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Abstract

Presynaptic active zones are synaptic vesicle release sites that playessential roles in the function
and pathology of mammalian neuromuscular junctions (NMJs). The molecular mechanisms of
active zone organization utilize presynaptic voltage-dependent calcium channels (VDCCs) in
NMJs as scaffolding proteins. VDCCs interact extracellularly with the muscle-derived synapse
organizer, laminin 2, and interact intracellularly with active zone-specific proteins, such as
Bassoon, CAST/Erc2/ELKS2alpha, ELKS, Piccolo, and RIMs. These molecular mechanisms are
supported by studies in P/Q- and N-type VDCCs double-knockout mice, and they are consistent
with the pathological conditions of Lambert-Eaton myasthenic syndrome and Pierson syndrome,
which are caused by autoantibodies against VDCCs or by a laminin 2 mutation. During normal
postnatal maturation, NMJs maintain the density of active zones, while NMJs triple their size.
However, active zones become impaired during aging. Propitiously, muscle exercise ameliorates
the active zone impairment in aged NMJs, which suggests the potential for therapeutic strategies.

Keywords
Bassoon; calcium channel; exercise; laminin; motor neuron; synapse

Introduction

Synaptic vesicles at adult mammalian NMJs accumulate near the electron-dense material of
presynaptic active zones (Fig. 1). Synaptic transmission is initiated by CaZ* influx through
presynaptic P/Q-type VDCCsl: 2 and synaptic vesicle fusion at the active zones.3 The
cytosolic regions of these active zones form large protein complexes, which are detected as
electron-dense material extending from the presynaptic membrane toward the cytosolic
region on transmission electron micrographs.#% The electron-dense materials align with
postsynaptic junctional folds in adult NMJs.”=2 These electron dense materials of active
zones distribute in a discrete pattern within one presynaptic terminal in mammalian
NMJs,10. 8 similar to the salt crystals on a pretzel. The discrete distribution pattern of active
zones is consistent with the distribution patterns of active zone-specific proteins that are
detected using immunohistochemistryl!: 12. 9 and the distribution patterns of
intramembranous particles on the P-face of presynaptic membranes that are detected using
freeze-fracture electron microscopy.13 14 This discrete distribution pattern of active zones in
mammalian NMJs is similar to Drosophila NMJs,1>-17 but different from frog NMJs that
contain elongated continuous active zones.18 3 Furthermore, the discrete distribution pattern
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of active zones within one mammalian NMJ is similar to large synapses of the central
nervous system, the calyx of Held, and large mossy fiber terminals in hippocampus, that
show discrete distribution patterns of active zone specific proteins within a single
presynaptic terminal.19-21 The presynaptic active zone of central nervous system has been
reviewed recently elsewhere.22 23

Impairments in active zone structure are known in two human neurological diseases,
namely, Lambert-Eaton myasthenia syndrome (LEMS) and Pierson syndrome. LEMS
patients exhibit a reduced number of NMJ active zones, reduced synaptic transmission, and
weakened muscles due to autoantibodies against VDCCs and synaptic proteins.24 14 Pierson
syndrome patients exhibit a loss of NMJ active zones, impairments in synaptic transmission,
and denervation of NMJs due to the lack of laminin B2 caused by a genetic mutation.25: 26
These clinical phenotypes of Pierson syndrome are identical to phenotypes of laminin 2
knockout mice,2’which suggest that the synapse organizer laminin B2 plays a role in active
zone organization in humans. Furthermore, these studies suggest essential roles of active
zones and their electron-dense materials in synaptic transmission at NMJs.

