosolic proteins that make up the
CAZ. The CAZ-specific proteins include Bassoon, ELKS/CAST2/Ercl, Muncl3, Piccolo,
and Rab3 interacting proteins 1 and 2 (RIM1/2). These proteins play roles in synaptic
vesicle accumulation and release following calcium influx through VGCCs (details will be
explained below). These proteins and their molecular interactions, including their interaction
with VGCCs (Figure 2), will be discussed in the following paragraphs. In addition, the role
of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins
in synaptic vesicle docking and exocytosis at the presynaptic membrane will be described
later.

Bassoon and Piccolo are the two largest active zone proteins, with molecular weights of 420
kDa and 530 kDa, respectively (Cases-Langhoff et al., 1996; Dieck et al., 1998).
Structurally, both proteins are closely related; each consists of two zinc finger domains and
three coiled coil (CC) domains (Gundelfinger et al., 2016). Therefore, these proteins were
thought to co-localize and share functional roles at active zones of mouse NMJs (Chen et al.,
2012) and CNS synapses (Dick et al., 2001; Dondzillo et al., 2010; Fenster et al., 2000).
Synaptic vesicle clusters are disrupted in synapses of cultured hippocampal neurons, cortical
neurons, and ribbon synapses with a loss of functional bassoon or piccolo or both bassoon
and piccolo (Altrock et al., 2003; Dick et al., 2003; Mukherjee et al., 2010; Waites et al.,
2013). These results indicated a role for these proteins in vesicle clustering.

In these structural studies, hippocampal synapses of Bassoon knockout mice showed a
normal ultrastructure (Altrock et al., 2003). Interestingly, a lack of Bassoon in the retina
impaired the formation of functional synaptic ribbons, which are active zone structures in
photoreceptor neuron synapses that have been identified in electron micrographs. Synaptic
ribbons in the Bassoon mutant mice did not attach to the presynaptic membrane but rather
remained floating in the cytoplasm (tom Dieck et al., 2005). These results suggested the role
of Bassoon in the structural organization of active zones in some synapses. The
consequences of Bassoon and Piccolo deletion from NMJ active zones remain unknown.
However, an experimental manipulation to decrease active zone organizer signaling at mouse
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NMJs resulted in a reduced number of active zones and a reduced level of Bassoon in NMJs
(Nishimune et al., 2004).

Meanwhile, Bassoon and Piccolo also show some differences. Piccolo contains a unique
PDZ domain and two C2 domains (C2A and C2B) in its C terminus (Dieck et al., 1998;
Fenster et al., 2000). Piccolo knockdown in rat primary hippocampal neuron cultures
showed that Piccolo negatively regulates vesicle exocytosis through Synapsinl modulation
(Leal-Ortiz et al., 2008). This function of synaptic vesicle recruitment from the reserve pool
to the active zone was unique to Piccolo and not shared by Bassoon (Leal-Ortiz et al., 2008).
At the mouse NMJ, Bassoon and Piccolo exhibited non-overlapping side-by-side distribution
patterns, as revealed by super-resolution microscopy STED (Nishimune et al., 2016). As
described earlier, this side-by-side distribution pattern is consistent with the electron
tomography data. The functional significance of this Bassoon and Piccolo distribution
pattern is unknown, but some hints may be obtained from the study of aged NMJs (see the
last section).

