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Spinal muscular atrophy (SMA) is an autosomal recessive disorder, which is the leading genetic cause of
infantile death. SMA is the most common inherited motor neuron disease and occurs in approximately
1:6000 live births. The gene responsible for SMA is called Survival Motor Neuron-1 (SMN1). Interestingly, a
human-specific copy gene is present on the same region of chromosome 5q, called SMN2. Motor neurons
are the primary tissue affected in SMA. Although it is clear that SMA is a neurodegenerative disease, there
are clinical reports that suggest that other tissues contribute to the overall phenotype, especially in the
most severe forms of the disease. In severe SMA cases, a growing number of congenital heart defects
have been identified upon autopsy. The most common defect is a developmental defect referred to as hypo-
plastic left heart. The purpose of this report is to determine whether cardiac tissue is altered in SMA models
and whether this could contribute to SMA pathogenesis. Here we identified early-stage developmental
defects in a severe model of SMA. Additionally, pathological responses including fibrosis and oxidative
stress markers were observed shortly after birth in a less severe model of disease. Similarly, functional differ-
ences were detected between wild-type and early-stage SMA animals. Collectively, this work demonstrates
the importance of cardiac development and function in these severe models of SMA.

SMA is caused by reduced levels of SMN, which results in a
loss of functional motor neurons. SMN, however, is ubiqui-
tously expressed and performs an essential function in all

INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive dis-

order, which is the leading genetic cause of infantile death (1).
SMA is the most common inherited motor neuron disease and
occurs in approximately 1:6000 live births (1,2). SMA results
from homozygous loss of a gene called Survival Motor
Neuron-1 (SMN1) (3). Humans express a copy gene, SMN2,
from the same region of chromosome 5q as a result of dupli-
cation and inversion. SMN?2 is nearly identical to SMNI1 (3,4);
however, mutations in SMN2 have no clinical consequence if
intact SMNI1 is present. The reason that SMN2 cannot fully
complement the SMNI1 deficiency is that the majority of
SMN2-derived transcripts are alternatively spliced (5-7),
leading to a truncated and unstable protein that lacks the 16
amino acids encoded by SMN exon 7 (normally the last
coding exon) (3,5,8—11).

tissues that relates to global gene expression: snRNP biogenesis
(12). Briefly, SMN catalyzes the formation of the building
blocks for the splicing machinery within the cytoplasm,
forming Sm protein/snRNA complexes that are then translo-
cated into the nucleus for splicing (12). There is still consider-
able debate over whether disruption of this critical cellular
function accounts for SMA development. Importantly,
however, it is clear that SMA is caused by low levels of
SMN, not by the elimination of all SMN since complete loss
of SMN is embryonic lethal. Consistent with this, Cre-lox
models have been developed in which full-length SMN is com-
pletely ablated in specific tissues including skeletal muscle or
cardiac tissue, leading to dramatic tissue-specific defects that
are not consistent with a typical SMA phenotype (13,14).
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Based on our current knowledge of SMA, motor neurons
are the primary tissue affected in SMA. Although it is
clear that SMA is a neurodegenerative disease, there are
clinical reports suggesting that other tissues contribute to
the overall phenotype, especially in the most severe forms
of the disease. Upon autopsy, a growing number of con-
genital heart defects have been recognized, including atrial
septal defects, dilated right ventricle (RV) and ventricular
septal defects (15). The most common defect is a develop-
mental defect referred to as hypoplastic left heart syndrome
(15). Our goal is to examine the role of SMN in cardiac
development and the impact of heart defects in SMA patho-
genesis. As SMA therapeutics and supportive measures are
further developed, it will be essential to fully understand
the role of SMN in cardiac development and to determine
whether additional tissues are at risk in SMA patients other
than motor neurons. We investigated the requirement for
Smn in cardiac development and contribution of the heart
impairments to the SMA phenotype by examining the heart
at different developmental stages starting from embryos in
a severe model (Smn—'~, SMN2"'*) and thereafter at differ-
ent time points post-birth in a well-established model of
SMA, the SMAA7 model (Smn~'~, SMN2VT;
SMNA7™T). Our histology results indicate that cardiac
remodeling initiates at the embryonic stage in the severe
model, although motor neurons are not yet visibly affected
at this stage. We also observed similar structural defects
initiating post-birth in the heart of SMAA7 mice as well as
increasing levels of interstitial fibrosis as age progresses.
Our results suggest that oxidative stress, which is the under-
lying mechanism of cardiac fibrosis, initiates at the time of
disease onset and develops significantly in the following
days. Furthermore, our results with functional analysis
demonstrate physiological defects such as drastically
reduced heart rate in SMA mice.

