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Abstract
Presynaptic active zones are essential structures for synaptic vesicle release, but the developmental
regulation of their number and maintenance during aging at mammalian neuromuscular junctions
(NMJs) remains unknown. Here, we analyzed the distribution of active zones in developing,
mature, and aged mouse NMJs by immunohistochemical detection of the active zone-specific
protein Bassoon. Bassoon is a cytosolic scaffolding protein essential for the active zone assembly
in ribbon synapses and some brain synapses. Bassoon staining showed a punctate pattern in nerve
terminals and axons at the nascent NMJ on embryonic days 16.5–18.5. Three-dimensional
reconstruction of NMJs revealed that the majority of Bassoon puncta within an NMJ were
attached to the presynaptic membrane from postnatal day 0 to adulthood, and colocalized with
another active zone protein Piccolo. During postnatal development, the number of Bassoon puncta
increased as the size of the synapses increased. Importantly, the density of Bassoon puncta
remained relatively constant from postnatal day 0 to 54 at 2.3 puncta/μm2, while the synapse size
increased 3.3-fold. However, Bassoon puncta density and signal intensity were significantly
attenuated at the NMJs of 27-month-old aged mice. These results suggest that synapses maintain
the density of synaptic vesicle release sites while the synapse size changes, but this density
becomes impaired during aging.

Keywords
Bassoon; neuromuscular junction; synapse formation; aging; unitary assembly

INTRODUCTION
The active zone plays an essential role in synaptic transmission because it is the synaptic
vesicle release site of the presynaptic terminal (Couteaux and Pecot-Dechavassine, 1970;
Heuser et al., 1979). However, it is largely unknown how the density of the active zone is
regulated during the development and maturation of mammalian synapses and whether the
structural integrity of active zones is maintained until the end of an animal’s life. Several
components of the active zone in vertebrate synapses have been identified, including
Bassoon, CAST/Erc2, Munc13, Piccolo, and Rim1 (Cases-Langhoff et al., 1996; Wang et
al., 1997; Betz et al., 1998; tom Dieck et al., 1998; Ohtsuka et al., 2002). Deletion of some
of these molecules has been shown to cause impairment of the active zones (Dick et al.,
2003; Mukherjee et al., 2010; Han et al., 2011; Kaeser et al., 2011). In the current study, we
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investigated how these synaptic vesicle release sites are organized and controlled when the
synapse is changing its morphology and size during development and aging.

In electron micrographs of NMJs, active zones exhibit triangular electron-dense projections
that extend from the presynaptic membrane and align with postsynaptic junctional folds
(Couteaux and Pecot-Dechavassine, 1970; Hirokawa and Heuser, 1982; Harlow et al., 2001;
Nagwaney et al., 2009). The developmental analysis of active zone formation has been
reported for the frog NMJ using electron microscopy (Ko, 1985). However, a systematic
analysis of active zone development at mammalian NMJs has not been conducted. A light
microscopy method is suitable for capturing all of the active zones within a single NMJ, but
this approach became feasible only recently following the identification of Bassoon as a
marker for the NMJ active zone (Nishimune et al., 2004; Chen et al., 2011). Bassoon is an
established active zone marker protein for the synapses of the central nervous system (tom
Dieck et al., 1998; Richter et al., 1999; Dick et al., 2001; Khimich et al., 2005; Dondzillo et
al., 2010).

NMJs need to sustain their integrity throughout the animal’s life, but some NMJs become
denervated in aged animals (Fahim and Robbins, 1982; Banker et al., 1983; Valdez et al.,
2010). This phenotype shows that a certain type of motor neuron degeneration starts at
NMJs or axon terminals. However, the molecular mechanisms behind this degeneration are
not well known. Studies of aging-related changes of synaptic proteins at NMJs have been
restricted to a small number of proteins (Balice-Gordon, 1997; Delbono, 2003), and active
zone-specific proteins have not been thoroughly studied in aged synapses in either the
central or the peripheral nervous system (Xiong and Chen, 2010).

In this study, we used Bassoon immunohistochemistry to analyze the development of active
zones of mouse NMJs from embryonic to adult stages. Bassoon immunohistochemistry
enabled the study of entire active zones in a given NMJ, which allowed us to evaluate the
active zone density and distribution pattern over a large number of synapses. Furthermore,
the integrity of active zones at the NMJs was analyzed in aged mice.

MATERIALS AND METHODS
Animals

C57BL/6 wild-type mice (Jackson Laboratory) of both sexes were used in this study. Three
or four animals were analyzed at each developmental stage. Aged C57BL/6 mice were
obtained from the National Institute of Aging rodent colony and maintained at the
University of Kansas Medical Center animal facility until they reached 27 months of age.
Four aged mice (two male and two female) were used. Four young adult C57BL/6 mice
(one-month-old) were used as controls for aged mouse analysis. All animal studies have
been approved by the authors’ institutional review board.

Reagents
All chemicals and reagents were obtained from Sigma (St. Louis, MO), unless otherwise
specified.

Antibody characterization
Following antibodies were used in this study, as listed in Table 1.

Bassoon—The commercially available Bassoon antibody detects a punctate pattern on
cultured rat hippocampal neurons at synapses labeled by an anti-synaptophysin antibody
(tom Dieck et al., 1998). By immunohistochemistry, this antibody stains cone photoreceptor
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terminals at postnatal day 4 (P4) (Regus-Leidig et al., 2009), and the staining is absent in
retinae of knockout mice for Bassoon (Dick et al., 2003). We and others have reported that
this antibody stains mouse NMJs (Nishimune et al., 2004; Chen et al., 2011; Hagiwara et al.,
2011), and we have replicated the same staining pattern in mouse NMJs from embryos to
aged animals. The Bassoon signal was absent in the denervated NMJs as shown in Fig. 8 of
this study.

Piccolo—The commercially available Piccolo antibody detects ~520 and ~65kDa proteins
in Western blots of mouse, rat, and chicken synaptic junctional proteins (Wahlin et al.,
2008). Preadsorption of the antibody with the recombinant Piccolo protein abolishes both
520 and 65 kDa bands (Manufacturer’s observation). By immunocytochemistry, this
antibody detects a punctate pattern on cultured rat hippocampal neurons that co-localize
with the active zone specific protein Bassoon (Dresbach et al., 2006). By
immunohistochemistry, we and others have reported that this antibody stains rat NMJs and
embryonic mouse NMJs (Juranek et al., 2006; Chen et al., 2011). We replicated the similar
staining pattern in adult mouse NMJs in Fig. 2 of this study.

Neurofilament—The commercially available neurofilament monoclonal antibody detects
phosphorylated Neurofilament-M and neurofilament-H at molecular weight 200 and 160
kDa in Western blots of mouse brain extracts (Lachyankar et al., 2000). By
immunohistochemistry, this antibody detects phosphorylated neurofilaments on axons in
fetal human brain (Ulfig et al., 1998; Haynes et al., 2005), and labels motor axons
innervating the mouse NMJ (Misgeld et al., 2002). We have reported the same labeling
pattern of the motor axons at the mouse NMJs using this antibody (Nishimune et al., 2004;
Chen et al., 2011), and replicated the same staining pattern in Fig. 8 of this study. This
antibody was used as a marker in this study to label motor axon morphology.

