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The motor neuron disease spinal muscular atrophy (SMA) causes profound muscle weakness that most often leads to early death. At
autopsy, SMA is characterized by loss of motor neurons and muscle atrophy, but the initial cellular events that precipitate motor unit
dysfunction and loss remain poorly characterized. Here, we examined the function and corresponding structure of neuromuscular
junction (NMJ) synapses in a mouse model of severe SMA (hSMN2/delta7SMN/mSmn�/�). Surprisingly, most SMA NMJs remained
innervated even late in the disease course; however they showed abnormal synaptic transmission. There was a two-fold reduction in the
amplitudes of the evoked endplate currents (EPCs), but normal spontaneous miniature EPC (MEPC) amplitudes. These features in
combination indicate reduced quantal content. SMA NMJs also demonstrated increased facilitation suggesting a reduced probability of
vesicle release. By electron microscopy, we found a decreased density of synaptic vesicles that is likely to contribute to the reduced release
probability. In addition to presynaptic defects, there were postsynaptic abnormalities. EPC and MEPC decay time constants were pro-
longed because of a slowed switch from the fetal acetylcholine receptor (AChR) �-subunit to the adult �-subunit. There was also reduced
size of AChR clusters and small myofibers, which expressed an immature pattern of myosin heavy chains. Together these results indicate
that impaired synaptic vesicle release at NMJs in severe SMA is likely to contribute to failed postnatal maturation of motor units and
muscle weakness.
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Introduction
The motor neuron disease spinal muscular atrophy (SMA) is the
leading inherited cause of infant mortality. The severe form of
SMA manifests during the course of motor unit development and
causes profound weakness, with proximal muscles more affected
than distal muscles and with intercostal and paraspinal muscles
more affected than the diaphragm (Dubowitz, 1995; Crawford,
2003).

SMA is caused by mutation of the survival motor neuron 1
(SMN1) gene and deficiency of the SMN protein (Lefebvre et al.,
1995, 1997). Presently, the best characterized function of SMN is
to regulate the assembly of small nuclear ribonuclear proteins
(snRNPs), which are critical components of the spliceosome
(Pellizzoni, 2007).

Despite advances in the understanding of the molecular func-
tions of the SMN protein, little is known about the evolution of

cellular events that causes weakness in SMA animals and humans.
Pathological investigations of human disease tissue obtained at
autopsy have revealed loss of anterior horn cells (AHCs) in the
spinal cord, reduced numbers of large diameter axons in ventral
roots, and atrophy of myofibers in muscle (Crawford and Pardo,
1996), but these studies at end-stage disease provide little insight
into the earliest structural and functional abnormalities of the
motor unit. Detailed investigation of animal models potentially
provides this opportunity. Studies in mouse models of other mo-
tor neuron diseases including amyotrophic lateral sclerosis (ALS)
suggest that axonal degeneration with disconnection of NMJ syn-
apses occurs presymptomatically and before AHC death (Frey et
al., 2000; Fischer et al., 2004; Gould et al., 2006). Furthermore,
prevention of AHC death does not ameliorate distal pathology
(Sagot et al., 1995; Gould et al., 2006). These studies have sug-
gested that distal axonal degeneration may be an early contribu-
tor to muscle weakness in motor neuron diseases.

We and others have previously shown that SMA �7 mice
(hSMN2/delta7SMN/mSmn�/�) are weak soon after birth and
die at �2 weeks of life, recapitulating severe human SMA (Le et
al., 2005; Avila et al., 2007). It has been reported that at postnatal
day 4 (P4) no loss of AHCs is detectable (Le et al., 2005) and only
modest loss is evident at the end-stage (Monani et al., 2000; Le et
al., 2005; Avila et al., 2007; Kariya et al., 2008), indicating that
AHC loss may be a late event in SMA disease pathogenesis. Re-
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cent studies suggest that the earliest detectable pathology in
SMA�7 mice is at the neuromuscular junction (NMJ) synapse
(Kariya et al., 2008; Murray et al., 2008). This pathology includes
accumulation of neurofilaments (NFs) at presynaptic terminals
and simplification of postsynaptic terminals. The functional con-
sequences of these abnormalities remain unknown.

Here we examined the electrophysiology and corresponding
structure of NMJs in SMA�7 mice. We show that NMJ synapses
remain surprisingly well connected late in the disease course.
However, we find reduced density and release of synaptic vesicles
at SMA NMJs that is associated with impaired morphological and
biochemical maturation of the motor unit. These findings may
provide the basis of the muscle weakness in SMA.