RESULTS

Remodeling of inter-ventricular septum and left
ventricular wall in embryos of severe model

The severe model of SMA lacks murine Smn and contains
two copies of human SMN2 (Smn~'~, SMN2"*) The
severity of this model results in early death 4—5 days post-
birth (16,17). During the development of the severe SMA
colony, we noticed that the severe SMA animals were fre-
quently at lower numbers at birth than would be predicted
by Mendelian genetics (~25%), whereas SMA embryos
were present in expected ratios early during development
(data not shown). Though motor neurons are fundamental,
very severe reductions in motor neurons do not necessarily
lead to embryonic lethality, rather death occurs shortly after
birth. Therefore, we speculated that a critical organ system,
such as the heart, was impacted by very low levels of
SMN. Initially, we decided to analyze the structural integrity
of the embryonic SMA heart from severe SMA mice. One of
the most important structural determinants in the heart is
septal and ventricular morphology. In humans, ventricular
septal defect such as reduced width of the inter-ventricular
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Figure 1. IVS remodeling occurs at the embryonic stage in an SMA severe
model. Representative bright-field images of 4 pm VVG-stained cross-
sections of embryonic heart in SMA severe model (Smn~’~, SMN2T/H) (A
and C) and wild-type (Smn™*, SMN2**) (B and D). VVG stains elastin
(black), nuclei (blue black), collagen type III (pink) and connective tissue
(yellow). (A and B) Intact heart cross-sections are shown. (C and D) IVS
with part of right and LVs is shown. Morphometric analysis was applied to
4x images to measure the width of the IVS. The error bars present + SE.
P-value was determined by two-tailed #test (P = 0.007). IVS, inter-
ventricular septum; LV, left ventricle; RV, right ventricle. WT, n=4;
SMA, n = 4. Scale bar: 200 pum.

septum (IVS) is most intimately related to the narrowing
immediately underneath the aortic valve (18). In addition,
obstruction at the middle region of the left ventricular
outflow tract is largely caused by reduced width of the IVS
(18). To determine whether any abnormalities in IVS were
present, we evaluated the septum morphology in severe and
wild-type embryos at el7.5. Interestingly, our bright-field
image analysis of VVG (Verhoeff-van Gieson)-stained
cross-sections of embryonic heart demonstrated a significant
reduction in the width of IVS in embryonic SMA heart com-
pared with wild-type (P = 0.007) (Fig. 1). We compared the
depth of the left ventricular wall in the embryonic severe
heart with that in wild-type embryonic hearts. The wall of
the left ventricle (LV) is thicker than the RV to enable the
LV to pump blood more forcefully to the rest of the body.
Our results demonstrate a thin and branched left ventricular
wall in severe embryonic SMA hearts compared with a
thick and well-developed left ventricular wall in wild-type
(P =0.05) (Fig. 2).
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Figure 2. Left ventricular wall remodeling occurs at the embryonic stage in an
SMA severe model. Representative bright-field images of 4 pm VVG-stained
cross-sections indicating left ventricular wall of embryonic heart of SMA
severe model (Smn~’~, SMN2**) (A and B) and wild-type (Smn™*'*,
SMN2**) (C and D). Morphometric analysis was applied to 10x images
to measure the width of the left ventricular wall. The error bars present
+ SE. P-value was determined by two-tailed #-test (P < 0.05). WT, n=4;
SMA, n = 4. Scale bar: 200 pm.

IVS remodeling in SMAA7 mouse model

Even though the congenital heart defects have been reported in
severe forms of SMA, we were interested to analyze the heart
abnormalities in the SMAA7 mouse model as well, since this
is a commonly used model in the field for biological and transla-
tional studies. The genotype of SMAA7 mice is identical to the
severe model except for the addition of SMNA7 ¢cDNA that
lessens the disease severity. This model still demonstrates a
severe phenotype with disease onset at 7—10 days and a mod-
estly extended life span (13—18 days) compared with the
severe model (4—6 days). To detect any cardiac remodeling at
different developmental stages, we chose to examine the
hearts of SMAA7 mice at several neonatal time points: P2, P5
and P9. We chose early time points (P2 and PS5) to uncover
any structural deformity that may occur early in life and a late
time point (P9) to determine the effect of SMN deficiency on
the progression of heart damage that may eventually lead to
heart failure. Bright-field image analysis of VVG-stained cross-
sections of the heart harvested at P2 demonstrated that the width
of IVS in SMAA7 mice and the wild-type littermates is similar,
indicating that the structural defects observed in the more severe
model are not present at this stage and presumably at embryonic
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Figure 3. IVS remodeling is not evident in 2-day-old hearts of SMAA7 mice.
Representative bright-field images of 4 pum VVG-stained cross-sections of
2-day-old SMAA7 (mSmn~'~, SMN™* SMNA7"*) (A and C) and wild-
type (mSmn™*, SMN* SMNA7™*") (B and D) hearts. (A and B) Intact
heart cross-sections are shown. (C and D) IVS with part of right and LVs is
shown. Morphometric analysis was applied to 4x images to measure the
width of the IVS. The error bars present + SE. P-value was determined by
two-tailed #-test (P > 0.05). IVS, inter-ventricular septum; LV, left ventricle;
RV, right ventricle. WT, n = 4; SMA, n = 4. Scale bar: 200 pm.
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stages (Fig. 3). However, we observed a considerable reduction
in the width of TVS in the heart of P5 SMA mice compared with
age-matched wild-type (P = 0.01) (Fig. 4). Similarly, the width
of'the IVS in SMAA7 mice was significantly different compared
with wild-type at P9 (P = 0.01) (Fig. 5). Morphological obser-
vations of IVS images also revealed partial flattening of the
IVS in the SMA heart harvested at P5 but were more pronounced
at P9 (Figs 4 and 5). The normal geometry of the IVS in wild-
type mice involves a curve-shaped surface which is essential
for balancing the pressure difference between the LV and the
RV. The IVS of SMA heart lacks the normal curvature which
results in a D-shaped LV.

