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Proximal spinal muscular atrophy (SMA) is a debilitating neurological disease marked by isolated lower
motor neuron death and subsequent atrophy of skeletal muscle. Historically, SMA pathology was thought
to be limited to lower motor neurons and the skeletal muscles they control, yet there are several reports
describing the coincidence of cardiovascular abnormalities in SMA patients. As new therapies for SMA
emerge, it is necessary to determine whether these non-neuromuscular systems need to be targeted.
Therefore, we have characterized left ventricular (LV) function of SMA mice (SMN21 /1; SMND71/1;
Smn2/2) and compared it with that of their unaffected littermates at 7 and 14 days of age. Anatomical
and physiological measurements made by electrocardiogram and echocardiography show that affected
mouse pups have a dramatic decrease in cardiac function. At 14 days of age, SMA mice have bradycardia
and develop a marked dilated cardiomyopathy with a concomitant decrease in contractility. Signs of
decreased cardiac function are also apparent as early as 7 days of age in SMA animals. Delivery of a survival
motor neuron-1 transgene using a self-complementary adeno-associated virus serotype 9 abolished the
symptom of bradycardia and significantly decreased the severity of the heart defect. We conclude that
severe SMA animals have compromised cardiac function resulting at least partially from early bradycardia,
which is likely attributable to aberrant autonomic signaling. Further cardiographic studies of human SMA
patients are needed to clarify the clinical relevance of these findings from this SMA mouse.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is a devastating
disease that affects 1 in 5000–10 000 newborns and is one
of the leading genetic causes of infant death in the USA (1).
SMA is caused by a deletion or mutation of the survival

motor neuron-1 (SMN1) gene along with retention of the
SMN2 gene (2,3). SMN1 and SMN2 essentially differ by a
single nucleotide in exon 7 which disrupts the splicing of
SMN2 pre-mRNA such that the majority of the mRNA from
SMN2 lacks exon 7 which produces a protein that is ineffec-
tive at oligomerization and thus gets rapidly degraded as it
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does not incorporate into the SMN complex (4–13). The SMN
genes express SMN ubiquitously in all cells; however, high
levels of SMN appear to be particularly important for motor
neurons as depletion of SMN results in the dysfunction and
death of lower motor neurons, characteristic of SMA; the
exact mechanism or reason for this selectivity is unknown
(3). The copy number of SMN2 and the amount of SMN cor-
relate with phenotypic severity with mild patients generally
having a high copy number of SMN2 and higher levels of
SMN protein (4,5,14,15).

The most severe form of SMA is type 0 with clear symp-
toms at birth, followed by type 1 SMA patients who usually
die within 2 years. As these patients have the lowest SMN
levels as well as SMN2 copy number, they are the most
likely to show defects in cells other than the motor neuron.
A few key studies regarding SMA patients have implicated
the involvement of cardiovascular and autonomic nervous
systems. An early study reported symptomatic cardiac invol-
vement in patients with a milder form of SMA, although the
population studied was not genetically defined (16). A retro-
spective study of type 1 SMA patients identified that 15 of
63 SMA patients experienced symptomatic bradycardia (17).
Another report showed an increase in the coincidence of con-
genital heart defects in very severe type 0 SMA patients. The
most common abnormality noted was a septal defect in the
atria and/or ventricles (18). Others performed a battery of
autonomic tests on type 1 SMA patients and reported a
sympathetic-vagal imbalance, fluctuation of blood pressure
and abnormal skin responses to temperature changes (19).
Whether SMN deficiency is the direct cause for any of these
symptoms is still unproven, and further study is required to
define the extent of non-motor neuron involvement in SMA.

A number of mouse models of SMA have been developed.
The first models had mouse Smn disrupted and contained
SMN2 (20,21), with low copies of SMN2 leading to SMA
and high copy number of SMN2 rescuing the SMA mice. Sub-
sequently, it has been shown that the transgenic addition of
SMN cDNA lacking exon 7 (SMND7, the major gene
product of SMN2) extends the life span of mice with low
SMN2 copy number and is thus beneficial (22).

We recently demonstrated the efficient transfer of SMN1 in
post-natal SMA mice (SMN2+/+, SMND7+/+, Smn2/2,
referred to also as the SMND7 mouse) using self-
complementary adeno-associated virus type 9 (scAAV9)
(23). SMA mice of this type die at 15 days of age when not
treated. Our treated mice survived to well over 200 days of
age and showed no signs of motor neuron disease. Another
approach using gene delivery with adeno-associated virus
vectors in severe SMA mice demonstrated similar findings,
yet reported potential cardiac manifestations (24). The
treated animals in our study were healthy, but displayed
limited necrosis of the eartips which resolved. Other treat-
ments for SMA that extend life to a lesser extent have been
reported to result in more widespread necrosis (25). In
addition, some milder SMA mice show signs of distal necrosis
(21,26). Lastly, some SMA patients are also reported to have
decreased blood flow to the extremities leading to discolor-
ation and necrosis, as well as episodes of inappropriate sweat-
ing (hyperhydrosis), further implicating dysfunction of the
autonomic nervous system (27). One possible explanation

for the abnormal blood flow is altered autonomic tone to the
cardiovascular system.