SV2—The commercially available SV2 monoclonal antibody is known to recognize a
~95kDa proteoglycan present at synapses by Western blot, and nerve terminals in the central
and peripheral nervous systems of mouse, rat, and chicken by immunohistochemistry
(Buckley and Kelly, 1985; Fischer et al., 2008). This antibody also labels the presynaptic
terminal at the mouse NMJ (Misgeld et al., 2002). We have reported the same labeling
pattern of the presynaptic terminal at the mouse NMJs using this antibody (Nishimune et al.,
2004; Chen et al., 2011), and replicated the same staining pattern in Fig. 8 of this study. This
antibody was used as a marker in this study to label motor nerve terminal morphology.

Alexa Fluor 488- and 568-conjugated secondary antibodies, and Alexa Fluor 594- or 647-
conjugated α-bungarotoxin were obtained from Molecular Probes / Invitrogen (Eugene, OR)
and used at a 1:1000 dilution.

Immunohistochemical analysis
The methods employed for the immunohistochemical analyses have been described
previously (Nishimune et al., 2004; Nishimune et al., 2008; Chen et al., 2011). In brief, mice
were fixed by transcardiac perfusion with 4% paraformaldehyde in PBS (pH 7.1, Dulbecco’s
phosphate buffered saline). Sternocleidomastoid and tibialis muscles were removed and
post-fixed in the same fixative at room temperature, cryoprotected in 20% sucrose/PBS,
frozen in Optimal Cutting Temperature compound (Sakura), and cut using a cryostat.
Embryonic tissues were fixed without perfusion. Longitudinal sections were cut at a
thickness of 20 μm and blocked in PBS containing 2% BSA, 2% normal goat serum, and
0.1% Triton. Sections were sequentially incubated with primary antibodies overnight at 4°C,
washed with PBS, and incubated in a mixture of Alexa Fluor (488 or 568)-conjugated
secondary antibodies and Alexa Fluor (594 or 647)-conjugated α-bungarotoxin for 2 hrs. at
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room temperature. After washing, the sections were mounted with Vectashield (Vector). No
staining was observed when primary antibodies or Alexa Fluor-conjugated α-bungarotoxin
were omitted.

Confocal microscopy
Sequentially scanned confocal Z-stacks were obtained using a Nikon C1Si confocal
microscope (Nikon, Tokyo, Japan) with a 100x objective lens (Apo TIRF, NA=1.49) and
immersion medium (refractive index nd = 1.515). The microscope was equipped with
following lasers: an argon laser (488 nm), a He-Ne laser (561 nm), and a diode laser (638
nm). The pinhole size was set to 60 μm, following the manufacturer’s recommendation for
the lens used, which is smaller than one Airy disk unit and improves the effectiveness of the
pinhole (Conchello and Lichtman, 2005). The XY-pixel size (0.050 μm) and Z-steps (0.3
μm/step) were set to follow the Nyquist sampling criterion for each Airy disk unit (XY, 0.21
μm; Z, 0.71 μm) (Conchello and Lichtman, 2005) (Nikon microscopyU, http://
www.microscopyu.com/articles/livecellimaging/imagingsystems.html). A smaller zoom
(XY-pixel size, 0.062 μm) was used to image aged and one-month-old NMJs because the
endplates in aged NMJs were fragmented and occupied wider areas than in young NMJs.
However, this did not compromise our ability to resolve puncta. Laser power levels,
photomultiplier gain levels, scanning speed, and the confocal pinhole size were kept
constant within Figs 3, 4, 6, and 8 for quantification of immunohistochemistry signals. The
maximal projection of Z-stacks was obtained using EZ-C1 FreeViewer software (Nikon).

Image analysis
Three-dimensional (3D) reconstruction of confocal Z-stacks was performed using NIS-
Elements software (Nikon). All other image analyses were conducted using Metamorph
(Universal Imaging Corporation). For the quantification of the developing synapse size, the
areas of α-bungarotoxin-labeled acetylcholine receptor (AChR) clusters (endplates) were
measured from maximal projected confocal images without level adjustment. For the
quantification of the Bassoon immunohistochemistry signal at the NMJs, we restricted the
measurements to presynaptic terminals overlying α-bungarotoxin-labeled AChR clusters.
We measured the number of Bassoon puncta in maximal projected confocal images without
level adjustment (1024 x 1024 file size) after thresholding the images for light objects (as
explained in the next paragraph). We only took measurements from NMJs in which we
could image the entire morphology of the synapse.

We previously used one unified threshold value for the quantification of Bassoon
immunohistochemistry signals for all of the analyses in our publication (Chen et al., 2011).
However, it was difficult to define a unified threshold value for the developmental analysis
of Bassoon puncta among a wide range of ages due to the dynamic changes in the signal
intensity of Bassoon immunohistochemistry (Fig. 6). In a similar situation, different
researchers have used different image analysis methods for the quantification of Bassoon
fluorescence intensity, area, or punctum number. One study used manual thresholding
(Dondzillo et al., 2010), and another study used background subtraction from the entire
image combined with the estimation of Bassoon puncta using a two-dimensional Gaussian
distribution (Frank et al., 2010). To threshold the images as objectively as possible in the
current study, we used a function in the Metamorph software called “auto threshold for light
objects”. Briefly, this algorithm utilizes the distribution of a histogram of pixel gray values
and defines a background as the gray values with the largest peak. The algorithm defines the
objects as peaks of the histogram on the bright side of the background. Then it locates a
trough in the histogram between the objects and the background and defines a threshold
value (Narayan et al., 2007). The anti-Bassoon antibody staining produced a high signal-to-
noise ratio with a low background. Thus, this automated method produced threshold values
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that accurately covered the Bassoon-stained puncta. All Bassoon images were thresholded
by this method prior to the quantification of the area.

The number of Bassoon puncta per synapse was determined by dividing the area of each
Bassoon punctum by the averaged Bassoon punctum size and rounding to the nearest whole
number. The average Bassoon punctum size for the developmental NMJ analysis (0.082 ±
0.0023 μm2, mean ± SEM) was quantified by manually identifying isolated puncta of
Bassoon staining at P21 (153 puncta) and P48 (161 puncta) in maximal projected and auto-
thresholded confocal images. The average Bassoon punctum size for aged NMJ analysis
(0.092 ± 0.0023 μm2) was quantified by manually identifying isolated puncta of Bassoon
staining at young adult (131 puncta) and aged NMJs (115 puncta) in maximal projected and
auto-thresholded confocal images. These average sizes of Bassoon puncta (thresholded)
were smaller than the point spread function (PSF), suggesting that most Bassoon puncta in
the maximal projected confocal images are similar to or smaller than the PSF size (0.141
μm2 = 3.14 x ((1.22x519nm)/(1.49(NA)x2))2 ). Thus, we focused our analysis on the
number of the Bassoon puncta, but not the size of these puncta because fluorescent objects
under the size of a PSF will not accurately reflect its original size in fluorescent microscopy
(Conchello and Lichtman, 2005; Heilemann et al., 2009).

We did not observe a significant fluorescence intensity decline along the Z-axis of the
stained sections (20 μm). However, to avoid potential complications caused by antibody
penetration or light scattering due to the thickness of the tissue section, we imaged NMJs in
the superficial two-thirds of the section and averaged the data from 31–44 NMJs over 9–12
sections from 3 or 4 animals for each developmental age.