One of the factors that may contribute to a thin septum is a
developmental delay or a difference in heart size. To determine
whether SMA mice have abnormally sized hearts, we measured
the ratio of the heart weight to the total body weight of SMAA7
and wild-type mice at each of the previously examined time
points (P2, P5, P9). Our analysis indicated a very similar ratio
of the heart to body mass in both animals, confirming that the
reduced size of the SMA heart is due to the small body mass
rather than irregular loss of growth in the heart (Fig. 06).
In addition, examining the heart cross-sections which were
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Figure 4. IVS remodeling is visible in 5-day-old hearts of SMAA7 mice.
Representative bright-field images of 4 pm VVG-stained cross-sections of
5-day-old SMAA7 (A and C) and wild-type (B and D) hearts. (A and B)
Intact heart cross-sections are shown. (C and D) IVS with part of right and
LVs is shown. Morphometric analysis was applied to 4 x images to measure
the width of the IVS. The error bars present + SE. P-value was determined
by two-tailed #-test (P = 0.01). IVS, inter-ventricular septum; LV, left ventri-
cle; RV, right ventricle. WT, n = 4; SMA, n = 4. Scale bar: 200 pm.

prepared from the exact region of the heart in both groups
demonstrate that septum remodeling in SMA mice leads to an
enlargement of the LV at early (P5) and late time points (P9)
(Figs 4 and 5). The area of the LV lumen was significantly
larger in the SMA heart compared with wild-type at P9, provid-
ing further evidence of morphological defects shortly after birth
(Supplementary Material, Fig. S1).

Arterial wall remodeling in the heart of SMAA7 mice

During our examination of P2 heart sections, we noticed arterial
wall remodeling in SMA hearts. The arterial walls, veins and
capillaries consist of a hollow center (lumen) through which
the blood flows. The walls of both arteries and veins are com-
posed of three layers: (i) adventitia (outer layer), (ii) media
(intermediate layer) and (iii) intima (inner layer), but they
differ in thickness. The media and intima layers of arteries are
thicker than those of veins. This makes arteries more elastic
and capable of expanding when blood surges through them
from the beating heart. We have detected a considerably
thinner arterial wall in SMA mice compared with the wild-type
littermates (P = 0.0002) (Fig. 7). This phenotype cannot be
explained by the smaller size of the SMA heart compared with
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Figure 5. IVS thinning is well advanced to 9-day-old hearts of SMAA7 mice.
Representative bright-field images of 4 pm VVG-stained cross-sections of
9-day-old SMAA7 (A and C) and wild-type (B and D) hearts. (A and B)
Intact heart cross-sections are shown. (C and D) IVS with part of right and
LVs is shown. Morphometric analysis was applied to 4 x images to measure
the width of the IVS. The error bars present + SE. P-value was determined
by two-tailed #-test (P = 0.01). IVS, inter-ventricular septum; LV, left ventri-
cle; RV, right ventricle. WT, n = 4; SMA, n = 4. Scale bar: 500 pm (A and B)
and 200 pm (C and D).
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Figure 6. Cardiac hypertrophy does not occur in SMAA7 mice. The ratio of
heart weight (g) to total body weight (g) was determined for SMAA7 and wild-
type mice at indicated time points. The error bar represent + SD. P-value was
determined by one-way Anova (P > 0.05). WT, n = 4; SMA, n = 4.

wild-type since the size of their heart is almost identical at P2.
It will be interesting to determine the specific layer of arteries
that has been altered in thickness in the SMA heart and also
the underlying mechanism that gives rise to its remodeling.
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Figure 7. Arterial wall remodeling exists in 2-day-old hearts of SMAA7 mice. Representative bright-field images of 4 pm VVG-stained cross-sections of
2-day-old SMAA7 (A-C) and wild-type (D—F) hearts. Morphometric analysis was applied to 10x images to measure the width of the arterial wall. The
error bars present + SE. P-value was determined by two-tailed t test (P = 0.0002). WT, n = 4; SMA, n = 4. Scale bar: 100 pwm.

