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SPINAL MUSCULAR ATROPHY

Impaired prenatal motor axon development
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in severe SMA
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INTRODUCTION

New treatments for the neuromuscular disease spinal muscular
atrophy (SMA) represent a forefront of emerging gene-targeting
approaches potentially applicable to many neurogenetic disorders.
Such treatments address the root cause of disease and thus hold the
promise of marked efficacy, but early, nonreversible events in the
pathogenic cascade may limit clinical benefit. Identifying the optimal timing of therapy and the basis for temporal constraints is key
to therapeutic optimization.
SMA has historically been the most common inherited cause of
infant and childhood mortality worldwide. It is caused by recessive
mutations of the ubiquitously expressed survival motor neuron 1
(SMN1) gene with retention of its paralog, SMN2, in variable copy
number (1). A translationally synonymous C>T substitution in
exon 7 of SMN2 results in alternative splicing (2, 3), with most ma1
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ture SMN2 transcripts lacking exon 7 and encoding a truncated,
unstable SMN7 protein. Patients with the most frequent and severe
infantile onset form of SMA, labeled “Type 1,” generally carry two
copies of SMN2 and experience profound axial, limb, and bulbar
muscle weakness within weeks or months of birth (4, 5). Patients
with milder forms of SMA, labeled Types 2 and 3, often have three
or four copies of SMN2 (6).
Rapid advances in the development of gene targeting therapeutics
have led to three new SMA therapies that induce SMN expression,
each with a distinct mechanism of action, pharmacokinetics, and
bio-distribution. The SMN2 pre-mRNA splice-switching antisense
oligonucleotide (ASO) nusinersen (Spinraza) was approved for patients
of all ages in 2016 (7, 8). Adeno-associated virus 9–mediated delivery
of an SMN cDNA onasemnogene abeparvovec (Zolgensma) was
approved by the Food and Drug Administration in 2019 for patients
with SMA aged less than 2 years (9). Risdiplam (Evrydsi), an orally
administered, central nervous system–bioavailable splice-switching
small molecule (10), was approved in 2020. These therapies show
notable efficacy in some patients, but clinical response is variable,
ranging from normalization of early motor milestone achievement
to little or no detectable improvement in motor function (11). Earlier age of treatment initiation is a critical factor: Infants treated
with nusinersen pre-symptomatically before 6 weeks of life (12) respond much better than infants treated post-symptomatically starting between 1 and 7 months (7).
G. Werdnig in 1891 first identified a spinal cause for the muscle
atrophy of SMA, and coined the name “spinale Muskelatrophie,”
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Gene replacement and pre-mRNA splicing modifier therapies represent breakthrough gene targeting treatments
for the neuromuscular disease spinal muscular atrophy (SMA), but mechanisms underlying variable efficacy of
treatment are incompletely understood. Our examination of severe infantile onset human SMA tissues obtained
at expedited autopsy revealed persistence of developmentally immature motor neuron axons, many of which are
actively degenerating. We identified similar features in a mouse model of severe SMA, in which impaired radial
growth and Schwann cell ensheathment of motor axons began during embryogenesis and resulted in reduced
acquisition of myelinated axons that impeded motor axon function neonatally. Axons that failed to ensheath
degenerated rapidly postnatally, specifically releasing neurofilament light chain protein into the blood. Genetic
restoration of survival motor neuron protein (SMN) expression in mouse motor neurons, but not in Schwann cells
or muscle, improved SMA motor axon development and maintenance. Treatment with small-molecule SMN2
splice modifiers beginning immediately after birth in mice increased radial growth of the already myelinated
axons, but in utero treatment was required to restore axonal growth and associated maturation, prevent subsequent
neonatal axon degeneration, and enhance motor axon function. Together, these data reveal a cellular basis
for the fulminant neonatal worsening of patients with infantile onset SMA and identify a temporal window for
more effective treatment. These findings suggest that minimizing treatment delay is critical to achieve optimal
therapeutic efficacy.
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RESULTS

Impaired development and degeneration of human SMA
motor neuron axons
To understand early pathological events in patients with SMA, we
performed dissections of spinal cord, VRs, dorsal roots (DRs),
peripheral nerve, and muscle during expedited autopsies of patients
with severe SMA and age-matched controls (table S1). As expected,
most myofibers in the clinically affected iliopsoas (Fig. 1, A and B,
and fig. S2A) and intercostal (fig. S2, B to D) muscles were hypotrophic in SMA cases, whereas myofiber size was minimally changed
in the clinically less affected diaphragm muscle (fig. S2, E to G).
SMA VRs, which contain the large, myelinated motor axons, were
grossly thin (fig. S3A), and VR cross-sectional area was reduced at
the lumbar level (Fig. 1, C and D). About two- to threefold fewer
myelinated axons were visualized by light microscopy in SMA thoracic, upper, and lower lumbar VRs (Fig. 1, E and F). Examination
of the VRs of patients diagnosed with SMA Type 1, Type 2, and
controls, stratified by age, suggested an increase in VR size and myelinated axon number in controls over the first months and years of
life, but these parameters were diminished in all SMA cases (fig. S3,
B to F). No differences were observed in sensory DRs or the clinically less affected phrenic nerve (fig. S3, H to M).
A reduction of large myelinated axon numbers in SMA VRs has
been attributed to their degeneration (16), but an alternative possibility is that they are not developmentally acquired. Immunostaining
for neuron-specific class III -tubulin (Tuj1) in control VRs revealed
that most Tuj1-immunoreactive punctae were encircled by myelin
protein zero (MPZ), consistent with their identity as large myelinated
axons (Fig. 1, G and H). In SMA VRs, some Tuj1+ punctae were
encircled by MPZ, but many lacked MPZ staining (Fig. 1, G and H).
Most of the small punctae not encircled by MPZ stained robustly
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for growth-associated protein 43 (GAP43) (Fig. 1G and fig. S3N),
known to be expressed by developing axons and nonmyelinating
Schwann cells (17, 18). In addition, more of these small axons not
encircled by MPZ stained for neurofilament light chain (NF-L), which
is expressed by axons early in development, but not phosphorylated
neurofilament heavy chain (pNF-H) (Fig. 1, I and J), which is expressed later in development (19). The presence of numerous small
axons in SMA VRs raises the possibility that many SMA motor axons
fail to grow sufficiently to become myelinated by Schwann cells.
Normal proportions of myelinated and unmyelinated axons were
observed in SMA DRs and phrenic nerve (fig. S3, O to Q).
To characterize the progression of human VR axon developmental
morphologic stages, we used transmission electron microscopy (EM)
to image VRs and quantify the fraction of axons of different types.
On the basis of their appearance and relationship to surrounding
Schwann cells, axons were assigned to one of four groups (fig. S1).
