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Abstract

Spinal muscular atrophy (SMA) is a progressive neurodegenerative disease that is the leading genetic cause of infantile death.
It is caused by a severe deficiency of the ubiquitously expressed Survival Motor Neuron (SMN) protein. SMA is characterized
by a-lower motor neuron loss and muscle atrophy, however, there is a growing list of tissues impacted by a SMN deficiency
beyond motor neurons. The non-neuronal defects are observed in the most severe Type I SMA patients and most of the
widely used SMA mouse models, however, as effective therapeutics are developed, it is unclear whether additional symptoms
will be uncovered in longer lived patients. Recently, the immune system and inflammation has been identified as a contribu-
tor to neurodegenerative diseases such as ALS. To determine whether the immune system is comprised in SMA, we analyzed
the spleen and immunological components in SMA mice. In this report, we identify: a significant reduction in spleen size in
multiple SMA mouse models and a pathological reduction in red pulp and extramedullary hematopoiesis. Additionally, red
pulp macrophages, a discrete subset of yolk sac-derived macrophages, were found to be altered in SMA spleens even in pre-
symptomatic post-natal day 2 animals. These cells, which are involved in iron metabolism and the phagocytosis of erythro-
cytes and blood-borne pathogens are significantly reduced prior to the development of the neurodegenerative hallmarks of

SMA, implying a differential role of SMN in myeloid cell ontogeny. Collectively, these results demonstrate that SMN defi-
ciency impacts spleen development and suggests a potential role for immunological development in SMA.

Introduction

Spinal muscular atrophy (SMA) is a leading genetic cause of in-
fantile death. SMA is an autosomal recessive neurodegenerative
disorder caused by a severe reduction in the levels of survival
motor neuron (SMN) protein resulting from homozygous loss or
mutation of SMN1 gene (1). SMN is encoded by two nearly iden-
tical genes: SMN1 and SMN2. SMN1 primarily produces the full

length SMN protein, however, SMN2 produces a low amount of
full-length SMN due to an alternative splicing event common to
~80-90% of its transcripts. This unstable and truncated isoform
is referred to as SMNA7 (2). While the genetic basis of the dis-
ease is clear, the specific SMN-associated function that leads to
SMA development is still not thoroughly understood (3,4). SMN
is ubiquitously expressed and essential for viability in all
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tissues, however, SMA develops mainly due to loss of a-lower
motor neurons (LMNs) in the spinal cord and subsequent weak-
ness of the proximal muscles (5,6), thus its categorization as a
progressive neurodegenerative and neuromuscular disease.

The basis for the selective susceptibility of a-LMNs remains
poorly understood, however, recent studies have demonstrated
important roles for non-neuronal tissues within the central ner-
vous system such as astrocytes (7) and Schwann cells (8,9) in
the development of the SMA phenotype. In addition, a growing
number of studies focused largely upon SMA mouse models
and to a lesser degree in SMA patients, have reported defects in
peripheral organs including heart and vasculature (10,11), pan-
creas (12,13), intestines (14), liver (15), and testis (16). Consistent
with this notion, there is growing appreciation for the role of
the immune system in multiple neurodegenerative diseases
including amyotrophic lateral sclerosis (17,18), Alzheimer’s
Disease (19,20) and Huntington disease (21). In SMA, the devel-
opment of the thymus and spleen has recently been examined
in a severe mouse model and shown to be defective (22).

The spleen is a multifunctional organ, positioned in the ab-
domen underneath the diaphragm, and is the largest secondary
source of lymphoid tissue. The spleen is comprised primarily of
two functionally distinct zones: the red pulp and the white pulp
while the boundary between the red and white pulp is referred
to as the marginal zone. The red pulp is densely packed connec-
tive tissue, comprised of a variety of blood cell populations as
well as splenic sinuses. In rodents, the splenic red pulp also
serves as a major source of extramedullary hematopoiesis. In
contrast, the white pulp is the lymphoid component of the
spleen and is composed of a T-cell zone arranged around a cen-
tral arteriole, termed the periarteriolar lymphoid sheath (23), as
well as the surrounding follicles or B-cell zone. The red pulp is
the body’s blood filtration system; it digests erythrocytes and re-
cycles iron by the red pulp macrophage population. The white
pulp is the center for generating an adaptive immune response,
whereas the marginal zone is populated with macrophages, B
lymphocytes, and dendritic cell populations and is involved in
innate and adaptive immune responses. These functions high-
light the importance of the spleen in immune system homeo-
stasis, as well as serving as an efficient site for inflammatory
immune responses.