Materials and Methods
Mice. All experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals,
and were approved by the Johns Hopkins University and Wright State
University Animal Care Committees. Breeder pairs for SMA�7 mice on
the FVB background (hSMN2/delta7SMN/mSmn�/�) were purchased
from Jackson Laboratories. Mice were genotyped by PCR of tail DNA as
previously reported (Avila et al., 2007) and control littermates (CL) were
those that were heterozygous or wild type at the mSmn allele.

Histology. Dissected muscle tissues were flash
frozen in freezing isopentane. Cryostat sections
were cut and stained with hematoxylin and eo-
sin (H&E). Myofiber morphology and diameter
was assessed using a Microcolor RGB-MS-C
camera, OpenLab software, and a Zeiss Axio-
phot microscope. The diameter of myofibers
was determined by measuring the longest as-
pect of the shortest axis using the OpenLab
measurement tool.

Immunohistochemistry. For whole-mount
staining of the tibialis anterior (TA) and dia-
phragm muscle NMJs, freshly dissected muscles
were fixed in 4% paraformaldehyde (PFA),
connective tissues were removed, and muscles
were incubated with Alexa Fluor 555-
conjugated �-bungarotoxin (Invitrogen). After
incubation with methanol at �20°C for 5 min,
muscles were incubated with antibodies against
phospho-nonspecific NF (SMI312, Covance,
1:1000) and synaptic vesicle protein 2 (SV2)
[Developmental Studies Hybridoma Bank
(DSHB), 1:100] antibodies. Secondary anti-
body was FITC goat-anti-mouse IgG1 (Jackson
Immunology, 1:200).

NMJs were also examined in serial muscle
sections. Mice were transcardially perfused
with 4% PFA and muscles were isolated, post-
fixed in 4% PFA for 2 h, cryoprotected in 30%
sucrose, and cut longitudinally on a cryostat at
50 �m thickness. Polyclonal rabbit-anti-
human synaptophysin (DAKO, 1:250), SV2
(DSHB, 1:100), or monoclonal mouse anti-NF
160 (Millipore, 1:1000) were used followed by
the appropriate Alexa Fluor-conjugated sec-
ondary antibodies (Invitrogen). Staining for
phosphorylated and nonphosphorylated NF
heavy chains was done with SMI31 and SMI32
antibodies (Covance). Antibodies specific for
the acetylcholine receptor (AChR) �-subunit
were provided by Norihiro Yumoto (Yumoto et
al., 2005). Images were obtained with an in-
verted Zeiss LSM 510 META confocal micro-
scope. Z-stack projections were made from se-
rial scanning every 0.5 �m to reconstruct the

NMJ. A denervated NMJ was defined as �-bungarotoxin-labeled end-
plate without occupying synaptophysin-stained axons and partial dener-
vation was defined as �50% occupancy. A presynaptic NF accumulation
was defined as NF occupying �1/3 of the postsynaptic terminal area.
Approximately 200 NMJs from each of 3 CL and 4 SMA mice were
quantified. The NMJ size was determined by measuring the area of
�-bungarotoxin staining using Stereo Investigator 7 software (Micro-
BrightField). Postsynaptic structural complexity was defined as the num-
ber of perforations per NMJ. �150 NMJs per group of 3 CL and 3 SMA
mice were randomly selected to determine structure and size.

Electron microscopy. Three P13 CL and SMA mice were transcardially
perfused with 3% gluteraldehyde/4% PFA. Tissues were dissected and
postfixed. NMJs were identified by staining for acetylcholine esterase
using sodium sulfide (1.25%, pH 6) and tissues were trimmed to the
endplate band. Tissues were rinsed with 0.1 M Sorensen’s buffer, osmi-
cated using 2% osmium, dehydrated with serial alcohol dilutions and
propylene oxide, and embedded in plastic. Thick sections (1 �m) were
cut on an ultramicrotome, stained with toluidine blue, and viewed by
light microscopy. Thin sections were cut at 60 –90 nm, placed on Form-
var grids, and viewed using an H-600 electron microscope (Hitachi).
Surface contours of total presynaptic terminal area and a subarea within
200 nm distance of the presynaptic membrane were manually traced
from electron micrographs at 15, 000� or higher. Measurements of these
areas were generated using the Stereo Investigator 7 software (Micro-

Figure 1. Limited denervation of SMA NMJs. A, Intramuscular axons examined by light microscopy and EM in the paraspinal
muscle of P13 SMA and CL mice show normal axon and myelin sheath structure and no axonal degeneration. Scale bar, 10 �m and
inset EM. B, IHC for NMJs in P13 TA muscle of SMA and CL mice showing that NMJs are well innervated. Scale bar, 10 �m.

