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Spinal muscular atrophy (SMA) is caused by reduced levels of survival motor neuron (SMN) protein.
Previously, cultured SMA motor neurons showed reduced growth cone size and axonal length.
Furthermore, reduction of SMN in zebrafish resulted in truncation followed by branching of motor neuron
axons. In this study, motor neurons labeled with green fluorescent protein (GFP) were examined in SMA
mice from embryonic day 10.5 to postnatal day 2. SMA motor axons showed no defect in axonal formation
or outgrowth at any stage of development. However, a significant increase in synapses lacking motor axon
input was detected in embryonic SMA mice. Therefore, one of the earliest detectable morphological defects
in the SMA mice is the loss of synapse occupation by motor axons. This indicates that in severe SMA mice
there are no defects in motor axon formation however, we find evidence of denervation in embryogenesis.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is a motor neuron
disease that is the leading genetic cause of infant mortality
(1). SMA has a frequency of 1/10 000 live births and a
carrier frequency of 1/50 (2—4). SMA is caused by loss or
mutation of the SMNI gene and retention of the SMN2 gene,
which results in reduced levels of survival motor neuron
(SMN) protein (5—8). The ubiquitously expressed SMN
protein performs an essential function in small nuclear
ribonucleoproteins (snRNP) assembly (9—11) thus complete
elimination of SMN protein results in embryonic lethality
(6,12). Indeed, loss of functional Smn in the mouse appears
incompatible with survival of any tissue (12—15). Mouse
models of SMA have been created by introducing human
SMN?2 into mice lacking functional mouse Smn (16—19).
The most severe of these mice models lacks mouse Smn,
has two copies of human SMN2 and survives for 5 days
(16). Currently, it is unclear why low levels of SMN protein
result specifically in a motor neuron disease.

The 38 kDa SMN protein is ubiquitously expressed and
localizes to both the cytoplasm and nucleus of cells in
culture and tissue. In the nucleus SMN localizes in dot like
structures termed gems, which overlap, or are in close proxi-
mity to, coiled bodies (20—22). In cultured neurons, including
motor neurons, SMN is found in granules in axons and growth

cones (23—-26). There have been reports of SMN identified in
vivo in neuronal axons (27,28) however, recent reports indi-
cate the difficulties in observing the axonal SMN complexes
in vivo (29). Additionally, a truncated axonal form of SMN
has been reported and is suggested to play a role in SMA
(30). However, it is difficult to reconcile this finding with mis-
sense mutations that occur in the C-terminus of SMN in SMA
patients that would not disrupt aSMN (31-35). Furthermore,
correction of SMA in mice does not require aSMN (18,36).
Thus although SMN protein is localized to axons, its activity
in the axon is unknown.

Motor neurons cultured from severe SMA mice (SMN2™;
Smn~'") show decreased axonal length and reduced growth
cones size, as well as reduced levels of beta-actin message
and protein at the growth cone (37,38). More recently, cul-
tured sensory neurons have also been reported to have
reduced axonal length and growth cone size (39). Knockdown
of Smn in zebrafish to levels equivalent to that which occurs in
SMA patients results in truncated motor neurons at early time
points (40). These axons then branch excessively and reach the
target muscle albeit with inappropriate trajectories. These zeb-
rafish show no obvious defects in any other neurons including
sensory neurons (40). The zebrafish phenotype can be rescued
by full length SMN as well as certain mutant SMN forms pre-
dicted to be incapable of snRNP assembly (41). In addition,
knockdown of gemin2 does not lead to a cell autonomous dis-
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ruption of motor neuron axons (42). The SMN knockdown
phenotype at this level of SMN reduction is clearly cell
autonomous (40). However, in zebrafish and Xenopus strong
knockdown of SMN causes morphological defects in body
formation (43). snRNPs can rescue these defects suggesting
that they are caused by loss of snRNPs. It is not clear,
however, whether snRNPs can rescue the cell autonomous
axonal phenotype resulting from SMN knockdown. The data
from both zebrafish and cultured mouse SMA motor neurons
clearly imply a developmental defect in motor neurons in SMA.

To investigate motor axon development and innervation in
SMA mice we obtained SMA mice with GFP labeled motor
neurons. The motor neurons innervating the intercostal
muscles, brachial plexus, lumbosacral plexus and the dia-
phragm were examined in the SMA embryos and in neonates.
Motor axons were examined for any abnormalities in out-
growth, branching, truncations or inappropriate connections.
No defects in the development of motor axons were detected
at any stage of development in the SMA animals. We conclude
that SMA in the mouse does not result from incorrect develop-
ment or outgrowth of motor axons. Furthermore, in embryonic
SMA mice we observed a significant increase in unoccupied
synapses in intercostal muscles and the presence of axonal
varicosities in motor axons.