Multiple interacting proteins were identified for Bassoon and Piccolo, including CAST,
Munc13, and Rim in the mouse brain (Wang et al., 2009). Both proteins interacted with
ELKS (Takao-Rikitsu et al., 2004) and with two members of the C-terminal binding protein
family, CtBP1 and CtBP2 (tom Dieck et al., 2005). In addition, Piccolo interacted with
multiple other proteins, such as the L-type VGCC (Shibasaki et al., 2004), GIT1 (Kim et al.,
2003), profilin, and PRA-1 (Fenster et al., 2000). Piccolo also interacted with Abp1(Fenster
et al., 2003), a protein implicated in actin binding and endocytosis, which demonstrated a
potentially unique role for Piccolo at active zones. The active zone proteins Bassoon and
ELKS2/CAST/Erc2 directly interacted with the VGCC B subunits and were significantly
reduced in the NMJs of P/Q-type or N-type VGCC (a subunit) knockouts or in P/Q- and N-
type VGCC double knockout mice (Chen et al., 2011; Nishimune et al., 2004). Bassoon
indirectly interacted with P/Q-type VGCCs via an interaction with RIM-binding proteins,
and this interaction positioned VGCCs near synaptic vesicle release sites in cultured
hippocampal neurons (Davydova et al., 2014).

ELKS proteins are scaffolding proteins, whose name is derived from their high content of
the following amino acids: glutamate (E), leucine (L), lysine (K), and serine (S) (Nakata et
al., 1999). ELKS was identified separately as an active zone protein and named CAST
(Ohtsuka et al., 2002) or ERC (Wang et al., 2002). Mammals contain two ELKS genes:
ELKS1 (CAST2/ERC1), which is present at mouse NMJs, and ELKS2, which is not
detected at mouse NMJs (Tokoro et al., 2007). At NMJs, the physiological role of ELKS
remains unclear. One hint about its importance for active zone function at NMJs came from
the analysis of Bruchpilot, which shares significant N-terminal sequence homology with
ELKS (Kittel et al., 2006; Wagh et al., 2006). Bruchpilot Drosophila mutants showed a loss
of T-bars, impaired clustering of calcium channels, and a reduction in evoked synaptic
transmission, confirming its role in active zone organization. The ELKS proteins will be
reviewed in a separate article by Toshihisa Ohtsuka in this special issue.

The Munc13 protein family consists of three highly homologous members in mammals,
including Munc13-1/2/3 with the splice variants bMunc13-2/ubMunc13-2 for Munc13-2
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(Brose et al., 2000). Of these, Munc13-1 and ubMunc13-2, but not bMunc13-2 and
Munc13-3, were detected at mouse NMJs (Varoqueaux et al., 2005). In CNS synapses, the
Munc13 proteins are essential for synaptic vesicle priming and evoked synaptic transmission
(Aravamudan et al., 1999; Augustin et al., 1999; Richmond et al., 1999; Varoqueaux et al.,
2002). However, analysis of NMJs in Munc13-1/2 double knockout mice revealed that
vesicle priming is partly independent of Munc13 at this synapse (Varoqueaux et al., 2005).
Munc13-1/2 double knockout mice exhibited an increase in the frequency of mEPPs, but a
significant reduction in the end plate potential (EPP) amplitude and EPP quantal content at
NMJs (Varogueaux et al., 2005). NMJ electron micrographs of the Munc13-1/2 double
knockout mice revealed well-formed synapses containing active zones with docked synaptic
vesicles at the presynaptic membrane (Varoqueaux et al., 2005). These results suggest that
Munc13-1 and 2 can play a role in synaptic transmission but are not essential for active zone
assembly at NMJs.

RIMs are multidomain proteins that are central components of the CAZ. In vertebrates, the
RIM protein family is composed of 7 members (RIM1a, 1B, 2a, 2B, 2+, 3y and 4+) formed
by four different genes (RIM1 — 4) (Wang and Siidhof, 2003). At NMJs, RIM plays an
important role in synaptic transmission. RIM1a and RIM2a double knockout mice
exhibited no ultrastructural defects at NMJs according to a qualitative level analysis (Schoch
et al., 2006). However, they were unable to mediate normal calcium-triggered
neurotransmitter release. The double knockout mice had a reduced frequency of mEPPs and
reduced EPP amplitudes compared to control NMJs (Schoch et al., 2006). At Drosophila
NMJs, RIM promoted VGCC clustering (Graf et al., 2012). In vertebrate CNS synapses,
RIM bound to P/Q- and N-type, but not L-type, VGCCs (Kaeser et al., 2011). These
interactions were essential for recruiting calcium channels to active zones in cultured
hippocampal neurons and at calyx of Held synapses (Han et al., 2011; Kaeser et al., 2011).
A RIM1/2 double conditional knockout mouse model demonstrated that RIMs are important
for synaptic vesicle docking and priming at the calyx of Held (Han et al., 2011). RIM bound
to SNAP 25 in a calcium-dependent manner /n vitro (Coppola et al., 2001). This interaction
could potentially link RIM directly to the SNARE complex for vesicle exocytosis (see next
paragraph). Taken together, the interactions between RIMs and VGCCs target VGCCs to the
presynaptic terminals of NMJs and promote synaptic transmission.

