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Abstract
Proximal spinal muscular atrophy (SMA) is the most frequent cause of hereditary infant mortality. SMA is an autosomal
recessive neuromuscular disorder that results from the loss of the SurvivalMotor Neuron 1 (SMN1) gene and retentionof the SMN2
gene. The SMN2 gene produces an insufficient amount of full-length SMN protein that results in loss of motor neurons in the
spinal cord and subsequent muscle paralysis. Previously we have shown that overexpression of human SMN in neurons in the
SMA mouse ameliorates the SMA phenotype while overexpression of human SMN in skeletal muscle had no effect. Using Cre
recombinase, here we show that either deletion or replacement of Smn in motor neurons (ChAT-Cre) significantly alters the
functional output of the motor unit as measured with compound muscle action potential and motor unit number estimation.
However ChAT-Cre alone did not alter the survival of SMA mice by replacement and did not appreciably affect survival when
used to deplete SMN. However replacement of Smn in both neurons and glia in addition to the motor neuron (Nestin-Cre and
ChAT-Cre) resulted in the greatest improvement in survival of themouse and in some instances complete rescuewas achieved.
These findings demonstrate that high expression of SMN in the motor neuron is both necessary and sufficient for proper
function of the motor unit. Furthermore, in the mouse high expression of SMN in neurons and glia, in addition to motor
neurons, has a major impact on survival.

Introduction

Themotor neuron disorder proximal 5q SMA is themost frequent
hereditary cause of death in infants (1). The loss of motor neuron
function results in paralysis ofmuscles and respiratory failure (2).
SMA is caused by the loss of function of SMN1 and retention of
SMN2 (3,4). Both genes encode the SMN protein, however the

SMN2 gene produces only a small amount of full-length tran-
script. The truncated SMN protein lacking the amino acids en-
coded by exon 7 does not oligomerize efficiently and is rapidly
degraded (5–7). The ubiquitously expressed SMN protein plays
an essential role in snRNP assembly and splicing in all cell
types (8). Yet reduced levels of SMN protein result in the selective
loss of motor neurons and impairment of the neuromuscular
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junction (NMJ) formation andmaturation (9–11). Over expression
of SMN has been shown to completely ameliorate the SMA
phenotype in mice (12,13). Several promising therapies that in-
crease the amount of full-length SMN protein including gene
therapy, oligonucleotide therapy and small molecules have
been developed (14–23). Yet any therapy if administered at the
wrong time or in thewrong tissuewill not be effective. Previously,
others have studied the temporal requirement for SMN expres-
sion in the mouse (24,25). It is critical for the advancement of
therapies in SMA to understand the spatial requirement of SMN
for proper function of the motor neuron. Previously we reported
that over expression of SMN in neurons completely ameliorates
the SMA phenotype while over expression in muscle had no
effect (13). Other studies have suggested the importance of high
levels of SMN in neurons by either deleting or replacing Smn and
then examining neuromuscular junction (NMJ) physiology and
morphology (26–31). While NMJ morphology was improved
there was no substantial increase in survival of the SMA mouse
in these studies.

Herewe present a comprehensive study of the requirement of
SMN in the motor neuron, neurons and glia with both elimin-
ation of Smn using a floxed exon 7 allele (SmnF7) and replacement
of Smn using a hybrid Smn exon 7 allele (SmnINV) in the SMNΔ7
mouse model of SMA (24,32). We assayed the function of the
motor unit using clinically relevant electrophysiological mea-
surements. In these experiments SMN2 and the SMNΔ7 trans-
gene provide the ubiquitous low level of SMN protein required
for survival of all cells and tissues (12,33). We found that the re-
duction of SMN from all neurons and glia resulted in loss of func-
tion of the motor unit and death of the mouse. Conversely
replacement of SMN in neurons and glia corrected the functional
output of themotor unit and survival of themouse. Interestingly,
replacement of Smn in just themotor neurondid not alter the sur-
vival of the SMA mouse yet the functional deficit of the motor
unit was fully restored. Furthermore replacement of SMN in neu-
rons and glial cells was sufficient to rescue both survival of the
mouse and the function of the motor unit in the SMNΔ7 mouse
model.

Results
Specific deletion and replacement of SMN upon
Cre-mediated recombination in neural tissue

In order to study the requirement of SMN in the nervous system
we selectively eliminated and replaced SMN expression using
the Cre/lox system. We performed these experiments with
multiple Cre drivers and floxed Smn alleles in the SMNΔ7 SMA
mouse. The SMNΔ7 model contains two copies of the human
SMN2 transgene, is homozygous for the SMNΔ7 transgene and
has a disruption in the mouse Smn allele (Smn−/−; SMN2+/+;
SMNΔ7+/+) (33). We conducted these experiments in the presence
of low levels of SMN expression from the SMN2 and SMNΔ7 trans-
genes because the complete absence of SMN from any tissue is
lethal (32,34,35). SMN expression is required in all cell types for
survival due to SMN’s ubiquitous essential role in snRNP assem-
bly. Thus we were able to specifically examine the effect of de-
creasing or increasing SMN levels in the nervous system while
SMN2 (and SMNΔ7) provided the required low level of SMN pro-
tein necessary for general cellular development and viability.