RESULTS

Motor axon development was analyzed in SMA, carrier and
normal mice in the embryo at embryonic days ¢10.5—-e18.5
of development as well as postnatal day 2 (PND02) mice.
All animals described here have two copies of SMN2. In our
studies of 32 SMA embryos examined (el0.5—el8.5) that
could contain one or two copies of SMN2, only one embryo
was identified with one copy of SMN2. That embryo was iso-
lated at €10.5 and was severely dysmorphic. This indicates that
one copy of SMN?2 is seldom sufficient for the development of
an SMA embryo and often results in early embryonic lethality
in the severe mouse model of SMA. In this same colony, SMA
animals containing two copies of SMN2 (SMN2V*: Smn~"7)
were obtained from interbreeding SMA carrier mice
(SMN2*; Smn™7). In this colony SMA animals comprised
17% of the total progeny obtained from these crosses and 73%
of the SMA animals lived to 5 days (measured from birth at
PNDO1 to PNDOS5).

To investigate motor axon development and innervation in
SMA mice, the HB9:GFP transgene, which is expressed at
all stages of embryonic motor neuron development as well
as postnatally (44), was crossed to severe SMA mice. HB9
is a transcription factor required for proper development of
motor neurons (45). Thus we have obtained severe SMA
mice with GFP labeled motor neurons throughout develop-
ment. The motor neurons innervating the intercostal
muscles, brachial plexus, lumbosacral plexus and the dia-
phragm were examined in the embryo from e10.5 to el8.5
days of development and in neonates at 2 days of development
(PNDO02) in SMA, carrier, and normal littermates. Motor
axons were examined for any defects in outgrowth, branching,
truncations or inappropriate connections.
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Overall axonal morphology in the embryonic SMA mouse

Motor axon development was analyzed in SMA (SMN2™'™,

mSmn~'", HB9:GFPY'™), carrier (SMN2V", mSmn™~,
HB9:GFP"~) and normal mice (SMN2T'*, mSmn*'*,
HB9:GFP+/7) in the embryo at e¢l0.5, el2.5, el3.5, el4.5,
el5.5, and el8.5 days of development as well as PND02 and
PNDO3. Motor axons were visualized by GFP labeling due to
the expression of the HB9:GFP transgene. The HB9:GFP trans-
gene expresses high levels of GFP in the cell bodies, axons and
dendrites of spinal motor neurons from €9.5 to PND10 (44).
Motor neuron development begins at €9.5 and is complete by
el1.0 (46). Motor axon outgrowth also begins at €9.5 and by
el2.5 motor axons have crossed the limb plexus region and
passed the dorsal-ventral choice point (47). Motor axons
were examined for any abnormalities in outgrowth, branching,
truncations or inappropriate connections in the brachial plexus,
lumbosacral plexus, intercostal muscles and the diaphragm.
The overall morphology of motor axons in the brachial plexus,
lumbosacral plexus and intercostal muscles at el2.5 days of
development in normal, carrier and SMA embryos are shown in
Figure 1 A—P. The phrenic nerve, which innervates the diaphragm
muscle, at e15.5 days of development is shown in Figure IM—O.
No defects in axonal formation in SMA embryos were observed
in any tissue at any time in development. Although there is vari-
ation among the projections of individual motor axons the overall
neuronal pattern of the plexuses, the phrenic nerve and the
neurons innervating the intercostal muscles are highly stereo-
typed. No misrouted bundles of axons or aberrantly projecting
motor axons were identified. All bundles of axons were tightly
fasciculated in the intercostal muscles with no spreading of
axonal bundles or crossing between main nerve branches as has
been observed in mice with defects in motor axon development
(45,47). Furthermore, staining with neurofilament heavy chain
antibody at el2.5, el3.5, el4.4 and el5.5 revealed normal
motor axon and sensory axon formation in the phrenic nerve of
the diaphragm, the intercostal muscles and the brachial and lum-
bosacral plexus (unpublished data).