In this study, we report selective hypoplasia of splenic tissue in
three important SMA mouse models, ranging from severe to inter-
mediate. In the severe “SMNA7” mouse, red pulp was selectively
reduced in SMA spleens with a reduction in extramedullary
hematopoiesis. A greater frequency of lymphocytes and CD11b"
macrophages was identified, yet, conversely red pulp macrophages
that represent the yolk sac-derived population were reduced in
SMA spleens. Finally, utilizing a potent SMN-inducing antisense ol-
igonucleotide (ASO), treatment with the ASO rescued spleen pa-
thology in SMA model mice. These findings illustrate the role SMN
serves in the development and maturation of immune tissue, re-
vealing for the first time a selective role of SMN in myeloid cells
while also potentially further expanding the scope of peripheral
tissues that contribute to the complex SMA pathology.

Results

Selective and progressive hypoplasia of SMA spleens

To assess the role of SMN within the spleen, we examined spleen
growth and development in three widely used SMN-deficient
SMA mouse models: “SMNA7”, “Taiwanese” SMA mice, and
Smn?®" mice. In the SMNA7 mouse, which is a severe model,
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spleen size was initially examined at post-natal day (PND) 12,
which would be considered a symptomatic stage in disease de-
velopment. At PND 12, the SMNA7 SMA spleen was significantly
smaller (Fig. 1A) and weighed significantly less than the wild
type (WT) spleen. WT spleen average weight was 53mg (+2.3,
n=11) while the SMA spleen average weight was 9.7mg (=14,
n=11) (Fig. 1B). In a time-course analysis, spleen weights were
determined from PND 5 (pre-symptomatic) through PND 13
(symptomatic) in the SMNA7 mice, demonstrating that the
weight of SMA spleens was significantly less at PND 5 compared
to WT (SMA spleen: 16.6mg + 1.7, WT spleen: 27.6 mg =+ 2.7; n=4)
and continued to decrease over time (Fig. 1B). In addition to the
weight, spleen size was selectively and progressively decreased
in SMNA7 mice, as evidenced by the continued reduction in mass
compared to other organs including the brain (Fig. 1C) or as a per-
centage of body weight (Fig. 1D). Similar results were observed
when comparing the size of the Smn®®" organs and in the
“Taiwanese” SMA model at PND 9, confirming the spleen defects
in the three most commonly used SMA mouse models (Fig. 1A)
(Supplementary Material, Fig. S1A and B). The selective hypopla-
sia of the spleen was even more pronounced in the intermediate
model of SMA, Smn??", as evidenced by the continued decrease
in relative size from 10% down to 1% from PND 7 to 21, respec-
tively (Fig. 1A, Supplementary Material, Fig. S1C and D).
Collectively, these results demonstrate that SMN deficiency selec-
tively impacts the development and size of the spleen in severe
and intermediate mouse models of SMA.

Red pulp is selectively reduced in SMNA7 SMA spleens

To determine whether splenic structure was disrupted in SMA
mice, the relative composition of red and white pulp was deter-
mined at PND 12 in SMNA7 mice. Hematoxylin and eosin (H&E)
staining of SMA and WT spleen sections revealed normal struc-
ture, distribution and abundance of white pulp. In contrast, red
pulp distribution and composition was reduced in SMA spleens
with a decrease in extramedullary splenic hematopoiesis com-
pared to WT spleens (Fig. 2A). We performed immunohistochem-
istry on spleen sections using anti-B220 and anti-CD3, pan
markers of B- and T-lymphocytes, respectively. Analysis of PND
12 spleen samples demonstrates that B- and T-cell zones were
well preserved in the SMA spleen. While a higher B-cell density is
observed, this is mainly due to the reduction in the red pulp area
which indirectly concentrates the B-cell regions (Fig. 2B,
Supplementary Material, Fig. S2). No differences were detected
between WT and SMA periarteriolar lymphoid sheaths (Fig. 2C,
Supplementary Material, Fig. S2). The reduction in red pulp and
extramedullary hematopoiesis was evident, at PND 10, but not
PND 5 (Supplementary Material, Fig. S3).