Kong et al. • Impaired Neuromuscular Junctions in SMA J. Neurosci., January 21, 2009 • 29(3):842– 851 • 843



BrightField). The number of synaptic vesicles and mitochondria within
this area from 22 to 27 CL and 30 –33 SMA presynaptic terminals was
counted in a blinded manner. Densities of vesicles and mitochondria in
the total presynaptic terminal or within 200 nm of the presynaptic ter-
minal were determined by the total number per unit area. The number of
docked vesicles per micrometer was determined by measuring the total
number of vesicles within 20 nm of the presynaptic membrane and di-
viding by the length of presynaptic membrane (Samigullin et al., 2004).

Quantitative reverse transcription PCR. RNA was isolated from tissues
using TRIzol reagent and converted to cDNA as previously described
(Avila et al., 2007). Primers to amplify AChR �- and �-subunits, myosin
heavy chain (MyHC) isoforms, and 18S RNA were purchased from Ap-
plied Biosystems (ABI). Reactions were run in triplicate using the ABI
Prism 7900 Sequence Detector System as described previously (Avila et
al., 2007).

Physiologic recordings from NMJs. After sacrificing the mouse with car-
bon dioxide inhalation, the TA muscle was removed and placed in a
chamber continuously perfused with Ringer solution containing (in mil-
limoles per liter) 118 NaCl, 3.5 KCl, 2 CaCl2, 0.7 MgSO4, 26.2 NaHCO3,
1.7 NaH2PO4, 5.5 glucose, (pH 7.3–7.4, 20�22°C) equilibrated with 95%
O2 and 5% CO2. After pinning, muscle was stained with 10 �M 4-(4-
diethylaminostyryl)-N-methylpyridinium iodide (4-Di-2ASP) and im-
aged with an upright epifluorescence microscope (Leica DMR) as de-
scribed previously (Wang et al., 2004, 2005). At this concentration, 4-Di-
2ASP staining enables visualization of surface nerve terminals as well as
individual surface muscle fibers. All NMJs were imaged and impaled
within 100 �m. Muscle fibers were crushed away from the endplate band
and voltage clamped to – 45 mV to avoid movement after nerve stimula-
tion (Glavinoviæ, 1979). Two-electrode voltage clamp was used to mea-
sure the amplitude of miniature endplate currents (MEPCs) and end-
plate currents (EPCs) that were evoked after nerve stimulation. Use of
voltage clamp avoided issues introduced by differences in muscle fiber
size (i.e., differences in capacitance and input resistance) between CL and
SMA mice. Quantal content was determined directly by dividing EPC
amplitude by the average MEPC amplitude for a given NMJ. Repetitive
stimulation was given by applying a 50 Hz train of 10 pulses.

Statistics. Morphological and biochemical data were analyzed using
Excel and Statistica software package (1999). Statistical significance was
determined using either Student’s t tests or two-way ANOVA. Physio-
logical data were analyzed using Student’s t test or nested ANOVA using
Systat (Cranes Software).

Results
Modest denervation of SMA NMJs is limited to particular
muscle groups
In many diseases of peripheral nerve and motor neurons, muscle
weakness is attributed to axonal degeneration and disruption of
NMJ synapses. We examined lumbar ventral nerve roots (data
not shown) and distal intramuscular nerves in the tibialis anterior
(TA), paraspinal (PS), intercostal (IC), and diaphragm muscles at
the light- and electron-microscopic level in SMA and control
littermate (CL) mice at a late stage of disease, postnatal day 13
(P13) (Fig. 1A). Surprisingly, myelin and axonal structures were
well preserved and axons undergoing Wallerian-like degenera-
tion could not be identified. To determine whether weakness in
SMA mice was caused by loss of the distal presynaptic terminals
of NMJs, we examined NMJs at P1, P5, P9, and P13 in TA, gas-
trocnemius, quadriceps, hamstring, PS, IC, and diaphragm mus-
cles. The PS and IC muscles were examined because they are
known to be severely involved in human SMA, whereas the dia-
phragm is relatively spared (Dubowitz, 1995; Crawford, 2003).
Unlike NMJs in SOD1 G93A ALS mice, which show abundant de-
nervation of NMJs early in the disease course (Frey et al., 2000;
Fischer et al., 2004; Gould et al., 2006), we saw minimal denerva-
tion in SMA mice at all ages examined (Fig. 1B). We also did not
observe extra-junctional AChR clusters or compensatory axon
terminal sprouting, features often seen during denervation. We