To further determine if the diaphragm muscle of SMA mice
was properly innervated, we labeled acetylcholine receptor
(AChR) clusters in PNDO3 SMA and carrier diaphragm
muscle with alpha-bungarotoxin. Excessive branching of
motor axons as well as the absence of motor axon innervation
can result in poorly formed AChR clusters and an increase in
end plate bandwidth (45,48). As shown in Figure 2A and B,
AChR clusters developed appropriately in SMA and carrier
diaphragms with no increase in the width of the end plate
band detected. Therefore, the alpha-bungarotoxin labeling of
neuromuscular junctions (NMJ) in the SMA diaphragm con-
firms that the axonal development of the phrenic nerve is
not affected in SMA mice. Furthermore, we found no increase
in the end plate bandwidth of AChR clusters in the intercostal
muscles of SMA animals at e18.5 (Fig. 2C and D) as well as at
PNDO2 (Fig. 2E and F). This suggests the axonal development
of the nerves innervating the intercostal muscles is not
affected in embryonic or neonatal SMA mice.

Normal axonal outgrowth at e10.5 in SMA mice

Primary motor neuron cultures from severe SMA mice (SMN2,
Smn "~ ) have been reported to have truncated axonal processes



2902 Human Molecular Genetics, 2008, Vol. 17, No. 18

* [hindlimb!
pdcle |
i

Figure 1. Motor axon development in the severe SMA embryo. Overall morphology of motor axons at the brachial plexus of the forelimb (A—D), lumbosacral
plexus of the hindlimb (E—H), and intercostal muscles in the thoracic region (I-L) of e12.5 embryos is normal in SMA embryos (C, G, K) as compared with
normal (A, E, I) and carrier (B, F, J) littermate controls. The phrenic nerve of the diaphragm is also patterned correctly in €15.5 SMA embryos (O) when com-
pared with normal (M) and carrier (N) littermate controls. In (A)—(L) anterior is to the top and proximal is to the left. The blue square in each of schematic
drawing (B, H, L, P) indicates the location imaged in each tissue. Scale bar represents 300 wm for each micrograph.

(37,38). Additionally, defects in motor axon outgrowth have
been shown upon knockdown of Smn protein in a zebrafish
model of SMA (40,41,43). To determine if motor axons are trun-
cated in SMA mice, we measured the length of axonal bundles in
both the intercostal muscles and the lumbosacral plexus of €10.5
SMA and carrier littermates. As shown in Figure 2G and H, the
average length of axonal bundles in the intercostal region (T4—
T11) was not different in SMA embryos from that of control lit-
termates (SMA 378.5 + 54.3 versus carrier 354.8 + 37.9 wm).
Additionally, there was no difference in the average length of
axonal bundles in the lumbosacral region (L2—S2) in SMA
embryos from that of control littermates (SMA 350.6 + 22.4
versus 281.3 + 45.2 pm).

Presence of swellings in SMA motor axons

Interestingly, while motor axon formation is normal in severe
SMA mice, the axons of these mice did reveal swellings that
are rarely observed in normal littermate controls (Fig. 3).
These swellings are present in the motor neurons of all tissues
examined in the SMA mice including the nerves of the intercos-
tal, diaphragm, gastrocnemius and quadriceps muscles. The

beads were also observed at all stages of development in the
nerves of embryonic (e10.5—e18.5) and neonatal (PND02—
PNDO03) SMA mice. Occasionally these axonal varicosities
are found in the nerves of normal and carrier mice however
they are much smaller in size and less numerous than in SMA
mice. Previously, swellings have been reported in severe SMA
patient muscle biopsies (49) and in other peripheral neuropa-
thies (50,51). Ultrastructural analysis of axonal swellings
revealed the presence of neurofilaments and organelles
(50,51). Coérs and Woolf described the appearance of nerve
fibers in SMA patient muscle biopsies that were ‘irregularly
swollen’ and distal nerve fibers that contained ‘prominent
lozenge-shaped swellings’ or ‘curious lozenge-shaped beads’
while ‘more proximal nerve bundles contain normal looking
nerve fibers’. In our studies there was no difference observed
in the proximal to distal distribution of beads in the motor
axons. Although this work was under review others have
reported the presence of neurofilament aggregates at the NMJ
(52,53). The significance of these axonal varicosities is
unknown however their presence in the motor axons of SMA
mice illustrates how this mouse model recapitulates what is
observed in type I SMA patients.
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Figure 2. Axonal outgrowth and NMJ bandwidth in SMA mice. (A, B) No
difference in the length of motor axon outgrowth was identified in the intercos-
tal region (T4—T11) of e10.5 carrier (A) and SMA (B) littermates. No increase
in the width of the end plate band was observed in PNDO3 diaphragm muscle
between SMA (C) and normal (D) mice as assayed by alpha-bungarotoxin
staining. Furthermore, the width of the end plate band was similar in carrier
and SMA animals in the intercostal muscles at e18.5 (E, F respectively) and
at PNDO2 (G, H respectively). Scale bar: (A—D) 300 pm; (E-H) 100 pm.