mechanisms of NMJ active zone organization

What is known about the molecularmechanism to organize NMJ active zones? The synapse
organizer, laminin B2, is an extracellular matrix proteinsecreted by muscles that specifically
concentrates in the synaptic cleft of NMJs.28 29 Laminin B2 knockout mice demonstrate a
loss of active zones, impairment of presynaptic differentiation, and an attenuation of
miniature endplate potential frequency and quantal content at NMJs.27- 30 These data
suggest a role of laminin B2 in the organization of NMJ active zones. However, a specific
receptor for this active zone organizer was previously unknown because the well-known
laminin receptors, such as integrins and dystroglycans, do not distinguish between synaptic
and non-synaptic laminins (with or without laminin p2).31-33 In a search for a specific
receptor, laminin 2 was shown to bind directly and specifically to P/Q- and N-type
VDCCs,!! both of which are concentrated at presynaptic terminals inmammalian NMJs.34 1
These VDCC pore-forming subunits bind to synaptic laminins containing laminin p2 but not
to non-synaptic laminins, which contain laminin 81.11 Furthermore, synaptic laminins bind
to VDCCs that are highly concentrated at presynaptic terminals in NMJs (e.g., P/Q- and N-
types) but not to other VDCCs (e.g., R- and L-type VDCCs (Cav1.2)).11 Therefore, these
VDCCs are the first receptors that specifically bind synaptic laminins. The interaction
between laminin B2 and VDCC leads to the clustering of VDCCs and presynaptic
components in cultured motor neurons,1! which suggests presynaptic differentiation.

In vivo studies provide compelling support that extracellular interactions between laminins
and VDCCs participate in the organization of NMJ active zones. The number of active zones
decreases in P/Q-type VDCC knockout mice similar to laminin B2 knockout mice.1! In
addition, active zone number decreases in wild-type mice when the interaction between
VDCC and laminin B2 is blocked by infusing an inhibitor of the interaction.11 Moreover, P/
Q- and N-type VDCC double knockout mice exhibit specific defects in the number of active
zones, which is twice as severe as the defects in the single knockout mice of P/Q- or N-type
VDCCs. However, the double knockout mouse displays normal axon projection, endplate
recognition/innervation, and an accumulation of the synaptic vesicle-related proteins at
presynaptic terminals without morphologically denervated endplates.1? These results
suggest that the termination of axonal outgrowth and the accumulation of synaptic vesicle
proteins at NMJs are based on a cell adhesion based signal or a retrograde signal from
muscles to axons. However, active zone formation is based on a parallel or different
signaling mechanisms utilizing VDCCs as a receptor for the active zone organizer.
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The VDCCs that trigger synaptic vesicle release have been estimated to localize at or in
close vicinity of active zones.35-3% 2 Adult mammalian NMJs rely on P/Q-type VDCCs for
synaptic transmission.3* 40 However, the relative location of P/Q-type VDCCs and active
zone proteins has not been analyzed in the immunohistochemistry studies of P/Q-type
VDCCs in mammalian NMJs published by others.#1-44 Three-dimensional reconstruction of
immunohistochemistry signals revealed that P/Q-type VDCCs distribute in a discrete
punctate pattern within the NMJs and co-localize preferentially with the active zone protein
Bassoon.*® The punctate immunohistochemical-staining patterns of P/Q-type VDCCs and
Bassoon were different from the diffuse distribution pattern of the synaptic vesicle-
associated protein SV2, which suggests that these co-localization spots are discrete active
zones within NMJs. This co-distribution pattern of P/Q-type VDCCs and Bassoon in NMJs
is consistent with the direct binding of VDCCs and Bassoon (described below).12

Presynaptic VDCCscontribute to the tethering of thecytomatrix at the active zone (CAZ)*°
to the presynaptic membrane and organize the NMJ active zones by directly binding to
active zone-specific proteins (Fig. 2). The active zone proteins, Bassoon, CAST/Erc2/
ELKS2alpha, ELKS, and RIMs, interact with VDCC B subunits,*6: 471248 which form a
tight complex with the pore-forming a subunits of P/Q- and N-type VDCCs.*? The active
zone proteins RIMs and Piccolo also interact with VDCC a subunits.®9-52 These CAZ
proteins are likely to form a large protein complex®3-26 and become the electron-dense
materials in the NMJ active zones. This view is further supported by the correlation between
the loss of Bassoon immunohistochemical signals and the loss of active zone electron-dense
materials in the NMJs of VDCC knockout mice.11: 12