Interstitial fibrosis begins in neonatal SMAA7 mice

Proliferation of interstitial fibroblasts and biosynthesis of
extracellular matrix components in the heart are defined as
cardiac fibrosis, which is a consequence of remodeling pro-
cesses initiated by pathological events associated with a
variety of cardiovascular disorders (19,20). This leads to
abnormal myocardial stiffness and, ultimately, decreased
cardiac function (21). We analyzed the bright-field images
of VVG-stained heart sections for the deposition of collagen
type III, an indicator of interstitial cardiac fibrosis, at P2, P5
and P9. VVG stains elastin (black), nuclei (blue black), col-
lagen type III (pink) and connective tissue (yellow). Therefore,
the intensity of the pink area was measured as an indicator of
collagen deposition and interstitial fibrosis. Our results reveal
that interstitial fibrosis has initiated modestly at P2 in SMAA7
mice (Fig. 8) and progresses rapidly as shown by the intensity
of the pink area at P5 (Fig. 9). As expected, collagen depo-
sition at P9 is more prevalent and significantly intensified
compared with P5 (Figs 9 and 10). As anticipated, detectable
collagen deposition is essentially absent in wild-type mice at
each time point (Figs 8—10).

Oxidative stress is the underlying mechanism of cardiac
fibrosis in SMAA7 mice

One of the underlying mechanisms for cardiac fibrosis is oxi-
dative stress (22,23). Oxidative stress is caused by high levels
of reactive oxygen species (ROS), which at low levels mediate
antioxidant defenses and induce subtle changes in intracellular

signaling pathways (redox signaling) (24). ROS are derived
from many sources including mitochondria, xanthine
oxidase, uncoupled nitric oxide synthases and NADPH
oxidase (25,26). To test whether the observed cardiac fibrosis
in SMAA7 mice is the result of excess ROS, we quantified the
levels of the oxidative stress biomarkers in the heart. One of
the most important biomarkers is angiotensin-II (Ang-II),
which stimulates the activity of NADPH oxidase and plays a
key role in cardiac remodeling (27-31). Previous work
demonstrates that cardiac oxidative stress mediated by
Ang-II promotes the development of cardiac fibrosis by upre-
gulating TGF-betal expression, which subsequently enhances
cardiac collagen synthesis and suppresses collagen degra-
dation in hypertensive rats (23). All biological effects of
Ang-II are mediated primarily by the AT1 receptor (ATIR)
subtype (32). Therefore, we chose to quantify Ang-II and its
receptor ATIR by immuno-histochemistry. To determine the
involvement of NADPH oxidase in cardiac fibrosis, we quan-
tified the levels of Nox2 and Racl, which are two out of six
subunits of NADPH oxidase (33). Analysis of confocal fluor-
escent images of P2 heart sections demonstrated that there is
no significant difference in the levels of oxidative stress bio-
markers between the SMA and wild-type mice (data not
shown). The lack of oxidative stress at this stage correlates
with a low level of fibrosis that is observed at P2. On the
other hand, the levels of Nox2, Racl and Ang-II have
increased slightly compared with the wild-type heart at P5
(Fig. 11). Interestingly, the level of ATIR has increased sub-
stantially in SMA mice at this time point (Fig. 11). As
expected, the oxidative stress has progressed at P9 as our
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Figure 8. A low level of interstitial fibrosis exists in 2-day-old hearts of SMAA7 mice. Representative images of 4 um VVG-stained cross-sections of hearts in
2-day-old SMAA7 and wild-type mice. VVG is specific for fibrosis and stains collagen type III (pink). In each animal group, the top row represents the bright-
field images, whereas the bottom row only represents collagen staining. Morphometric analysis was applied to 40 x images to discriminate collagen from elastin
on the basis of the VVG staining. Collagen deposition is measured as gray-scale signal intensities that are represented as percentage of total area. The error bars
present + SE. P-value was determined by two-tailed #-test (P = 0.003). WT, n = 4; SMA, n = 4.

results demonstrate a significant increase in all of these
proteins in the SMAA7 heart compared with wild-type
(Fig. 12). These findings strongly suggest that the Ang-II-
mediated oxidative stress contributes to cardiac fibrosis in
SMAA7 mice.