The suggestion of altered blood flow in SMA as well as the
presence of bradycardia in some SMA patients prompted us to
examine whether a cardiac deficit is present in the SMND7
mouse model of SMA and whether any defect found could
be corrected by our scAAV9-SMN post-natal gene delivery
treatment. Echocardiographic measurements and electrocar-
diographic (ECG) analysis of the heart revealed that SMA
animals are bradycardic and develop a dilated cardiomyopathy
(DCM) by 14 days of age, with less severe abnormalities
detected as early as 7 days of age. Structural modifications
assessed by histological analysis correlated with the in vivo
functional findings. Remarkably, scAAV9-SMN therapy
improved LV remodeling and fully corrected heart rate.
Although the mechanisms fully responsible for these cardiac
deficits are unknown, neuronal (autonomic) and developmen-
tal components may be implicated. Therefore, it is important
to investigate whether SMA patients of various severities
have or will manifest cardiac deficits.

RESULTS

Echocardiographic analysis of post-natal day 14 SMA mice

Our first step in assessing heart function was to analyze in vivo
cardiac structure in p14 SMA mice using echocardiography.
We studied three groups of animals: healthy wild-type (WT)
mice, affected SMA mice and scAAV9-SMN-treated SMA
mice. SMA mice have smaller hearts compared with WT, indi-
cated by decreased LV mass (SMA: 27.17+ 4.46 mg vs. WT:
67.89+ 1.47 mg, P , 0.001; Fig. 1A). We also noted that
ventricular walls were significantly thinner in these animals
(SMA: 0.34+ 0.02 mm vs. WT: 0.68+ 0.03 mm, P ,
0.001; Fig. 1B). These findings could partially be due to the
small size of SMA mice, so we next compared LV wall thick-
ness (posterior wall dimension, PWD) with the LV diameter in
diastole (2xPWD/LVDD) in order to normalize and compare
LV structure in each group. This ratio is lower in SMA
mice (SMA: 0.24+ 0.01 vs. WT: 0.45+ 0.03, P , 0.001),
suggesting eccentric hypertrophy (28) (Fig. 1C). Interestingly,
LV mass was increased in p14 scAAV9-SMN-treated animals,
compared with SMA mice (AAV9: 42.73+ 2.451 mg vs.
SMA: 27.17+ 4.460 mg, P ¼ 0.01, vs. WT: 67.89+
1.47 mg, P , 0.001), and both the extent of dilation
(2xPWD/LVDD – AAV9: 0.39+ 0.03 vs. SMA: 0.24+
0.01, P , 0.01, vs. WT: 0.45+ 0.03, P ¼ 0.28) and wall thin-
ning (AAV9: 0.64+ 0.03 mm vs. SMA: 0.34+ 0.02 mm,
P , 0.001, vs. WT: 0.68+ 0.03 mm, P ¼ 0.16) were attenu-
ated and returned toward WT values.

It is possible that the abnormal heart dimensions represent a
slower growth of the heart in proportion to the stunted growth
of SMA animals. Therefore, we compared heart weight to
body size post-mortem. We used tibia length (TL) as a surrogate
measure for body size, since SMA animals experience increased
muscular atrophy, thereby making a comparison to body weight
invalid. TL in SMA animals are significantly smaller than those
of WT animals at both 7 days (WT: 5.15+ 0.05 mm vs. SMA:
4.87+ 0.033 mm, P ¼ 0.016) and 14 days of age (WT:
10.65+ 0.35 mm vs. SMA: 7.33+ 0.17 mm, P ¼ 0.0023)
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(Supplementary Material, Fig. S1A and B). Heart weight to
TL ratios (HW:TL) appear slightly decreased in SMA mice
of both 7-day-old (WT: 6.29+ 0.0028 mg/mm vs. SMA:
5.65+ 0.21 mg/mm, P ¼ 0.099) and 14-day-old mice (WT:
4.55+ 0.75 mg/mm vs. SMA: 3.95+ 0.032 mg/mm, P ¼
0.36), but these differences were not significant (Supplemen-
tary Material, Fig. S1C and D). This implies that the small
cardiac mass of SMA mice is correctly proportional to their
small body size and that cardiac dilation (2xPWD/LVDD) is
not an artifact of an overall reduction in heart mass or
stunted growth. We next confirmed that the small size of the
SMA animals did not invalidate other cardiac dimensions
observed by echocardiography. To do this, we normalized
all wall thickness measurements to the average TL for each
group. We found that similar differences in wall thickness
between SMA and WT animals remain despite normalization
to TL in both 7-day-old (WT: 0.094+ 0.0028 vs. SMA:
0.074+ 0.0042, P ¼ 0.0017) and 14-day-old animals (WT:
0.064+ 0.0031 vs. SMA: 0.049+ 0.0028, P ¼ 0.0086; Sup-
plementary Material, Fig. S1E and F).