For the quantification of aged NMJs, we quantified only the fully innervated NMJs that were
stained by anti-neurofilament plus anti-SV2 antibodies. For the quantification of the
Bassoon signal intensity of aged and the young adult NMJs, we used a unified threshold
value that was defined by averaging the auto-threshold values generated by Metamorph
software for NMJs of aged and the young adult mice. The average Bassoon signal intensity
was determined by dividing the total Bassoon signal intensity at a single NMJ by the
synapse size. We averaged data obtained from 49 NMJs from four mice at 1-month of age
and 52 NMJs from four mice at 27-month of age.

Ultrastructural analysis
The methods employed for the electron microscopy analysis have been described previously
(Fernandez-Chacon et al., 2004; Nishimune et al., 2004). In brief, sternocleidomastoid
muscles were fixed in 5% glutaraldehyde and 4% paraformaldehyde in PBS, washed,
refixed in 1% OsO4, dehydrated, and embedded in resin. Ultrathin sections were stained
with uranyl acetate and lead citrate and systematically scanned using a transmission electron
microscope. All NMJ profiles encountered in the micrographs were counted. Two to four
animals were analyzed per age, with 35–119 NMJs profiles per age. An active zone was
defined as the protrusion of electron-dense material from the presynaptic membrane where
synaptic vesicles aggregated. Postsynaptic junctional folds were defined as the synaptic
muscle membranes that morphologically invaginated into the muscle fibers and contained
the basal lamina.

Statistics
All statistics were performed using GraphPad Prism software version 5.0c. Significance was
assessed by an unpaired t-test to compare changes between two groups, and by a one-way
ANOVA plus Bonferroni’s multiple comparison test for changes among multiple groups.
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The P values are described in the text and figure legends. All data shown are the mean ±
SEM.

Figure preparation
For the representative images shown in the figures, except Fig. 1, levels were adjusted and
cropped using Adobe Photoshop CS3 (Adobe Systems, San Jose, CA). For Fig. 1, the
maximal projected confocal images and the orthogonal views are shown without level
adjustment. The images and the graphs were assembled using Adobe Illustrator CS3 and
exported in Tiff file format at 300dpi.

RESULTS
The Bassoon antibody labels the active zones of NMJs

We visualized the active zones of NMJs by immunohistochemistry using an anti-Bassoon
antibody. Bassoon is a large cytosolic scaffolding protein that is specifically concentrated at
the presynaptic active zones of synapses in the central and peripheral nervous system (tom
Dieck et al., 1998; Nishimune et al., 2004). Immunohistochemical detection of the Bassoon
protein in adult NMJs revealed the following features. First, Bassoon signals exhibited a
small punctate pattern that was only distributed within the NMJs in adult mice (Figs. 1, 6),
and Bassoon was not detected at denervated endplates (Fig. 8D – D‴). These results
suggested a presynaptic origin for the anti-Bassoon antibody signal. Second, the punctate
staining pattern of Bassoon was different from the diffuse immunohistochemistry signal
pattern of the synaptic vesicle-associated protein SV2 (Fig. 8A″), in accordance with the
localization of the Bassoon protein at active zones. Third, the Bassoon puncta were
distributed relatively evenly within a synapse. These data were in good agreement with the
scattered distribution pattern of active zones determined from reconstructions of serial
electron micrographs of NMJs (Rowley et al., 2007). Fourth, the Bassoon puncta aligned
well with the postsynaptic junctional folds at adult NMJs (Fig. 1). The junctional folds were
visualized as bright lines by the α-bungarotoxin staining, which are caused by the
accumulation of fluorescent signals in the depth axis of the junctional folds (Marques et al.,
2000). The alignment of Bassoon puncta and junctional folds strongly supports the
hypothesis that these Bassoon puncta are active zones because the active zones detected by
transmission electron microscopy align well with the postsynaptic junctional folds at adult
NMJs (Couteaux and Pecot-Dechavassine, 1970; Hirokawa and Heuser, 1982; Harlow et al.,
2001; Nagwaney et al., 2009). We tested the reliability of the Bassoon
immunohistochemistry-based active zone visualization by the following two methods: 3D
analysis of Bassoon puncta localization within the nerve terminals and colocalization
analysis with another active zone protein Piccolo.

First, we validated the Bassoon puncta location within the nerve terminal by analyzing the
confocal Z-stacks in 3D reconstructions. We investigated where Bassoon puncta localize
within the presynaptic terminal by analyzing the relative position of the Bassoon puncta and
the α-bungarotoxin-labeled postsynaptic AChR clusters. In mature NMJs at P36, all
Bassoon puncta were attached to the α-bungarotoxin signal on the nerve side in both XZ-
and YZ-orthogonal views (Fig. 1B′, B″), which is consistent with the location of the active
zone detected by electron microscopy (Fig. 5B, B′).

Second, we examined the distribution pattern of another active zone-specific protein
Piccolo, which is a cytosolic scaffolding protein that shares some domain structure similarity
with Bassoon but differs in having two C2 domains and a PDZ domain and in residing on a
different chromosome compared to Bassoon (Fenster et al., 2000). We have shown the co-
localization of Bassoon and Piccolo in the mouse NMJs at embryonic day 18.5 (E18.5)
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(Chen et al., 2011). Here, we compared the distribution pattern of Piccolo and Bassoon in
adult NMJs. The anti-Piccolo antibody showed punctate staining pattern similar to, but
slightly larger than, the Bassoon puncta in the maximal projected confocal images at the
NMJs of P36 mice (Fig. 2A – A‴). We validated the Bassoon and Piccolo puncta location
within the nerve terminal by analyzing the confocal Z-stacks in 3D reconstructions (Fig. 2B
– B″). Many Bassoon and Piccolo puncta overlapped and were attached to the α-
bungarotoxin signal on the nerve side in both XZ- and YZ-orthogonal views. These data
suggested that Bassoon and Piccolo are localized at the active zones of NMJs.

The above data suggest that the anti-Bassoon antibody labels the active zones at adult NMJs.
Immunohistochemistry of active zone proteins enables the study of the entire active zones in
a given NMJ and the analysis of active zones over a large number of synapses. Because of
the crisp signal and low background noise obtained by the anti-Bassoon antibody compared
to the anti-Piccolo antibody, we chose Bassoon immunohistochemistry to study the active
zones in developing, mature, and aged NMJs.

The unitary assembly of active zones at nascent NMJs
We first analyzed the distribution pattern of Bassoon in the developing NMJs to visualize
the initial stage of active zone formation. The motor axons and aneural AChR clusters on
muscle fibers initially contact each other after E13–E14 in mouse diaphragms, and all AChR
clusters are innervated by nerve terminals by E16.5–E18.5 (Lin et al., 2001; Misgeld et al.,
2005). Thus, we analyzed the distribution of the Bassoon protein in nascent NMJs from
E16.5 (Fig. 3A – A″″). The Bassoon protein was already distributed in a punctate pattern
within the nascent synapse at E16.5. As in adults, these puncta were relatively evenly
distributed within the presynaptic terminal. The punctate Bassoon signal was also observed
in a linear structure outside of the NMJ, which suggested axonal transport of Bassoon
proteins in aggregates. These non-synaptic Bassoon puncta were observed between E16.5
and P0, but rarely at P4 and later stages (Figs. 3A – C″ ,6). At E16.5, the α-bungarotoxin
signal was very weak in the NMJ compared to later stages, suggesting a lower density of
AChRs. At E18.5, bright Bassoon puncta were also observed in NMJs, but the inter-puncta
distance seemed greater than that in E16.5 embryos (Fig. 3B – B″″). At P0, the Bassoon
puncta showed variations in size and signal intensity (Figs. 3C – 3C″ ,4A – 4A″, 6A – 6A
‴).