Unmyelinated axons directly abutting one another in polyaxonal
pockets were categorized as “abutting,” unmyelinated axons surrounded by Schwann cell cytoplasm within a polyaxonal pocket
were categorized as “ensheathed,” unmyelinated axons that had established a 1:1 relationship with a Schwann cell were categorized as
“segregated,” and segregated axons surrounded by any identifiable
compact myelin were categorized as “myelinated.” In control upper
and lower lumbar VRs, most axons were large and myelinated, fitting the profile characteristic of alpha motor neuron (MN) axons
(Fig. 2, A and B). A proportion of axons were unmyelinated in control upper lumbar VRs, but they were ensheathed within Remak
bundles, consistent with the mature autonomic axons known to
make up about 20% of VR axons at this spinal segment (20). In
SMA upper and lower lumbar VRs, the proportion of myelinated
axons was reduced (Fig. 2, A and B), and the diameter of these
myelinated axons was diminished (upper lumbar mean: control =
5.37 ± 1.50 versus SMA = 2.87 ± 0.75, P < 0.0001; lower lumbar
mean: control = 5.96 ± 1.32, SMA = 4.06 ± 0.82, P < 0.0001, unpaired t tests) (Fig. 2, C and D). Examination of individual control
cases stratified by increasing age demonstrated an increase of VR
myelinated axon diameter during normal development, but in SMA
cases, myelinated axon caliber was reduced, with few SMA axons
reaching a diameter greater than 5 m (Fig. 2, C and D, and fig. S3,
D and G). G ratios (ratio of the inner to outer diameter of the myelin
sheath) of control and SMA myelinated VR axons were equivalent,
indicating an appropriate myelin thickness for axon size [upper
lumbar: control = 0.75 ± 0.04 (n = 3); SMA = 0.74 ± 0.04 (n = 4);
P = 0.80 and lower lumbar: control = 0.75 ± 0.05 (n = 6); SMA =
0.76 ± 0.03, (n = 6); P = 0.49, unpaired t tests] (Fig. 2, C and D). As
G ratio would be expected to decrease in the setting of axon atrophy, the absence of change argues in favor of a developmental impairment of radial axon growth.
A high percentage of axons present in SMA VRs were unmyelinated, small, and abutting (Fig. 2, A and B, and fig. S3, R to U). Axons
of this morphology were very rarely seen in control VRs, even as
early as 1 day of life (fig. S3, R and T), but are well documented in
human fetal nerve (21, 22). This preponderance of directly abutting
axons was also found in SMA intercostal nerves (fig. S4A), where
demonstrably increased staining for GAP43 (fig. S4B) indicated
that immature axons may be present in both proximal and distal
segments. Intramuscular nerve with fetal morphology has also been
described previously in two patients with severe infantile SMA (23).
Although the absolute number of myelinated axons was similarly
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with his description of markedly diminished size of SMA ventral
roots (VRs) in patient autopsy tissue (13). Over a century later, the
cellular mechanisms underlying this pathology and the relative
contributions of impaired development and/or degeneration remain poorly defined. Motor axons must be of large radial caliber
and surrounded by compact myelin to rapidly conduct action potentials. Developmental acquisition of these axons involves a multistep morphogenetic process of radial growth and sorting by Schwann
cells [fig. S1 and (14, 15)]. Initially, only a few Schwann cells surround
bundles of small, directly abutting axons. Individual axon radial growth
leads to their ensheathment by processes of Schwann cell cytoplasm.
Further radial expansion coinciding with Schwann cell proliferation
leads to a 1:1 segregation between axons and Schwann cells and
continued growth beyond 1 to 2 m results in formation and proportional thickening of the compact myelin sheath. Unmyelinated
autonomic or sensory axons remain small and ensheathed in polyaxonal Remak bundles.
In this study, we characterized this complex morphogenetic
cascade in tissues from both patients with SMA and a mouse model
of severe SMA. Our studies identify a marked delay of SMA motor
axon radial growth and sorting, failed ensheathment of many axons,
and subsequent degeneration after birth of those axons that lag the
most in this developmental sequence. These findings provide a
cellular basis for the limited temporal window of highly efficacious
SMN induction therapy and argue for steps to minimize neonatal
treatment delays.
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Fig. 1. Myofiber and VR hypotrophy in patients with SMA. (A) Toluidine blue–stained cross sections of iliopsoas muscles from CNTL 12-05 (19 months, left) and SMA
10-01 (15 months, right). (B) Histogram of iliopsoas myofiber diameter: controls (ages: 0.03 to 168 months, n = 6) and SMA Type 1 (ages: 1.75 to 36 months, n = 13).
(C) Toluidine blue–stained cross sections of L5 VRs from CNTL 17-01 (9 months, left), SMA 98-16 (9 months, upper right), and SMA 17-03 (0.5 months, lower right).
(D) Average VR cross-sectional area: controls (ages: 0.03 to 168 months, n = 4 to 6) and SMA Type 1 cases (ages: 0.5 to 72 months, n = 4 to 8). (E) High-magnification images
of VRs from CNTL 17-01 (9 months, left) and SMA 98-16 (9 months, right). Arrowheads indicate examples of myelinated axons. (F) Average total VR myelinated axon
number. (G) Confocal images of lower lumbar VRs stained with Tuj1 (blue), GAP43 (red), and MPZ (green) from CNTL12-05 (19 months) and SMA11-01 (1.8 months).
(H) Percentage of Tuj1+ punctae with or without encircling MPZ staining in controls (ages: 0.03 to 19 months, n = 3) and SMA Type 1 cases (ages: 1.75 to 16 months, n = 5).
(I) Confocal images of lower lumbar VRs stained with pNF-H (blue), NF-L (red), and MPZ (green) from CNTL08-01 (4 months) and SMA17-03 (0.5 months). (J) Percentage of
pNF-H+/NF-L+ or pNF-H−/NF-L+ punctae with or without encircling MPZ staining in VRs of control (ages: 0.03 to 9 months, n = 3) and SMA Type 1 cases (ages: 0.5 to
7 months) (* represents the difference between control and SMA in the pNF-H−/NF-L+/MPZ− and pNF-H+/NF-L+/MPZ+ groups). Data represent means and SD. Statistical
analysis was performed using Mann-Whitney test for (B) and unpaired t test for (D), (F), (H), and (J). Significance: *P ≤ 0.05, ***P < 0.001, ****P < 0.0001.