quantified the frequency of postsynaptic NMJ terminals lacking
synaptophysin staining in the TA, PS, and IC muscles at P13, a
time just before death caused by paralysis. The denervation per-
centages were as follows: IC, 6.8 � 1.7% SMA and 0.1 � 0.1% CL
( p � 0.02); PS, 15.3 � 3.4% SMA and 0.1 � 0.1% CL ( p � 0.01);
and TA, 3.0 � 0.9% SMA and 1.8 � 1.2 CL ( p � 0.44). Given this
minimal increase in total denervation, we also quantified partial
denervation. We found a 40% increase ( p � 0.02) in SMA PS
muscle NMJs, but again no statistically significant increase in the
TA muscle NMJs ( p � 0.5). Quantification of the number of
multiply innervated NMJs in P13 TA muscle showed an increase
in SMA mice (26%) compared with CLs (11%, p � 0.05). We also
examined SMA muscles in cross-section for the presence of atro-
phied muscle fibers typically seen during denervation of muscle.
Rare areas of very small myofibers were limited to the PS and IC
muscles (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). Together, these findings indicate that
denervation of NMJs is not the sole cause of muscle weakness in
SMA mice.

Figure 2. Decreased EPC amplitude in SMA NMJs. A, Shown are representative EPCs from a
CL and a SMA NMJ. The EPC from the SMA NMJ is less than 1⁄2 the amplitude of the CL. The
stimulus artifact from nerve stimulation precedes the NMJ current by several milliseconds (ms).
B, Shown is a bar graph of the average EPC amplitude from CL and SMA mice (*p � 0.01, n �
5 CL and 6 SMA mice).

Figure 3. Reduction in quantal content underlies the reduction in EPC amplitude in SMA
mice. A, Shown are representative average MEPCs from a CL and a SMA NMJ. There is no
difference in amplitude. B, Shown are bar graphs of the average MEPC amplitude from CL and
SMA pups ( p � 0.38) and of quantal content (*p � 0.01).
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Impaired synaptic vesicle release at SMA NMJs
Given that many NMJs were innervated in SMA mice at a stage
when the mouse was profoundly weak, we postulated that there
might be abnormal neuromuscular transmission at these struc-
turally connected synapses. We therefore recorded endplate cur-
rents (EPCs) from the TA muscle isolated from P9 or P10 mice.
Muscle fibers from the TA muscle were impaled with 2 electrodes,
voltage clamped, and the nerve to the TA was stimulated as de-
scribed previously (Wang et al., 2004). We compared the ampli-
tude of EPCs between CL and SMA mice and found that the EPC
amplitude was significantly decreased in SMA mice ( p � 0.01,
Fig. 2A,B).

The amplitude of the EPC is determined by both the number
of synaptic vesicles released after nerve stimulation (quantal con-
tent) and the amplitude of the muscle response to the transmitter
released from a single vesicle (quantal amplitude). We found that
the amplitude of the miniature endplate current (MEPC), i.e., the
postsynaptic response to transmitter released from an individual
vesicle, was slightly reduced but did not reach statistical signifi-
cance in SMA mice (Fig. 3A,B). This suggested that both the
amount of transmitter loaded into vesicles and the density of
postsynaptic AChRs were normal. MEPC frequency was also sim-
ilar in control littermates (1.65 � 0.80 Hz) and SMA mice
(1.71 � 0.81, p � 0.97). High variability of MEPC frequency
between individual NMJs was likely the result of the young age of
the mice. To determine whether a reduction in number of vesicles
released was the cause of the reduction in EPC amplitude, we
calculated quantal content by dividing EPC amplitude by minia-
ture endplate current (MEPC) amplitude and found a significant
reduction ( p � 0.01, Fig. 3B).

Both the probability of vesicle release and the number of re-
lease sites determine quantal content. To determine whether re-
duced probability of vesicle release contributed to reduced quan-
tal content in SMA mice, we inferred the probability of release by
examining short-term synaptic plasticity during repetitive stim-
ulation. Synapses with a high probability of release undergo de-
pression, whereas those with a low probability of release undergo
facilitation (Zucker and Regehr, 2002). We found that NMJs
from SMA mice facilitated to a greater degree than CLs (Fig.
4A,B). This suggests that reduced probability of release contrib-
uted to the reduction of NMJ current amplitude in SMA. Despite
the increase in EPC amplitude during trains, EPCs from affected
pups were still significantly decreased relative to control EPCs
(19.2 � 0.9 nA in control vs 10.8 � 1.3 nA in SMA, p � 0.03).

Unlike recently reported results in adult
A2G mild SMA mice (Kariya et al., 2008),
we did not observe synaptic failures during
repetitive stimulation.