To eliminate Smn expression we used the previously charac-
terized Smn allele containing a floxed Smn exon 7 (SmnF7) (32).
Conversely, to replace Smn expression we used an Smn allele
(SmnINV) containing a hybrid genomic cassette consisting of an

inverted Smn exon 7 fused to human SMN exons 7–8 and flanked
by lox66 and lox71 sites (24,36). Upon Cre-mediated recombin-
ation the entire cassette is inverted so that SMN is expressed
from a mouse Smn exon 1–7/human SMN2 exon 8 hybrid allele
(SmnRe) (24). These Smn alleles are diagrammed in Figure 1A. The
sequence of the SmnINV genomic cassette also contains a portion
of adjacent intronic regions of the mouse Smn and human SMN
alleles (38).

For full interpretation of the SMN requirement in nerve
and muscle we chose to perform both deletion and replace-
ment of Smn exon 7 with several Cre drivers. To eliminate
the possibility of germ line recombination all floxed alleles

Figure 1. Diagram of Floxed Smn alleles and crosses used in this study. (A) The

disrupted Smn allele is referred to as SmnKO (37). The Floxed exon 7 Smn allele is

referred to as SmnF7 before recombination (32). After recombination when exon

7 is deleted the allele is called SmnD7. For the replacement of Smn, the allele

termed SmnINV, contains human Smn exon 7 with flanking regions of intron

followed by an inverted copy of mouse Smn exon 7 with flanking regions of

intron (24,38). The two copies of exon 7 were cloned in between lox66 and a

lox71 sites. Upon activation of recombination by a Cre driver the area between

the lox sites is inverted resulting in a functional Smn exon 7 followed by an

inverted SMN exon 7. After recombination this allele is referred to as SmnRe. In

all crosses the SmnINV or SmnF7 alleles were crossed to mice that were

heterozygous for the SmnKO allele and contained a Cre driver. Thus all affected

animals reported here are SmnD7/KO or SmnRe/KO after recombination. (B) Mice

containing a Cre driver and heterozygous for the Smn knockout allele (SmnKO)

were crossed to mice homozygous for the floxed exon7 SmnF7 allele. Upon

recombination the floxed exon7 Smn allele is referred to as SmnD7. Similarly,

mice that contain a Cre driver and are heterozygous for the Smn knockout allele

(SmnKO) were crossed to mice heterozygous for the floxed exon7 SmnINV allele.

Mice homozygous for the SmnINV allele are not viable beyond 21 days of age.

Upon recombination the floxed exon7 Smn allele is referred to as SmnRe. Note

that the progeny of these crosses only contain one deletion or replacement Smn

allele over the SmnKO knockout allele. This is to ensure maximal efficiency of

the Cre driver on just one target allele. Moreover, the progeny of these crosses

were only used for data analysis and not for breeding to eliminate the

possibility of germ line recombination.
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were maintained separately from mice containing Cre drivers.
The progeny of floxed alleles crossed to Cre drivers were only
used for study and never for subsequent breeding. The
mouse crosses used in this study to generate deletion of Smn
(SmnD7) and replacement of Smn (SmnRe) are diagramed in
Figure 1B. Littermates with aWT copy of Smn and the Cre driver
(Cre+; SmnD7/WT or Cre+; SmnRe/WT) were used as corresponding
controls.

Before we selectively eliminated or replaced Smn in neuronal
tissue we first determined the integrity of each Smn allele
with the ubiquitous Sox2-Cre driver. Upon Sox2-Cre-mediated de-
letion of Smn exon 7 (SmnD7), the mice developed an SMA-like
phenotype and survived on average 13.8 ± 1.3 days (n = 9) (38).
Conversely, as expected, ubiquitous Sox2-Cre recombination of
the Smn INV allele resulted in mice that lived beyond one year
of age with no phenotype (n = 10) (38). In this study, the control
mice without Cre are phenotypically similar to SMNΔ7 mice
with a comparable lifespan (33). Once we established that
the Smn alleles were fully functional we crossed the SmnF7and
the Smn INV alleles to five different Cre drivers (Nestin-Cre,
ChAT-Cre, Gad2-Cre, rSyn1-Cre and SYN1-iCre) listed in Table 2

(39–46). The primers used to genotype the Smn alleles and the
Cre lines are listed in Table 3.

Characterization of Cre driver using tdTomato-RFP
expression

While in these experiments SMN2 provides a low level of SMN in
all tissues, any additional deletion or replacement of Smn due to
ectopic expression of theCre driver could contribute to the overall
weight and survival of the mouse. Thus it is important to ascer-
tain the expression of anyCre line outside of the tissue of interest.
To fully characterize the expression of each Cre driver, we used
the tdTomato-RFP reporter line (47). When a Cre line is crossed
to tdTomato-reporter line the floxed stop cassette preceding RFP
is removed allowing RFP expression irreversibly in the cells in
which the Cre driver is expressed. Thus we can identify the tis-
sues in which recombination has occurred by the presence of
RFP immunofluorescence in those cells. Themice also contained
theHB9:GFP transgene to identify themotor neurons (48). Expres-
sion of ChAT-Cre was isolated to the large motor neurons of the
ventral horn (Fig. 2A) and colocalized with expression of HB9:

Table 1. Cre drivers used in this study

Jax
number

Strain name Abbreviation Expression Description References

008454 Tg(Sox2-Cre)1Amc/J Sox2-Cre Ubiquitous e6.5, mouse Sox2 promoter (39)
003771 B6.Cg-Tg

(Nes-Cre)1Kln/J
Nes-Cre All neurons and glia e10.5, rat Nestin promoter (40)

006410 B6;129S6-ChATtm1(cre)Low1/J ChAT-Cre Cholinergic neurons e10.5, endogenous mouse ChAT
promoter

(41, 42)

012687 B6(129S4)-Tg(SYN1-icre/
mRFP1)
9934Rdav/J

SYN1-iCre All neurons Human Synapsin I promoter (43)

003966 B6.Cg-Tg
(Syn1-cre) 671Jxm/J

rSyn1-Cre All neurons e12.5, rat Synapsin I promoter (44)

010802 Gad2tm2(cre)Zjh/J Gad2-Cre Gad2/GAD65 (glutamic acid
decarboxylase) positive neurons

e10.5, endogenous mouse Gad2
promoter

(45,46)

Table 2. Floxed alleles used in this study

Jax number Strain name Recombination Result upon Cre recombination References
Before After

006138 Smn1tm1Jme/J SmnF7 SmnD7 Deletion of Smn exon 7 (32)
007249 Smn1tm3(SMN2/Smn1)Mrph/J SmnINV SmnRe Replacement of Smn exon 7 (24)
007914 Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J <STOP>tdTom tdTom RFP expression (47)

Table 3. Primer sequences used for genotyping

Transgene/Allele Forward primer Reverse primer

SmnF7 AGA AGG AAA GTG CTC ACA TAC AAA TT TGT CTA TAA TCC TCA TGC TAT GGA G
SmnINV ACT TCT TAA TTT GTA TGT GAG CAC T CGC TTC ACA TTC CAG ATC TGT CTG
SmnRe ATT TAA GGA ATG TGA GCA CCT TCC CGC TTC ACA TTC CAG ATC TGT CTG
Cre CCT GTT TTG CAC GTT CAC CG ATG CTT CTG TCC GTT TGC CG
Nes-Cre TCT CAA GAT TCT CTC AGA AAA TCA CC GTT GCT GGA TAG TTT TTA CTG CCA G
ChAT-Cre CTC ATC TGT GGA GTT TGC AGA AGC GAA AGA CCC CTA GGA ATG CTC
SYN1-iCre CAG GGC CTT CTC CAC ACC AGC CTG GCT GTG AAG ACC ATC
HB9:GFP GTC GAG CTG GAC GGC GAC GT CTG CAC GCT GCC GTC CTC GA
tdTomato ACG CTG ATC TAC AAG GTG AAG ATG C CAT TAA AGC AGC GTA TCC ACA TAG CG
Rosa26 AAG GGA GCT GCA GTG GAG TA CCG AAA ATC TGT GGG AAG TC
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GFP (Fig. 2B and C). As expected certainmotor neurons did not ex-
press HB9:GFP but did express ChAT-Cre (Fig. 2C) (49,50). No add-
itional RFP expression was found in any other tissue including
skeletal muscle, heart, lung, pancreas, kidney, adrenal gland,
liver and spleen (data not shown). Nestin-Cre expression was
found throughout the white matter of the spinal cord; however
surprisingly, minimal RFP expression was detected in the
motor neurons themselves (Fig. 2D–I). The absence of Nestin-Cre

expression is demonstrated by the lack of colocalization of
tdTomato-RFP in the motor neuron upon staining with choline
acetyltransferase (ChAT) antibody (Fig. 3). Additionally we exam-
ined the organs of ten different Nestin-Cre mice and identified
limited expression in other tissues (Supplementary Material,
Fig. S1). In all 10 mice patches of RFP positive blood vessels and
connective tissue were found. In skeletal muscle four of the ten
mice studied displayed small patches of weak RFP expression

Figure 2. Nestin-Cre and ChAT-Cre expression in the spinal cord. Mice containing ChAT-Cre (A–C) or Nestin-Cre (D–I) were crossed to tdTomato-RFP reporter line where mice

containedHB9:GFP transgene to label themotor neurons (B, E and H). (A–C) ChAT-Cre is heavily expressed in all motor neurons (arrow). Scale bar: 100 µm (D–I)Nestin-Cre is

expressed throughout the white matter but very weakly in motor neurons (arrow). (G–I) Higher magnification inset image shown in the white box in images

D–F. Representative images from ChAT-Cre mice (n = 3) and Nestin-Cre mice (n = 10) at P12. Scale bar: 100 µm in all panels.

Human Molecular Genetics, 2015, Vol. 24, No. 19 | 5527

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1


(Supplementary Material, Fig. S1A–C). The expression in muscle
was very limited in area with only a few fibers showing ex-
pression, and this expression was far less intense than expres-
sion driven by the Myf5-Cre muscle driver (Supplementary
Material, Fig. S1A–C) (38). In six of the tenmice examined skeletal
muscle was completely negative for RFP. One of ten mice dis-
played RFP expression in the heart (Supplementary Material,
Fig. S1D–F). Lung was weakly positive for RFP in more than half
of the mice examined, but bronchioles were always negative
(Supplementary Material, Fig. S1G–I). Pancreas expression was
found in most animals in the acinar cells, however the islet
cells responsible for the endocrine activity of pancreas and the
pancreatic duct were always negative in all samples (Supplemen-
tary Material, Fig. S1J–L). Most kidney sections were positive for
RFP in the nephrons, tubules and glomeruli (Supplementary
Material, Fig. S1M–O). More than half of the mice studied had
scattered expression in themedulla of the adrenal gland (Supple-
mentary Material, Fig. S1P–R). No RFP expression was detected in
the liver or spleen (data not shown). In summary, Nestin-Cre
expression was consistently identified in the spinal cord, blood
vessels, acinar cells of the pancreas and kidney nephrons. Most
of the ten mice studied had no expression in skeletal muscle,
heart, lung, adrenal gland, liver and spleen.