To analyze the distribution pattern of Bassoon puncta in nascent NMJs, we reconstructed the
confocal Z-stacks in 3D. Among the nascent NMJs, we chose to analyze NMJs at P0 for the
following reasons. First, the axonal Bassoon staining was still present at P0, suggesting that
the NMJs were still developing the Bassoon distribution pattern. Second, P0 NMJs had
larger nerve terminals compared to embryonic NMJs, which aided the 3D analysis of
Bassoon puncta distribution. We analyzed the relative position between the Bassoon puncta
and the α-bungarotoxin-labeled postsynaptic AChR clusters. At P0, most Bassoon puncta
were attached to the α-bungarotoxin signal. However, a small number of Bassoon puncta
were located in the vicinity of the α-bungarotoxin signal, but not attached to this signal, in
both YZ- and XZ-views (Fig. 3C′, C″), indicating that few Bassoon protein aggregates were
floating in the presynaptic terminal.

Consistent with the 3D reconstruction analysis of the confocal images of nascent NMJs, an
electron microscopy analysis of NMJs at E18.5 revealed electron-dense materials
surrounded by many synaptic vesicles, which resided at the nerve terminal but were not
attached to the presynaptic membrane (Fig. 3D). These structures were similar to the
precursor spheres described in the retina (Regus-Leidig et al., 2009). A unitary assembly of
the presynaptic active zone has been proposed for synapses of the retina and cultured
hippocampal neurons based on the transport aggregates of active zone proteins and synaptic
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vesicles (Ahmari et al., 2000; Shapira et al., 2003; Regus-Leidig et al., 2009). The unitary
assembly of the active zones at NMJs was suggested by the detection of following structures
within the presynaptic terminal at the initial stage of NMJ formation: the punctate
distribution pattern of Bassoon and floating Bassoon puncta by immunohistochemistry, and
the precursor sphere-like structures by electron microscopy.

Next, we investigated the rate of floating Bassoon puncta within the presynaptic terminal by
analyzing the relative position of the Bassoon puncta and the α-bungarotoxin-labeled
postsynaptic AChR clusters in 3D. On average, 1.1 floating Bassoon puncta were observed
per synapse at P0, which was only 0.6% of the total number of puncta per synapse (with an
average of 183 puncta per synapse, Fig. 7B). These results indicated that most Bassoon
puncta were attached to the presynaptic membrane (Fig. 4A – A″). At P4, the average
number of floating Bassoon puncta was 0.7 puncta per synapse, suggesting that almost all
Bassoon puncta were anchored to presynaptic membranes. At P36 and P48, all Bassoon
puncta were attached to the α-bungarotoxin signal on the nerve side in both XZ- and YZ-
orthogonal views (Figs. 1B – B″, 2B – B″, 4B – B″). These 3D analyses revealed that
>99% of the Bassoon puncta are anchored to the presynaptic membrane, and the floating
puncta are a very minor portion of the entire Bassoon puncta in the postnatal NMJs.

The alignment of active zones and postsynaptic junctional folds
After confirming that the majority of the Bassoon puncta are anchored to the presynaptic
membrane, we compared the Bassoon puncta location during development to the active zone
location detected by transmission electron microscopy, which is the gold standard for
detecting active zones at NMJs. In electron micrographs of adult NMJs, active zones exhibit
triangular electron-dense projections extending from presynaptic membranes that align with
postsynaptic junctional folds (Couteaux and Pecot-Dechavassine, 1970; Hirokawa and
Heuser, 1982; Harlow et al., 2001; Nagwaney et al., 2009). We first analyzed the alignment
rate of active zones and junctional folds during development by transmission electron
microscopy. At E18.5, typical active zones were observed at presynaptic terminals, with
electron-dense materials anchored to the presynaptic membrane and synaptic vesicles
accumulated in their vicinity (Fig. 5A, A′). Nascent postsynaptic junctional folds were
present at E18.5, but only 3% of the active zones apposed junctional folds (Fig. 5C). The
percent alignment increased from 26% in one-week-old mice to 63% in two-week-old mice.
By three weeks of age, 73% of active zones apposed junctional folds (Fig. 5B, B′, and C).
The percent alignment remained at this level in mature NMJs (Fig. 5C).

We next analyzed the alignment of the Bassoon puncta and junctional folds detected by
immunohistochemistry. At P0, nascent primary gutters and junctional folds were stained as
brighter spots or lines of α-bungarotoxin (Fig. 6A′). However, these structures within an
ovoid endplate did not have a clearly organized pattern as seen in mature NMJs. The
majority of the Bassoon puncta were distributed relatively evenly within the endplates, and
few puncta aligned with the nascent junctional folds at P0 (Fig. 6A – A‴). These junctional
folds develop from the perinatal stage, mainly at postnatal stages (Matthews-Bellinger and
Salpeter, 1983; Missias et al., 1997; Marques et al., 2000). At P4, while the NMJs were
multiply innervated, the number of junctional folds increased and more Bassoon puncta
were distributed on top of these nascent folds; however, many Bassoon puncta still resided
at areas without apparent junctional folds. At P10, which is near the end of the synapse
elimination period (Brown et al., 1976; Balice-Gordon and Lichtman, 1993; Walsh and
Lichtman, 2003), the postsynaptic junctional folds became organized and could be
visualized as bright lines of α-bungarotoxin staining running parallel to the short-axis of the
AChR clusters in several endplate domains. In these areas, the Bassoon puncta were often
found on the bright α-bungarotoxin lines, indicating the alignment of Bassoon puncta and
postsynaptic junctional folds. At P21–P54, endplates became pretzel-shaped and entirely
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covered with junctional folds. Most Bassoon puncta aligned with the junctional folds at
these stages (Fig. 6D – E‴). The trend of alignment between the Bassoon puncta and the
junctional folds correlated with the alignment between the active zones and the junctional
folds detected by electron microscopy during development, which strengthens the idea that
the Bassoon puncta represent active zones. The quantification from electron micrographs
and observation by light microcopy demonstrated that the formation of active zones
precedes the formation of junctional folds, and the active zones and the folds align mainly in
the second postnatal week.

The constant density of Bassoon puncta during NMJ development
We subsequently investigated how the number of active zones changes while NMJ size
increases and morphology changes during the postnatal development. We used Bassoon
immunohistochemistry to analyze the number and density of active zones in postnatal NMJs
(Figs. 6, 7). To estimate the number of Bassoon puncta in the NMJs, we first determined the
unit size of an isolated Bassoon punctum in P21 NMJs (153 puncta) and P48 NMJs (161
puncta) where all Bassoon puncta were attached to the presynaptic membrane. The average
size of a Bassoon punctum was 0.082 ± 0.0023 μm2, which was similar to the active zone
size (0.146 μm2) calculated from the reconstructions of transmission electron micrographs
of rat diaphragm NMJs (Rowley et al., 2007).