It has been proposed that the morpho-
logical correlate of probability of release is
the number of vesicles in the readily releas-
able pool (Regehr and Stevens, 2001). To
examine the number of releasable synaptic
vesicles in SMA presynaptic terminals, we
examined NMJs in the TA muscle of P13
SMA and CL mice using electron micros-
copy (EM). In SMA mice, we observed ab-
normal accumulations of NFs in presyn-
aptic terminals (Fig. 5B). This correlated
with accumulations of NFs that we ob-
served by immunohistochemistry (IHC)
(Fig. 5A) and that have been reported by
others (Kariya et al., 2008; Murray et al.,

2008). IHC for SMI31, an antibody that recognizes phosphory-
lated NF, showed accumulations of NF in 84.8 � 1.5% of SMA
and in 1.0 � 0.5% of CL P13 TA NMJs. In contrast, SMI32, an
antibody specific for unphosphorylated NFs, showed accumula-
tions in 34.4 � 1.2% in SMA and 0.9 � 0.4% in CL NMJs. This
indicated that majority of accumulated NF was likely to be phos-
phorylated forms. We did not observe abundant accumulations
of neurofilaments in more proximal intramuscular axons (data
not shown). We also observed scattered branched tubulovesicu-
lar profiles in SMA presynaptic terminals. Mitochondrial density
was reduced, although mitochondrial morphology was normal.
Individual synaptic vesicles within presynaptic terminals had a
normal diameter and morphology, but the overall density of syn-
aptic vesicles within the total presynaptic terminal area was re-
duced by 56% ( p � 0.001, Fig. 5B,C).

Synaptic vesicles were also abnormally distributed within pre-
synaptic terminals in SMA mice. In control littermates, vesicles
were diffusely and homogeneously scattered throughout the ter-
minal, but in SMA mice they were shifted toward the membrane
of the terminal and were patchy in distribution with some areas
showing a high concentration of vesicles and other areas almost
devoid of vesicles. Synaptic vesicle density was thus less severely
reduced (24%) when considering just the area within 200 nm of
the presynaptic terminal (Fig. 5B,C). The number of docked
vesicles, defined as those within 20 nm of the membrane, was
reduced by 32% ( p � 0.03) (Fig. 5B,C). These studies indicate
that reduced density of synaptic vesicles may contribute to re-
duced quantal content at SMA NMJs.

Immaturity of motor units in SMA mice
We next examined the decay times of the EPC and MEPC in SMA
mice. Synaptic current decay time at the NMJ is determined by
the activity of acetylcholine esterase, the duration of presynaptic
vesicular release, and the intrinsic gating properties of the AChRs.
The EPC decay time constant was significantly increased in SMA
mice compared with control littermates ( p � 0.02) (Fig. 6). Al-
though the MEPC decay time constant was also prolonged, this
difference did not reach statistical significance ( p � 0.06) (Fig.
6). The AChR is made up of several subunits and during devel-
opment there is a switch in the composition of the subunits from
the �-subunit, which defines the embryonic AChR, to the
�-subunit, which defines the adult AChR. Embryonic AChRs are
known to have longer open times that adult AChRs (Sakmann
and Brenner, 1978; Fischbach and Schuetze, 1980) and we have

Figure 4. Facilitation is increased in SMA NMJs. A, Shown are EPCs during a 50 Hz train of pulses for CL and SMA NMJs. In the CL
NMJ there is a slight increase in EPC amplitude early in the train. By the end of the train, however, EPC amplitude has decreased
back to the initial value. In the SMA NMJ, the initial EPC of the train is small, but there is an increase in EPC amplitude during the
train. In both the CL and the SMA trace, stimulus artifacts were removed for clarity. B, The normalized change in average EPC
amplitudes is plotted during trains of 50 Hz pulses for CL (n � 35 endplates from 3 muscles) and SMA NMJs (n � 17 endplates
from 2 muscles). By the third pulse of the train, the SMA NMJs have facilitated to a greater degree that CL endplates. The facilitation
is sustained throughout the train such that it is still statistically significant on the 10th pulse ( p � 0.05).
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previously shown that the presence of embryonic AChRs pro-
longs the EPC more than the MEPC decay time (Wang et al.,
2006). We therefore examined the expression of AChR subunits
in SMA compared with CL mice. In rodents, the AChR subunit
switch occurs between �P5 and P9 (Martinou and Merlie, 1991;
Missias et al., 1996; Yumoto et al., 2005). In SMA hindlimb mus-

cles, we observed abnormally increased gene expression of the
�-subunit and reduced expression of the �-subunit by quantita-
tive reverse transcription PCR (qRT-PCR) at the P5 and P9 time
points (Fig. 7A). IHC for the AChR � confirmed persistent ex-
pression of the AChR � protein in the TA, PS, and IC muscles of
SMA mice at P9 (Fig. 7B) and P13 (data not shown) when it was