Given that there were significant structural changes occur-
ring in the heart, we next evaluated functional measurements
using highly sensitive echocardiography. Echocardiography
allows for precise measurements of cardiac function including
heart rate, stroke volume (SV), cardiac output, fractional
shortening (FS) and Tei index. To perform these studies, we
analyzed 5–8 mice in each group using non-invasive measure-
ments with isoflurane gas anesthesia. Anesthesia may affect
certain measurements, including heart rate, but given our pre-
vious experience in collecting cardiovascular measurements
with this protocol along with adequate control mice that
were anesthetized, our results are reliable measurements for
cardiac function in vivo. As expected based on the echocardio-
graphic visualization of the heart, LV function in SMA mice
was severely impaired at 14 days of age (Fig. 2). We found
that SMA mice presented with a strikingly severe sinus brady-
cardia, a slowing of heart rate (SMA: 320+ 19 bpm vs. WT:
452+ 10 bpm, P , 0.001). We next tested SMA mice treated
with scAAV9-SMN to determine whether restoring SMN
levels could improve the heart rate. Indeed, scAAV9-SMN
delivery, which targets neurons within the central and periph-
eral nervous system as well as the cardiac tissues, completely

restored heart rates in treated animals to comparable levels
of WT controls (AAV9: 448+ 11 bpm vs. SMA: 320+
19 bpm, P , 0.001, vs. WT: 452+ 10 bpm, P ¼ 0.97;
Fig. 2A). scAAV9-green fluorescent protein (GFP) delivery
had no negative or beneficial cardiac effects on SMA-treated
animals for any measurements discussed below (data not
shown), and therefore, we analyzed non-injected SMA con-
trols for all remaining studies. SV, the volume of blood
pumped with each contraction, was also severely decreased
in SMA mice (SMA: 13.08+ 2.00 ml vs. WT 22.94+
5.35 ml, P ¼ 0.0025) and delivery of scAAV9-SMN failed to
increase levels to that of WT animals (AAV9: 12.85+
3.24 ml vs. SMA: 13.08+ 2.00 ml, P ¼ 0.891, vs. WT:
22.94+ 5.35 ml, P , 0.01; Fig. 2B). Cardiac output (heart
rate × SV) is significantly decreased in SMA animals (SMA:
4.16+ 0.30 ml/min vs. WT: 10.29+ 0.70 ml/min, P ,
0.001). As expected from the above data, scAAV9-SMN
improved, but did not restore, cardiac output compared with
WT mice (AAV9: 5.75+ 0.62 ml/min vs. SMA: 4.16+
0.30 ml/min, P ¼ 0.059, vs. WT: 10.29+ 0.70 ml/min, P ,
0.001), mainly due to the improved heart rate (Fig. 2C).
Although the cause of death of SMA mice has been speculated
to be due to respiratory failure, animals in our study displayed
a high risk for developing a DCM leading to a fatal congestive
heart failure as evidenced by the decreased SV and eccentric
hypertrophy.

To assess contractility, m-mode measurements of the chan-
ging ventricular diameter over the cardiac cycle were used to
calculate fractional shortening (FS%). We found that SMA
mice showed a significant decrease in FS% (SMA: 20.82+
2.05% vs. WT: 39.19+ 0.47%, P , 0.001), consistent with
the lower SV already observed. Contractility was increased
by scAAV9-SMN treatment, yet it did not completely
restore FS to WT levels (AAV9: 27.29+ 1.07% vs. SMA:
20.82+ 2.05%, P , 0.01, vs. WT: 39.19+ 0.47%, P ,
0.001; Fig. 2D). Additionally, we assessed the LV Tei index,
which accounts for the aspects of both systolic and diastolic
function [(isovolumic contraction time + isovolumic relax-
ation time)/aortic ejection time] (29–31). SMA mice, as
expected, had a significantly higher LV Tei index than WT
(SMA: 0.79+ 0.09 vs. WT: 0.40+ 0.02, P , 0.001), indicat-
ing an overall decrease in function. Treatment with

Figure 1. Echocardiographic measurements of (A) LV mass, (B) wall thickness and (C) 2xPWD/LVDD show significant decreases in SMA mice compared with
WT and scAAV9-treated animals, suggesting that SMA mice are undergoing eccentric hypertrophy and are at increased risk for heart failure. Although scAAV9-
treated mice also have decreased LV mass compared with WT, wall thickness and 2xPWD/LVDD measurements are not significantly changed. Symbols indicate
P , 0.05 when comparing SMA with WT (∗), AAV9 with WT (#) and AAV9 with SMA (+).
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scAAV9-SMN, however, restored the LV Tei index to levels
that were nearly identical to WT mice indicating that gene
delivery of SMN post-natally could restore an important
measure of cardiac function to normal levels (AAV9:
0.38+ 0.05 vs. SMA: 0.79+ 0.09, P , 0.01, vs. WT:
0.40+ 0.02, P ¼ 0.73; Fig. 2E).