We then calculated the number and density of Bassoon puncta in postnatal NMJs using the
average Bassoon punctum size. During the postnatal development of NMJs, the synapse size
increased 3.3 fold between P0 and P54 (Fig. 7A). Concomitantly, the postsynaptic AChR
cluster changed its morphology from an ovoid plaque shape at birth to a perforated shape,
then to a C-shaped aggregate, and finally into a pretzel-shaped endplate (Fig. 6) (Slater,
1982; Desaki and Uehara, 1987; Lupa and Hall, 1989; Marques et al., 2000; Nishimune et
al., 2008). Accordingly, the number of Bassoon puncta per synapse increased from 183
puncta per synapse at P0 to 780 puncta per synapse at P54 (Fig. 7B). This is consistent with
the developmental increase of miniature endplate potential (mEPP) frequency from E18.5 to
P43 (Knight et al., 2003; Kretschmannova and Zemkova, 2004; Liu et al., 2009).
Importantly, while the synapses were changing their size and morphology, the density of
Bassoon puncta stayed relatively constant at 2.3 puncta/μm2 between P0 and P54 (Fig. 7C).
These results suggested that the presynaptic terminal maintains the density of active zones
during the postnatal morphological change and the size increase of NMJs.

NMJs mature from having multiple innervations to a single innervation through a process
called synapse elimination, which ends around 2 weeks of age (Brown et al., 1976; Balice-
Gordon and Lichtman, 1993; Walsh and Lichtman, 2003). Although we did not precisely
analyze the Bassoon puncta in the remaining axon terminal versus the terminals that would
be pruned, the overall Bassoon puncta density per synapse decreased transiently at P10,
suggesting a remodeling of the presynaptic terminal toward the end of the synapse
elimination period (Fig. 7C).

Decreased density and intensity of Bassoon puncta at aged NMJs
The above data demonstrate that the density of active zones is maintained during postnatal
development; we therefore sought to determine whether this density is maintained during
aging. The integrity of the active zones at NMJs needs to be maintained throughout the
animal’s life because these synapses are stable unless they become injured (Sanes and
Lichtman, 1999). We analyzed aged mice close to the end of their life span to investigate
this question in vivo. The survival rate of C57BL/6 mice significantly reduces beyond two
years of age (Turturro et al., 1999). Thus, we analyzed 27-month-old C57BL/6 mice to
examine the aged NMJs.

Chen et al. Page 9

J Comp Neurol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In aged mice, denervation of NMJs has been reported at frequencies ranging from 4% to
35%, depending on the muscle type and the age of the mouse (approximately 24–30 months
of age) (Fahim and Robbins, 1982; Banker et al., 1983; Balice-Gordon, 1997; Valdez et al.,
2010). In our study, an average of 45% of the NMJs in the sternomastoid muscle of 27-
month-old mice completely or partially lacked staining for anti-neurofilament or anti-SV2
antibodies. These NMJs were likely to be completely or partially denervated and did not
show Bassoon signals in these denervated areas (Fig. 8D – D‴).

At the fully innervated NMJs of aged mice, the synapse size did not show a significant
reduction compared to that of young adults (Fig. 8B – C‴, E). The Bassoon protein also
showed a small, discrete punctate pattern and was aligned with the junctional folds, similar
to the NMJ of young adult mice. However, the Bassoon signal intensity at the innervated,
aged synapses was much more variable than in young NMJs (Fig. 8B – C‴). Some aged
NMJs had normal levels of Bassoon signal, but a few aged NMJs had very low levels of
Bassoon in the presynaptic terminal (Fig. 8C – C‴, red brackets in F – H). Notably, the
number of Bassoon puncta at the innervated, aged NMJs were reduced by 27% on average
compared to young adult NMJs (Fig. 8F). Consistently, the density of the Bassoon puncta in
the innervated, aged NMJs was also reduced by 28% compared to young adult NMJs (Fig.
8G). The average Bassoon signal intensity in innervated, aged NMJs was reduced by 47%
compared to young adult NMJs (Fig. 8H). These results suggested that the presynaptic
active zones of NMJs are stably maintained in matured NMJs but many are disassembled in
aged mice.

DISCUSSION
Little is known about the developmental regulation of the distribution pattern of active zone-
specific proteins at the mammalian NMJ. In this study, we described in vivo data
demonstrating the following features of active zones at the NMJ. (1) The active zone protein
Bassoon was localized as discrete puncta at NMJs from the initial stage of synapse
formation, and a precursor sphere-like structure was detected in motor nerve terminals.
These data suggested the unitary assembly of active zones at NMJs. (2) Active zone
formation preceded the formation of postsynaptic junctional folds, and both occurred
independently. The rate of alignment between the two increased in the second postnatal
week. (3) The number of active zones increased as the size of the synapse increased, but the
density of the active zones was maintained at a relatively constant level between P0 and
P54. (4) Active zone density was impaired in the aged NMJ, suggesting that the active zone
is not a stable structure. These results suggested that presynaptic active zones of NMJs are
maintained by a mechanism that controls their density and sustains their structural integrity;
however, this mechanism may be jeopardized in aged NMJs.

Active zone assembly at NMJs
Active zone proteins form a multi-protein complex and are preassembled as precursor
spheres for photoreceptor ribbon synapses of the retina (Regus-Leidig et al., 2009) and as
Piccolo/Bassoon transport vesicles or multi-vesicle transport aggregates for synapses of
cultured hippocampal neurons (Zhai et al., 2001; Tao-Cheng, 2007). This preassembly
suggests the unitary assembly of presynaptic active zones for these synapses (Ahmari et al.,
2000; Shapira et al., 2003; Regus-Leidig et al., 2009). In electron micrographs, both
precursor spheres and multi-vesicle transport aggregates were surrounded by synaptic
vesicles. However, the precursor spheres possess non-membranous densities in their centers,
while the multi-vesicle transport aggregates possess dense-core vesicles in their centers. In
the current study, we showed punctate Bassoon signals in axons and motor nerve terminals,
and floating bassoon puncta within nerve terminals during embryonic development. These
results can be explained by the anterograde transport and anchoring of preassembled units of
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active zone proteins at the presynaptic terminal. Consistently, we detected vesicle aggregates
nucleated by electron-dense material in the motor nerve terminal that were not anchored to
the presynaptic membrane at E18.5. These aggregates resembled the precursor spheres with
non-membranous central densities that are detected at photoreceptor synapses. To our
knowledge, this is the first in vivo report describing the existence of a precursor sphere-like
structure at the NMJ, suggesting that the unitary assembly of active zones occurs similarly at
NMJs.

Bassoon puncta versus active zones
In the current study, we detected the punctate localization of Bassoon proteins at the motor
nerve terminal from the initial stage of NMJ formation. Previously, we also detected the
punctate pattern of active zone specific proteins Piccolo and ELKS at the embryonic mouse
NMJs (Chen et al., 2011). However, others have reported diffuse distribution patterns of the
active zone proteins Piccolo, ELKS, and CAST/Erc2/ELKS2 at rodent NMJs (Juranek et al.,
2006; Tokoro et al., 2007). The reason for the difference of the detected patterns of these
active zone proteins is unknown. However, the following observations support the discrete
punctate localization of the active zone proteins at the NMJ. (1) Freeze-fracture electron
microscopy and 3D reconstructions of transmission electron micrographs revealed active
zones at discrete locations within the presynaptic terminal of the rodent NMJ (Ellisman et
al., 1976; Fukuoka et al., 1987; Rowley et al., 2007; Nagwaney et al., 2009). (2) The 3D-
reconstructed confocal Z-stacks of rat Calyx of Held synapses revealed active zones at
discrete locations using Bassoon and Piccolo immunohistochemistry (Dondzillo et al.,
2010). (3) The proteins mentioned above are detected specifically at active zones but not
diffusely within presynaptic terminals by immuno-electron microscopy (Landis et al., 1988;
Satzler et al., 2002; Siksou et al., 2007; Tao-Cheng, 2007; Regus-Leidig et al., 2009;
Dondzillo et al., 2010). (4) We also observed the same punctate distribution pattern of active
zone proteins at NMJs using epi-fluorescence microscopy, proving that the punctate pattern
is not due to an under representation of the immunohistochemistry signals by insufficient
scanning conditions of confocal microscopy (data not shown). In summary, these various
analysis methods and analyses of different synapses suggest that the active zone-specific
proteins distribute mainly at discrete punctate locations at synapses.