SMAATY mice has a slower heart rate than wild-type mice

The stiffness and lack of elasticity of cardio-myocytes that
occur as a result of increased cardiac fibrosis at P9 will
likely have a profound impact on cardiac function. We
employed an electrocardiogram (ECG) to examine cardiac
function in SMAA7 and wild-type mice at P9 to determine
whether physiological functional differences existed. We
used a modified version of the system previously described
for recording ECGs in conscious mice without anesthesia or
implants (34). The system includes three-lead, paw-sized con-
ductive electrodes configured to record ECGs when three
single electrodes contact three paws. Analysis of the signals
demonstrated longer R—R intervals in SMA mice compared
with wild-type mice (277 + 27 versus 141 +28ms, P =
0.01) (Fig. 13A), and consistent with the longer R—R intervals,
significantly reduced heart rates were detected in SMAA7 mice
compared with wild-type (221 + 19 versus 464 + 66 b.p.m.,
P=0.01, n=4) (Fig. 13B). Collectively, this work reveals
structural and physiological defects in the hearts of SMA

mouse models, which is consistent with defects in cardiac
function at an early stage in disease development.

DISCUSSION

In severe SMA cases, a growing list of congenital heart defects
are being recognized, including atrial septal defects, dilated
RV, ventricular septal defects and hypoplastic left heart syn-
drome (15). Although the central nervous system and motor
neurons are clearly central to any foreseeable therapeutic
design for SMA, consideration of other cell types detectably
affected by SMN deficiency will be a key to therapeutic
success. That being the case, we have begun to examine
cardiac tissue from SMA mouse models, and the goal of
this research is to investigate the role of Smn in cardiac
development and the impact it has on SMA phenotype and
pathogenesis.

The most obvious cardiac remodeling revealed by histologi-
cal analysis of heart cross-sections is septum thinning indi-
cated by a significantly reduced IVS width. This defect
initiates at embryonic stages in the severe model and
between P3 and P5 in the SMAA7 model. Although this
may be due to an undersized heart in SMA mice, there are
reasons to suggest that this is not the primary determinant
since we would also expect the area of the ventricles to be
smaller in SMA mice compared with wild-type. Since our
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Figure 9. A moderate level of interstitial fibrosis exists in 5-day-old hearts of SMAA7 mice. Representative images of 4 wm VVG-stained cross-sections of
hearts in 5-day-old SMAA7 and wild-type mice. VVG is specific for fibrosis and stains collagen type III (pink). In each animal group, the top row represents
the bright-field images, whereas the bottom row only represents collagen staining. Morphometric analysis was applied to 40 x images to discriminate collagen
from elastin on the basis of the VVG staining. Collagen deposition is measured as gray-scale signal intensities that are represented as percentage of total area.
The error bars present + SE. P-value was determined by two-tailed r-test (P = 0.02). WT, n = 4; SMA, n = 4.

cross-sections are precisely prepared from the identical region
of the heart in both animals, the observed enlargement of LV
and even the RV at different time points is tightly associated
with IVS remodeling. We are currently investigating the
underlying mechanism of septum and LV wall thinning in
both models of SMA mice by examining whether the cell div-
ision or reduced cell growth in these areas are responsible for
remodeling.

Morphological observations also revealed partial loss of
curvature in IVS of SMA mice. Previous reports have demon-
strated that flattening of the IVS or D-shaped LV is correlated
with the RV overload (35,36). RV overload is associated with
chronic obstructive pulmonary diseases and atrial septal
defects (36,37). Other signs of RV overload are RV enlarge-
ment and hypertrophy (38), which are detectable in the heart
sections harvested at P9.

We examined the collagen type III deposition by quantify-
ing the intensity of the pink area in VVG-stained heart sections
harvested at different time points to determine the develop-
mental phase at which the interstitial fibrosis initiates. Not sur-
prisingly, we did not detect fibrosis at embryonic stages, since
the lack of any strain or workload on the heart would not
induce oxidative stress pathways. However, we observed inter-
stitial fibrosis development in P2 SMAA7 mice, which became
more advanced at each successive time point (P5 and P9).
High levels of fibrosis at P9 were consistent with our