To give an overall representation of the expression pattern
of Nestin-Cre and ChAT-Cre together we visualized tdTomato-
RFP at P2 in a whole-body sagittal section (Supplementary
Material, Fig. S2). The brain and spinal cord reveal the most
intense staining while the connective tissue found at the
periphery of the gut and the lungs was weakly positive.
Most notably however is that the skeletal muscle is com-
pletely negative when tdTomato is driven by Nestin-Cre and
ChAT-Cre.

Survival and weight of mice are improved upon
replacement of Smn in neural tissue

We monitored both survival and weight in the mice to study
the impact of deletion or replacement of Smn. Upon deletion
of Smn from the motor neurons we expected to generate an
SMA-like phenotype where the mice survive approximately
14 days. Instead we found that upon deletion of Smn with
ChAT-Cre 100% of the mice survived past 250 days and dis-
played no apparent SMA-like weakness (n = 7 total mice)
(Fig. 4A). Deletion of Smn in most neurons and glia with
Nestin-Cre resulted in 79% of mice living longer than 100 days
(n = 18 total mice) with a tremor of the forepaws and clasp of
the hindlimbs at the time of weaning (∼25 days) (Fig. 4A). Not-
ing that Nestin-Cre had weak expression in the motor neurons
we chose to delete Smn with both Nestin-Cre + ChAT-Cre, to en-
sure that recombination occurred in all neurons and glia. This
resulted in only 50% of the mice surviving past 100 days of age (n
= 23 total mice) (Fig. 4A). All mice displayed severe tremor and
weakness illustrated by a full hindlimb clasp. The mice that did
survive past 100 days weighed half asmuch as control mice, simi-
lar to theNestin-Credeletionmice (Fig. 4B). Indeed thephenotypeof
the mice with deletion of Smnwith both Nestin-Cre +ChAT-Crewas
clearly severe with significant weight loss and weakness.

To study the opposite effect of replacing Smn in motor neu-
rons we crossed mice containing SmnINV replacement allele to
ChAT-Cre mice. We found that high expression of SMN in
motor neurons alone only increased survival of the mouse
from 14 days to amean of 17.3 ± 2.7 days (n = 9) (Fig. 4C). Replace-
ment of Smn with Nestin-Cre increased survival to a mean of
30.5 ± 7.0 days (n = 14) (Fig. 4C). The mice weighed 40% less
than controls and displayed mild tail necrosis (Fig. 4D). Finally

Figure 3.The expression of theNestin-Cre driver in the spinal cord. (A) Nestin-Cre pattern of expressionwas determined by crossingmice to the tdTomato-RFP reporter line

(red). (B) ChAT staining marks the motor neurons and (C) NeuN staining identifies the nuclei in spinal cord sections of P10 mice. (D) The merged image reveals a lack of

Nestin-Cre expression in somemotor neurons. Thewhite arrow indicates a holewhere tdTomato-RFP is not present. (E–H) Insets from thewhite boxes in A–Dclearly show

the absence of RFP in some motor neurons. Scale bars = 100 µm.

5528 | Human Molecular Genetics, 2015, Vol. 24, No. 19

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv283/-/DC1


replacement of Smn with both Nestin-Cre + ChAT-Cre increased
survival to a mean of 80.4 ± 21.6 days (n = 16) and now 38% of the
mice lived longer than 100 days (Fig. 4C). Interestingly these mice
displayed no weakness or clasping of the hindlimbs, and thus it
appeared that the primary neuromuscular defects were corrected.
Distal limb swelling, slight tail necrosis and occasionally ear
necrosis were observed only in mice that survived past 100 days.
The weights of the Nestin-Cre +ChAT-Cre mice were also improved
over that of the Nestin-Cre Smn replacement mice, although they
were still approximately 50% smaller than the control mice

(Fig. 4D). Thus replacement of Smn in motor neurons and glia was
sufficient to rescue both the SMA phenotype and survival of the
mouse.

Muscle fiber size is decreased upon deletion of Smn
in neural tissue

We examined the fiber size of the gastrocnemius muscle in Nes-
tin-Cre and Nestin-Cre + ChAT-Cre deletion mice at P8 (Fig. 5A–D)
and ChAT-Cre, Nestin-Cre and Nestin-Cre + ChAT-Cre deletion mice

Figure 4. Survival andweight of SMAmice are improved upon replacement of Smnwith neuron-specific Cre drivers. (A) Upon deletion of Smn from themotor neuronswith

ChAT-Cre 100% of themice survived past 250 dayswith no SMA-like behavioral phenotype (mean survival >250 days, n = 7 totalmice, P < 0.001 versus SMA). Deletion of Smn

in all neurons and gliawithNestin-Cre resulted in 79% ofmice living longer than 100 days (mean survival 205.4 ± 22.7 days, n = 18 totalmice, P < 0.001 versus SMA). Deleting

Smnwith bothNestin-Cre + ChAT-Cre resulted in only 50%of themice surviving past 100 days of age (mean survival 140.1 ± 20.5 days, n = 23 totalmice, P < 0.001 versus SMA).