Echocardiography of p7 animals

Given that we found such dramatic cardiac deficits in structure
and function of SMA mice at 14 days of age, we next inves-
tigated whether we could detect cardiac abnormalities earlier
in the disease (Fig. 3). Indeed, SMA mice at 7 days of age
presented with early anatomical differences in both LV and
right ventricle compared with WT animals. LV mass was
decreased significantly in SMA mice (SMA: 17.94+
2.03 mg vs. WT: 33.50+ 1.03 mg, P , 0.001) and treatment
with scAAV9-SMN in post-natal day 1 mice led to an increase
in mass, yet did not restore mass to WT levels (AAV9:
23.36+ 1.65 mg vs. SMA: 17.94+ 2.03 mg, P ¼ 0.077, vs.
WT: 33.50+ 1.03 mg, P , 0.001; Fig. 3A). Wall thickness
was significantly decreased in SMA mice (SMA: 0.36+
0.02 mm vs. WT: 0.47+ 0.02 mm, P , 0.01), yet scAAV9-
SMN delivery completely preserved wall thickness in treated
animals to similar levels as WT controls (AAV9: 0.43+
0.02 mm vs. WT: 0.47+ 0.02 mm, P ¼ 0.15; Fig. 3B). We
next used the same measure of eccentric dilation as described
above (2xPWD/LVDD) and found that the ratio was smaller in
SMA mice (SMA: 0.30+ 0.02 vs. WT: 0.40+ 0.02, P ,

0.01), yet was partially corrected in scAAV9-treated mice to
levels similar to WT controls (AAV9: 0.35+ 0.02 vs. SMA:
0.30+ 0.02, P ¼ 0.078, vs. WT: 0.40+ 0.02, P ¼ 0.09;
Fig. 3C).

In the course of our functional measurements, the most strik-
ing cardiac finding in post-natal day 7 SMA animals was signifi-
cantly lower heart rates compared with WT animals (SMA:
354+ 18 bpm vs. WT: 444+ 15 bpm, P , 0.001). Similar to
post-natal day 14 animals, delivery of scAAV9-SMN at 1 day
of age increased heart rates to levels similar to controls
(AAV9: 439+ 18 bpm vs. SMA: 354+ 18 bpm, P , 0.01,
vs. WT: 444+ 15 bpm, P ¼ 0.83; Fig. 3D). We found as
early as 7 days of age that SMA mice had a significant decrease
in FS (SMA: 17.20+ 2.23% vs. WT: 37.3+ 0.29%, P ,
0.001) as assessed by m-mode echocardiography. Delivery of
scAAV9-SMN significantly increased this measure of contrac-
tility. However, scAAV9-treated mice still had much lower FS
compared with WT (AAV9: 25.84+ 1.6% vs. SMA: 17.20+
2.23% P , 0.01, vs. WT: 37.3+ 0.29%, P , 0.001; Fig. 3E).
Tei index in SMA mice was increased at this early time point
(SMA: 0.54+ 0.04 vs. WT: 0.33+ 0.02, P , 0.01); however,
this increase was smaller than that seen in 14-day-old animals
(i.e. a difference between SMA and WT of 0.22 in 7-day olds
vs. 0.39 in 14-day olds), suggesting a gradual progression of
heart failure. Tei index was partially preserved in scAAV9-
treated mice at 7 days of age, demonstrating an early effect of
scAAV9-SMN treatment (AAV9: 0.44+ 0.04 vs. SMA:
0.54+ 0.04, P ¼ 0.119, vs. WT: 0.33+ 0.02, P , 0.05;
Fig. 3F).

Figure 2. Echocardiographic measurements of cardiac function in p14 mice. Cardiac function of the SMA mice was significantly lower than that of WT mice
when we assessed heart rate (A), SV (B), cardiac output (C) and FS (D). scAAV9-treated animals have heart rates indistinguishable from WT (A), but SV (B) is
similar to SMA animals, thereby decreasing the overall cardiac output as well (C). FS, a measure of contractility, is decreased in both SMA and AAV9 mice,
though scAAV9-treated mice contract significantly better than untreated SMA mice (D). Tei index is increased in SMA mice, consistent with worse combined
systolic and diastolic function, whereas scAAV9-treated mice have similar values to WT, indicating preserved function (E). Symbols indicate P , 0.05 when
comparing SMA with WT (∗), AAV9 with WT (#) and AAV9 with SMA (+).
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Histopathological analysis of p14 and p7 animals

We next evaluated the hearts by histological analysis to deter-
mine the pathological nature of the cardiac deficits occurring
early in SMA mice. Gross analysis of the heart confirmed
the echocardiographic findings of dilated ventricles and thin-
ning walls on both p7 and p14 SMA mice. Pathological analy-
sis of sections from the hearts of SMA mice using hematoxylin
and eosin (H&E) staining showed no signs of inflammation,
ischemia or cellular disorder (Fig. 4A–D). We next performed
stains to determine if there was early damage leading to col-
lagen deposition in the heart. Indeed, in models of eccentric
dilation, a change in the percentage of collagen volume has
been observed and is used as an additional marker for
cardiac tissue damage. To assess our SMA mice, we quantified
the amount of collagen present in SMA hearts. We found no
increase in collagen in 14-day-old SMA mice compared with
WT animals using Mason’s trichrome and picrosirius red
(PSR) stains, indicating no fibrosis occurring at these time
points.