SMA spleen has increased lymphocyte concentrations

As one of the primary functions of the spleen involves the
maintenance of immune cells and the generation of immune
responses, we next wanted to determine whether the relative
composition of immune cells was impacted by SMN deficiency.
To assess the immune cell composition in SMA spleens relative
to WT, total splenocytes from individual mice were stained
with macrophage and lymphocyte surface markers and ana-
lyzed by flow cytometry. Our results demonstrated that at PND
5, the relative composition of CD4" and CD8"'T lymphocytes
was similar to WT (Fig. 3A and B); however, at the symptomatic
time point, PND 12, SMNA7 spleens had a higher percentage of
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Figure 1. SMA spleens exhibit severe and progressive size reduction (A) Organs harvested from WT (right) and SMA (left) of late symptomatic SMNA7 (left panel), late
symptomatic Smn?®" mice (middle) at PND 21, and late symptomatic “Taiwanese” SMA mice at PND 9 (right panel). (B) Spleen weights from pre- (PND 5), to late (PND
13) symptomatic time points of SMNA7 SMA and WT littermates control mice. Spleens are significantly smaller than control spleens at all time points. (C) Mass ratio of
SMA to WT for body weight (BW), brain, and spleen (SP). SMA spleens are disproportionately smaller than WT spleens. (D) Ratio of spleen mass to body weight. The WT
spleens are growing proportionally with the body, SMA spleens start to regress after PND 7. (n =4 to 6 for each genotype at each time point) (*P <0.005, **P < 0.01,

P £0,001).

CD4" and CD8" T-cells (Fig. 3C and D). CD4" T-cells comprised
approximately 11.2% (+1) of the SMA spleen cell population
compared to 5.6% (+ 0.3) in the WT spleens (n=7, P<0.001) (Fig.
3C and D). CD8" T-cells were detected at a higher frequency in
SMA spleen, resulting in an average of 4.3 (+0.5) compared to
2.1 (+0.2) in the WT spleens (n=7, P =0.003) (Fig. 3C and D).
Similar to the T-cell populations, the frequency of B lympho-
cytes was increased to 52.6% (*2.9), significantly higher than
the 30.3% (+2.7) detected in WT spleens (n =10, P<0.001) (Fig. 3E
and F). A primary function of B-cells is to present antigens on
their cell surface bound to MHC class II surface proteins. To de-
termine whether B-cells within the spleen exhibited defects in
antigen presentation machinery, B-cell MHC class II expression
was determined by staining with anti-I-A/I-E, and a pan B-cell
marker B220. FACS results demonstrated that MHC class II ex-
pression on B cells was similar between WT and SMA spleno-
cytes (Fig. 3G), suggesting that while B-cell populations were
increased in SMA spleens, MHC class II expression was largely
unchanged. Collectively, these results demonstrate that SMN
deficiency impacts splenic development as well as the relative
abundance of mediators of the immune response.