SMA mice lived 14.3 ± 0.7 days, n = 16 mice. (B) At 36 weeks of age there was no significant difference between the weight of the ChAT-Cre deletion mice and controls

(30.5 ± 1.8 g versus 33.3 ± 3.7 g). Nestin-Cre deletion mice were 19.6 ± 0.5 g and Nestin-Cre + ChAT-Cre deletion mice were 16.4 ± 0.7 g, which is approximately 50% smaller

than control mice. (C) Replacement of Smn with the ChAT-Cre driver resulted in mice that lived 17.3 ± 2.7 days (n = 9, P = 0.3 versus SMA). Replacement of Smn with

Nestin-Cre further increased survival to a mean of 30.5 ± 7.0 days (n = 14, P = 0.02 versus SMA). Finally replacement of Smn with both Nestin-Cre + ChAT-Cre increased

survival so that 30% of the mice lived longer than 100 days (mean survival 80.4 ± 21.6 days, n = 16 total mice, P < 0.0001 versus SMA). (D) ChAT-Cre replacement mice

weighed 5.4 ± 1.0 g at P16 while Nestin-Cre replacement mice weighted 4.9 ± 5.0 g. SMA mice at P16 weighed on average 2.7 ± 0.4 g. Nestin-Cre + ChAT-Cre replacement

mice that survived past 100 days weighted approximately 50% less than controls at 36 weeks of age.
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Figure 5. Muscle fiber size upon deletion with Nestin-Cre and ChAT-Cre. The gastrocnemius muscle from (A) control, (B) SMA, (C) Nestin-Cre Smn-deletion mice and

(D) Nestin-Cre + ChAT-Cre Smn-deletion mice were measured at P8. Myofiber size in control mice at P8 (mean 387.8 ± 3.3 µm2; median 379.5 µm2) is significantly different

from that of Nestin-Cre Smn-deletion mice (mean 277.5 ± 2.3 µm2; median 277.0 µm2), Nestin-Cre + ChAT-Cre Smn-deletion mice (mean 257.4 ± 2.5 µm2; median 247.0 µm2,

P < 0.001). The Nestin-Cre + ChAT-Cre Smn-deletion mice however have myofiber areas similar to that of SMNΔ7 SMA mice at P8 (Mean 210.6 ± 1.9 µm2; median 205.1 µm2)

(51). (E–H) The difference inmyofiber area ismore dramatic at P21 where (E) control mice (mean 835.9 ± 8.8 µm2;median 757.0 µm2) and (F) ChAT-Cre deletionmice (mean

559.6 ± 6.1 µm2,median 530.5 µm2) display larger fibers as comparedwith (G)Nestin-Cre deletionmice (mean 477.6 ± 4.8 µm2,median 447.0 µm2) and (H)Nestin-Cre +ChAT-

Cre Smn-deletion mice (mean 302.7 ± 3.2 µm2; median 281.0 µm2, P < 0.001). There is no comparison to SMNΔ7 SMAmice at this time point because the SMNΔ7 SMAmice

only live for 14 days. For each group, a total of 1500 fibers were measured from 3 mice (approx. 500 fibers per mouse).
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at P21 (Fig. 5E–H). We found that Nestin-Cre + ChAT-Cre Smn dele-
tion mice possess a fiber size distribution that is very similar to
the fiber sizes found in SMNΔ7 SMA mice at the same time
point (Fig. 5B and D). The mean fiber size in Nestin-Cre + ChAT-
Cre Smn deletionmicewas 257.4 ± 2.5 µm2 comparedwith 211 ± 1
µm2 for SMNΔ7 SMA mice (n = 1500 fibers per group) (Fig. 5B
and D) (51). At P21 the decreased fiber size is quite dramatic as
Nestin-Cre + ChAT-Cre Smn deletion mice had a mean fiber size
of 302.7 ± 3.2 µm2 as compared with a mean of 835.9 ± 8.8 µm2

for controls (n = 1500 fibers per group) (Fig. 5H and E). The de-
crease in fiber size in Nestin-Cre Smn-deletion mice is not as
large (mean 477.6 ± 4.8 µm2, median 447.0 µm2) and ChAT-Cre
deletion mice (mean 559.6 ± 6.1 µm2, median 530.5 µm2) were
most similar to control mice at P21. There is no comparison to
SMNΔ7 SMA mice at this time point as SMNΔ7 SMA mice only
live 14 days. The decrease in muscle fiber size illustrates that
loss of Smn in the neurons and motor neurons results in denerv-
ation and subsequent muscle atrophy.