Presence of aneural AChR clusters in SMA intercostal
muscle at ¢18.5 and PND(2

The observation that motor axons project to the muscle nor-
mally in the intercostal muscles of SMA mice yet the intercos-
tal muscles of type I SMA patients are severely affected led us
to examine NMJ more closely in this tissue (54). NMJs were
visualized with alpha-bungarotoxin in SMA, carrier and
normal embryos containing GFP labeled motor axons. At
el8.5 and PNDO2 the number of occupied AChR clusters
was determined by blinded evaluation of alpha-bungarotoxin
positive AChR clusters juxtaposed to a nerve as visualized
with GFP. At el8.5 51% of AChR clusters (n = 529) were
occupied in the intercostal muscles of SMA mice as opposed
to 92% occupied in normal littermates and 89% occupied in
carrier littermate controls (P < 0.0001, n = 621 normal, n =
564 carrier) (Fig. 4, Table 1). At PND(O2 a similar number
of AChR clusters (49%, n = 486) were occupied in the inter-
costal muscles of SMA mice as opposed to 92% occupied
in normal littermates and 95% occupied in carrier littermate

Figure 3. Axonal swellings present in severe SMA mice. Motor axons of
severe SMA mice (B, D, F) reveal swellings rarely seen in normal littermate
controls (A, C, E). The phrenic nerve of PND03 diaphragm muscles (B, F) as
well as the nerves innervating the intercostal muscles of e18.5 embryos (D)
display several beads in the SMA tissue (arrowheads) that are seldom seen
in normal controls (A, C, E). (E, F) Neurofilament antibody staining of
PNDO2 diaphragm muscle also reveals the axonal swellings in SMA
neurons (F) that are not often found in normal animals (E). Scale bar rep-
resents 50 wm for each micrograph.

controls (P < 0.0001, n=172 normal, n= 160 carrier)
(Fig. 5, Table 1). Unoccupied synapses were also observed at
PNDO02 using an additional presynaptic marker, synaptophysin
along with GFP to label the axon (Fig. 6). This indicates that
the unoccupied clusters observed in the SMA animals are not
simply due to defective transport of GFP protein to the NMJ.

At younger ages the AChR clusters were not well organized
in the intercostal muscles (el5.5). At el16.5 and el7.5 we
observed considerable numbers of unoccupied clusters in both
normal and SMA animals. Therefore, the extent of innervation
of AChR clusters in normal and SMA mice was similar during
this period of synapse formation. There was no evidence of col-
lateral sprouting at any time point examined in the SMA mice.

The denervation phenotype observed in e18.5 and PNDO2 in
the intercostal muscles of SMA animals was not uniform.
Although ~50% of AChR clusters were unoccupied on an
average in the SMA animals, the distribution of denervation
was not equal throughout each section of tissue (Fig. 7).
Although some AChR clusters were fully innervated, other
areas of the same tissue section revealed several unoccupied
clusters with little nerve present. This phenotype is never
observed in carrier or normal littermates. There was no corre-
lation between the levels of the spinal cord examined (T1—
T12), or the proximal to distal location of the synapses in
the intercostal muscles, to the degree of unoccupied AChR
clusters. The lack of uniform denervation in SMA mice is con-
sistent with results from Type I SMA patient muscle biopsies
where extensive variation in the degree of muscle atrophy,
thought to be caused by denervation, has been observed
within the same muscle (54).

Presence of fully occupied AChR clusters
in SMA diaphragm muscle at PND03

The number of occupied AChR clusters was also measured in
the diaphragm muscle of SMA, normal and carrier mice at
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Figure 4. Unoccupied AChR clusters are found in the SMA animal at el8.5.
AChR clusters in the intercostal muscles of e18.5 normal (A—C) carrier (D—
F) and SMA (G-1I) littermates. GFP staining reveals the motor neuron axons
innervating the intercostal muscles in (A), (D), (G), alpha-bungarotoxin label-
ing of AChR clusters in (B), (E), (H), and merged confocal images (C, F, I).
All AChR clusters are fully innervated in normal and carrier animals while
most AChR clusters are unoccupied in the SMA animal (arrowheads). One
cluster is partially innervated as indicated by the arrow. Scale bar represents
50 wm in each micrograph.