Although there were significant cardiac functional deficits
with no associated pathological abnormalities of cardiomyo-
cytes based on histological evaluation, we next wished to
analyze cardiomyocytes of SMA animals by transmission
electron microscopy (TEM) in order to further examine the
ultrastructure of cardiomyocytes. Analysis of SMA hearts
surprisingly revealed significant ultrastructural changes in car-
diomyocytes (Fig. 4E and F). In 14-day-old SMA cardiomyo-
cytes, mitochondria were found to be swollen in size. In some
instances, the myocyte sarcoplasm was nearly filled with mito-
chondria. Numerous mitochondria also showed degenerative
changes such as the fragmentation of cristae along with associ-

ated vacuolar degeneration (Fig. 4F, inset). There was marked
disorganization and degeneration of myofibers with focal areas
of vacuolar change and generalized loss of sarcomeric detail,
where only Z-lines remain clearly defined (Fig. 4F, asterisk).
The presence of myelin bodies throughout the tissue indicates
increased organelle and/or membrane turnover, implying
significant cardiac dysfunction. We also found that cardiac
myocyte diameter was similar between SMA and WT mice
at 14 days (WT: 9.63+ 0.38 mm vs. SMA: 11.83+
1.50 mm, P ¼ 0.34; Supplementary Material, Fig. S2), which
is contrary to what is seen in skeletal muscle of SMA mouse
models and patients. In fact, there was a slight increase in car-
diomyocyte diameter that could be due to the changes noted
by TEM of swollen myofibers and mitochondria, although
this increase was not statistically significant.

Dobutamine stress challenge

In order to determine whether the functional and ultrastruc-
tural changes were due to decreased sensitivity of the heart
to autonomic stimulation, we next recorded our animals’
responses to dobutamine (Fig. 5). Dobutamine is a sym-
pathomimetic which should increase both heart rate and con-
tractility in hearts that express the correct complement of
adrenergic receptors. As expected, both WT and SMA
animals responded appropriately by increasing heart rate
4 min after dobutamine injection (percent increase over base-
line heart rate—SMA: 24.93+ 4.92% vs. WT: 27.87+
6.18%, P ¼ 0.717; Fig. 5A). Similarly, contractility (as indi-
cated by FS%) increased significantly in WT and SMA
groups after injection, though SMA animals responded to a

Figure 3. Echocardiographic measurements of cardiac function in p7 mice. As with p14 animals, measures of LV mass (A), wall thickness (B), dilation (C), heart
rate (D), FS (E) and Tei index (F) all indicate decreased function in SMA mice, whereas functional measures in scAAV9-treated animals are relatively preserved.
Symbols indicate P , 0.05 when comparing SMA with WT (∗), AAV9 with WT (#) and AAV9 with SMA (+).
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lower degree (percent increase over baseline FS%—SMA:
14.58+ 4.16% vs. WT: 45.36+ 4.59%, P , 0.001;
Fig. 5B), likely due to decreased contractile reserve, which
is common in heart failure (32).

Autonomic targets of scAAV9

The autonomic nervous system helps to maintain blood
pressure in part by altering pacemaker activity and signal con-
duction in the heart (Fig. 6A). The paraventricular nucleus

(PVN) of the hypothalamus primarily sets the tone of the sym-
pathetic nervous system by positively stimulating neurons in
the nucleus of the tractus solitarius (NTS). NTS neurons inte-
grate input from the PVN and peripheral baroreceptors and
send stimulatory projections to the intermediolateral column
of the spinal cord (IML), which project to the paravertebral
sympathetic ganglia (SG) and on to the heart, stimulating
increased heart rate and contractility through the activation
of noradrenergic receptors. The vagal nuclei [motor nucleus
of the vagal nerve (MNX) and nucleus ambiguus (NA)] are
primarily responsible for decreasing heart rate. Vagal fibers
project to the cardiac ganglia (CG), which then decreases
heart rate primarily by slowing nodal conduction.

Owing to the remarkable rescue of the heart rate in
scAAV9-treated animals, we sought to determine which
neurological structures relating to cardiac pacing were trans-
duced following scAAV9-SMN administration. To do this,
we injected neonatal WT animals with scAAV9 carrying a
GFP transgene to visualize which tissues were transduced
(33). We visualized all the nuclei and ganglia mentioned
above, and high-power images of these autonomic loci are
shown in Figure 6B–I. Of these structures, the MNX, NA,
CG and the SG are highly transduced and quantification
of these autonomic nuclei using sections of brain, spinal
cord and heart revealed 90, 100, 60 and 50% transduction,
respectively), whereas the PVN, NTS and IML revealed no

Figure 4. Cardiac histology of p14 mice. H&E mid-ventricular sections show the typical thinning heart walls and dilated ventricles of SMA mice (B) compared
with WT (A) (tiled images, scale ¼ 500 mm). Higher-power images (×40 magnification, scale ¼ 30 mm) of WT (C) and SMA mice (D) both show absence of
inflammation or other signs of overt tissue pathology at p14. TEM of WT mice (E) show normal mitochondria (M) and myofibers with well-organized fibrils and
well-defined sarcomeres (asterisk, Z-line) (scale ¼ 1 mm). TEM sections of SMA heart tissue (F) show swollen myofibers with disorganized Z-lines (asterisk)
and no clearly defined I bands, A bands or H zones (scale ¼ 1 mm). Mitochondria in SMA myocytes are swollen with evidence of crystolysis (mitochondria
marked by ‘M’), and in many fields, these organelles occupy most of the sarcoplasm. The inset (F) shows a clearer view of degenerating mitochondria with
myelin figure formation (evidence of advanced crystolysis and membrane degradation) (arrowhead) (scale ¼ 0.5 mm).