reduced in all SMA cases (fig. S3, C and F), their proportion relative
to unmyelinated axon types appeared to be increased in those cases
with increased age and disease duration (fig. S3, R and T). This
could indicate preferential loss of immature axons over time. Only
small percentages of myelinated axons were actively degenerating
[defined by the presence of a myelin ovoid (Fig. 2A, red arrow)] in
both control (CNTL) and SMA cases (Fig. 2, E and F), but between ~15
Kong et al., Sci. Transl. Med. 13, eabb6871 (2021)
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and 40%, of small, unmyelinated axons were degenerating [as defined
by loss of axonal cytoskeletal integrity (Fig. 2A, blue arrow)] in
SMA cases (Fig. 2, E and F). Depletion of MN soma numbers was
also seen in upper and lower lumbar SMA spinal cords (Fig. 2,
G and H, and fig. S4, C to E), indicating that proximal axonal loss
was associated with commensurate cell body loss. Median MN somal
size, like axonal caliber, was significantly reduced in the lower
3 of 15
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Fig. 2. Immature morphologies of SMA VR axons. (A) EM images of axons in VRs from CNTL12-05 (19 months, left) and SMA11-01 (1.8 months, middle and right). The
right panel is a higher-magnification view of the yellow square in the middle panel. The red arrow indicates a degenerating myelinated axon; the blue arrow indicates a
degenerating, abutting axon. (B) Average percentage of axons of different categories in upper lumbar VRs: controls (ages: 0.03 to 36 months, n = 3) and SMA Type 1 (ages:
1.75 to 72 months, n = 5) and lower lumbar VRs: controls (ages: 0.03 to 168 months, n = 6) and SMA Type 1 (ages: 0.5 to 72 months, n = 6) (* indicates significance for the
myelinated axon group). (C and D) Axon diameters and G ratios of VR motor axons in upper lumbar (CNTL: n = 3, SMA: n = 4) (C) and lower lumbar (CNTL: n = 6, SMA: n = 6)
(D) VRs. (E and F) Average percentage of degenerating unmyelinated and myelinated axons in control and SMA Type 1 upper lumbar (CNTL, ages: 0.03 to 36 months, n = 3;
SMA, ages: 1.75 to 72 months, n = 4) (E) and lower lumbar (CNTL: ages: 0.03 to 168 months, n = 6; SMA, ages: 0.5 to 72 months, n = 6) (F) VRs. (G and H) Number of MNs per
section determined by NF-H (SMI32) and ChAT staining in upper lumbar spinal cord [control (ages: 0.03 to 168 months, n = 4) and SMA Type 1 (ages: 1.75 to 72 months,
n = 5)] (G) and lower lumbar spinal cord [control (ages: 0.03 to 168 months, n = 4) and SMA (ages: 0.5 to 72 months, n = 6)] (H). (I and J) MN size distribution in the upper
lumbar spinal cord [control (ages: 0.03 to 9 months, n = 3) and SMA Type 1 (ages: 1.75 to 4 months, n = 4)] (I) and lower lumbar spinal cord [control (ages: 0.03 to
19 months, n = 4) and SMA (ages: 0.5 to 16 months, n = 6)] (J). Data represent means and SD. Statistical analysis was performed using unpaired t test for (B) to (H) and
Mann-Whitney test for (I) and (J). Significance: *P ≤ 0.05; ***P < 0.001.

lumbar spinal cord compared to age-matched controls (upper lumbar:
control = 901.21 ± 229.08 m2; SMA = 531.91 ± 81.69 m2, P = 0.10;
lower lumbar: control = 1484.16 ± 513.24 m2; SMA = 633.38 ±
149.01 m2, P = 0.009, unpaired t tests) (Fig. 2, I and J, and fig. S4F).
Precipitous neonatal degeneration follows delays of axon
development in SMA mice
To characterize SMA motor axons over the course of development,
we examined VRs from severe SMA mice (SMA7) at fetal and
postnatal time points. We have previously demonstrated that lumbar 1 (L1) alpha MN loss occurs postnatally and is more severe than
L5 MN loss in this model (24). We thus compared proximal L1 and
L5 VRs by light microscopy. Whereas L1 VR size increased over
developmental time in wild-type (WT) mice, it was reduced in SMA
mice starting at embryonic day (E) 17.5 and showed little growth
through postnatal day (P) 14 (slopes m2/day: WT = 353.3 versus
SMA = 79.28, P < 0.0001, linear regression analysis) (Fig. 3A). The
acquisition of myelinated axons was also reduced in SMA L1 VRs
Kong et al., Sci. Transl. Med. 13, eabb6871 (2021)
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(slopes axon number/day: WT = 20.32 versus SMA = 13.06, P = 0.01,
linear regression analysis) (Fig. 3B). Similar patterns were observed
in thoracic (T) 10 VRs (fig. S5, A to C). In contrast, differences in L5
VRs occurred only at disease end stage (P14) (Fig. 3, C and D). No
differences were observed in L1 DRs at P14 (fig. S5, D to F).
Reconstruction of whole VRs using a montage of overlapping
EM images enabled assessment of the absolute number of axons of
all types (25) and their developmental morphologies (Fig. 3, E to Q).
At E13.5, the total number of axons (Fig. 3G) and their size (Fig. 3L)
were equivalent in WT and SMA L1 VRs, and more than 90% of
axons were abutting, consistent with this early developmental stage.
By E17.5, WT VRs contained an increased number of ensheathed
and segregated axons (Fig. 3M), but SMA L1 VRs retained an increased number of very small, abutting axons (axon number: WT =
287 ± 223; SMA = 541 ± 140, P = 0.04, unpaired t test) (Fig. 3G), a
higher number of axons per bundle (Fig. 3H), and a reduced number
of VR Schwann cell nuclei (Fig. 3I), together indicating slowed axon–
Schwann cell sorting. Only a very small fraction of these abutting
4 of 15
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axons; yellow = ensheathed, unmyelinated axon; green = segregated, unmyelinated axons; blue = myelinated axons. (G) Total number of axons of different morphological
types in L1 VRs from E13.5 to P14 (WT: n = 3 to 6; SMA: n = 3 to 6) (* indicates significance for the total number of axons). (H and I) The average number of abutting axons
per bundle (H) and number of Schwann cell nuclei per L1 VR (I) at E17.5 (n = 6 each). (J) Total number of degenerating axons from each axon category in L1 VRs from E17.5
to P14 (n = 3 to 4 in each group) (* indicates significance for the degenerating, abutting axon group). (K) Total number of axons of different morphological types in L5 VRs
at P2 and P14 (n = 3 each). (L to N) Histogram of axon diameter in L1 VRs at E13.5 (n = 3 each) (L), E17.5 (WT: n = 6, SMA: n = 4) (M), and P14 (n = 3 each) (N). (O) Axon diameter–G
ratio histogram of myelinated axons in L1 VRs at P14 (n = 3 each). (P) Histogram of diameter of all axons in L5 VRs at P14 (n = 3 each). (Q) Axon diameter–G ratio histogram
of myelinated axons in L5 VRs at P14 (n = 3 each). (R and S) Serum NF-L (WT: n = 3 to 8; SMA: n = 3 to 7) (R) and pNF-H (n = 3 to 8 each) (S) concentrations in SMA7 mice
from E17.5 to P14. Data represent means and SD. Statistical analysis was performed using unpaired t test in (A) to (D), (G) to (K), (R), and (S) and Mann-Whitney test in
(L) to (N) and (P). Significance: *P ≤ 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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Serum biomarkers of axonal degeneration
As NFs have been proposed as biomarkers of degeneration in SMA
and other neurodegenerative diseases (28), we examined NF-L and
pNF-H concentrations in the serum of SMA and WT littermate mice
of different ages. Serum NF-L concentrations were maximally increased in SMA mice compared to WT mice at P1 and P2 (Fig. 3R),
temporally paralleling the neonatal L1 VR axon loss detected histologically. pNF-H concentrations were not elevated at these time
points (Fig. 3S) consistent with the immaturity of the axons that
degenerate during this neonatal interval. After P2, NF-L concentrations steadily declined until P10 but remained higher than controls.
pNF-H was increased in SMA mice compared to controls starting at
P3. Concurrent increases of NF-L and pNF-H suggest degeneration
of more mature motor axons at later time points.