Vasculature and proliferation activity are not altered in
SMA spleen

To determine possible causes of the structural defects and dif-
ferences in immune cell populations in the SMA spleen, splenic
vasculature and splenocyte proliferation was examined.
Previously SMN was shown to have a role in the proper vascula-
ture development (24). Since the spleen, and in particular the
red pulp, is rich in blood and sinuses, we postulated that vascu-
lature defects may be the underlying basis for the reduction in
the red pulp. To examine the vasculature, immunostaining
was performed using CD31, a marker for endothelial cells.
Surprisingly, CD31" staining between SMA and WT spleen sec-
tions did not identify a significant difference in the vascular
structure (Fig. 4A, Supplementary Material, Fig. S4). Similarly,
immunohistochemistry was performed using anti-Ki67 anti-
body, a nuclear protein used to monitor cellular proliferation
rates. Immunohistochemistry at PND 12 identified no difference
in the relative abundance of Ki67-positive staining, demonstrat-
ing that the proliferation rates did not account for the differ-
ences in lymphocytic abundance in the SMA spleens (Fig. 4B,
Supplementary Material, Fig. S4).
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Figure 2. Red pulp is reduced in SMNA7 SMA spleens. (A) H&E staining of 4 ym
sections from WT (left) and SMA (right) spleens of SMNA7 mice at PND 12. The
red pulp (margins depicted by arrows) is smaller in SMA mice with marked de-
crease in extramedullary hematopoiesis. (B, C) Representative immunohisto-
chemistry for the expression of B220 (B) and CD3 (C) of fixed paraffin embedded
spleen sections from PND 12 SMNA7 SMA mice (right) and their littermate WT
controls (left). SMA spleen has a greater concentration of B220", with a reduction
of red pulp area, while the white comprises most of the spleen space. Sections
are visualized with immunoperoxidase (brown) for expression of CD3 on T-cells
(A); and B220 on B cells (B). Sections are counterstained with hematoxylin (blue).

SMN deficiency alters macrophage populations in SMA
spleen

To examine the relative abundance of macrophages in the SMA
spleen, total splenocytes from PND 12 SMA and WT littermate
mice were stained with anti-CD11b and analyzed by flow cy-
tometry. Compared to WT splenocytes, a significant increase in
CD11b* macrophages was observed in SMA spleens at PND 12
(Fig. 5A and B). Macrophages are diverse in phenotype, location,
and function. In splenic macrophages, two major populations
exist: 1) white pulp macrophages which originate from the bone
marrow through conventional hematopoiesis and are renewed
from hematopoietic stem cells (HSCs); 2) red pulp macrophages
(RPM) which are derived from embryonic precursors in the yolk
sac (YS). F4/80 and CD11b surface markers can efficiently distin-
guish these two macrophage populations since the bone
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marrow-derived population is CD45"F4/80'°% CD11b™&" and
yolk sac-derived macrophages are CD45'F4/80™&" and
CD11b'°¥. Flow cytometry analysis on CD45-gated cells revealed
that the HSC-derived macrophages (F4/80'°% CD11bMé") were
present at a higher frequency in SMA spleens whereas the RP
yolk sac-derived macrophages (F4/80™€" CD11b'°%) were re-
duced in the SMA spleen. Further staining with anti-CX3CR1, a
signature chemokine of the YS-derived macrophages, con-
firmed the origin (YS) and identity (resident RPM) of this popula-
tion, (Fig. 5C and D). To determine whether the observed yolk
sac-derived macrophage reduction occurred at an early devel-
opmental stage, PND 2 a pre-symptomatic time point was ana-
lyzed similarly. FACS analysis revealed a reduction in yolk sac-
derived macrophage population from SMA mice compared to
WT littermates even at this early stage (Fig. 5E and F).

SMN restoration corrects spleen pathology

Previously, we have developed a highly effective SMN2 exon 7
specific splice-switching antisense oligonucleotide (ASO) that
increases levels of full length SMN, significantly extends sur-
vival, and decreases the motor neuron pathology in SMA mice
(25). To determine whether ASO treatment can rescue the SMN-
deficiencies in the SMA spleen, SMA mice were treated at PND 1
with the ASO via an intracerebroventricular injection. In spleen
sections from ASO-treated SMA mice, the red and white pulp
structure and accumulation was similar to WT, demonstrating
that ASO treatment rescues the spleen pathology (Fig. 6A).
Additionally, the B- and T-cell populations were restored to WT
levels in ASO-treated samples at PND 12 as determined by B220
and CD3 immunohistochemistry (Fig. 6B and C). Collectively,
this work identifies structural and functional defects in SMA
spleens in SMA mice, demonstrating a role for SMN in normal
spleen development, but also suggesting an immunological
component to the complex SMA pathology observed in SMA
model mice.