Figure 5. Dobutamine stress challenge in p14 WT and SMA mice. Heart rate,
as expected, increases upon dobutamine administration in WT and SMA mice
(A). FS also increases upon dobutamine administration in both groups,
whereas in SMA mice, FS increases to a significantly lesser degree (B). In
B, asterisk denotes significance (P , 0.05) compared with WT.
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significant transgene expression. Besides these neuronal
targets, cardiac myocytes of the ventricles and atria are also
very well transduced (over 80%), which has been reported pre-
viously (34,35) demonstrating that vascularly delivered
scAAV9 can target most of the cardiac tissues as well as the
innervating autonomic nervous system that assists in the regu-
lation of cardiac function.

DISCUSSION

Although the number of case reports presenting cardiac
abnormalities in SMA patients is increasing, there have been
few to no highly powered and controlled studies regarding car-
diovascular anomalies in SMA. Despite the existence of
mouse models for SMA, to date there have been no reports
of cardiac dysfunction in these animals. In this study, we

specifically evaluated the potential for cardiac manifestation
in a severe model of SMA that is routinely used for drug-
and therapeutic-based screening. In this new report, we have
shown that SMN deficiency leads to early and persistent
cardiac dysfunction in mice.

SMA mice display many symptoms of cardiac involvement
consistent with what is found in the limited reports on human
SMA patients. These similarities include a notable bradycardia
similar to what has been reported in over 20% of type 1 SMA
patients (17,18). Interestingly, our results using light and
electron microscopy are consistent with an early analysis of
an endomyocardial biopsy from a type 3 SMA patient (36).
We found that myocytes in SMA mice have disorganized
myofibers, swollen, disorganized mitochondria and evidence
of organelle and/or membrane turnover. In the mouse, we
found that .90% of myocytes exhibited ultrastructural

Figure 6. A schematic overview of the key neuronal structures controlling heart rate (A). The sympathetic structures observed were the PVN, the NTS, the IML
and the SG. The parasympathetic structures observed include the MNX, the NA, the NTS and the CG. scAAV9 transduction can be assessed by visualizing the
presence of a green fluorescent protein (GFP) transgene (B–I). The MNX (D), NA (E), CG (F) and SG (H) were all highly transduced, whereas we found no
evidence of transduction of the PVN (B), NTS (C) and IML (G) neurons. Cardiac myocytes were also found to be mostly positive for the GFP transgene (I).
Green, GFP in B–I; Red, tyrosine hydroxylase in B and H, neuronal nuclei (NeuN) in C, choline acetyl-transferase (ChAT) in D, E and G, neurofilament-160
(NF-160) in F and dystrophin in I. Scale ¼ 50mm in B–F, H and I, and 20 mm in G.

Human Molecular Genetics, 2010, Vol. 19, No. 20 3901



pathology, where only 2–4% of myocytes in the reported type
3 SMA patient demonstrated pathology. This is not surprising,
though, given that the SMND7 animal models a significantly
more severe disease than what is seen in type 3 SMA patients.
To our knowledge, no studies have evaluated cardiac ultra-
structural pathology in type 1 SMA patients. The exact
cause of mitochondrial swelling seen in SMA mice or its
relationship to Smn deficiency is unknown; however, mito-
chondrial swelling has been reported in ischemia/reperfusion
cardiac injury due to potential increased energy demand on
the heart (37). The increased size of mitochondria in the
failing SMA myocardium therefore may be explained as a
result of compensatory mechanisms due to increased energy
demand. This may also be due to a maladaptive response
leading to the release of oxidative cytochromes, and/or the
onset of mitochondrial permeability transition, both of which
are detrimental to cardiac pump function (38).

Contrary to human case reports, we did not observe any
septal defects using echocardiography. This is not surprising
as these defects were only reported in very severe type 0
SMA patients (18), and the SMA mice used in this study are
thought to model a more moderate phenotype (i.e. type 1 or
2 SMA) (22). In contrast to the overt, progressive development
of DCM in all SMA mice examined in this study, there are few
reports of human SMA patients developing DCM (16,39), and
this is mostly reported in patients with less severe forms of
SMA. However, this may due to the fact that most type 1
patients die before thorough cardiac evaluation and should
be a subject of future study.

Heart rate is regulated by neuronal, hormonal and local
mechanisms within the heart. Possible reasons for bradycardia
include increased vagal (parasympathetic) tone, decreased
sympathetic tone and/or alteration of the nodal and conduction
systems in the heart itself. The limited response to the dobuta-
mine stress challenge is typical of heart failure patients (40),
but it demonstrates that the hearts of SMA mice can, at least
partially, respond to sympathetic stimulation by increasing
heart rate. This evidence, together with the fact that
scAAV9-SMN is able to transduce 4 out of 7 key autonomic
loci and rescue the heart rate deficit leads us to believe that
autonomic dysfunction may be the primary cause of bradycar-
dia in SMA mice.