SNAREs represent a large family of proteins, characterized by a 70-residue sequence known
as the SNARE motif (Rizo and Sudhof, 2002), which brings the plasma membrane and a
synaptic vesicle close together (Rizo and Rosenmund, 2008). They are not enriched in active
zones; however, they form the core fusion proteins necessary for synaptic vesicle release.
SNAREs play essential roles in synaptic transmission and neurotransmitter release through
the formation of the SNARE complex during calcium-triggered vesicle exocytosis (Jahn and
Scheller, 2006; Sudhof and Rothman, 2009). During docking, the SNARE complex is
formed between syntaxin-1(Bennett et al., 1992; Inoue et al., 1992) and synaptic vesicle—
associated protein of 25 kDa (SNAP 25) (Oyler et al., 1989) on the presynaptic terminal
membrane, and synaptobrevin (Ferro-Novick and Jahn, 1994) on the synaptic vesicle
membrane. Genetic experiments and the application of neurotoxins have shown that SNARE
formation is necessary for fast synaptic calcium-triggered exocytosis (Bronk et al., 2007;
Deék et al., 2004; Sgrensen et al., 2003). A spontaneous null mutation in synaptobrevin 1
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significantly impaired the function of mouse NMJs by reducing both mEPP frequency and
EPP amplitude compared to control mice (Liu et al., 2011b). Short-term synaptic plasticity
was also altered at NMJs of the synaptobrevin 1-null mice. This mutation did not alter the
NMJ ultrastructure, and there was no change in the size of the readily releasable pool. Thus,
these impairments were attributed to a reduced sensitivity to calcium due to the absence of
synaptobrevin 1. The alignment between VGCCs and the synaptic vesicle release machinery
in the rat brain was supported by the direct interactions between presynaptic P/Q- and N-
type VGCCs and syntaxin, SNAP-25, and synaptotagmin proteins (Martin-Moutot et al.,
1996; Rettig et al., 1996; Sheng et al., 1996; Sheng et al., 1994; Sheng et al., 1997).

In summary, the postsynaptically secreted laminin B2 organizes active zones at NMJs by
anchoring its presynaptic receptor VGCCs and by the cytosolic interactions between VGCCs
and the active zone-specific proteins: Bassoon, ELKS, Munc13, Piccolo, and RIMs. These
VGCCs and CAZ-specific proteins likely make up the electron-dense material in active
zones shown in electron micrographs of NMJs. This estimation is supported by the loss of
electron-dense materials at the NMJs of VGCC knockout mice (Chen et al., 2011;
Nishimune et al., 2004). The regulated release of neurotransmitters also requires an interplay
between VGCCs, CAZ proteins, and the SNARE complexes to achieve the tethering,
docking, priming, and fusion of synaptic vesicles with the plasma membrane (Sudhof and
Rizo, 2011). Additional research into the molecular mechanisms of active zone organization
is needed to understand the necessary interactions for maintaining the NMJ active zones.
The following sections will describe how active zones at NMJs can be affected during aging
and other neurodegenerative diseases.