In summary, the muscle-derived active zone organizer laminin B2 anchors the VDCC
subunits and active zone protein complex (Bassoon, CAST/ELKS/Erc family member,
Piccolo, and RIMs) from the extracellular side to organize NMJ active zones. P/Q-type
VDCC:s function as scaffolding proteins that link the extracellular interaction to cytosolic
active zone proteins.12- 48 The three-dimensional alignment of P/Q-type VDCCs and
Bassoon in NMJs strongly supports this molecular mechanism to organize the active
zones.®” The role of other NMJ organizers for active zone formation is less likely (Agrin,
MuSK, and Lrp4) or not clear (collagens and amyloid precursor protein) at this point and
awaits further study.%®

Bassoon interaction modulates VDCC inactivation

P/Q-type VDCCs and Bassoon bind directly in a co-immunoprecipitation assay12: 45,
Consistently, these two proteins preferentially co-localize in NMJs.> Furthermore, VDCCs
and other active zone-specific proteins form protein complexes /n vitroand in

vivo.12: 47,48, 51,52, 56, 57, 59, 60 These data raise the possibility of modifying VDCC function
by the interacting active zone proteins. Indeed, Bassoon suppresses the inactivation property
of P/Q-type VDCCs when the two proteins are co-expressed and analyzed using patch-
clamp electrophysiology.*® A significant depolarizing shift in the voltage dependence of
inactivation is observed, which is similar to the effect of active zone protein RIM1 on
VDCCs.46: 47 These results suggested that Bassoon suppresses inactivation and prolongs
channel opening of P/Q-type VDCCs that are opened by repetitive depolarization.
Therefore, Ca2* influx through P/Q-type VDCCs is augmented by Bassoon and may
contribute to the efficiency of NMJ synaptic transmission. An alternative possibility is that
Bassoon preferentially increases the open time of VDCCs positioned in active zones, while
those VDCCs without Bassoon located outside the active zones would not. This might be a
way to enhance calcium entry to the active zones, similar to the role of SNARE proteins.>?
These hypotheses are consistent with the Bassoon-dependent increase in Ca2* influx through
L-type VDCCs in the inner hair cells of the auditory system.80 Other modifications of
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VDCC function by active zone specific proteins have been reported by other
groups.46:60.47,61.52.62 The functional modification of VDCCs by Bassoon is likely to occur
in addition to the previously reported role of Bassoon in synaptic vesicle tethering to the
presynaptic membranes.0.63.64 |n summary, active zone-specific proteins play a role in
synaptic transmission by binding to presynaptic VDCC complexes, modifying channel
function, and tethering synaptic vesicles.

The functional modification of VDCCs by active zone proteins does not seem to contribute
to active zone formation. The synapse organizer laminin B2 induces presynaptic
differentiation in cultured motor neurons despite P/Q- and N-type VDCC blockade by
specific toxins, providing evidence for dispensability of Ca2* influx into nerve terminals for
active zone formation.1! This finding suggests that ion channel activity or the modification
of channel function may not be required for the formation of NMJ active zones.

Active zone density

NMJ active zones distribute in a discrete pattern (like the salt crystals on a pretzel) within
one presynaptic terminal of mammalian NMJs. Freeze-fracture electron microscopy has
revealed active zones based on the intramembranous particles'31# at a density of 2.4-2.7
active zones per um? in mouse and human adult NMJs.14.65.66 The density of active zones
that are labeled by Bassoon immunohistochemistry is 2.3 active zones per wm? in mouse
NMJs.? Importantly, the active zone densities match in two species using two different
techniques, which suggests that the active zones of mammalian NMJs are maintained at 2.3—
2.7 active zones per pm2,

The density of NMJ active zones is maintained at a constant level during postnatal
maturation in mice. The density of active zones that are labeled by Bassoon
immunohistochemistry remains constant at 2.3 active zones per pm?2 while the synapse size
and active zone numbers increase more than 3-fold during the first two months of postnatal
maturation in mouse NMJs (Fig. 3).2 What is the significance to maintain a constant density
of active zones while NMJs enlarge and change its morphology? A regulated distance
between active zones ensures access to synaptic vesicles and Ca2*-buffering systems in the
presynaptic terminal,37: 39 which may isolate each active zones as independent units and
limit calcium-dependent short-term plasticity. It also aids the effective clearance of
neurotransmitters in the synaptic cleft by maintaining the local neurotransmitter
concentrations under a certain level .87 In addition, a constant active zone density allows
postsynaptic membranes to maintain a constant density of neurotransmitter receptors during
maturation, which secures the safety factor of NMJ neurotransmission.58 These points
support the advantages of maintaining the active zone density for the efficacy of synaptic
transmission at NMJs.