Discussion

Motor neuron degeneration is a hallmark of SMA. However,
SMN is a ubiquitously expressed protein and the possibility that
it has important functional roles related to SMA pathology in
non-neuronal cells and tissues has been an ongoing question in
the field. Investigating SMN function and understanding
whether SMN activities relate to SMA is important from a clini-
cal stand point but also from an animal modelling perspective.
Here we demonstrate that SMN deficiency significantly impacts
spleen development and the relative composition of splenic
macrophages. In two different SMA mouse models, the spleen
displays significant reduction in size and weight at post-
symptomatic stage. Further, a third model demonstrated these
characteristics at a pre-symptomatic stage. SMA spleens are not
only significantly smaller than their WT control littermates but
also proportionally more reduced than the overall reduction in
the body weight and size. Even though nearly all organs are re-
duced in SMA mice, this disproportional reduction in size was
specific to spleen in the three SMA mouse models, whereas the
non-lymphoid organs had milder size alteration. At an early
stage in development (PND 9) in a SOD1 ALS mouse model of
disease, spleen size was indistinguishable from wildtype
(Supplementary Material, Fig. S5), suggesting a degree of SMA-
centric specificity for early spleen hypoplasia. In SMNA7, a well-
established SMA mouse model, we found that SMN deficiency
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Frequencies of B lymphocytes (CD3", B220") are indicated relative to the total live splenocytes in representative FACS plots. (F) Bar graph showing the mean
percentages + SEM for 10 mice per group. (G) To study the level of expression of MHC class II on B cells, total splenocytes from individual WT (left) and SMA (right)
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sentative FACS plots.
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Figure 4. SMA spleens exhibit no difference in proliferation activity or vascula-
ture density. (A) Representative immunohistochemistry images for CD31 (A) and
Ki673 (B) of fixed paraffin embedded spleen sections from PND 12 SMNA7 SMA
mice (right) and their littermate WT controls (left). SMA spleen showed no obvi-
ous difference of CD31 expression or Ki67 staining. Sections are stained by
immunoperoxidase (brown) for the expression of CD31 or Ki67 and are counter-
stained with hematoxylin (blue).

alters the architecture of the spleen micro-anatomy; red pulp
space is markedly reduced while the white pulp structure is
widely preserved. Extramedullary hematopoiesis, a common
finding in rodent red pulp spleens was markedly decreased in

spleens from SMA mice. Looking into the vasculatures, immu-
nohistochemistry did not show reduced density in SMA spleens,
hence though compromised vasculatures was previously re-
ported in SMA muscle and GI tract (14,24), vasculature is not
contributing to spleen pathology and could not provide for the
moment an explanation for the red pulp reduction. Our flow
and immunohistochemistry data revealed a higher density of T-
and B-lymphocytes and CD11b macrophages. Ki67 staining
showed similar proliferation activity, hence SMN deficiency is
not altering lymphocyte or macrophage proliferation in neona-
tal SMA spleens.

The spleen is a unique lymphoid organ and an important
site for innate and adaptive immune response generation and
has been previously associated with neurodegeneration (26).
Reduction in spleen size has been reported in end-stage SOD1
mouse models of ALS with major disruptions within the red
and white pulp zones (27). Beyond structural differences, sple-
nectomy reduced neurodegeneration in a brain injury model
and a transient size reduction in the spleen has been recorded
following stroke induction in the middle cerebral artery occlu-
sion mouse model (28). In SMA, spleen and thymus atrophy has
been reported (22). Additionally, a recent study in the
Taiwanese SMA mouse model reported severe atrophy in the
SMA spleen with major disruptions of the red and white zones
at disease end stage.

Recently, F4/80 and CD11b markers have been used effi-
ciently to identify developmentally and functionally distinct
macrophage populations in the spleen and other tissues (30,31).
We investigated these myeloid subsets and found that
CD45'F4/80'°" CD11bM&" macrophages were present at a
greater frequency in SMA spleens whereas CD45'F4/g0Mieh
CD11b"Y macrophages were largely depleted in the SMA
spleen. The spleen contains highly adapted macrophage
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Same as (C) and (D) for spleens harvested at PND 2.