6. Selective degeneration of active zone proteins during aging

Aging leads to a reduction in active zone protein levels and in active zone number (Chen et
al., 2012; Nishimune et al., 2016), as explained in section “4. The role of synaptic activity
and exercise in maintaining active zone density.” Interestingly, selective degeneration of
active zone proteins occurred at NMJs during aging (Nishimune et al., 2016). At the aged
NMJs of 29-month-old mice, the level of P/Q-type VGCCs and Bassoon protein decreased
significantly compared to adult NMJs of 8-month-old mice. However, the protein level of
another active zone-specific protein, Piccolo, at these aged NMJs remained similar to that of
adult NMJs. These findings suggested that NMJ active zone proteins decrease selectively,
but not as a uniform degeneration, prior to NMJ denervation during aging. In addition,
Bassoon puncta density was significantly decreased in aged NMJs, but P/Q-type VGCC
puncta and Piccolo puncta density in aged NMJs remained similar to the adult NMJ level.
These results indicated that a reduced amount of P/Q-type VGCC protein remained in the
active zones, even though the protein level decreased in most of the active zones of the aged
NMJs. In our previous electrophysiology study, the lack of Bassoon enhanced the
inactivation property of P/Q-type VGCC (Nishimune et al., 2012). Together, these results
imply that the active zones of aged mouse NMJs function less efficiently due to the reduced
protein level and function of P/Q-type VGCCs.

In the CNS, examples of selective degeneration of presynaptic proteins were reported in
aged patients with Alzheimer's disease (Sze et al., 2000). Synaptobrevin, synaptotagmin, and
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Rab3a were significantly decreased in the hippocampus and entorhinal cortex of Alzheimer's
disease patients compared to controls. In contrast, the levels of two synaptic vesicle proteins,
synapsin | and SV2, and two presynaptic SNARE proteins, syntaxin and SNAP-25,
remained comparable to the controls. Of the tested proteins, synaptobrevin was the only
protein that was reduced in Alzheimer's disease patients in all four of the examined brain
regions, including the hippocampus, entorhinal cortex, occipital cortex, and the caudate
nucleus (Sze et al., 2000). The levels of active zone-specific proteins were not examined in
this study.

These results suggest that pathological mechanisms leading to synaptic impairments may
involve a selective degeneration of active zone proteins prior to the entire loss of active
zones. Interestingly, cultured hippocampal neurons that lack Bassoon and Piccolo exhibited
degeneration of glutamatergic synapses (Waites et al., 2013), which was associated with the
induction of presynaptic autophagy (Okerlund et al., 2017). Bassoon played a role in the
local regulation of presynaptic autophagy through its interaction with Atg5, an E3-like
ubiquitin ligase essential for autophagy (Okerlund et al., 2017). A gain of function of
Bassoon led to the suppression of presynaptic autophagy, and loss of Bassoon function
enhanced autophagy (Okerlund et al., 2017). These results indicate a potential consequence
of selective active zone protein loss and a downstream mechanism that results in active zone
degeneration. Alterations in selective protein—protein interactions that are important for the
maintenance of NMJ active zones and regulation of neurotransmission can also play a role in
aging and the pathogenesis of other neurodegenerative diseases. Therefore, it is necessary to
identify higher resolution distribution patterns of active zone proteins and investigate how
they are affected during aging and in neurodegenerative diseases to better understand the
mechanisms of neuromuscular function loss. The beneficial effect of exercise in restoring
Bassoon levels at aged NMJs has been described (Nishimune et al., 2012). Whether exercise
or increasing synaptic activity can ameliorate the selective degradation of other active zone
proteins will be an interesting avenue to pursue.
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Highlights