How do active zones maintain regulated distance between themselves in presynaptic
terminals? Laminin a4 is an extracellular matrix molecule concentrated in the synaptic cleft
of mouse NMJs, but it is excluded under the active zones and from junctional folds.8
Interestingly, laminin a4 knockout mice display normal numbers of NMJ active zones, but
the active zones are not placed at the normal position facing the junctional folds.® Therefore,
laminin a4 plays a role in the specification of the active zone location in mouse NMJs. In
the cytosolic side, cytoskeletal structures like presynaptic particle web, or cytoskeletal
protein complexes that bind to VDCCs and active zone proteins may regulate the distance
between the active zones.%9:55:56 However, the molecular mechanism that control the
number and spacing of active zones is further studied in Drosophila NMJs.70-74.58
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Impairment of active zones in aged NMJs and recovery by exercise

Summary

Active zone density is maintained during the NMJ maturation; however, active zones are
impaired in aged animals. Decreased Bassoon protein levels have been detected in the NMJs
of aged mice and rats.®: ° Would the reduced Bassoon protein level in aged NMJs affect
NMJ function? Lack of Bassoon is known to cause an impairment of synaptic vesicle
trafficking to presynaptic membranes in central nervous system and sensory

neurons.80: 63.64 As mentioned in the electrophysiological analyses of VDCC-Bassoon
interaction, Ca2* influx is decreased in VDCCs without Bassoon,®” which may weaken
synaptic transmission. Furthermore, impaired NMJ synaptic transmission is known in
human diseases and knockout mice that have decreased numbers of active zones.30: 2. 26
Taken together, the reduced Bassoon protein level in aged NMJs is likely to weaken
synaptic transmission. This view is consistent with the attenuation of synaptic function in
aged NMJs compared to young adult NMJs, including stronger synaptic depression during
repeated stimulation,’® reduced end-plate potential amplitude (plateau level) after repetitive
stimulation,’® and the reduced frequency of miniature end-plate potentials.””: 76 In
summary, active zone protein loss may be a part of the molecular mechanism that causes
impairment of aged NMJs.

This active zone impairment in aged NMJsis ameliorated by muscularexercise. Exercise
intervention is beneficial for the nervous system because exercise upregulates
neurotrophins’®-81 and improves recovery after nerve injury.82 In addition, an effect of
exercise on presynaptic active zones was demonstrated in our recent study.>’ Anisometric
strength exercise ameliorated the loss of Bassoon in the aged NMJs of two-year-old rats.
The mean intensity of Bassoon immunohistochemical signal inthe NMJs ofexercised-aged
rats was similar to young adult rats (Fig. 4). Importantly, the improvement in this active
zone protein in aged NMJs after exercise is consistent with improvements in NMJ function
after endurance training in aged mice revealed using electrophysiology.83 Furthermore, the
beneficial effects of exercise in theattenuation or reversal of age-related changes in NMJs
have been observed in human and rodents by several groups as well.84 85 In summary, the
exercise-induced preservation of active zone proteins in aged NMJs is likely to exert a
positive effect on NMJ function.

Recent findings related to NMJ active zones are summarized in this review, including the
molecular mechanisms of formation, density, impairmentsduring aging, and recovery by
exercise. The trans-synaptic signaling between the active zone organizer laminin 32 secreted
by muscle, its specific receptor presynaptic VDCCs, and active zone-specific proteins play
an important role in active zone organization. The interactions of VDCCs and active zone
proteins modulate VDCC function, but may cause presynaptic impairment in aged NMJs
due to the loss of active zone proteins. However, this loss of active zone proteins in aged
NMJsis ameliorated by muscular exercise.