Other neural Cre drivers used in this study

Additionally, we used the neural drivers SYN1-iCre, rSyn1-Cre
and Gad2-Cre (Table 1) to eliminate and replace Smn (43–46).
We found significantly improved survival of SMA mice when
Smn was replaced with human Synapsin 1-iCre (SYN1-iCre). More
than half of the mice studied (6 of 11 mice) survived for greater
than one year of age with only an 18% decrease in weight (Sup-
plementary Material, Fig. S3A and B). However, when we exam-
ined the expression pattern of the SYN1-iCre line we found
nearly ubiquitous RFP staining throughout the spinal cord,
muscle, heart lung, liver, pancreas, spleen, kidney and adrenal
gland as well as blood vessels, connective tissue and epithelial
cells (n = 3 mice) (Supplementary Material, Fig. S4). Thus SYN1-
iCre is essentially a ubiquitous driver and we would expect re-
sults similar to eliminating Smn with our ubiquitous Sox2-Cre
control (38).

When we examined the expression pattern of rat Synapsin1-
Cre, (rSyn1-Cre), another neuronal specific Cre driver, with tdTo-
mato-RFP we found less than 50% of the mice that were positive
for the rSyn1-Cre transgenic insertion by genotyping had any
RFP staining. It appears that some mice carrying the rSyn1-Cre
transgene, confirmed with multiple sets of genotyping primers
from both the rSyn1 promoter and Cre, were not expressing the
driver. Additionally, when rSyn1-Cre was used to eliminate Smn
(SmnD7) only four of nine mice displayed reduced survival and
an SMA-like phenotype (mean 25.5 ± 12.5 days) (data not
shown). The other five mice displayed no phenotype and no
change in survival. Thus the rSyn1-Cre driver was not pursued.
It is possible that some of the rSyn1-Cre we were testing had
undergone some sort of recombination and no longer expressed
Cre. Thus it is paramount to test each Cre linewith a reporter gene
to ensure accurate interpretation of results. Finally, we investi-
gated the glutamic acid decarboxylase 2-Cre driver (Gad2-Cre).
When Smn expression was eliminated with Gad2-Cre no pheno-
type was generated (n = 7). Conversely, when replacing Smn ex-
pression with Gad2-Cre the mice developed an SMA-like
phenotype and died on average at 14.5 ± 5.0 days (n = 4) (data
not shown) exactly like SMNΔ7 SMA mice.

Percent recombination events in LCM isolated motor
neuron as determined by ddPCR

We chose to perform droplet digital PCR (ddPCR, BioRad) to de-
termine the percentage of recombination occurring specifically

in motor neurons (Fig. 6A). Only a small fraction (less than 10%)
of total spinal cord extract is comprised of motor neurons. The
number of recombination events that occurs for each driver line
is of utmost importance for proper interpretation of results be-
cause Cre drivers often have mosaic or incomplete expression.
We isolated approximately 200 motor neurons per sample
with laser capture microdissection (LCM) at P10-P12 (n = 3 per
genotype) and performed ddPCR to identify the recombination
of the Smn-deletion allele. The number of recombination events
was normalized to the total number of motor neurons per reac-
tion as determined by Smn intron 1 primers. We found no re-
combination in mice that did not contain a Cre driver
(0.6 ± 7.4%, n = 3) and complete recombination using the Sox2-
Cre ubiquitous driver (104.0 ± 1.1%, n = 3) (38). Recombination in
Nestin-Cre + ChAT-Cre Smn-deletion motor neurons was also
complete (101.3 ± 1.7%, n = 3) and we determined that half
of all motor neurons underwent recombination with just the
Nestin-Cre driver (51.3 ± 8.1%, n = 3, P = 0.004 versus Nestin-
Cre +ChAT-Cre). The ChAT-Cre driver alone resulted in 88.7 ± 5.8%,
n = 3, P = 0.004 versus Nestin-Cre. The difference in recombination
efficiencies between ChAT-Cre alone andNestin-Cre +ChAT-Crewas
not statistically significant (P = 0.274) illustrating that the recom-
bination occurring in the motor neuron is dependent on the
ChAT-Cre driver.

Determination of SMN protein levels in total spinal
cord and motor neurons

We analyzed the depletion and replacement of SMN in the
spinal cord using the Nestin-Cre + ChAT-Cre drivers. In Nestin-Cre
+ ChAT-Cre mice that possessed the floxed Smn exon 7 allele,
along with an Smn null allele (4.8 ± 1.1), the SMN levels were sig-
nificantly reduced fromno-Cre controls (17.0 ± 1.0) to SMA levels
(6.2 ± 1.1) (Fig. 6B and SupplementaryMaterial, Fig. S5B). The dif-
ference between Nestin-Cre + ChAT-Cre replacement of Smn with
one reversion allele resulted in complete recovery of SMN levels
(22.6 ± 3.9) back to no-Cre control levels (P < 0.01, ANOVA).
In addition we examined the SMN protein levels in just motor
neurons, collected by LCM, using ELISA (Supplementary Mater-
ial, Fig. S5A).We found thatNestin-Cre (922.8 ± 168.9 pg SMN/MN)
was not as efficient at removal of Smn exon 7 as was deletion
with the Nestin-Cre + ChAT-Cre (689.7 ± 274.8 pg SMN/MN) or
Sox2-Cre (469.9 ± 23.2 pg SMN/MN) drivers. Due to the large vari-
ability in this small sample size the changes did not rise to stat-
istical significance. Finally, we measured the number of gems
present in the motor neuron nuclei to assess the amount of
SMN protein present in our Smn-deletion lines. We counted
the number of gems present in 100 nuclei for each sample
(n = 3 in each group) (Fig. 6C). We found the control with one
wild-type Smn allele to have the most gems (237.4 ± 13.2 gems/
100 nuclei, P < 0.001) while SMA sample had the least (2.7 ± 0.9
gems/100 nuclei, P < 0.001). The Nestin-Cre, Smn D7/KO line was
again not as efficient at deletion of Smn from the motor
neurons (67.1 ± 1.4 gems/100 nuclei, P < 0.001) while in the
Nestin-Cre + ChAT-Cre; SmnD7/KO sample (4.0 ± 0.6 gems/100 nu-
clei) we identified a similar number of gems per nuclei as
found in the SMA control mice. There was no statistical differ-
ence between Nestin-Cre + ChAT-Cre; SmnD7/KO and SMA gem
counts. Representative spinal cord images of SMN gems are
shown in Figure 6D and E. Thus protein measurements by west-
ern blot, ELISA on LCM isolated motor neuron tissue and gem
counts all show that the Nestin-Cre driver is not efficient at re-
combination (either by deletion or replacement of Smn alleles)
in the motor neuron.
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Electrophysiological studies of the functional output
of the motor neuron upon deletion and
replacement of Smn