PNDO3. As further evidence that the diaphragm is not affected
in SMA mice, AChR clusters were fully occupied in the dia-
phragm of SMA animals (Fig. 8). On an average, 100% of
AChR were occupied in the diaphragms of SMA mice (n =
323) as compared with 100% occupied in normal and 98%
occupied in carrier diaphragms (normal n = 44, carrier n =
264). This result is consistent with what is seen in severe
SMA patients where breathing is almost entirely diaphrag-
matic (55).

DISCUSSION

In this study we have observed the motor axon development in
severe SMA mice from axonal outgrowth (e10.5) until late
embryogenesis (¢18.5) as well as in neonates. The HB9:GFP
transgene used in this study allows for the visualization of
just the motor axons in the SMA animal throughout develop-
ment. Additionally, the SMN protein was not overexpressed or
modified with a tag, which may interfere with its normal func-
tion. We have shown that motor axon formation in the severe
mouse model of SMA is normal. Motor axons develop and
extend to reach the appropriate muscles in SMA animals
at the same time as in carrier and normal littermates. No
developmental delay, as has been previously suggested, was
detected (56). Although SMN is essential for development
of the organism, low levels of SMN present in SMA mice

Table 1. Number of occupied synapses in embryonic and neonatal SMA mice

Intercostal muscles Diaphragm

el8.5 PNDO02 PNDO3
Normal 571%,92%" (n = 621°) 158, 92% (n = 172) 44, 100% (n = 44)
Carrier 503, 89% (n =564)  152,95% (n = 160) 259, 98% (n = 264)

271, 51%% (n = 529) 240, 49%% (n = 486) 322, 100% (n = 323)

Significance of normal versus SMA and carrier versus SMA occupied
synapses for each age and tissue was determined by a x> 2 x 2
contingency table using the Yate’s correction factor for continuity.
“Number of occupied synapses.

®Percentage of occupied synapses.

“Total number of synapses per sample.

4p < 0.0001

Figure 5. Unoccupied AChR clusters are found in the SMA animal at PNDO02.
AChR clusters in the intercostal muscles of PND02 normal (A—C) carrier
(D-F) and SMA (G-1) littermates. GFP staining reveals the motor neuron
axons innervating the intercostal muscles in (A), (D), (G), alpha-bungarotoxin
labeling of AChR clusters in (B), (E), (H), and merged confocal images (C, F, I).
All AChR clusters are fully innervated in normal and carrier animals while most
AChR clusters are unoccupied in the SMA animal (arrowheads). Scale bar
represents 50 wm in each micrograph.

do not result in altered motor axon formation in the developing
embryo.

The phenotype we see in the severe SMA mouse embryo is
unlike the defects observed in other mouse models pertaining
to motor axon and NMJ development. For example, in the
HBY9 knockout mouse bridging of the large nerve bundles in
the intercostal muscles of €12.5 embryos has been reported
(45). The HB9 transcription factor is required for proper
development of motor neurons (45). In the SMA mouse no
misrouted bundles of axons or aberrantly fasciculated motor
axons were identified. All bundles of axons were tightly
fasciculated in the intercostal muscles with no spreading of



Figure 6. Unoccupied AChR clusters are also found in the SMA animal at
PNDO2 with snyaptophysin presynaptic staining. AChR clusters in the inter-
costal muscles of PNDO02 normal (A—C) carrier (D—F) and SMA (G-1) litter-
mates. GFP and synaptophysin double staining reveals the motor neuron axons
innervating the intercostal muscles in (A), (D), (G). Alpha-bungarotoxin labels
the AChR clusters in (B), (E), (H), and merged confocal images are shown in
(C), (F), (I). AChR clusters are fully innervated in normal and carrier animals
while several AChR clusters are unoccupied in the SMA animal (arrowheads).
In this micrograph a fully occupied AchR cluster is also shown (arrow). Scale
bar represents 50 wm in each micrograph.