Bassoon immuno-electronmicroscopy demonstrated its localization in the presynaptic active
zone of synapses in the central nervous system (tom Dieck et al., 1998), but Bassoon
immuno-electronmicroscopy of NMJs has not been reported. In this study, we tried to
visualize the active zones of NMJs by Bassoon immunohistochemistry. In adult NMJs,
Bassoon puncta aligned well with the α-bungarotoxin-labeled postsynaptic AChR clusters in
3D-reconstructed confocal images. P/Q-type voltage-dependent calcium channels (VDCCs)
are the major type of presynaptic VDCCs in mature NMJs (Uchitel et al., 1992; Protti and
Uchitel, 1993; Urbano et al., 2003) and thought to localize at active zones. However, we
could not co-label Bassoon and P/Q-type VDCCs because of a lack of a reliable commercial
anti-calcium channel antibody. Importantly, Bassoon puncta did overlap with another active
zone-specific protein Piccolo at the presynaptic terminal, indicating that both proteins are
localized at the active zones of NMJs.

Bassoon immunohistochemistry provides a convenient way to label the active zones at
NMJs. However, a resolution limit of the conventional confocal microscopy makes it
difficult to resolve structures that are similar to or smaller than the PSF. Using freeze-
fracture electron microscopy, developmental analysis of frog NMJs has revealed an
elongated arrangement of active zone particles parallel to the postsynaptic junctional folds
(Ko, 1985). In mammals, Ellisman et al. (1976) described active zones of rat NMJs as two
parallel arrays of 10~12 nm particles arranged in two rows, with each active zone containing
20 particles (Ellisman et al., 1976). The unit size of these active zone particles in mouse was
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80 nm x 73 nm (Fukuoka et al., 1987). This description of an active zone particle unit is
supported by the electron tomography analysis of mouse NMJs (Nagwaney et al., 2009), and
by the freeze-fracture electron microscopy analysis of human NMJs (Fukunaga et al., 1982).
The size of a mouse active zone particle unit is below the PSF of a conventional confocal
microscope, so the number of such unit within a Bassoon punctum is not resolvable. In our
study using Bassoon immunohistochemistry, the Bassoon puncta showed variations in size
at perinatal stages. This variation may represent differences of active zone size, aggregation
of multiple active zones, or differences of Bassoon protein distribution from one immature
active zone. However, freeze-fracture electron microscopy or super-resolution microscopy
techniques are required to distinguish between these possibilities (Kittel et al., 2006; Rust et
al., 2006; Willig et al., 2006).

Constant active zone density at developing and mature NMJs
The most important finding in our study is the constant active zone density of postnatal
NMJs. To our knowledge, the analysis of active zone density throughout the development of
mammalian NMJs has not been previously reported. The density of Bassoon puncta was
maintained at 2.3 puncta/μm2 during the 3.3 fold increase in NMJ size between P0 and P54.
During development, muscle fibers acquire slow or fast fiber type characteristics, and NMJs
differ in morphology and size between these two fiber types (Narusawa et al., 1987; Prakash
et al., 1996; Chakkalakal et al., 2010). In this study, we did not differentiate the NMJs on the
basis of fast or slow fibers because the density of the active zone does not change between
these fiber types (Rowley et al., 2007). Thus, the active zone density at NMJs is maintained
at a constant level between synapses of different sizes regardless of the muscle fiber types or
the developmental growth of the NMJs.

How is the active zone density controlled? We have shown that the extracellular interaction
of the synapse organizer laminin β2 and presynaptic P/Q-type VDCCs are required for
active zone organization (Nishimune et al., 2004). Furthermore, we have demonstrated
direct interactions between VDCC β subunits and Bassoon, suggesting a mechanism that
links an extracellular organizer to active zone proteins through VDCC α+β subunit
complexes (Chen et al., 2011). Among the synaptic laminin subunits that form multimers
with laminin β2, the concentration of laminin α4 in the synaptic cleft is lower near the
active zones and higher between the active zones (Patton et al., 2001). Laminin α4 knockout
mice exhibits mislocalization of active zones at NMJs without any changes in the total
number of active zones, suggesting that laminin α4 controls the location of active zones
(Patton et al., 2001). In Drosophila, the number and spacing of NMJ active zones are
controlled by Rab3, an endocytosic mechanism, or postsynaptic spectrin (Dickman et al.,
2006; Pielage et al., 2006; Graf et al., 2009). However, Rab3abcd quadruple knockout mice
did not exhibit an active zone phenotype, suggesting that the intracellular mechanism
controlling active zone density is different between Drosophila and mice (Schluter et al.,
2004). βIII spectrin knockout mice showed impaired synaptogenesis in the cerebellum with
ataxic and seizure phenotypes, but the NMJ phenotype remains unknown (Stankewich et al.,
2010). Thus, the roles of Rab3 proteins and spectrins in mammalian active zone organization
are currently unclear. In summary, molecules known to affect the active zone density in
mammalian NMJs are laminin β2 and α4.

The maintenance of active zone density has also been shown at Drosophila NMJs and rat
calyx of Held synapses (Meinertzhagen et al., 1998; Reiff et al., 2002; Sigrist et al., 2002;
Graf et al., 2009; Dondzillo et al., 2010). The maintenance of constant active zone density at
mouse NMJs during development is potentially advantageous for neurotransmission. In the
presynaptic terminal, a regulated distance between active zones will ensure access to
synaptic vesicles and Ca2+ buffering systems (Neher, 1998). In the synaptic cleft, the local
concentration of the neurotransmitter will be kept under a certain level by the constant
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density of active zones and aid the effective clearance of transmitters by acetylcholinesterase
(Massoulie and Bon, 1982). On the postsynaptic side, muscle cells can maintain the density
of acetylcholine receptors at a fixed level during development to secure the safety factor of
neurotransmission (Kelly, 1978) if the density of presynaptic active zones is constant. At
NMJs, the constant density of active zones will aid these synaptic transmission machineries
during the developmental increase of active zone numbers (Fig. 7). These possibilities need
confirmation by future analyses.

Impaired active zone maintenance at aged NMJs
To our knowledge, this is the first analysis to show the decrease of an active zone-specific
protein in aged NMJs. Ultrastructural analysis of aged NMJs has been reported, but the
quantitative analysis of active zones has not been demonstrated (Cardasis and LaFontaine,
1987). We discovered a significant reduction of the active zone protein Bassoon and the
number of active zones at motor nerve terminals in aged mice. This decreased number of
active zones is consistent with the attenuated mEPP frequency at the NMJs of aged mice and
rats compared to young adults (Gutmann et al., 1971; Banker et al., 1983; Alshuaib and
Fahim, 1991; Fahim, 1997).