Figure 5. Decreased synaptic vesicle density at SMA NMJs. A, IHC for phosphorylated NFs and nonphosphorylated NFs shows accumulation of phosphorylated NFs within SMA presynaptic
terminals. B, Electron microphotographs of NMJs in P13 TA muscle isolated from CL and SMA mice. Synaptic vesicles (V) are more homogeneously and densely distributed in CL compared with SMA
mice. Accumulations of NF (N) are evident particularly at the center of SMA presynaptic terminals. Mitochondria (M) are reduced in number, but have normal morphology in SMA mice. Scale bar, 0.5
�m. C, Quantification of total synaptic vesicle density, synaptic density within 200 nm of the membrane, docked vesicle number, and mitochondria density (*p � 0.05, **p � 0.01, ***p � 0.001).
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no longer detectable in CL mice (Fig. 3B) (data not shown). This
change in AChR � protein expression appeared to lag behind and
be more prominent than the change of gene expression as de-
scribed previously (Yumoto et al., 2005).

Comparison of AChR �- and �-subunit gene expression pro-
files in various muscle groups indicated muscle-specific differ-
ences in the rates of AChR maturation. NMJs in the IC and PS
muscles, known to be severely affected in human SMA, showed
the most significant increase in AChR � expression, whereas the
diaphragm, known to be relatively spared in SMA, showed less
increase of AChR � expression (supplemental Table 1, available
at www.jneurosci.org as supplemental material). Gene expres-
sion profiles of other NMJ components including muscle specific
kinase (MUSK), rapsyn, and acetylcholine esterase showed no
differences between SMA and CL mice (data not shown).

In addition to AChR subunit switching, which changes the
gating properties of the receptor, as NMJ postsynaptic terminals
mature, they increase in size and sophistication evolving from a
simple plaque-like appearance to a structure that contains mul-
tiple folds and perforations (Sanes and Lichtman, 2001). This
elaboration is believed to amplify the action of Ach because of the
high density of sodium channels in the depths of the folds and the
high electrical resistance of the narrow sheets of cytoplasm. We
observed that SMA NMJ postsynaptic terminals were small and
simplified compared with CLs in all muscle groups examined
(Fig. 8A). Quantification of the area and number of perforations
per NMJ in the TA muscle at P1, P5, P9, and P13 indicated that
SMA NMJs were significantly smaller and less sophisticated be-
ginning at P5 and showed little maturation thereafter (Fig.
8B,C).

We further postulated that this delay of NMJ maturation
might cause a failure of normal myofiber growth. Beginning at
P9, SMA mice showed a reduced average diameter of myofibers
and a reduced total number of myofibers in the TA muscle com-
pared with CLs (Fig. 9A–C). This was associated with an imma-
ture pattern of expression of MyHCs, major components of the
contractile apparatus that are encoded by a developmentally reg-
ulated, multigene family (Shi and Garry, 2006). Specifically, SMA
muscle showed an over-abundance of the perinatal form of
MyHC and a deficiency of adult MyHC isoforms, particularly
MyHC type IIb (Fig. 9D). Examination of individual muscles

showed that those muscles that showed the highest expression of
the � receptor, i.e., the PS and IC muscles, also showed the most
profound deficit of MyHC IIb expression. In contrast, the dia-
phragm again showed minimal change (supplemental Table 1,
available at www.jneurosci.org as supplemental material). This
correlated with a reduced diameter of myofibers in the PS mus-
cles, but little change in the diaphragm (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). There
was no significant change in the expression levels of muscle reg-
ulatory factors including MyoD, myogenin, MRF4, Mef2C, and
Pax7 at P1, P5, and P9 (data not shown).

Discussion
Recent studies in different SMA mouse models have emphasized
early morphological abnormalities of NMJ synapses including
presynaptic terminal NF accumulation and simplified postsyn-
aptic terminals (summarized in supplemental Table 2, available
at www.jneurosci.org as supplemental material). In this study, we
have extended these findings to show that there is NMJ synaptic
dysfunction that precedes axonal degeneration and/or AHC
death in severe SMA mice. This abnormality of neurotransmis-
sion is characterized by reduced quantal content that can be at-
tributed to a decrease in the density of synaptic vesicles at motor
nerve terminals. This abnormality of presynaptic vesicle release is
accompanied by retarded maturation of postsynaptic NMJ ter-
minals and myofibers, which may account for the profound mus-
cle weakness and early death of severe SMA mice.