Figure 7. AChR cluster occupation in the SMA animal. GFP staining reveals
the motor neuron axons innervating the intercostal muscles of e18.5 embryos
(A, C, E) while alpha-bungarotoxin identifies the AChR clusters in the merged
image (B, D, F). In some areas of the intercostal muscles at e18.5, the AChR
clusters are fully occupied in both the carrier (A, B) and SMA animals (C, D).
Additionally, often all AChR clusters in a particular area of the intercostal
muscles are unoccupied in the SMA animal and little of the motor neuron
axon remains (E, F). Scale bar represents 50 um in each micrograph.

axonal bundles or crossing between main nerve branches.
A second example examines the role of neuropilins and
semaphorins, which have been implicated in the control of
axon projections (47). In the neuropilin-15"* knockin and

Human Molecular Genetics, 2008, Vol. 17, No. 18

Figure 8. All AChR clusters are occupied in the diaphragm of SMA animals at
PNDO3. AChR clusters in the diaphragm of PNDO3 normal (A—C) carrier
(D—F) and SMA (G-1I) littermates. GFP staining of motor axons (A, D, G),
alpha-bungarotoxin staining of AChR clusters (B, E, H), Merged images
(C, F, I). Scale bar: (A-I) 100 pum. Insert in images (C), (F), (I) represents
50 pm in width.
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neuropilin-2 knockout mice defasciculation and bridging of
the intercostal nerves and ectopic nerve bundles were found
(47). Additionally, neuropilin-1°"*" knockin as well as
Sema3A knockout mice revealed premature entry of motor
axons into the plexus region at e10.5 and later defasciculation
at e12.5 (47). Conversely, in our SMA mouse embryos no
aberrant axonal outgrowth in the thoracic region or the lumbo-
sacral plexus was detected with no difference in the overall
average length of axons between carrier and SMA embryonic
mice. Therefore, elimination of genes required for motor
neuron development or axon guidance in the mouse can
result in aberrant motor axon formation however this is not
the case in the severe SMA mouse model.

In addition to the intercostal muscles and plexus regions we
examined the diaphragm muscle in SMA embryos and showed
no increase in branching of the phrenic nerve. Others have
shown that mouse embryos lacking choline acetyltransferase
(ChAT), the biosynthetic enzyme for acetylcholine, revealed
an increase in branching and defasciculation of the intercostal
nerves and the phrenic nerve in embryonic mice (48). ChAT is
essential for proper formation of NMlJs (48). In this case,
increased branching of motor axons in the diaphragm results
in ectopic AChR clusters and an increase in the width of the
motor end plate band (48,57). However, in our SMA mice,
all AChR clusters of the diaphragm were fully innervated
and normal in size. The width of the motor end plate band
was no different in SMA embryos as compared with normal
and carrier littermates. Furthermore, when a motor axon
fails to innervate muscle, as in the embryonic diaphragm of
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HB9 knockout mice, the AChR clusters are smaller in size and
diffuse creating a wider motor end plate band (45). Yet, no
change in the size of AChR clusters or increase in the motor
end plate band was observed in the SMA mice in this study.
Thus, these findings in the SMA mouse are consistent with
observations of type I SMA patients where breathing is
almost entirely diaphragmatic suggesting that the diaphragm
is spared in SMA (55).

In our study we find that while the overall motor axon mor-
phology and pattern of innervation is normal, the presence of
nerve occupied AChR receptors is decreased by 50% in the
intercostal muscles of SMA animals at el8.5 as compared
with littermate controls. A similar number of unoccupied
AChR clusters are also observed at in SMA animals at
PNDO02. At earlier time points (¢16 and el7) there is an
equal distribution of occupied and unoccupied AChR clusters
in normal verses SMA animals. Thus we are not able to fully
determine if motor neuron phenotype we observe in the severe
SMA mouse is denervation or simply failure of the motor
neuron to innervate the muscle in the first place. This question
can be better addressed using a mild SMA mouse model with a
later phenotypic onset. However, since there is no increase in
end plate bandwidth or diffuse alpha-bungarotoxin staining,
as has been observed in other mice when a nerve fails to
innervate, we suggest that denervation is occurring in the
severe SMA mouse embryo. Consistent with this, a recent
study has shown denervation of the NMJ in the transversus
abdominis and levator auris longus muscles of the postnatal
severe SMA mouse has been reported (53).