functional analysis that demonstrated a much slower heart
rate in P9 SMA mice. The source of cardiac fibrosis in the
SMA heart was explored by testing the involvement of the
renin—angiotensin system (RAS). Tissue-based RAS is
known to modulate cell growth, differentiation, metabolism
and tissue remodeling (39,40). RAS system is also involved
in promoting oxidative stress-induced cardiac dysfunction
(30,41). Enhanced RAS activity and oxidative stress have
been demonstrated in several cardiovascular diseases, such as
diabetes and hypertension (42,43), and are known to play a
role in the pathogenesis of cardiac hypertrophy, remodeling,
ventricular dysfunction and congestive heart failure (44—46).
Ang-II is the main effector peptide in the RAS system that
plays a role in proliferative, profibrotic and proinflammatory
actions (27,47,48). In addition, accumulating evidence suggests
that NADPH oxidases are major sources of ROS in the cardio-
vascular system (49—51). Nox2, a major subunit of NADPH
oxidase, performs a critical role in Ang-IlI-induced cardiac
fibrosis in that both NADPH oxidase activation and interstitial
fibrosis were completely inhibited in Nox2™'~ mice (52).
Ang-II activates the Nox2 via the ATIR (29). Racl is a
GTP-binding subunit of NADPH oxidase which plays a role
by facilitating the interaction between NOX2 and other subunits
and therefore activates the system (28,53). Thus, quantification
of these proteins was a logical choice to examine the
Ang-II-mediated oxidative stress through NADPH oxidase in
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Figure 10. The level of interstitial fibrosis has intensified significantly in 9-day-old hearts of SMAA7 mice. Representative images of 4 um VVG-stained cross-
sections of hearts in 5-day-old SMAA7 and wild-type mice. VVG is specific for fibrosis and stains collagen type III (pink). In each animal group, the top row
represents the bright-field images, whereas the bottom row only represents collagen staining. Morphometric analysis was applied to 40 x images to discriminate
collagen from elastin on the basis of the VVG staining. Collagen deposition is measured as gray-scale signal intensities that are represented as percentage of total
area. The error bars present + SE. P-value was determined by two-tailed 7-test (P = 0.02). WT, n = 4; SMA, n = 4.

the SMA heart. The significant increase in the levels of all these
proteins at P9 clearly indicates the involvement of RAS and
NADPH oxidase in cardiac fibrosis of SMA mice.
Interestingly, the role of NADPH oxidase in accelerating
the selective motor neuron degeneration in ALS mice has
been previously described (54). Whether the increased
expression of NADPH oxidase in SMA hearts is correlated
with the level of this enzyme in the spinal cord remains to
be seen. The fact that interstitial fibrosis at PS5 was more pro-
minent than P2, but the levels of oxidative stress proteins
except ATIR were not markedly increased at this stage,
suggests that additional oxidative stress pathways are contri-
buting to cardiac fibrosis. The most interesting observation
was the level of ATIR in PS5 and P9 hearts, which was signifi-
cantly higher than that in the wild-type heart. It has been well
established that upregulated AT1R expression in the rostral
ventrolateral medulla and its enhanced intracellular signaling
transduction result in excessive sympathetic outflow to the
heart, leading to chronic heart failure (55). The
sympatho-excitation effect is due to an imbalance in
expression levels of ATIR and AT2R, two receptors of
Ang-II, with AT2R being downregulated significantly (55).
It is critical to investigate the expression levels of these two
proteins in the brain stem of SMA mice to determine
whether a similar imbalance exists and contributes to cardiac
defects. There is evidence that the compounds which inhibit

the action of AT1R contain a cardio-protective effect and ame-
liorate myocardial remodeling and heart failure (56—60). It
will be important to test the ATIR blockers in SMA mice
and investigate its potential positive effects on the heart.

It is difficult to draw direct comparisons between the animal
model and SMA patients; however, it is interesting to note the
similarities regarding cardiac defects. In SMA patients, auto-
nomic dysfunctions have been previously described, although
primarily in type I patients (61—65). High levels of fibrosis
and oxidative stress at P9 were associated with a much
slower heart rate in the SMA mice. The pacemaker function
of mammalian hearts is mediated by the sinoatrial node
(SAN). SAN dysfunction leads to abnormally slow heart
rates (bradycardia), leading to palpitations, fatigue and even
syncope (66). The autonomic nervous system controls the
decelerating and accelerating of spontaneous SAN activity
through cholinergic and adrenergic stimulation. Several ionic
currents contribute to cardiac automaticity and some of these
currents are regulated by the autonomic nervous system
(67—-69). It will be important to investigate whether the physi-
ology of the autonomic system is altered in the SMA models
of disease as well.

Although it is not clear what specific SMN-associated func-
tion is linked to SMA development, it is clear that it is low
levels of SMN that cause disease—not the ablation of SMN.
It may be that in less severe forms of SMA, in which SMN

220z 1snBny 91 uo 1s8nB AQ 91/ +9/6507/02/6 L /8101e/BLUY/W0D dNo"lepEDE//:SARY WO} PAPEOJUMOQ



NOX2 Rac1

.-

ge gray scale
o 8 8 8 &
Average gray scale intensities
o w3 & 8 &

WT SMA WT SMA

Figure 11. Oxidative stress is initiated at low levels in 5-day-old SMAA7 mice.
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Representative confocal images of LV cross-sections of 5-day-old SMAA7 and
and a member of RAS (Ang-I1) and its receptor (AT1R). The expression level of

each protein was measured by morphometric analysis as a gray-scale signal intensity. The error bars present + SE. P-value was determined by two-tailed #-test
(P > 0.05 for Nox2, Racl and Ang-II; P < 0.05 for AT1R). WT, n = 4; SMA, n = 4.