The impaired condition of aged NMJs and pathological conditions of Lambert-Eaton
myasthenic and Pierson syndromesreiterate the importance of active zones in NMJ function.
Furthermore, impairmentsin active zones may underlie the etiological mechanisms of other
neuromuscular diseases. Propitious improvement ofactive zone protein levels in aged NMJs
after muscle exercise creates anovel therapyfor themaintenanceand amelioration of NMJ
functions under pathological conditions. However, the molecular mechanisms of these
beneficial effects are not well known, which makes pharmacological intervention difficult.
Patient conditions may not permit effective exercise interventions, due to restricted mobility.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2013 December 01.
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Therefore, further investigation to elucidate the organizational mechanismsin NMJ active

Z0

nes is required for the development ofnovel therapeutic strategies.
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Figure 1.

A transmission electron micrograph showing active zones in a mouse NMJ. The top
micrograph shows an NMJ profile of diaphragm from a wild-type mouse at postnatal day 85.
The motor nerve terminal is colored in green and muscle in red. Synaptic vesicles are
preferentially accumulating to four active zones. The bottom micrograph shows a high-
magnification view of the presynaptic membrane area of the same NMJ. Orange arrowheads
indicate electron-dense materials of the active zones that are accumulating synaptic vesicles
and are aligned with postsynaptic junctional folds. Scale bars: 500nm.
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Figure2.
A diagram of the molecular mechanism of active zone organization in mammalian
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neuromuscular junctions. The diagram depicts interactions between the muscle derived
active zone organizer laminin 2, presynaptic voltage-dependent calcium channel (VDCC)
subunits, and active zone proteins. The gray triangle depicts the electron dense material of
an active zone detected by electron microscopy. Horizontal double lines show pre- and post-
synaptic membranes, and the space between these lines represents the synaptic cleft. The
sizes of the proteins and the synaptic cleft are not in scale. Two headed arrows represent

some of the reported interactions.
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Figure 3.

The constant density of active zones in postnatal mouse NMJs. A—C. The active zone-
specific protein Bassoon forms puncta that are aligned with postsynaptic junctional folds in
adult NMJs. A fluorescent immunohistochemical staining showing Bassoon (green in A, B)
and acetylcholine receptors (red in A, C) in sternomastoid muscle of an adult mouse. Many
Bassoon puncta are localized on top of the postsynaptic folds, which were visualized as
bright lines of a-bungarotoxin staining. D. The synapse size (measured by the a-
bungarotoxin stained area) shows about three-fold enlargement during the perinatal to adult
stages. E. The density of the Bassoon puncta stays at a relatively constant level (2.3 puncta/
nm?2) during the postnatal development of NMJs. Asterisks indicates significant differences
by one-way ANOVA analysis (P < 0.05). Modified from Ref. 9, © Wiley-Blackwell.
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Figure 4.

Exercise ameliorates the decrease in active zone protein level observed in aged NMJs. A.
NMJs of aged rats (aged, two-year-old rats) exhibit lower Bassoon signal intensity compared
to young adult rats (young, postnatal day 56). Aged rats that underwent isometric strength
training of muscles for two months (trained-aged) show higher Bassoon
immunohistochemical signal intensity compared to the NMJs of untrained aged rats (aged).
Highly magnified Bassoon staining of the area marked by white dotted boxes are shown in
the second column from the left (High Mag. Bassoon). Nerve and endplate morphology is
shown using anti-neurofilament and -SV2 antibodies (NF+SV2) and a-bungarotoxin for
acetylcholine receptors (AChR). Scale bar: 10 um. B. Average signal intensity of Bassoon is
significantly higher in NMJs of young rats and trained-aged rats compared to those of
untrained-aged rats (scattered plot shows each NMJ data, and whiskers show mean +
standard error in arbitrary intensity units). The red bracket indicates a subgroup of aged
NMJs with a minuscule level of Bassoon signal. Young rats and trained-aged rats do not
show significant difference. Modified from Ref. 57.
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