Electrophysiological studies including compoundmuscle action
potential (CMAP), motor unit number estimation (MUNE) and
electromyography (EMG) were recorded from the sciatic-inner-
vated hindlimb muscles in mice with targeted Smn-deletion
and in SMA mice with targeted SMN restoration. In mice with
Smn-deletion, electrophysiological studies were performed at
P21 to allow assessment of the impact of reduced SMN levels
onmotor unit function after completion of pruning of polyneur-
onal innervation at approximately 2 weeks of age (52,53). The
goal was to assess loss of motor unit function in comparison
with control animals with a WT copy of Smn. The findings of
these studies demonstrate loss of motor unit function in the
form of reduced CMAP amplitudes and reduced MUNE when
SMN is reduced. Loss of motor unit function was most promin-
ent in animals with deletion of Smn in motor neurons and glia
(Nestin-Cre + ChAT-Cre) (Fig. 7A and B, Supplementary Material,
Fig. S6). Furthermore electromyographic (EMG) findings of fibril-
lations, which results from repetitive depolarization of single
muscle fibers, indicating active denervation of muscle fibers,

(54) was observed in Nestin-Cre + ChAT-Cre animals. EMG
analysis revealed fibrillations in hindlimb muscles of mice
with deletion of Smn with Nestin-Cre + ChAT-Cre and ChAT-Cre
but not Nestin-Cre, further supporting the requirement of SMN
in the motor neuron (Fig. 7C). Of note, results of CMAP, MUNE
and EMG in the ChAT-Cre mice at P21 have been previously pub-
lished (53). Interestingly, inmicewithNestin-Cre deletion of Smn,
MUNE and CMAP were slightly reduced. This is somewhat sur-
prising as the motor neuron is the driving force behind these
measures and recombination in motor neurons upon Nestin-
Cre deletion was low (Fig. 6A). We suggest that a possible reason
behind these observations is the role of glia, in particular astro-
cytes, in supporting the health and function of the motor
neuron.

CMAP and MUNE were also performed at P12 in SMA mice
with targeted Smn-restoration. The earlier time point was chosen
to allow comparison to control SMA mice that only live 14 days.
Upon replacement of Smn we found improved CMAP amplitudes
and MUNE values with Nestin-Cre + ChAT-Cre and ChAT-Cre re-
placement of Smn but not with Nestin-Cre (Fig. 7D and E). These
findings are consistent with electrophysiological measurements
in mice following the deletion of Smn. Thus CMAP and MUNE
demonstrate that elimination of Smn reduces the functional

Figure 6. Determination of Cre activity to deplete or replace Smn. (A) Percent recombination of SmnF7 in motor neurons as determined by ddPCR. Motor neurons were

isolated with LCM from P10-P12 mice. There was no recombination in mice that did not contain a Cre driver (0.6 ± 7.4%, n = 3). The Sox2-Cre ubiquitous driver resulted

in recombination in all motor neurons (104.0 ± 1.1%, n = 3) (38). Nestin-Cre + ChAT-Cre drivers also gave complete recombination in all motor neurons (101.3 ± 1.7%, n = 3).

TheChAT-Credriver alone resulted in 88.7 ± 5.8% (n = 3, P = 0.004 versusNestin-Cre). On average only half of allmotor neuronsunderwent recombinationwith just theNestin-

Cre driver (51.3 ± 8.1%, n = 3, P = 0.004). The difference in recombination efficiencies between ChAT-Cre alone and Nestin-Cre + ChAT-Cre was not statistically significant

(P = 0.274). All values are normalized to two copies of Smn intron 1. Percent recombination values were determined by multiplex ddPCR. (B) SMN protein expression as

determined by western blot analysis. The alleles used are depicted on the x axis and amount of SMN relative to tubulin on the y. Note that the amount of SMN protein

found upon deletion of SmnwithNestin-Cre + ChAT-Cre is not statistically different from that of the SMA sample (P = 0.782). Conversely the replacement of SmnwithNestin-

Cre + ChAT-Cre is not statistically different from that of the control sample (P = 0.322) (C) The number of SMN positive gems in motor neurons. All groups are statistically

different by one-way ANOVA except for SMAversus Nestin-Cre + ChAT-Crewhich are not different. Thus gem counts indicate equivalent levels of SMN protein in SMA- and