Delayed SMA axon development impairs motor axon function
To evaluate whether the identified abnormalities of SMA motor
axons are associated with alterations of function, we evaluated NMJ
structure histologically followed by electrophysiological characterization of ex vivo spinal cord/muscle preparations (29). The percentage of innervated NMJs was determined in the quadratus lumborum
(QL) muscle, which is innervated by L1 to L3 MNs (29), and the
Kong et al., Sci. Transl. Med. 13, eabb6871 (2021)
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tibialis anterior (TA) muscle, which is innervated by L4 and L5 MNs
(Fig. 4, A to C). In the QL muscle, there was a modest 8.6% reduction of innervated NMJs in SMA compared to WT mice at birth and
subsequent losses to 25% at P3, followed thereafter by a slower rate
of decline of innervation percentage (Fig. 4B). In contrast, the TA
muscle remained innervated at all time points (Fig. 4C).
Stimulation of L1 VR motor axons with electromyographic recording at the QL muscle was compared to L4 VR stimulations recording at the TA muscle. At P1, L4 SMA and WT motor axons showed
equivalent compound muscle action potential (CMAP) amplitudes,
which represent the summated voltage responses from the individual
muscle fiber action potentials generated by the most rapidly conducting axons (Fig. 4, D and E). The latency to initiation of the
CMAP response was also equivalent in WT and SMA L4 VR axons
at this time point. This latency is largely a function of the axonal
conduction velocity (CV), which can be approximated from the
latency and the measured distance between stimulating and recording electrodes (Fig. 4, D to F). Despite only a modest loss of innervated NMJs in the QL muscle at P1, the amplitude of the CMAP was
already reduced by about 2.5-fold in SMA mice compared to WT
littermates (Fig. 4, D and E). This may reflect the reduced acquisition of myelinated axons already evident at this time point (Fig. 3B)
and suggests that many muscle fibers are innervated by small axons
that do not contribute to the CMAP. We also observed that the CV
of SMA L1 axons was reduced (Fig. 4, D and F). This reduction was
not due to slow NMJ transmission, as similar slowing was seen with
retrograde stimulation of the intramuscular nerve with recording
of nerve action potential at the VR (fig. S7, A to I). Instead, the reduced CV likely reflects the reduced diameter of myelinated axons
at this spinal level. Of note, during 25% of L1 VR stimulations
performed at P5, and 100% of stimulations performed at P11, we
observed a variable number of small-amplitude responses at prolonged latencies well after the initial peak (fig. S7J), which increased
the duration of the CMAP in SMA mice at P11 (fig. S7K).
Between P1 and P11, the CMAP amplitude of WT L1 motor axons
increased by 276% and their CV increased by 337% (Fig. 4, D to F),
consistent with the rapid acquisition of newly myelinated axons and
radial growth of existing myelinated axons during this interval. In
contrast, the CMAP amplitude of SMA L1 VR declined by 36%
between P1 and P5, and between P5 and P11, it declined an additional 15% (slopes mV/day: WT = 0.19 versus SMA = −0.01,
P < 0.0001, linear regression analyses) (Fig. 4, D and E). SMA motor
axon CVs increased between P1 and P11 in L1 (Fig. 4, D and F),
consistent with the increased radial growth of the few acquired
myelinated axons (Fig. 3, N and O), but CV remained twofold lower
than WT motor axons at P11 (slopes mm/ms/day: WT = 0.10 versus
SMA = 0.03, P < 0.0001, linear regression analyses). Together, these
data indicate that L1 motor axons exhibit functional deficits in
action potential conduction consistent with their morphological
developmental impairments.
Loss of SMN in MNs impairs motor axon development
The process of axon radial sorting, growth, and myelination requires complex molecular interactions between axons and Schwann
cells and can be disrupted by alterations of proteins expressed by
each cell type (14, 15). To characterize the contribution of different
cell types to the motor axon developmental pathology of SMA, we
examined SMA mice expressing the well-validated Cre recombinase–
inducible Smn hybrid allele (SmnRes) (30) together with Cre recombinase
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axons were larger than 1 m in diameter in both WT and SMA mice
(WT = 0.84 ± 0.37%, SMA = 1.70 ± 2.30%, P = 0.40, unpaired t test).
At E17.5, there were no signs of axonal degeneration, but at P1 and
P2, multiple, abutting L1 VR axons showed degenerative morphologies
(Fig. 3J), and by P2, there was a 37.5% decrease in the total number
of L1 VR axons in SMA compared to WT (Fig. 3G). No differences
in the distribution of axon types were observed in L5 VRs at P2 or
P14 (Fig. 3K).
The observed loss of L1 VR axons at P1 and P2 was followed by
MN somal loss in the ventral horn of the L1 spinal segment (fig. S6,
A to C) and was concurrent with distal axon terminal loss at the
neuromuscular junction (NMJ) (defined as <25% synaptophysin
coverage of the NMJ endplate) in the L1 paraspinal muscles [PS,
specifically the multifidus, longissimus, and iliocostalis muscles,
known to be innervated by dorsally projecting alpha motor axons of
the same spinal segment (26)] (fig. S6, D to H). Loss of NMJ innervation implies that proximal L1VR axon loss specifically involves motor
axons, but because L1 VRs contain both somatic MN axons and
preganglionic autonomic axons (27), we cannot exclude some concomitant degeneration of autonomic axons. The loss of L1 PS NMJ
innervation was followed by impaired growth of L1 PS myofibers at
P5 and P10 (fig. S6, N and O). Variable NMJ denervation was observed in L5 PS at P14 only (fig. S6, I to M), and no impairment of
L5 PS myofiber growth was observed (fig. S6P).
In contrast to earlier time points, between P2 and P14, there was
only moderate additional loss of proximal L1 VR axons (Fig. 3,
G and J) in SMA mice, and the remaining axons acquired more mature morphologies as well as increased diameter (Fig. 3, N and O).
Despite this, median diameter of myelinated axons in the SMA L1 VR
was smaller at P14 (WT = 2.45 ± 0.11 m, n = 3; SMA = 1.65 ± 0.34 m,
n = 4, p = 0.01, unpaired t test) (Fig. 3, L to O) with a particular
paucity of myelinated axons greater than 3 m. Median G ratios
were equivalent (WT = 0.67 ± 0.02, n = 3; SMA = 0.68 ± 0.02, n = 4,
P = 0.28, unpaired t test), indicating an appropriate myelin thickness for axon size (Fig. 3O). The less affected L5 VR myelinated axons
showed no alteration of diameter or G ratios at P14 (Fig. 3, P and Q).
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expressed specifically in Schwann cells
and Sertoli cells, as previously described,
and not in MNs (fig. S8A). We also demonstrated that Dhh Cre mice express increased amounts of full-length SMN
mRNA in sciatic nerve by using reverse
transcription–quantitative polymerase
chain reaction (fig. S8, B and C). Behavioral characterization of the DhhCre mice
showed no improvement in survival or
motor behavior (fig. S8, D and E).