Degeneration of axon terminals has been proposed to be a
critical early step in the pathogenesis of many neurodegenerative
diseases, including motor neuron diseases. Motor neurons and
muscle are dependent on one another for electrical, chemical,
and trophic signals and early denervation of muscle has been
observed in several motor neuron disease models (Fischer and
Glass, 2007; Gould and Oppenheim, 2007). We were therefore
surprised that even at late stages of disease in SMA mice when
animals have fatal muscle weakness and nearly universally small
myofibers, distal axonal degeneration was not evident and termi-
nal denervation of NMJs was modest and limited only to those
specific muscles groups known to be particularly affected in hu-
man SMA such as the intercostal and paraspinal muscles. Our
results are in agreement with others (supplemental Table 2, avail-
able at www.jneurosci.org as supplemental material). These data
suggest that axonal degeneration is not the initial cause of motor
unit dysfunction in severe forms of SMA. This conclusion is con-
sistent with a recent study showing that the Wallerian degenera-
tion slow (Wlds) gene, which delays axonal degeneration and
disease onset in some models of motor neuron disease, provides
no benefit to severe SMA mice (Rose et al., 2008).

Rather than marked denervation of NMJs in severe SMA, we
observed abnormal neurotransmission at connected synapses.
Several human diseases characterized by muscle weakness are
caused by either presynaptic or postsynaptic dysfunction of the
NMJ including myasthenia gravis, Lambert-Eaton myasthenic
syndrome (LEMS), and botulism. Abnormal NMJ function be-
fore denervation has also been shown in the motor neuron dis-
ease, canine SMA (Pinter et al., 1995; Balice-Gordon et al., 2000).
Although the causative gene abnormality has not been identified
for this dominantly inherited genetic disease, canine SMA causes
severe weakness of proximal more than distal muscles pheno-
copying human and mouse SMA. Like SMA mice, SMA dogs
demonstrate reduced quantal content at NMJs before degenera-
tion of nerve terminals (Rich et al., 2002). In the case of canine

Figure 6. EPC and MEPC decay time constants are prolonged in NMJs from SMA mice. A, The
CL and SMA MEPCs and EPCs from Figures 2 and 3 have been normalized and aligned by their
peaks to allow for comparison of rates of decay. The MEPC and EPC from the SMA pups are gray
and have slower rates of decay. B, Shown are bar graphs of the average EPC decay (*p � 0.02)
and MEPC decay ( p � 0.06) in CL and SMA NMJs.
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SMA, reduced quantal content is associ-
ated with depression during repetitive
stimulation rather than facilitation.

Facilitation of SMA NMJs during re-
petitive stimulation indicates that reduced
probability of synaptic vesicle release con-
tributes to the decrease of quantal content.
Release probability is decreased when
there are less vesicles available for immedi-
ate exocytosis; i.e., readily releasable vesi-
cles. Readily releasable vesicles are thought
to be those already docked at the presyn-
aptic membrane, whereas those vesicles lo-
cated farther from the membrane make up
the reserve pool (Regehr and Stevens,
2001). In SMA NMJs, we observed a 56%
decrease of overall synaptic vesicle density,
but only a 32% reduction in the number of
vesicles within 20 nm of the presynaptic
membrane. This raises the question of
whether reduced synaptic vesicle density
fully accounts for the observed abnormality
of SMA NMJ neurotransmission. Short term
synaptic facilitation can be an indicator of
reduced Ca2� entry at presynaptic terminals
(Zucker and Regehr, 2002). Facilitation is a
prominent feature of LEMS in which auto-
antibodies target presynaptic P/Q channels
reducing Ca2� influx (Flink and Atchison,
2002). Cultured primary motor neuron iso-
lated from SMA mice show impaired clus-
tering of Cav2.2 channels at the distal termi-
nal and abnormal calcium transients
(Jablonka et al., 2007) suggesting that a func-
tional abnormality of Ca2� channels could
contribute to the reduced probability of ves-
icle release seen in SMA mice.

At the time of NMJ dysfunction, most
SMA presynaptic terminals also contained
abnormal accumulations of NFs. Presyn-
aptic terminal NF accumulations have
been previously described in multiple
SMA mouse models and increase with
SMA disease progression (Cifuentes-Diaz
et al., 2002; Kariya et al., 2008; Murray et
al., 2008). NF accumulations have been
observed in the soma and proximal axon
of several neurodegenerative disorders in-
cluding ALS; however, accumulation spe-
cifically at the motor nerve terminal is not
seen in ALS mice and may be a specific
feature of SMA (Cifuentes-Diaz et al.,
2002; Kariya et al., 2008; Murray et al.,
2008). NFs are synthesized in the cell body
and transported anterogradely and retro-
gradely in the axon via the microtubule
based motors, kinesin and dynein (for re-
view, see Perrot et al., 2008). Carboxy-
terminal phosphorylation of NFs may increase their affinity for
dynein and promote retrograde transport. In the nerve terminal,
degradation of NFs by calcium activated proteases is facilitated by
their dephosphorylation. It is possible that NF accumulation re-
sulting from altered phosphorylation or impaired degradation is