subpopulations each possessing distinct functions and residing
in micro-anatomical locations (32). Furthermore, fate-mapping
studies showed that macrophages have different ontogenies.
The F4/80°% CD11bMe" macrophages originate from the bone
marrow and conventional hematopoiesis. These cells are re-
newed from haematopoietic stem cell precursors and

circulating blood monocytes. In the spleen, this population re-
sides mainly in the white pulp and the marginal zone, perform-
ing crucial roles in the immune system homeostasis and in
mounting adaptive and innate responses during infection and
inflammation. The F4/80™" and CD11b'°" population has an
earlier origin and is derived from embryonic precursors in the
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Figure 6. Restoration of SMN via ASO treatment corrects SMA spleen pathology. Representative images of spleen sections from PND 12 ASO-treated SMA mice (right),
sham-treated SMA control (center), and WT control (left). (A) H&E staining, treated SMA spleen displays architecture and red pulp similar to WT. (B) Immunostaining
for B lymphocytes using anti-B220. (C) Immunostaining for T lymphocytes using anti-CD3.

yolk sac (30,33-35). In mice, this population circulates and colo-
nizes the embryo between E9.5 and E10.5 (30). Though it is pre-
sent in most neonatal tissues, in adulthood the yolk sac derived
macrophages disappear in some tissue like intestines and per-
sist throughout adulthood in most organs where it constitutes
the resident macrophages (30,31). This subset is long lived, diffi-
cult to divide, still it is self-renewing and does not depend on
HSC renewal. In spleens, it constitutes the red pulp macro-
phages (RPM) and is responsible for erythrocyte phagocytosis,
iron recycling, and contributes to blood borne pathogen and de-
bris clearing.

Our results showed that F4/80'°% CD11bMe" (bone marrow
derived) and F4/80"&" CD11b™% (yolk sac derived) subsets are
differently altered in the SMNA7 SMA spleens. These two popu-
lations differ not only in their precursors and spatiotemporal
regulation, but are fundamentally distinct as they are derived
from different transcription factor cascades (32,36,37). The
CD11b"&" HSC derived monocytes and macrophages depend on
the transcription factor Myb for their development. By contrast,
Myb is dispensable for the development of the embryonic yolk
sac-derived F4/80"8" macrophages which require the PU.1 re-
lated transcription factor Spi-C (30,32). Whether SMN deficiency
is affecting the Spi-C pathway and F4/80™2" development, or
whether RPM deficiency is a result of the red pulp destruction in
SMA spleen, it is not currently clear.

Recent work that focused upon the “Taiwanese” SMA mouse
model (Jackson Laboratory Stock 5058) has shown a number of
similarities to the work in this report, although some differ-
ences were also identified (29). At post-natal time points, spleen

weight (raw or as a percent of total body weight) was signifi-
cantly reduced in SMA mice and red pulp morphology was sig-
nificantly altered. Additionally, vascular density was not
affected in the SMA spleen. However, several differences are
clearly noted between the various animal models, including
that cellular proliferation and cell death were altered in the
5058 spleen based upon Ki67 and TUNEL staining, in contrast to
the current study in which cell proliferation was not impacted.
Additionally, developing B-cell follicles are absent in the 5058
spleen. Interestingly, splenic defects were also reported in rou-
tine autopsy results from SMA patients, although the nature
and degree of pathology varied (29). Collectively, these results
reveal the impact of SMN-deficiency upon the developing
spleen as well as a routine splenic function in SMA models as
well as patients, further highlighting the importance of periph-
eral tissues in SMA development.

Materials and Methods

Animals

All mice were housed and handled in accordance with the
Animal Care and Use Committees of the University of Missouri.
SMNA7 mice were purchased from Jackson Laboratory (stock
numbers #5025). Smn?*? mice, which have a hybrid background
of C57BL/6 and CD1, were a kind gift from Dr. R. Kothary,
Ottawa, Canada. FVB Smn'/" mice were purchased from the
Jackson Laboratory. Mice were housed under a 12h light/dark
cycle and the colonies were maintained as heterozygote