We examined the impact of these cell
type–specific increases of SMN expression upon L1 VR motor axon development
and degeneration. Increased expression
of SMN in MNs in ChATCre mice increased VR size and VR axon maturation
(Fig. 5, A to H) and resulted in decreased
NF-L concentrations in the serum (Fig. 5,
I and J), suggesting prevention of early
axonal degeneration. These histological
improvements were associated with normalization of CMAP amplitudes and CVs
at P11 (Fig. 5, K to M). This contrasts
with the absence of improvement in
motor axon development or survival in
DhhCre mice and only modest improvement in axon radial growth in MyoDiCre
mice at P14 (fig. S9). Together, these
data indicate that early impairments of
motor axon radial growth and survival
are principally determined by deficient
SMN expression in MNs.

Fetal initiation of SMN induction
therapeutics prevents early motor
1 mV
1
axon degeneration in severe
2
5 ms
0.5
SMA mice
1
0
0
To examine the necessary timing of
changes in SMN expression on motor
Fig. 4. Time course of NMJ denervation and electrophysiological abnormalities of vulnerable SMA motor neuaxon development and degeneration, we
ron axons. (A) NMJ staining with -bungarotoxin (-BTX, red), synaptophysin (Syp, blue), and neurofilament (NF,
treated SMA7 mice with the small-
green) in QL and TA muscles in P11 WT and SMA mice. (B and C) Quantification of NMJ innervation in QL (B) and TA
molecule splice modifier SMN-C3 (35)
(C) muscles in WT (n = 3) and SMA (n = 3 to 5) mice from P1 to P12. (D) CMAP recordings from the TA muscle after L4
starting at selected prenatal and postVR stimulation at P1 and CMAP recordings from the QL muscle after L1 VR stimulation in WT and SMA mice at P1, P5,
natal time points. SMN-C3 has wide
and P11 and in WT and SMA mice. Arrows indicate maximum CMAP amplitude. Black arrowheads indicate the stimtissue distribution and effectiveness in
ulus artifact. Scale bars shown in SMA also apply for the corresponding WT. (E and F) Quantification of CMAP amplitude (E) and nerve CV (F) for QL and TA muscle recordings shown in (D) (n = 3 to 7 each). Data represent means and
increasing full-length SMN expression
SD. Statistical analysis in (B), (C), (E), and (F) was performed using unpaired t test. Significance: *P ≤ 0.05; **P < 0.01;
in SMA7 mice. We postulated that em***P < 0.001.
bryonic SMA mice could be treated by
dosing pregnant dams by intraperitoneal
under control of (i) the choline acetyltransferase (ChAT) promoter injection. SMN-C3 concentrations in embryonic mouse brain and
[expressed in MNs beginning at E12.5 (31)], (ii) the desert hedgehog liver collected from normal littermate mice 1 and 6 hours after in(Dhh) promoter [expressed in Schwann cell progenitor cells begin- jection of vehicle or SMN-C3 (3 mg/kg) delivered to a pregnant
ning at E12 (32)], or (iii) the MyoD promoter [expressed in myo- dam at E13.5 (fig. S10, A and B) were similar to those previously
fibers beginning at E9.75 (33)]. We have previously described the observed in SMA7 mice treated postnatally with a known efficageneration and phenotype of the ChATCre and MyoDiCre mice (34), cious dose of 1 mg/kg (35). Efficacious SMN-C3 drug concentrations
both of which show phenotypic improvements in motor behavior were also observed in brain and spinal cord tissues from P10 SMA
and survival. Only ChATCre mice show increased MN maintenance, mice that were treated both prenatally and with daily intraperitoneal
however. To characterize DhhCre mice, we confirmed that DhhCre is postnatal SMN-C3 starting at E13.5 (fig. S10, C and D). Similar
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Fig. 5. Selective restoration of SMN in motor neurons
restores motor axon development and function in
SMA mice. (A) Representative reconstructed EM
images and single higher-magnification images of L1
VRs in WT, SMA, and ChATCre+ SMA mice at P2. (B to
D) L1 VR size (n = 3 to 7 each) (B), myelinated axon
number (n = 3 to 6 each) (C), and number of axons of
different categories (n = 3 each) (D) at P2 (* indicates
significance for the myelinated axon group). (E to H)
L1 VR size (E), myelinated axon number (F), number
of axons of different categories (* indicates significance for ensheathed axons) (G), and diameter of
axons (* indicates significance for axons of the 2-3 m
group) (H) at P14 (n = 3 each). (I) Number of degenerating
axons in L1 VRs at P2 (n = 3 each, * indicates significance
for the degenerating abutting axons). (J) Serum NF-L
concentrations at P2 (n = 5 to 7 each) and P14 (n = 3
to 5 each). (K) CMAP recordings from the QL muscle
after stimulation of the L1 VR at P11. Arrowheads indicate stimulus artifact. (L and M) Quantification of CMAP
amplitude (n = 4 to 7 each) (L) and nerve CV (n = 3 each)
(H). All data represent means and SD. Statistical analysis
was performed using one-way ANOVA, corrected by
Dunnett’s multiple comparisons test in (B) to (D), (F)
to (J), (L), and (M). Significance: *P ≤ 0.05; **P < 0.01;
***P < 0.001.
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SMN-C3 concentrations were detected in
SMA mice treated with intraperitoneal SMN-C3
postnatally starting at P1 alone. To validate
drug target engagement, we measured fulllength SMN2 transcript and protein expression in embryonic brain and spinal cord
tissues from SMA mice treated starting at
E9.5 or E13.5 and collected on E17.5 (fig.
S10, E to K). Full-length SMN2 transcript
expression was increased by about 50%. Inductions of full-length SMN2 transcript and
SMN protein expression in P10 neural and
non-neural tissues were comparable in SMA
mice treated both prenatally and postnatally
(starting at E9.5 or E13.5) and in SMA mice
treated postnatally only (starting at P1) (fig.
S10, L to W).
Mice treated with SMN-C3 starting at
P1 showed increased survival as previously
reported (Fig. 6A) (35), and their average
righting time during the first 10 postnatal
days was reduced by −5.87 ± 1.14 s (means ±
SE) compared to the vehicle-treated SMA
mice [95% confidence interval (CI): −8.10
to −3.63 s, P < 0.001, random effects regression
analysis] (Fig. 6B). Nonetheless, SMN-C3
treatment initiated at P1 did not increase
L1 VR size or myelinated axon number (Fig. 6,
C to E), nor did it prevent axon loss at P14
(Fig. 6F). There was only modest improvement
in radial diameter of acquired myelinated
axons (Fig. 6G). In contrast, righting time was
reduced by −13.63 ± 1.21 s (95% CI: −16.00
to −11.26 s, P < 0.001) during the first 10
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Fig. 6. Prenatal treatment with SMN-C3 prevents neonatal axon degeneration, enhances axon development, and improves motor behavior of SMA mice. (A and
B) Survival (A) and righting time (B) of WT mice treated with vehicle (pre- and postnatally, n = 10), SMA mice treated with vehicle (pre- and postnatally, n = 13 to 14), SMA
mice treated with vehicle prenatally and SMN-C3 postnatally (n = 17 to 18), SMA mice treated with SMN-C3 prenatally (starting at E13.5#, n = 13 to 14) and postnatally
(n = 14), and SMA mice treated with SMN-C3 prenatally (starting at E9.5^) and postnatally (n = 16 to 19) (* represents significance between curves). (C) Representative EM
reconstructed images of L1 VRs at P14. (D to G) L1 VR size (n = 3 to 5) (D), myelinated axon number (n = 3 to 5) (E), types of axons (n = 3) (F, * indicates significance of the
myelinated axon category between differently treated groups.), and myelinated axon diameter (n = 3) (G, * indicates significance of myelinated axons between 2-3 m in
diameter between the differently treated groups) at P14. (H) Serum NF-L concentrations at P2 or P5 (n = 3 each). (I) Confocal images of P14 L1 PS muscle NMJs stained
with SMI312 (blue), synaptophysin (purple), and -BTX (red). (J) NMJ innervation in L1 PS muscle at P14 (n = 3 each, * indicates significance of the total innervation% category between differently treated groups). (K) MN number in the L1 spinal cord segment at P14 (n = 3 each). (L and M) L1 VR size (E) and myelinated axon number (F) at
P180 (n = 3 to 5). (N) Hang time test at P60 and P90 (n = 10 to 14). W, WT; S, SMA; V, vehicle; C3#, SMN-C3 starting at E13.5; C3^, SMN-C3 starting at E9.5. In (A), statistical
analysis was performed using log-rank test. In all other graphs, data represent means and SD. Statistical analysis was performed in (B) using random effects regression
test; in (D) to (G) and (J) to (N) using one-way ANOVA with Tukey’s post hoc test; and in (H) using unpaired t test. Significance: *P ≤ 0.05; **P < 0.01; ***P < 0.001,