Correct regulation of heart rate is extremely important—not
only to ensure proper perfusion throughout the body, but also
to protect the heart against undue stress. Neonatal bradycardia
has been linked to DCM in experimental rodents (41) and in
human patients (42,43). It is not surprising, then, that SMA
mice develop a very early DCM, especially since we observed
slower heart rates in affected animals as early as 3 days after
birth (data not shown). Furthermore, hearts with DCM are
more susceptible to increased wall stress, leading to decreased
function and remodeling of heart tissue. Progressive remodel-
ing can cause development of both systolic and diastolic dys-
function, consistent with an increased Tei index as seen in our
p7 and p14 animals. Independent of neuromuscular function,
SMA mice are at high risk for early congestive heart failure
which has been under-appreciated as a potential confounding
factor in therapeutic studies to date.

It appears that the success of scAAV9-SMN treatment is not
solely determined by its ability to transduce spinal motor

neurons, but also its ability to target the autonomic nervous
system. Early post-natal delivery of scAAV9-SMN was able to
treat bradycardia and prevent the early development of DCM.
Despite the highly successful rescue of heart rate, the relatively
normal wall dimensions and efficient transduction of cardiomyo-
cytes, the hearts of treated animals show decreased contractility
compared with WT hearts. These results suggest that additional
mechanisms also contribute to SMA-associated contractile dys-
function. We cannot rule out the possibility that myocyte stress is
inflicted in utero by autonomic dysfunction prior to treatment
with scAAV9-SMN or that SMN plays a key role in cardiac
development that we are unable to treat post-natally. SMA
mice can also be malnourished, and anorexia is already a
known cause of cardiac dysfunction (44). Furthermore, the disor-
dered metabolic state caused by muscular atrophy and respirat-
ory distress further complicate the identification of the
mechanisms contributing to SMA-associated contractile dys-
function. Future studies should investigate these potential
factors. Additionally, it should be determined whether the defi-
cits are unique to the mouse, and correlation between disease
severity and extent of cardiac involvement should be assessed.

As the overall lifespan of SMA patients has increased over
the past decade and as new drugs and therapies that extend
survival of SMA patients emerge, clinicians should be
acutely aware of potential heart dysfunction in a subset of
SMA patients. SMA patients already have compromised
lung function, so potential causes of any additional pulmonary
complication (i.e. from congestive heart failure) should be
anticipated and closely monitored. Additionally, SMA patients
are commonly intubated for respiratory support and can
become autonomically unstable due to vagal irritation. The
fragility of these patients and the increasing reports of auto-
nomic dysfunction together with our current findings warrant
increased attention to the cardiac status of SMA patients,
and it potentially highlights the need to investigate cardiac
interventions alongside neuromuscular treatments.

MATERIALS AND METHODS

AAV9 injection of neonatal mice

Animals were injected as described previously (23,33) with
5 × 1011 particles of scAAV9-SMN or scAAV9-GFP.

Anesthetic protocol

Anesthesia was induced by placing 7- and 14-day mouse neo-
nates in an induction chamber supplied with 4% isoflu-
rane anesthesia delivered in 100% oxygen at a flow rate of
1 l/min. Sedated mice were transferred to a heated pad set to
maintain body temperature at 378C, and paws were placed
on ECG leads. A nosecone was placed over the nose and
2% isoflurane was administered in 100% oxygen at a flow
rate of 1 l/min. Excess gases were removed using a vacuum
scavenging system.

Echocardiographic analysis

A Visual Sonics 2100 Ultra High Resolution In Vivo Imaging
System (VisualSonics, Toronto, ON, Canada) was used to

3902 Human Molecular Genetics, 2010, Vol. 19, No. 20



perform echocardiographic studies. Three measures at different
cardiac cycles were used for analysis according to the standards
set forth by the American Society for Echocardiography leading
edge method. Examples of how images were analyzed are
included in Supplementary Material, Figure S3. Each individual
was analyzed in �20 min. A scan head with a center frequency
of 40 MHz and lateral resolution of 80 mM was used for all
measurements. Prewarmed ultrasound transmission gel (Aqua-
sonic, Parker Laboratory, Fairfield, NJ, USA) was placed on
the scan head. Two-dimensional long-axis images were visual-
ized in the left parasternal position in order to measure the LV
outflow tract and calculate the LV mass:

LV mass (mg) =1.05 × {[5/6 × Epicardial area;

d × (Epicardial major; d + T )]
− [5/6 × Epicardial area;

d×(Epicardialminor; d + T )]}

To determine LV SV, color Doppler was used as an overlay to
determine the point of fastest flow in the aorta. Pulse Doppler
echocardiographic analysis with a sampling size of 0.6 mm
was used to measure the flow at this point and the velocity
time interval (VTI) was obtained. SV was calculated using the
following formula:

SV (ml) = 7.85 × LVOT2 × Ao VTI

Cardiac output was calculated from the measurement of SV:

CO (ml/min) = (SV × HR)