Deleted Text: Materials and Methods
Deleted Text: ours

breeding pairs under specific pathogen-free conditions. SMNA7
mice investigated in this study had a homozygous deletion of
the murine Smn gene (mSmn) and carried homozygous trans-
genes for human SMN2 (SMN2) and an SMN cDNA lacking exon
7 (38). The heterozygous mice for the mSmn (SMN2/*;SMNA7+/
“;mSmn*/") were interbred to generate the mSmn knock-out
mice (KO) (SMN2*;SMNA7"*;mSmn~") used as the SMA
mouse, and the homozygous wild-type (WT) for the mSmn
(SMN2+/*;SMNA7**;mSmn*'*) used as unaffected positive con-
trols. SMNA7 mice live to an average of 14 days of age and show
signs of progressive muscle paralysis starting day 7. Smn?%/?
mice which contain a targeted mutation in exon 7 of the mSmn
gene (39) were bred to the FVB Smn™" which have a heterozy-
gous deletion of mSmn. The Smn®** offspring have normal phe-
notype and lifespan and were used as unaffected positive
controls. The Smn?®”" mice show signs of SMA around day 10,
and have an average lifespan of approximately 30 days (40).
Mice were genotyped using tail biopsies and standard PCR pro-
tocol as previously described (41). For all experiments, equal
numbers of KO and WT pups were investigated from a litter.

Tissue collection

SMA mice and their WT littermates control were sacrificed at
PND 5, 10, 12 (pre- and post-symptomatic) and weighed. Various
organs were harvested and weighed. Spleens were removed and
fixed overnight in 4% paraformaldehyde (PFA) in 0.1 M PBS,
washed in PBS and embedded in paraffin blocks. 4 um sections
were prepared and stained with hematoxylin and eosin follow-
ing standard procedures.

Immunohistochemistry

IHC was performed on 4pum sections from the paraffin block.
The sections were deparaffinized and rehydrated through
graded alcohols to water. The endogenous peroxidase activity
was inhibited using 3% hydrogen peroxide for 5min. Sections
were blocked with 5% BSA then incubated for 1h at room tem-
perature with the primary antibody (rabbit polyclonal anti-
CD31, Abcam, Cambridge; or rabbit polyclonal anti-Ki67,
Thermo-Scientific, or rabbit anti-CD3 clone G7, DAKO, or rat
anti-F4/80 clone C1:A3-1, AbD Serotec, or rat anti-CD45R (B220)
clone Ra3-6b2, Invitrogen). After washing, the secondary Ab was
applied for 30 min at room temperature, staining was visualized
by addition of hydrogen peroxide substrate and diaminobenzi-
dine chromogen (DAB). Finally, the slides were counterstained
with Mayer’s hematoxylin, dehydrated, and mounted. Sections
were imaged using 5x objectives on the Leica-DM5500-Widefield
microscope. All images were taken using the same imaging pa-
rameters and quantified using Fiji ImageJ software (NIH).

Flow cytometry

Fluorophore-conjugated murine antibodies directed against the
following epitopes were purchased from BiolLegend or BD
Biosciences: CD3e (145-2C11); CD4 (RM4-5); CD8a (53-6.7);
CD45R/B220 (30-F11); CD11b (M1/70); F4/80 (BM8 from
BioLegend); CX3CR1 (SAO11F11); I-A/I-E (M5/114.15.2). F4/80
(Cl:A3-1 from Serotec). 7-amino-actinomycian D (7AAD) was
used to gate out dead cells. Single cell suspensions from total
individual splenocytes were obtained by grinding and filtering
through 70um mesh filters. Following erythrocytes lysing, total
cells were counted using dead cell exclusion Trypan blue stain.
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(1-3) x 10° of a total splenocyte suspension were incubated with
various antibodies for 30 min at 4°C. Cells were acquired on a
Beckman Coulter CyAn (Brea, CA) and data were analyzed using
FlowJo software.

ASO delivery

Intracerebroventricular (ICV) injections were used to deliver a
bolus of 2l of 4nmol Morpholino-modified ASO (MO®¥*?) or
sham within the first 24h after birth as previously described
(42). Briefly, ICV injections were performed using sterilized glass
micropipettes. The needles were inserted perpendicular to the
skull at the injection site approximately 0.25mm lateral to the
sagittal suture and 0.5 mm rostral to the coronary suture.

Statistical analyses

Comparisons between two groups were performed by two-
tailed Student’s t-tests. Graph generation and statistical analy-
sis were performed using GraphPad Prism software. The follow-
ing notations were used to indicate statistical significance: ns,
not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Material

Supplementary Material is available at HMG online.
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