levels are slightly higher, only the most sensitive tissues, such
as motor neurons, are affected. However, as SMN levels drop
dramatically lower, additional tissues are impacted. In this
scenario, a critical SMN function such as snRNP assembly
or axonal mRNA transport is disrupted in motor neurons at
one threshold of SMN levels. However, if SMN levels are
even lower as in type I patients or the severe mouse models,
a more widespread pathology is observed. Since SMN is intri-
cately involved in a general RNA pathway, snRNP assembly,
this could help explain why more tissues are adversely
affected in the most severe forms of disease.

The primary tissue affected in SMA are motor neurons with
significant secondary effects exhibited in voluntary muscle
groups following motor neuron degeneration. Congenital
heart defects including septal defects and ventricular dysfunc-
tion have been documented in severe SMA cases, with hypo-
plastic left heart syndrome being the most commonly detected
developmental defect. At this time, no cure exists for SMA,
and approved therapies fail to provide meaningful cessation
of degeneration or reversal of disease symptoms. Although
the rescue of the central nervous system and motor neurons
is clearly critical to any practical therapeutic design, detection
of other cell types affected by SMN deficiency is a key to
therapeutic success. In Duchenne muscular dystrophy,
defects in skeletal muscle were the primary clinical concern.
However, as supportive care advanced and patients lived

longer, it became apparent that an underlying cardiac con-
dition was also present that had not been fully appreciated pre-
viously (70). As SMA therapeutics and supportive measures
progress further, it is essential to fully comprehend the role
of SMN in cardiac development and to determine whether
additional tissues are damaged in SMA patients other than
motor neurons—especially in severe SMA cases. This is
especially important as the SMA field moves forward toward
increasing numbers of clinical trials. Our research has only
begun to open a path toward recognizing the role of SMN in
cardiac dysfunction, and a great deal of research is needed
to understand the underlying pathways which participate in
cardiac failure due to SMN deficiency.

MATERIALS AND METHODS
SMA animals

All animal experiments took place in accordance with pro-
cedures approved by the Animal Care and Use Committee
(ACUC) of the University of Missouri. SMAA7 (Smn~'~,
SMN2'*, SMNA7"*) animals were genotyped at the day
of birth (day 1) as described previously (71). Following breed-
ing of heterozygous mating partners (Smn ', SMN2™'"), the
embryos were harvested at day 17.5 and the hearts were col-
lected. The embryos were then genotyped to identify the

220z ¥snbny 91 uo jsenb Aq 91/ ¥9/650%/02/6 L /o10nIe/Buuy/wod dno olwepede//:sdiy wody papeojumoq



4068 Human Molecular Genetics, 2010, Vol. 19, No. 20

NOX2 Rac1

P=0.02

WT SMA

P=0.001
25

10

5

1]
WT

Average gray scale intensities
cwaoh38L86LS
Average gray scale intensilies

SMA

Angll AT1R

§ ” P=0.01 2 P=0.01
E 30 Z 5
£ 2 ‘e
40
g 20 8
z 15 E‘ %
S 10 e 27
4] n
| BN
@
2 o i
% WT SMA : WT SMA

Figure 12. Oxidative stress biomarkers are expressed at high levels in 9-day-old SMAA7 mice. Representative confocal images of LV cross-sections of
9-day-old SMAA7 and wild-type hearts immuno-stained for NADPH oxidase subunits (Nox2 and Racl) and a member of RAS (Ang-II) and its receptor
(ATIR). The expression level of each protein was measured by morphometric analysis as a gray-scale signal intensity. The error bars present + SE. P-value
was determined by two-tailed #-test (P < 0.05 for Nox2, Racl, Ang-II and ATIR). WT, n = 4; SMA, n =4.

homozygous SMA knock out (Smn~'~, SMN2™'") and wild-
type (Smn™'™, SMN2T'T).