From the four-chamber view, pulse Doppler images were
obtained with the sample volume placed just to the left of
center of the mitral orifice and at the tips of the mitral leaflets.
At this point, we obtained images with both the mitral inflow
and the LV outflow providing us with the isovolumetric relax-
ation (IVRT), isovolumetric contraction (IVCT) and aortic
ejection time (ET). Using these values, we calculated the Tei
index:

Tei = IVRT + IVCT

ET

M-mode images were obtained at the level of the papillary
muscles in order to assess LV end-diastolic diameter
(LVEDD), LV end-systolic diameter (LVESD) and LV wall
thicknesses. Eccentric hypertrophy was calculated as 2 ×
PWD/LVEDD. Systolic function was assessed using m-mode
calculations of FS:

FS = LVEDD − LVESD

LVEDD
× 100

Dobutamine stress echocardiography

After baseline images were acquired, 0.5 mg/kg of dobutamine
was injected intraperitoneally. Heart rate was monitored until

a stable peak was reached after �4 min. M-mode images were
acquired at the level of the papillary muscles and FS was
calculated.

Mouse breeding and genotyping

All breeding and subsequent use of animals in this study were
approved by the IACUCs of the Research Institute at Nation-
wide Children’s Hospital in and/or the Ohio State University
Columbus, OH, USA0. The genotype of all breeding pairs
used is human SMN2+/+, human SMND7+/+ and mouse
Smn+/2. Upon the discovery of new birth, all newborn
mice were briefly removed from their mother’s cage, tattooed
for identification and a small piece of tail was taken for geno-
type analysis. Genomic DNA was extracted and added to two
different PCR for the mouse Smn allele (forward 1: 5′-TC
CAGCTCCGGGATATTGGGATTG, reverse 1: 5′-AGGTCC
CACCACCTAAGAAAGCC; forward 2: 5′-GTGTCTGGGC
TGTAGGCATTGC, reverse 2: 5′-GCTGTGCCTTTTGGCT
TATCTG) and one reaction for the mouse Smn knockout
allele (forward: 5′-GCCTGCGATGTCGGTTTCTGTGAGG,
reverse: 5′-CCAGCGCGGATCGGTCAGACG).

Euthanasia and tissue collection

Each animal was given a lethal dose of ketamine/xylazine
anesthetic cocktail via i.p. injection. Intracardiac perfusion
with normal saline followed by ice-cold 4% buffered parafor-
maldehyde (PFA) solution containing 60 mM KCl to arrest
heart in diastole. All tissues were then removed and post-fixed
at least 24 h in PFA.

Heart histology

Prior to embedding, the base and the apex of each heart were
dissected from the mid-ventricular portion. Tissues were
moved to 70% ethanol for at least 24 h, then embedded in par-
affin. Four micrometer histological sections were taken and
stained using H&E, Mason’s trichrome and PSR reagents.

Post-mortem heart and tibia recovery

After mice were euthanized in a CO2 chamber according to the
institutional and the AAALAC guidelines, we removed the
heart and tibia by gross dissection from the body. Weights
were taken after the hearts were cleaned of pluck, chambers
were emptied of blood, and tibias were cleaned of extraneous
tissues.

Electron microscopy

Hearts collected immediately after euthanasia were fixed in
2.5% glutaraldehyde for a minimum of 24 h and post-fixed
in 2% osmium tetroxide in 0.1 M cacodylate buffer. Tissue
was rapidly dehydrated in increasing concentrations of
ethanol (30–100%), infiltrated with 100% acetone and
embedded in low-viscosity polymerized epoxy resin
(Spurr’s). Sections of 1200 Å length were stained on grids
with 1% uranyl acetate and lead citrate. Electron micrographs
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were taken with an FEI Technei transmission electron
microscope.

Immunohistochemistry

Brains and spinal cords were cut to 40 mm thick and stained as
floating sections. Tissues were blocked in 10% donkey serum
and 0.1–1% Triton X-100 in TBS solution for 1 h. Tissues
were then incubated at 48C for 24–48 h in diluted primary
antibodies in blocking solution. Primary antibodies used:
rabbit anti-GFP, 1:400 (Invitrogen); Mouse anti-TH, 1:500
(Sigma-Aldrich); Mouse anti-NeuN, 1:100 (Millipore);
Goat-anti-ChAT, 1:200 (Chemicon); Mouse anti-
neurofilament 160, 1:500 (Chemicon); Chicken anti-GFP,
1:400 (Abcam); Mouse anti-Dystrophin (Developmental
Studies Hybridoma Bank, University of Iowa). After
washing, tissues were incubated for 2 h at room-temperature
in FITC- or Cy3-conjugated secondary antibodies diluted
1:200 (Jackson ImmunoResearch) and mounted with PVA-
DABCO.

Data analysis

Data were analyzed using Prism statistical software (Graphpad).
All results are expressed as the mean+SEM. Differences
between groups were considered statistically significant at
P , 0.05. A one-way ANOVA was used to compare echocar-
diography data between WT, SMA and scAAV9-treated
groups. All echocardiographic parameters were assessed three
times at different points of the cardiac cycle.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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