During embryonic and neonatal synapse development
AChR clusters are maintained for less than a day and
plaques rapidly disassemble (58). Thus the similar number
of unoccupied clusters at both e18.5 and PNDO02 likely indi-
cates that denervation and reinnervation of the muscle are
ongoing in the SMA animals during development. Collateral
sprouting of neurons, which is often suggestive of renervation
and has been observed in the mild SMA mouse model, was not
observed here in the severe SMA mice (18). Although notable
this finding is not unexpected for three reasons. First, the
muscle is multiply innervated in embryonic and neonatal
mice. At this early stage of development, even though dener-
vation is occurring the muscle may still be innervated as
polyneuronal innervation of muscle is still present. Thus the
signal for renervation may not be sent from the muscle.
Collateral sprouting seems to occur when the muscle has no
nerve input. Secondly, fiber type grouping, as has been
reported in the nmd mouse, is not observed before 3 weeks
of age (59). Thirdly, these finding in the SMA mice are
consistent with observed muscle pathology in SMA patients.
In the most severe Type 0 Electromyogram patients muscle
fibers are of uniform small size with no fiber type grouping
or indication of reinnervation (54). Electromyogram studies
reveal clear evidence of collateral sprouting in Type III
SMA but not in Type I SMA patients (60).

Interestingly, in this study the motor axons of the severe
SMA mice reveal axonal swellings present in the neurons of
all tissues examined at all stages of development. Occasionally
the beads are found in the nerves of normal and carrier mice
however they are smaller and less abundant than in SMA
mice. These axonal varicosities were found to be co-localized

with neurofilament in the motor nerves of SMA embryos. It is
important to note that these beads were identified in all motor
nerves of the SMA mouse including the phrenic nerve of
the diaphragm muscle that does not display unoccupied
AChRs. Previously, ‘irregularly swollen’ nerve fibers have
been reported in severe SMA patient muscle biopsies (49).
Although the significance of these swellings to SMA pathol-
ogy is unknown, their presence in the motor axons of SMA
mice correlates with observations made in human SMA
patients.

Contrary to previous studies in cell culture and in zebrafish,
we find no defects in motor axon outgrowth. How does one
reconcile these findings? In vitro assays in cell culture allow
for examination of individual axons with tightly controlled
environmental conditions. However, even primary motor
neuron cultures from SMA mice, which most closely represent
the in vivo situation, are still grown outside of the context of
the muscle environment the motor axon normally innervates
(38). Therefore, it is likely that cell culture cannot fully reca-
pitulate the complex environment motor axons normally
develop in. Axonal defects found in cultured motor axons
may not be identified in the whole embryo due to extrinsic
cues in the nerve environment that compensate for low
levels of SMN in vivo. Studies in zebrafish have shown aber-
rant motor axon truncation and branching when levels of SMN
are reduced in vivo (40). It is possible that the more complex
pattern of motor axon development in a mammal, such as the
mouse, includes redundancy of developmental cues that allows
the motor axon to reach the correct muscle. Therefore, while
in the zebrafish defects in axonal outgrowth and branching
are observed, the first defect observed in the mice is at
the NMJ.

It is interesting to note that in these severe SMA mice
denervation of the NMJ is detected at e18.5 before weakness
and motor neuron loss is detected (PNDO03) in the mouse
(16). Indeed, at birth severe SMA mice are phenotypically
indistinguishable from carrier mice. In SMA patients the
period of time before the loss of motor neuron function is
observed is known as the ‘pre-pathological’ state. Studying
the pre-pathological stage of SMA in mouse models might
allow us to determine when the administration of therapeutics
will be most effective in treating SMA in humans. Electro-
physiological studies have shown in prenatally identified
severe SMA infants a significant decrease in function shortly
after birth (61). If the disease is progressing before clinical
symptoms are observed then early detection through
newborn screening and administration of therapeutics in the
pre-pathological state may yield the greatest benefit in
preserving motor neuron function.

MATERIALS AND METHODS

Mouse strains and breeding

HB9:GFP transgenic mice were obtained from T. Jessell (44).
Transgenic mice containing human SMN and the mouse Smn
knockout are as previously described (12,16). Genotyping
and SMN2 copy number determination was performed
as previously described (19). Mouse genotypes are as
follows: SMA (SMN2™F, mSmn~'~, HB9:GFP™'™), carrier



(SMN2V*, mSmn™’~, HB9:GFP™ ™) and normal mice
(SMN2™*, mSmn™™", HB9:GFP*'~). For normal controls
SMN2V*, mSmn™™", HB9:GFP™~ mice are phenotypically
no different from mSmn™", HB9:GFP*'~ mice that do not
carry the human SMN2 transgene. Mice were maintained
in accordance with The Ohio State University Institutional
Laboratory Animal Care and Use Committee regulations.