****P < 0.0001.
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Our pathological characterizations of tissue from patients with
Type 1 SMA integrated with longitudinal genetic, histological, electrophysiological, and biochemical studies of severe SMA model
mice reveal that restricted embryonic motor axon radial growth and
impaired Schwann cell ensheathment are initial cellular features of
severe SMA. Those axons that lag the most in fetal radial growth are
subject to precipitous degeneration postnatally. The rapidity of this
irreversible motor unit loss provides biological insight into why
early initiation of SMN induction therapy is associated with the
greatest treatment effect in patients with SMA. However, our findings
also suggest that the optimal timing of SMN induction therapeutics
may precede the onset of overt axonal degeneration. Improved outcomes of SMA treated with SMN-C3 earlier in gestation may point
to a restricted temporal window for remediating early disturbances
of motor axon development. Those SMA motor axons that grow
sufficiently to enable myelination are relatively resistant to degeneration in the early postnatal period, but are nonetheless smaller,
electrophysiologically abnormal, and vulnerable to further slow
degeneration. This disrupted developmental cascade, with its associated rapid loss of the most immature axons followed later by slow
degeneration of more mature axons, offers potential explanation for
the heretofore enigmatic and unusual clinical disease course of patients with severe infantile SMA. Together, these studies underscore
the importance of early initiation of treatment of infants with Type
1 SMA, supply a rationale for exploring fetal treatment of severe
patients, and suggest an opportunity for development of better combination therapeutics.
Radial growth of axons is the first step that enables Schwann cell
ensheathment and later segregation and myelination. In mice,
Schwann cells first ensheath axons beginning at E12.5, 1:1 segregation starts
at ~E17.5, and the first compact myelin
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to represent miswired sensory or auto1.0
2 mV
nomic axons because these would be
anticipated to be ensheathed within Remak
5 ms
0.5
bundles. Whereas they could be aberrantly branched or defasciulated motor
0.0
Genotype W S W S W S
axons reminiscent of those that arise
Prenatal V V V V C3 C3
during motor axon outgrowth in a zebra
Postnatal V V C3 C3 C3 C3
fish model of SMA (36), the normal total
Fig. 7. Prenatal treatment with SMN-C3 improves motor axon function. (A) CMAP recordings from the QL muscle
number of L1 VR axons and intact NMJ
after L1 VR stimulation at P11. Red arrows indicate shortest latency of CMAP response. Black arrowheads indicate
innervation in SMA7 mice at E13.5
stimulus artifact. (B and C) Quantification of CMAP amplitudes (n = 3 to 5) (B) and nerve CVs (n = 3 to 5) (C) from WT
argues against this possibility. Although
(W) and SMA (S) mice receiving vehicle (V) or SMN-C3 treatment starting prenatally at E9.5 (C3^) or postnatally at P1.
motor axon developmental abnormaliIn (B) and (C), statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. Significance:
ties are evident in both patients with
*P ≤ 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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postnatal days when SMN-C3 was started at E13.5 and −18.34 ± 1.17 s
(95% CI: −20.64 to −16.04 s, P < 0.001) when SMN-C3 treatment
was started at E9.5 compared to vehicle-treated SMA mice (Fig. 6B).
Fetal initiation of treatment also increased VR size, acquisition of
myelinated axons, and axon radial growth (Fig. 6, C to G). Initiation
of SMN-C3 at E9.5 also prevented proximal L1 axon loss in SMA
mice at P14 (Fig. 6F) and reduced serum NF-L concentrations at P2
compared to SMA mice initiating SMN-C3 treatment at P1 (Fig. 6H).
Improvements in axon development and maintenance caused by
fetal initiation of treatment at E9.5 was also associated with maintenance of L1 PS innervation (Fig. 6, I to J) and MN soma number
(Fig. 6K) at P14, and less deterioration of VR histology (Fig. 6,
L and M) and motor function (Fig. 6N) in adult mice. To confirm
that histological improvements correlated with changes in function,
we examined motor axon electrophysiology in treated mice at P11.
SMA mice receiving SMN-C3 starting at P1 showed no improvement
in QL CMAP amplitude or axonal CV (Fig. 7, A to C) compared
to vehicle-treated SMA mice. In contrast, in SMA mice receiving
SMN-C3 treatment starting at E9.5, there was improvement of CMAP
amplitudes and near-complete normalization of CV (Fig. 7, A to C).
Administration of a second splice switching molecule with further
optimized pharmaceutical properties SMN-C8 [compound 5 in
(10)] to pregnant dams throughout gestation by daily oral dosing
also resulted in robust improvements in neonatal motor behavior
compared to mice treated with SMN-C8 postnatally alone (fig. S11).
Together, these data indicate that increase in SMN expression
during embryonic development by treatment with small-molecule
SMN2 splice modifiers results in enhanced motor unit development, motor axon function, and short- and long-term motor behavior in SMA mice.
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bimodal population of SMA motor units provide cellular insights
into these observations. The early and abrupt clinical decline of patients may be caused by the rapid degeneration of the most immature SMA motor axons. Because these axons are extremely small in
diameter and not myelinated, they are detectable only with EM and
may be difficult to record electrophysiologically with standard surface stimulation and recording techniques. The SMA axons that
have expanded radially to enable myelination degenerate more
slowly, which may account for the later, slowly progressive phase of
disease. In our study of patients with SMA, a small fraction of these
myelinated axons were degenerating in VRs, in contrast to the ~20 to
40% rate of degeneration in autopsy studies of amyotrophic lateral
sclerosis, a demonstrably progressive MN degenerative disorder
(47, 48). We observed reductions of total myelinated axon number,
low rates of degeneration of these myelinated axons, and abundant
hypotrophic myofibers in one to two patients with Type 2 SMA,
suggesting that a proportion of Type 2 SMA axons are also developmentally arrested and degenerate early, although not in sufficient
numbers to cause severe weakness in the first months of life.