itself a primary disease mechanism in SMA that results in struc-
tural distortion of the terminal, displacement of the normal or-
ganelles, including vesicles, and impaired neurotransmission.
Another alternative is that accumulated NFs are a marker of a
more generally disrupted neuronal cytoskeleton that has resulted

Figure 7. Delayed switch of AChR subunits in SMA NMJs. A, AChR � and AChR � transcript levels in all hindlimb muscle in SMA
and CL mice at P1, P5, P9, and P13 show increased expression of AChR � and reduced expression of AChR � at P5 and P9 (*p �
0.05, **p � 0.005). B, IHC for AChR � in the TA muscle indicates persistent expression at P9 SMA NMJs when expression is no
longer evident in CL mice.
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in abnormal axonal transport and/or impaired vesicle trafficking
within nerve terminals. The predominant cytoskeletal constitu-
ent of presynaptic terminals is actin, which together with syn-
apsins likely plays important roles in regulating vesicle mobility
and release at presynaptic terminals (Cingolani and Goda, 2008).
The SMN protein has been shown to colocalize with �-actin
mRNA at neuronal growth cones (Rossoll et al., 2003) and it has
been postulated that SMN may be critical for the localization and
subsequent processing of �-actin mRNA at nerve terminals. Re-
cently, plastin 3, which regulates actin polymerization, was
shown to modify the SMA disease phenotype in humans and
SMA animal models (Oprea et al., 2008).

In addition to impaired presynaptic function, we also docu-
mented prolonged decay times of EPCs and MEPCs consistent
with the abnormally persistent expression of embryonic type
AChRs at SMA NMJs. This is associated with small and immature
postsynaptic terminals and myofibers as has also been observed
by others (supplemental Table 2, available at www.jneurosci.org
as supplemental material). Because the rapid postnatal matura-
tion of NMJs and growth of myofibers are known to be depen-
dent on excitation from motor nerve terminals (Misgeld et al.,
2002), we postulate that retarded motor unit maturation is a

direct and expected compensation for im-
paired presynaptic terminal function dur-
ing development. However, SMN defi-
ciency has been proposed to cause intrinsic
abnormalities of muscle development
(Braun et al., 1995; Rajendra et al., 2007)
and we cannot exclude the possibility that
abnormalities of postsynaptic terminals
retrogradely modulate presynaptic termi-
nal function. Retrograde bone morpho-
genic protein (BMP) signaling regulates
NMJ synaptic development and plasticity
in Drosophila (Marqués and Zhang, 2006)
and this pathway has recently been shown
to modify disease in SMA flies (Chang et
al., 2008). Regardless of the sequence of
events, the end result is SMA myofibers
that are small and have decreased levels of
adult MyHC, particularly MyHC IIb.
Myofiber contractile strength is deter-
mined by diameter (Lieber, 1992) and
composition of MyHCs (Gokhin et al.,
2008), and it is therefore likely that these
deficits contribute to the profound muscle
weakness observed in SMA mice. Impor-
tantly, the severity of these abnormalities
varies with different muscle groups with
the axial paraspinal and intercostal mus-
cles being the most severely affected. This
mirrors the pattern of muscle weakness
seen in human SMA patients. The prefer-
ential involvement of these muscles sug-
gests that there may be more severe synap-
tic dysfunction of medial compared with
lateral motor column motor neurons. Fu-
ture studies are needed to investigate
whether there is also dysfunction of synap-
tic inputs to AHCs in SMA.

We have shown that impaired synaptic
vesicle release at SMA NMJs may be an
early step in SMA pathogenesis that pre-

cedes synaptic disconnection, axonal degeneration, or AHC
death. These findings provide hope that therapeutic interven-
tions that improve neurotransmission during the critical period
of motor unit development could provide lasting benefit to mo-
tor unit function. Our recent results showing that SMA mice
treated with the combination of a histone deacetylase inhibitor,
trichostatin A, and improved nutrition have significantly in-
creased survival, stable motor function, and well innervated
NMJs (Narver et al., 2008) suggest that this may be possible.
Dissection of the specific molecular mechanisms that cause syn-
aptic dysfunction in SMA will likely lead to new therapeutic ap-
proaches for this devastating disease.
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