Mouse embryo preparation

Timed matings were used to obtain GFP SMA embryos. The
presence of a coital plug after mating as well as the mor-
phology of the dissected embryo were used to determine
embryonic stages (62). Pregnant females were sacrificed, the
embryos removed and fixed in 4% paraformaldehyde in PBS
overnight. DNA was isolated from either the embryo sac or
the tail for genotyping (Puregene). Genotyping of embryos
was performed as previously described (16). A total of 169
embryos and neonates were examined in this study. The inter-
costal muscles, brachial plexus and lumbosacral plexus on
both the right and left sides of the animals were examined.

Immunofluorescence

Whole mount tissue. Whole mount embryo tissues were
blocked in 10% Triton X-100 (Sigma), 4% goat serum
(Sigma), PBS overnight. Whole mount embryo tissue was
incubated with rabbit anti-GFP antibody (1:1000, Molecular
Probes, Invitrogen, Carlsbad, CA, USA) or chicken anti-mouse
neurofilament heavy chain, (1:1000, EnCor Biotechnology Inc.,
Gainesville, FL, USA) in 10% Triton X-100, 0.4% goat serum,
PBS overnight and incubated with Alexa Fluor-488 or Alexa
Fluor-594 secondary antibody (1:1000, Molecular Probes) for
2 h. Tissues were mounted in Vectashield (Vector Labs, Burlin-
game, CA, USA).

Tissue sections. Thick cryostat sections (34 wm) were
obtained from 4% paraformaldehyde fixed tissue frozen in
liquid nitrogen cooled isopentane. Muscle sections were
stained with rabbit anti-GFP antibody (1:1000, Molecular
Probes) and/or rabbit anti-synaptophysin antibody (1:100,
Zymed, Invitrogen, Carlsbad, CA, USA) in 10% Triton
X-100, 0.4% goat serum, PBS for 2 h and incubated with
Alexa Fluor 488 secondary antibody (1:100, Molecular
Probes) and alpha-bungarotoxin Alexa Fluor 594 (1:400,
Molecular probes) for 30 min. Tissue sections were mounted
in Vectashield (Vector Labs).

Confocal microscopy

All images were captured with the Leica TCS_SL scanning
confocal microscope system using an inverted Leica DMIRE2
microscope and photomultiplier tube detectors. Images were
captured at room temperature with the following objectives:
63x HCX Plan Apo CS oil, NA = 1.4; 40x HCX Plan Apo
CS oil, NA =1.25; and 10x HC Plan Fluotar Phl, NA =
0.30. A Z-Galvo stage was used to obtain Z-series stacks of
~30 images each. Image acquisition, overlays, scale bars, and
measurements were produced with the Leica Confocal Software
v2.61 and subsequential image processing was performed with
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Adobe Photoshop CS2. Confocal images of axonal morphology
in whole mount tissue were composed of 30 individual images
taken at 10 x magnification spanning on an average to 100 pwm.
Confocal images of AChR clusters in 30 pm sections of
intercostal muscles were 30 individual images taken at 40 x
magnification spanning on an average to 19 um.

Measurement of axonal outgrowth

Axonal outgrowth was measured in €10.5 SMA and carrier
embryos at the thoracic (T2—-T10) and lumbosacral region
(L2-S2) levels of the spinal cord. Measurements of the exten-
sion of each axonal bundle were made with the Leica Confocal
Software v2.61 from confocal stacks of 30 images totaling
~70 pm. One single linear measurement from the point at
which the axonal bundle exited the spinal cord to the end of
the axon of greatest extension from the spinal cord was
made at each level of the spinal cord. The overall lengths of
extension of the bundles of axons at the thoracic and lumbosa-
cral levels were then averaged and the standard deviation
determined for each sample.

Quantification of AChR clusters

The number of occupied AChR clusters was determined by
blinded evaluation of alpha-bungarotoxin positive AChR clus-
ters with or without the presence of GFP labeled neurons.
Thick tissue sections (34 wm) were obtained from intercostal
muscles and diaphragms of GFP SMA, carrier and normal
el7.5 and el8.5 embryos as well as PNDO2 and PNDO3
mice. AChR clusters were counted in the same regions in
SMA and control animals. All AChR clusters found in
between the ribs in the intercostal muscles at the thoracic
level of the spinal cord were counted. The intercostal
muscles located both left and right of the spinal cord were
assayed for each animal in serial sections. Statistical signifi-
cance was measured using a 2 x 2 x> contingency table with
Yates correction of continuity.
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