. Nanoarchitecture of active zones was revealed using super resolution

microscopy.
. Active zone ultrastructure and synaptic function show correlations at NMJs.
. Synaptic activity and exercise play roles in maintaining the active zone

density.
. Mechanisms of assembly and organization of NMJ active zones will be

detailed.
. Active zone proteins show selective degeneration during aging.
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Figure 1.
STED microscopy has revealed the distribution patterns of active zone proteins in mouse

neuromuscular junctions (NMJs). This Figure (a—e) is reproduced with modifications from
Nishimune et al., 2016. (a) Dual-color STED micrographs showing Bassoon (green) and
P/Q-type VGCCs (magenta) overlapping at the NMJ. (b) Dual-color STED micrographs
demonstrating the side-by-side distribution pattern of Piccolo (magenta) and Bassoon
(green). (c) The active zone structure in mouse NMJs revealed by electron microscope
tomography adapted from Nagwaney et al., 2009, Journal of Comparative Neurology
(reprinted by permission of John Wiley & Sons, Inc., license number: 4097730642797). (d,

Neurosci Res. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Badawi and Nishimune Page 25

e) A theoretical overlay of the active zone protein distribution pattern identified using STED
microscopy on the active zone structure revealed by electron tomography. The “pegs” in
Nagwaney’s model represent P/Q-type VGCCs, the “beams” represent Bassoon, and the
“ribs” represent Piccolo.
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Figure 2.
Schematic diagram of the mammalian neuromuscular junction. (a) A motor neuron with

active zones shown as triangles that represent the electron-dense material detected by
electron microscopy and (b) a close-up of one active zone. Laminin B2 is secreted from the
postsynaptic muscle fibers and interacts extracellularly with P/Q-type voltage-gated calcium
channels (VGCCs) to organize the active zone. Active zone proteins, Bassoon (green),
ELKS/CAST2/Ercl (blue), Piccolo (magenta), and Rim1/2 (blue), interact intracellularly
with VGCCs (orange). The active zone Figure depicts the theoretical localization of
Bassoon, Piccolo, and VGCC identified with STED super-resolution microscopy in
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Nishimune et al., 2016. The localization of ELKS/CAST2/Ercl and RIM1/2 within the
active zone has only been resolved at the level of confocal microscopy. The sizes of the
proteins and the synaptic cleft are not to scale.
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Table 1

Aging-related changes in active zones at mammalian NMJs

Parameter

Effect of aging

Density of presynaptic structures
Active zone density

Synaptic vesicle density

Active zone-specific proteins

Bassoon

ELKS1 (CAST2/ERC1)
Muncl3
Piccolo

P/Q-type VGCC

RIM 1/2
Synaptic transmission

Miniature end-plate potentials (MEPP)
frequency

mEPP amplitude

End-plate potentials (EPP)

Quantal release

Input resistance

Decreases (Chen et al., 2012)

Decreased at nerve terminals (Banker et al., 1983; Fahim and Robbins, 1982)

Protein level per synapse area and puncta density decreases (Chen et al., 2012; Nishimune et al.,
2016; Nishimune et al., 2012)

Unknown
Unknown
No significant change in protein level and puncta density per synapse area (Nishimune et al., 2016)

Protein level per synapse area decreases with no significant change in puncta density (Nishimune et
al., 2016)

Unknown

Decreased in mouse EDL, soleus, and EDC muscles (Banker et al., 1983), and rat levator ani
muscles (Gutmann et al., 1971)

No change in mouse GM and diaphragm (Banker et al., 1983), mouse soleus (Jacob and Robbins,
1990), rat EDL, diaphragm, and soleus (Smith, 1988)

Increased in mouse GM muscles (Fahim, 1997) and diaphragm (Banker et al., 1983)
No change in EDL, soleus or GM muscle (Banker et al., 1983)

Increased amplitude for the first EPP of a train, decreased amplitude after repetitive stimulation
(plateau level), in mouse EDL, soleus, and GM muscles (Banker et al., 1983; Fahim, 1997)

Increased for the first EPP of a train (Banker et al., 1983; Fahim, 1997)

Increased in mouse GM, EDL, and soleus, no change in diaphragm (Banker et al., 1983; Fahim,
1997)

EDC-= extensor digitorum communis; EDL= extensor digitorum longus; GM= gluteus maximus; VGCC= voltage-gated calcium channel
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