Blood NF concentrations are being developed as a biomarker of
neurodegeneration in multiple neurodegenerative disorders (28)
including SMA (49). Unlike many neurodegenerative diseases in
which NFs remain elevated or increased during the disease course,
blood pNF-H concentrations are most elevated in the youngest
patients with SMA Type 1, with two copies of SMN2, during the
limited days or weeks before manifesting symptomatic weakness
(12, 49). Species differences in MN developmental NF expression
patterns, especially with respect to onset of manifest weakness in
SMA, are likely important. In our study of SMA mice, the initial,
neonatal spike of NF-L release at P1 and P2 was not associated with
pNF-H release, whereas at late time points (P3 to P14), both NF
subtypes were elevated. This early exclusive release of NF-L parallels
our data demonstrating that the small, abutting axons, which express NF-L exclusively, degenerate neonatally in SMA mice. The
timing of early developmental MN NF-L and pNF-H expression in
humans is not known, but formation of compact myelin is known
to be associated with increased radial diameter partly attributable to
expression of all three NF subunits (50). In this study of human
autopsy cases, all patients with SMA showed signs of both small
and, to a lesser degree, large, myelinated axon degeneration. The
point at which neurodegeneration of the most vulnerable axons
first begins in patients with severe SMA thus remains unknown. A
priority for ongoing work is to determine the normal developmental
patterns of NF-L and pNF-H and their perturbations in the serum
of patients with SMA, including assessment of prenatal and neonatal
time points to determine when neurodegenerative disease activity
first begins in patients with different disease severities.
Further advances in electrophysiology of infants might also provide an opportunity for monitoring SMA disease progression and
response to therapeutics. During the first 2 weeks of postnatal development in WT mice, a 3.8-fold increase in CMAP amplitude and
a 4.4-fold increase of CV resulted from the normal increase of L1
VR myelinated axon numbers (from 30 to 378 axons) and their
diameters (from 1.9 to 2.4 m). Postnatal maturation of peripheral
axon physiology also occurs in humans with a doubling of CMAP
amplitude and CV between birth and 3 to 5 years of life (51, 52).
Our studies of SMA mice demonstrate that L1 VR reduced CMAP
amplitudes at birth, reminiscent of the reduced CMAP amplitudes
often present even in very young Type 1 patients with SMA. In
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infantile SMA and severe SMA model mice, they are substantially
more severe in patients as indicated by the proportion of affected
axons, the magnitude of radial growth deficits, and the topographical extent. SMN protein expression is particularly high in human
spinal cord during gestation (37), consistent with a requirement for
SMN during the period when axon radial growth and Schwann cell
ensheathment occur in humans.
Bi-directional signaling between axons and their investing
Schwann cells during development is mediated by specialized molecules located in the opposing axolemma and adaxonal Schwann cell
membranes (14, 15). A previous study demonstrated that overexpression of SMN in myelinating Schwann cells in SMA mice does
not extend mouse survival or prevent loss of MNs, but does result in
increased myelin thickness and improved righting time (38). When
examining the earliest stages of axonal development in this study,
we demonstrate that myelination proceeds normally when axons
expand radially beyond the common mammalian threshold diameter of about 1 m in patients with SMA and SMA mice. Furthermore, genetically targeted restoration of SMN expression to MNs
resulted in increased radial axonal growth and myelination with
near normalization of motor axon electrophysiology, whereas restoration in Schwann cells showed no benefit and restoration in muscle
resulted in only modest increases of axon diameter. These data argue
that SMN deficiency in MNs is the key determinant of initial diminished
radial axonal growth, which subsequently impairs axon–Schwann
cell developmental interactions, and suggests that effective early
SMN induction in this cell type is required for optimal therapeutic efficacy.
Impaired radial growth is evident in most SMA motor axons
to a variable degree but differs according to specific topographic
vulnerability within and between humans and the SMA7 mouse.
Wherever axonal maturation is most impaired, however, there is
preferential postnatal degeneration of the smallest and most developmentally delayed axons. Whether this selective degeneration is a
consequence of relative diminished SMN expression, a downstream
consequence of altered trophic support from investing Schwann
cells and muscle, or some combination of these two is unknown.
Schwann cell trophic support is necessary for maintenance of developing motor axons and their soma. Neuregulin 1 type III (NRG1-III),
which is expressed on axons, interacts with ErbB2/3 receptors on
Schwann cells and is essential for axon ensheathment and myelination (39, 40). In ErbB2-, ErbB3-, or NRG1-III–null mice, projecting MN axons form NMJs at E15.5, but precipitous loss of motor
axons and MN somata occurs by E18.5 (41–43). Development of
the embryonic motor unit involves interdependence between axons
and investing Schwann cells and between axons and innervated
muscle (44, 45) and may account for the parallel early loss of both
motor axons and MN somata in SMA mice during the first two
postnatal days.
The natural history of patients with infantile onset SMA is not
characteristic of most neurodegenerative disorders. Instead, infants
with SMA Type 1 often demonstrate an initial decline followed by a
plateau (4, 5). In one natural history study, onset of weakness occurred within 1 to 2 months of birth with ~50% reduction of motor
function scores by 3 to 4 months and less rapid declines thereafter
(5). Longitudinal electrophysiologically derived estimates of motor
unit number in a small number of infants with Type 1 SMA found a
precipitous decline to very low number within 1 to 2 months with
little subsequent change (46). Our investigations demonstrating a
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pathogenesis of severe infantile SMA that may ultimately lead to
previously unexplored combination therapies.
As our human studies rely solely on postmortem autopsy tissues,
our histologic assessments are limited to those with end-stage disease
and may be complicated by pre- and postmortem confounders. We
attempted to minimize these effects by characterizing a large series
of SMA cases and age-matched controls. Future autopsy studies of
fetal SMA cases and more mildly affected, later-onset patients with
SMA will further our understanding of the spectrum of SMA disease
pathology. As longitudinal morphological assessment of SMA motor
axon abnormalities is not possible in living patients, we pursued
histochemical, ultrastructural, and electrophysiological investigations at multiple time points in a mouse model of SMA. The use of
a genetic mouse model may introduce potential species or strain-
specific confounders not relevant to human SMA, and thus, pharmacological studies in SMA mice are not necessarily predictive of
outcomes in human patients. Nonetheless, the shared delayed axon
development features in both human patients and SMA mice do
strongly suggest that abnormalities of motor axon development
begin in utero in infantile onset patients and are associated with
rapid postnatal degeneration. Although our therapeutic intervention studies in SMA mice show improved outcomes with treatment
initiated in utero, our present ability to predict outcomes of SMA
fetuses based on present genetic investigations is at best rudimentary.
Improved predictors will be needed before fetal-based treatment
trials can be contemplated, and this emphasizes the need for continued
development of novel biomarkers based on improved understanding of disease pathobiology.