The reduction of the Bassoon protein at aged NMJs is not due to partial or full denervation.
We observed a reduction of Bassoon signal intensity at the innervated, aged NMJs that
possessed synaptic vesicle-related protein SV2 at a level similar to our observations in
young NMJs. Moreover, denervated NMJs showed a complete absence of Bassoon signal.
The low levels of Bassoon in the aged NMJs is less likely to be due to regeneration after
denervation because terminal sprouting of motor axons is less robust in aged muscle tissue
(Wernig and Herrera, 1986), and muscle fiber regeneration is depressed in aged animals
(Faulkner et al., 1990). These observations suggest that the level of Bassoon decreases at
aged NMJs prior to denervation.

What is the consequence of a decreased level of Bassoon protein or a decreased number of
active zones at the synapse? Bassoon knockout mice have demonstrated its roles in the
delivery of rapidly releasable vesicles to the active zones of cerebellar mossy fiber granule
cell synapses and in the structural integrity of active zones at ribbon synapses (Dick et al.,
2003; Frank et al., 2010; Hallermann et al., 2010); however, the role of Bassoon in NMJ
neurotransmission remains unknown. The synapse organizer laminin β2 and presynaptic P/
Q-type VDCCs play essential roles in active zone organization (Nishimune et al., 2004).
Laminin β2 knockout mice and P/Q-type VDCC knockout mice have a decreased number of
active zones (Noakes et al., 1995; Nishimune et al., 2004), and attenuated mEPP frequency
and quantum content at NMJs (Knight et al., 2003; Urbano et al., 2003). These analyses
suggest that a decrease in the active zone number at NMJs have significant effects on
neurotransmission. Thus, a loss of Bassoon may have a significant effect on aged NMJs.