Quantification of remodeling in septum, left ventricular
wall and arterial wall

The SMA and wild-type mice were handled according to
ACUC regulations. Briefly, the animals were anesthetized
with isoflurane (Vet One) and euthanized at selected time
points, and the heart tissues from embryos and postnatal
animals were collected, fixed in 4% paraformaldehyde and
kept in 4°C. After 24 h fixation period, tissues were placed
in histological cassettes and dehydrated with ethanol series,
infiltrated with low-melting (50°C) paraplast and embedded
in high-melting (56°C) paraplast. Then, the heart tissues
were sectioned by 4 pm at 50 wm intervals. Four micrometer
paraffin sections of heart tissue were stained with VVG, which
stains elastin (black), nuclei (blue black), collagen (pink) and
connective tissue (yellow). The slides were then analyzed with
a Nikon50i microscope. Several images of IVS were captured
for each slide with 4x magnification using a cool snapcf
camera (Boyce Scientific Inc., Gray Summit, MO, USA).
Using the same camera, several images for arteries and left
ventricular wall were captured for each slide with 10 x mag-
nification. In order to determine the precise remodeling of
arterial wall, the images of all existed arteries on the sections
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Figure 13. SMAA7 mice have a significantly slower heart rate than the wild-
type mice. Three gel-coated ECG electrode lead systems were used to contact
three paws in 9-day-old conscious SMAA7 and wild-type animals. (A) R—R
intervals (ms) were recorded for at least 2 s for each lead to provide equivalent
continuous recordings of 20—30 beats. (B) Heart rate (b.p.m.) was calculated
with averaged R—R intervals in seconds divided by 60. Error bars represent
+ SD. Two-paired #-test was used to compare the heart rate between two
groups (P =0.01). WT, n=4; SMA, n=4.

were captured. The thickness of septum, left ventricular wall
and the arterial wall were precisely quantified by morpho-
metric analysis using MetaVue and Metamorph software
(Boyce Scientific Inc.).

Quantification of interstitial fibrosis

The heart tissues were harvested at different time points, fixed
and prepared as mentioned earlier. Four micrometer paraffin
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sections of heart tissue were stained with VVG, which stains
elastin (black), nuclei (blue black), collagen (pink) and con-
nective tissue (yellow). The slides were then analyzed with a
Nikon50i microscope and several images from different
parts of the heart for each slide were captured with 40 x mag-
nification using a cool snapcf camera (Boyce Scientific Inc.).
The signal intensities of the pink areas on each image which
is indicative of the degree and level of interstitial fibrosis in
heart tissue were quantified by MetaVue.

Quantification of NADPH oxidase subunits and RAS
components

Immuno-histochemistry was used to quantify the expression
level of Nox2, Racl, Ang-Il and ATIR as described pre-
viously (27,28). Briefly, harvested hearts were immersed and
fixed in 4% paraformaldehyde. After 24 h fixation, tissues
were placed in histological cassettes and dehydrated with
ethanol series, infiltrated with low-melting (50°C) paraplast
and embedded in high-melting (56°C) paraplast. Then, the
heart tissues were sectioned by 4 wm at 50 pm intervals, the
sections were deparaffinized in CitriSolv (Fisher Scientific)
and rehydrated in ethanol series and HEPES wash buffer. Non-
specific binding sites were blocked with donkey blocker (5%
BSA, 5% of donkey serum and 0.01% sodium aside in
HEPES buffer) for 4 h in a humidity chamber. Following a
brief rinse, sections were incubated with primary antibodies:
1:100 goat polyclonal anti-Ang-II, 1:100 rabbit polyclonal
anti -AT;R, 1:100 goat polyclonal anti-Nox2 and 1:100
rabbit polyclonal anti-Racl (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) in a 10-fold diluted blocking agent
overnight. After washing, the sections were incubated with
1:300 Alexa-fluor donkey anti-goat 647 (Invitrogen) for
Ang-1I and Nox2, and donkey anti-rabbit for ATIR and
Racl (Invitrogen) for 4 h at room temperature. The slides
were washed and mounted with Mowiol and stored in a light-
tight slide box at 4°C until assessment. Using a bi-photon con-
focal microscope (Zeiss LSM, 510 MLO Thornwood, NY,
USA), 1024 x 1024 pixel images were captured with LSM
imaging system under the same computer settings for all sec-
tions in each experiment, and the signal intensities were ana-
lyzed with MetaVue software.

ECG recording

For ECG, we used a modified version of the previously
described method (34). Briefly, three gel-coated ECG electro-
des were used to contact three paws in conscious animals. The
electrodes were connected to Spacelab model 90702 ECG
recorder (Redmond, WA, USA) by a shielded three-clectrode
lead set. We used an adhesive tape across the upper abdomen
to hold the mouse in the supine position. The animal usually
struggled for <1 min and then limb movement was slowed
down. ECG traces were recorded when the mouse movement
had stopped. Three-electrode lead system closely contacted
with left and right fore limbs and left hind limb following
application of Spectra 360 ECG gel (Parker Laboratories,
Inc., Fairfield, NJ, USA). The ECG traces were recorded
when all three paws contacted the electrodes. Data were
acquired at least 2 s for each lead to provide equivalent con-
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tinuous recordings of 20—30 beats. Heart rate (b.p.m.) was cal-
culated with averaged R—R interval in seconds divided by 60.
Two-paired #-test was used to compare the heart rate between
two groups.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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