MATERIALS AND METHODS

Study design
The objective was to use human postmortem tissues and SMA model
mice to characterize the earliest disease pathologies that dictate the timing of therapeutic intervention. Expedited autopsies were conducted under parental- or patient-informed consent in strict observance of
the legal and institutional ethical regulations. Tissues from patients with
SMA and age-matched controls with a short postmortem interval were
included. Breeding and treatment of mice were performed in accordance
with National Institutes of Health guidelines and protocols approved by
Institutional Animal Care and Use Committees (IACUCs) at John
Hopkins University School of Medicine and Columbia University.
SMA7 (JAX#00525) mice underwent histological, electrophysiological,
and biochemical analyses. They were treated with the SMN2 splicing
modifier drugs (SMN-C3 and C8) or vehicle. Sample size was determined by previous experience, preliminary data, and power calculations.
The mice were randomized to treatment group, and the investigators who assessed the behavioral, histological, biochemical, and electrophysiological outcomes were blinded to the treatment group. Please
see Supplementary Materials and Methods for further details.
Statistical analysis
Results are expressed as median or means ± SD from at least three
independent samples per group. Differences between two groups were
analyzed by a two-tailed unpaired Student’s t test or Mann-Whitney
for nonparametric analysis, where appropriate. Changes over developmental time were analyzed using linear regression analyses to determine
slopes and differences in slopes. Differences among three or more
groups were analyzed by one-way analysis of variance (ANOVA)
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contrast, the relatively spared SMA7 mouse L5 VRs attain a normal
number of myelinated axons at P1 that generate a normal CMAP
amplitude confirming that topographic variations in neurophysiology
track with the anatomic changes. Our electrophysiological studies
also showed reductions of CV in SMA compared to WT mice. Modest
slowing of motor CV has been reported in patients with SMA
(53, 54), which was generally attributed to degeneration of the largest,
most rapidly conducting axons. Our data suggest that conduction
slowing in SMA mice is at least initially caused by impaired radial
growth, rather than the selective later loss of the largest axons. If
similar phenomena underlie motor nerve conduction slowing in
humans, then a therapeutic implication is the potential opportunity
to increase radial diameter and function of those motor axons that
have not succumbed to degeneration.
Clinical trials of nusinersen and onasemnogene abeparvovec have
demonstrated that earlier initiation of treatment is associated with
substantially greater efficacy (7, 9, 12). These data have prompted
development and institution of newborn screening (NBS) programs
for SMA in many countries including the United States, so that these
expensive therapies can be given early when the treatment effect is
greatest. Although rapid initiation of therapy undoubtedly improved
outcomes, half of the patients with two copies of SMN2 identified
by NBS in Australia and Germany were already overtly symptomatic
at the median time of treatment at 26.5 and 24 days, respectively
(55, 56). Our study highlights the rapidity of degeneration of the
most immature and vulnerable axons soon after birth in SMA mice
and implies that treatment delays of days or weeks in humans could
substantially affect long-term clinical outcomes. The specialized and
expensive nature of these treatments requires careful consideration
of procedures and infrastructures to enable initiation of treatment
as soon after birth as possible. One strategy might be to increase use
of maternal carrier screening and, if appropriate, fetal genetic testing such that insurance approval can be obtained before birth.
Given the severe axon developmental defects seen in our youngest
SMA cases, postnatal treatment alone may be insufficient to normalize outcomes for all of those infants with early infantile onset of
weakness, as well as a rarer group of infants manifesting weakness
at the time of birth (Type 0 SMA). Our studies demonstrate that
early embryonic treatment is required in severe SMA mice not only
to prevent loss of the most immature axons but also to maximize
maturation of surviving axons. In mice, we demonstrate that an
analog of the orally bioavailable SMN2 splice switching drug risdiplam
can be delivered safely to pregnant dams with sufficient bioavailability in SMA fetuses to improve axonal development, electrophysiology, and motor behavior. Although prenatal SMN gene replacement
treatment of embryonic mice was recently shown to improve outcomes of surviving SMA mice, fetal intracerebroventricular injection
was also associated with in utero toxicity with only ~41 to 44% of
SMA embryos surviving to birth (57). Further investigations will be
needed to determine whether small-molecule splice modifiers or
other SMN induction therapeutics are indicated, safe, and efficacious when used for in utero treatment of humans. Future studies
are also needed to define the molecular mechanisms downstream of
SMN deficiency that underlie constrained developmental axonal
radial growth, impaired axon–Schwann cell relationships, and axonal
death. Early antagonism of axonal self-destruction pathways (58),
for example, might provide additional time needed for SMN induction therapeutics to have maximal effect. The impaired developmental sequence identified here offers potential insights into the
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Materials and Methods
Fig. S1. Schematic of normal peripheral axon development in rodents.
Fig. S2. Severe myofiber hypotrophy in iliopsoas and intercostal, but not diaphragm muscle in
patients with SMA.
Fig. S3. Compared to VRs, axons are relatively preserved in DRs and phrenic nerves of patients
with SMA.
Fig. S4. Intramuscular axons and MNs are also abnormal in patients with SMA.
Fig. S5. Thoracic VRs are similarly affected as L1 VRs whereas DRs are spared in SMA mice.
Fig. S6. Progressive loss of NMJ innervation and MNs in SMA mice accompanied by arrest of
myofiber growth.
Fig. S7. Increased latency of CMAP response in SMA mice is due to reduced nerve CV and not
NMJ synaptic delay.
Fig. S8. Cell-specific increase of SMN expression in Schwann cells does not improve the
survival or motor behavior of SMA mice.
Fig. S9. Cell-specific increase of SMN expression in Schwann cells or muscles results in little
improvement of motor axon survival or development.
Fig. S10. Dosing of SMN-C3 to pregnant dams and postnatal mice increases SMN expression in
neural tissues.
Fig. S11. Oral dosing of SMN-C8 to pregnant dams throughout gestation improves motor
behavior of SMA mice.
Table S1. SMA and age-matched control autopsy cases.
Table S2. Antibody list.
Data file S1. Raw data (provided as separate Excel file).
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Impaired prenatal motor axon development necessitates early therapeutic intervention in
severe SMA
Lingling Kong, David O. Valdivia, Christian M. Simon, Cera W. Hassinan, Nicolas Delestrée, Daniel M. Ramos, Jae
Hong Park, Celeste M. Pilato, Xixi Xu, Melissa Crowder, Chloe C. Grzyb, Zachary A. King, Marco Petrillo, Kathryn J.
Swoboda, Crystal Davis, Cathleen M. Lutz, Alexander H. Stephan, Xin Zhao, Marla Weetall, Nikolai A. Naryshkin,
Thomas O. Crawford, George Z. Mentis and Charlotte J. Sumner

The sooner, the better
Gene therapy approaches hold promise for the treatment of spinal muscular atrophy (SMA). However,
these therapies showed that variable clinical response and earlier age of treatment initiation are associated with
better outcome. Now, Kong et al. studied the pathophysiology of SMA to identify the best approach to maximize
treatment efficiency. The authors used tissue from patients and a mouse model and identified developmental delay
of motor neuron axons already in the fetus and subsequent early postnatal cell death. In utero therapeutic
intervention prevented motor neuron degeneration and improved axonal function and motor behavior in mice. The
results suggest that fetal treatment might increase the efficacy of current therapies for treating SMA.
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