Our results from aged NMJs suggest that active zones require a mechanism to maintain their
structural integrity. Presynaptic active zones are not stable structures after their initial
formation during early developmental stages. Patients with Lambert-Eaton myasthenia
syndrome (LEMS) have fewer active zones (Fukunaga et al., 1982). Mouse models of
LEMS, generated by injecting IgGs from LEMS patients, exhibit active zone loss in adult
mice (Fukunaga et al., 1983). Decreasing the external calcium concentration leads to the
disruption of active zones in adult frog NMJs (Meriney et al., 1996; Wachman et al., 2004).
Inhibition of the interaction between presynaptic VDCCs and the synapse organizer laminin
β2 causes a decrease in the active zone numbers of mice after only two days of inhibitor
injection (Nishimune et al., 2004). All of these observations suggest that the active zones of
adult NMJs require maintenance mechanisms for their integrity.
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Figure 1.
Active zone protein Bassoon localizes at NMJ active zones. A - A″: The active zone-
specific protein Bassoon forms puncta that are aligned with postsynaptic junctional folds in
adult NMJs. Bassoon and acetylcholine receptors (AChRs) were visualized by fluorescent
immunohistochemistry using an anti-Bassoon antibody (green) and Alexa Fluor 594-labeled
α-bungarotoxin (red) in the sternomastoid muscle of P36 mice. Many Bassoon puncta were
localized on top of the postsynaptic folds, which were visualized as bright lines of α-
bungarotoxin staining. B - B″: The orthogonal views of the dotted area in the NMJ shown in
(A″). The presynaptic terminal was placed toward the top of Z-axis, and the muscle fiber
was placed toward the bottom. The panel B shows the XY-view of a maximal projected
image. Panels B′ and B″ show YZ- and XZ-views of orthogonal single optical planes at the
positions indicated by the orange lines in the panel B, XY-view. The orange lines in each
image indicate the matching X, Y, and Z coordinates, respectively. The anti-Bassoon
antibody (green) and Alexa Fluor 594-labeled α-bungarotoxin (red) revealed that all
Bassoon puncta are attached to the α-bungarotoxin signal on the nerve side in the XZ- and
YZ-orthogonal views, suggesting their anchoring to the presynaptic membrane. In the
mature NMJ, the nerve terminal sinks into the muscle fiber and forms the primary gutter
(Desaki and Uehara, 1987), which is shown as the U-shaped bungarotoxin staining in the
XZ- and YZ-views. The maximal projected confocal images and the orthogonal views are
shown without level adjustment. A magenta-green version of this figure is supplied as
Supplementary Figure 1. Scale bars: (A – A″) 10 μm, (B – B″) 1 μm.
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Figure 2.
Bassoon and Piccolo puncta are anchored to the presynaptic membrane in adult NMJs. A –
A‴: The active zone-specific protein Piccolo (A′, red in A‴) showed a punctate staining
pattern and overlapped with Bassoon staining (A, green in A‴) at a P36 NMJ. Many
overlapping puncta were localized on top of the bright lines of Alexa Fluor 647-labeled α-
bungarotoxin (A″, blue in A‴). B - B″: The orthogonal views of the NMJ shown in (A‴)
with the same layout as the orthogonal views in Fig. 1B. Many overlapping puncta were
attached to the α-bungarotoxin signal on the nerve side. Scale bars: 1 μm.
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Figure 3.
Bassoon is distributed as puncta in the nascent NMJs. A – B″″: The active zone-specific
protein Bassoon (A, A′, green in A‴, A″″, B‴, B″″) and AChRs (A″, red in A‴, A″″, B
‴, B″″) were detected at E16.5 (A – A″″) and E18.5 (B – B″″), as described in Fig. 1.
Arrowheads in panels A and B indicate Bassoon staining outside of the NMJs in a string-like
pattern, suggesting axonal staining. The panels A′ and B′ show highly magnified regions
indicated by the arrowheads in A and B. The panels A″″ and B″″ show a highly magnified
5 x 10 μm region indicated by the white dotted box in A‴ and B‴. C – C″: The orthogonal
views of a P0 NMJ with the same layout as the orthogonal views in Fig 1B. The presynaptic
terminal was placed toward the top of the Z-axis, and the muscle fiber was placed toward the
bottom. The anti-Bassoon antibody (green) and Alexa Fluor 594-labeled α-bungarotoxin
(red) revealed that most Bassoon puncta are attached to the bungarotoxin signal on the nerve
side (white arrowheads), indicating that most Bassoon proteins are anchored to the
presynaptic membrane. One Bassoon punctum was detected separate from the bungarotoxin-
labeled endplate in YZ- and XZ-orthogonal views (white arrow in panels B′ and B″),
suggesting that a small portion of the Bassoon puncta (0.6%, see main text) were floating in
the presynaptic terminal at P0. The nascent NMJ lay relatively flat on the muscle fiber
compared to the adult NMJs (Fig. 4B), which is shown by the flat α-bungarotoxin signal in
the XZ-view (C″) and the A-shape in the YZ-view (C′). D: A representative transmission
electron micrograph of a NMJ at E18.5. Active zones (green arrowheads) and a nascent
postsynaptic junctional fold (white arrow) were observed. This in vivo data showed one
electron-dense material that was not anchored to the presynaptic membrane and was floating
in the nerve terminal (green arrow), which resembled the floating Bassoon puncta detected
in (C). A magenta-green version of this figure is supplied as Supplementary Figure 2. Scale
bars: (A, A″, A‴, B, B″, B‴) 10 μm, (A′, A″″, B′, B″″) 2 μm, (C – C″) 5 μm, (D) 500
nm.
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Figure 4.
Most Bassoon puncta were anchored to the presynaptic membrane at NMJs. A – A″: The
orthogonal views of P0 NMJs are shown with the same layout as in Fig. 1B. The presynaptic
terminal was placed toward the top of Z-axis, and the muscle fiber was placed toward the
bottom. The anti-Bassoon antibody (green) and Alexa Fluor 594-labeled α-bungarotoxin
(red) revealed that >99% of Bassoon puncta are attached to the bungarotoxin signal on the
nerve side (white arrowheads), indicating that the majority of Bassoon proteins are anchored
to the presynaptic membrane. The nascent NMJ lay flat on the muscle fiber, which is shown
by the flat α-bungarotoxin signal in the YZ- and XZ-views (A′ and A″). B – B″: In the P48
NMJ, all Bassoon puncta are attached to the bungarotoxin signal on the nerve side (white
arrowheads). The primary gutter is shown as the U-shaped bungarotoxin staining in the YZ-
and XZ-views (B′ and B″). A magenta-green version of this figure is supplied as
Supplementary Figure 3. Scale bars: 5 μm.
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Figure 5.
A-B′: Representative transmission electron micrographs showing active zones and
postsynaptic junctional folds at the NMJs of sternocleidomastoid muscles at E18.5 (A) and
P21 (B). Higher magnification images of A and B are shown in A′ and B′. Arrowheads
indicate electron-dense material at the active zones that are aligned (black) or not aligned
(white) with the junctional folds. The white arrows in panels A and A′ indicate the nascent
junctional folds at E18.5. C: The quantification of the alignment between active zones and
postsynaptic junctional folds by electron microscopy revealed an increase in the alignment
during early postnatal development. The quantifications are from a total of 35 to 119 NMJ
profiles per age. Analysis using a one-way ANOVA revealed that the increment between P4
and 2-week (wk)-old mice was significant (P < 0.05), but the increments between other
immediately adjacent ages were not significant. Scale bars: (A – B′) 500 nm.
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Figure 6.
The postnatal development of the Bassoon puncta distribution at NMJs. The active zone-
specific protein Bassoon (A, B, C, D, E; green in the right two columns) and AChRs (A′, B
′, C′, D′, E′; red in the right two columns) were detected from P0 (A – A‴), P4 (B – B‴),
P10 (C – C‴), P21 (D – D‴), and P48 (E – E‴), as described in Fig. 1. The three left panels
show the entire NMJs. The rightmost panels (A‴ – E‴) show a highly magnified 5 x 10 μm
region of the NMJs (white dotted boxes in A″ – E″). A magenta-green version of this figure
is supplied as Supplementary Figure 4. Scale bars: (left three columns) 10 μm, (the most
right column) 2 μm.
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Figure 7.
The constant density of the Bassoon puncta at postnatal NMJs. A: The synapse size showed
constant growth from the embryonic to adult stages, which was determined by the α-
bungarotoxin stained area (P0: 89.7 ± 5.5; P4: 125.9 ± 7.8; P10: 179.2 ± 7.3; P21: 217.9 ±
9.5; P48 –54: 295.2 ± 17.6 μm2). B: The number of Bassoon puncta increased as the
synapse size increased. The average number of Bassoon puncta in a synapse constantly
increased from P0 to P54 (P0: 183.0 ± 12.7; P4: 304.3 ± 25.4; P10: 365.7 ± 24.8; P21: 553.2
± 24.5; P48–54: 780.2 ± 45.4). C: The density of the Bassoon puncta stayed at a relatively
constant level (2.3 puncta/μm2) during the postnatal development of the NMJs (P0: 2.0 ±
0.09; P4: 2.3 ± 0.1; P10: 1.9 ± 0.1; P21: 2.5 ± 0.1; P54: 2.6 ± 0.1 puncta/μm2). These
quantifications were from 31–39 NMJs from 3 mice at each stage. Asterisks indicate
significance by one-way ANOVA analysis (P < 0.05). (A) The synapse size at P10 and P48–
54 was significantly larger than the immediately adjacent younger age groups. (B) The
Bassoon puncta number per synapse was significantly larger than the immediately adjacent
younger age groups at P4, P21, and P54. (C) Significant differences were detected between
P10 and P21.
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Figure 8.
The active zone protein Bassoon was reduced in the NMJs of aged mice. A – D‴: The
sternomastoid muscles of aged mice (27-month-old, B – D‴) and young adult mice (1-
month-old, A – A‴) were stained using an anti-Bassoon antibody (active zone, A, B, C, D;
green in A‴, B‴, C‴, D‴), Alexa Fluor 594-labeled α-bungarotoxin (AChR, A′, B′, C′,
D′; red in A‴, B‴, C‴, D‴), and anti-neurofilament plus anti-SV2 antibodies (nerve
morphology, A″, B″, C″, D″; blue in A‴, B‴, C‴, D‴). Innervation was confirmed by
the nerve morphology visualized using anti-neurofilament plus anti-SV2 antibodies. Panels
D – D‴ show a denervated aged NMJ. Bassoon puncta were significantly attenuated in
some aged NMJs (C – C‴), while other aged NMJs retained near normal levels of Bassoon
staining (B – B‴). Innervated NMJs of aged mice had a similar synapse size (E: young adult
mice, 276.2 ± 9.8 μm2; aged mice, 253.3 ± 13.9 μm2; P = 0.19) as the young adult mice.
However, the NMJs of aged mice had a decreased number of Bassoon puncta per synapse
(F: young adult mice, 664.3 ± 29.9; aged mice, 482.3 ± 43.3; P = 0.0009), a reduced density
of Bassoon puncta (G: young adult mice, 2.5 ± 0.1 puncta/μm2; aged mice, 1.8 ± 0.1 puncta/
μm2; P = 0.0005), and attenuated Bassoon average signal intensity (H, in arbitrary intensity
units: young adult mice, 7.4 ± 0.8; aged mice, 3.9 ± 0.5; P = 0.0003). The red brackets in F –
H indicate a subgroup of the NMJs of aged mice with a minuscule level of Bassoon signal at
the synapses. The quantifications (E – H) are from a total of 52 NMJs from four aged mice
and 49 NMJs from four young adult mice. Asterisks indicate significant differences by
unpaired t-test. Scale bar: 10 μm.
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Table 1

List of antibodies used.

Antigen Immunogen Manufacture, species, catalog number Dilution used

Bassoon Recombinant rat Bassoon (Amino acids 756 –
1001) expressed as a GST fusion protein in
E.coli.

Enzo life sciences/Stressgen, Farmingdale, NY Catalog
No. ADI-VAM-PS003-D, Clone: SAP7F407, Mouse
monoclonal IgG2a

1/600

Neurofilament Homogenized hypothalami from Fisher 344 rats,
Phosphorylated Neurofilament-M and
neurofilament-H

Covance/Sternberger Monoclonals, Princeton, NJ
Catalog No. SMI-312R, Clone: SMI312, Mouse
monoclonal IgG1

1/1000

Piccolo Recombinant rat Piccolo (Amino acids 4439 –
4776)

Synaptic systems, Gottingen, Germany Catalog No.
142 002 Rabbit polyclonal

1/2000

SV2 Synaptic vesicles purified from the Ommata
(electric organ)

Developmental Studies Hybridoma Bank Catalog No.
SV2, Mouse monoclonal IgG1

1/10
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