Smn-deletion by Nestin-Cre + ChAT-Cre. (D) Smn+/− spinal cord section revealing many motor neurons with gems. (E) Smn−/− (SMA) sample showing lack of gems in motor

neurons. (F) Nestin-Cre Smn-deletion sample shows a reduced number of gems in motor neurons. (G) Nestin-Cre +ChAT-Cre, Smn-deletion motor neurons reveal very few

gems, similar to the SMA sample (n = 3 for each group).
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Figure 7. Electrophysiological measures of motor unit function following targeted Smn-deletion and restoration. (A) Compound muscle action potential (CMAP) at P21 in

micewith Smn-deletion. Compoundmuscle action potential (CMAP) amplitudes at postnatal day 21 (P21) were reduced in ChAT-Cre Smn-deletion (n = 9, 20.4 ± 1.9, P < 0.05)

and Nestin-Cre +ChAT-Cre Smn-deletion (n = 13, 26.1 ± 2.1, P = <0.05) but not Nestin-Cre Smn-deletion mice (n = 14, 35.7 ± 3.7) compared with controls (n = 13, 44.0 ± 2.9 mV).

CMAP amplitudes in ChAT-Cre Smn-deletionmicewere reduced compared withNestin-Cre Smn-deletionmice (P < 0.05). (B) Motor unit number estimation (MUNE) at P21 in

mice with Smn-deletion. Motor unit number estimates (MUNE) at P21 were reduced in ChAT-Cre Smn-deletion (n = 9, 142 ± 22), Nestin-Cre + ChAT-Cre Smn-deletion (n = 13,

117 ± 15), and Nestin-Cre Smn-deletion mice (n = 14, 179 ± 24) compared with controls (n = 13, 283 ± 15) (P < 0.001). (C) Electromyography of limb muscles of mice with Smn

deletion. Fibrillationswerenoted in bothChAT-Cre Smn-deletion (four offivemice) andNestin-Cre + ChAT-Cre Smn-deletionmice (six of sevenmice) but are absent inNestin-

Cre Smn-deletionmice (zero of six) and controlmice (zero of five) (P < 0.05). (D) CMAP amplitudes at P12 inmicewith Smn-restoration. CMAP amplitudes at P12 inmicewith

Nestin-Cre + ChAT-Cre Smn-restoration (n = 9, 23.2 ± 3.3) were similar to controlmice (n = 13, 24.8 ± 1.2 mV). Conversely, comparedwith controlmice, CMAP amplitudeswere

reduced in mice with Nestin-Cre-restoration of Smn (n = 8, 17.3 ± 1.1 mV) and in SMA mice with no Cre (i.e. no Smn-restoration) (n = 12, 17.1 ± 0.8 mV) (P < 0.05). CMAP

amplitudes were reduced though does not reach statistical significance in SMA mice with ChAT-Cre-restoration of Smn (n = 14, 18.8 ± 1.2 mV). (E) MUNE at P12 in mice

with Smn-restoration. MUNE at P12 in mice with ChAT-Cre Smn-restoration (n = 14, 187 ± 16) and Nestin-Cre + ChAT-Cre Smn-restoration (n = 9, 201 ± 22) are similar to

controls (n = 13, 196 ± 16, P = 0.962), but MUNE are reduced in mice with Nestin-Cre-restoration of Smn (n = 8, 118 ± 16) and SMA mice with no Cre (i.e. no Smn-restoration)

(119 ± 9) (P < 0.05). Compared with mice with Nestin-Cre-restoration of Smn, MUNE at P12 in mice with ChAT-Cre Smn-restoration (P = 0.042) and Nestin-Cre + ChAT-Cre Smn-

restoration (P = 0.024) are increased. Similarly, compared with SMA mice with no Cre, MUNE in mice with ChAT-Cre Smn-restoration (P = 0.031) and Nestin-Cre +ChAT-Cre

Smn-restoration (P = 0.017) are increased. (*P≤ 0.05, ***P≤ 0.001).
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output of the motor unit while replacement of Smn restores the
functional output.

Discussion
Spinal muscular atrophy (SMA) is caused by homozygous loss or
mutation of SMN1, retention of SMN2 and reduction of SMN levels
(3,55,56). The SMN2 gene differs from SMN1 essentially by a single
nucleotide in exon 7 that results in the majority of the transcript
from SMN2 lacking exon7, and the SMNΔ7 mRNA transcript
produces a protein that does not oligomerize efficiently and
gets rapidly degraded (6,7,57,58). SMN2 copy number varies
in the population and there is an inverse correlation of SMN2
copy number with phenotypic severity (4,59). Furthermore the
859G>C variant of SMN2 has been shown to increase the incorp-
oration of exon7 and result in milder SMA in patients (60,61).
While it is clear that SMN reduction causes SMA and that the
amount of SMN is critical in determining phenotypic severity,
SMN levels are predicted to be decreased in all tissues. It remains
unclear where high levels of SMN (above that produced by two
copies of SMN2) are required, and whether this varies in different
severities of SMA.

The current study is the first to use Cre recombinase to both
delete and replace Smn using the same Cre driver to study the ef-
fects of reduced or restored levels of SMN in glia, motor neurons,
autonomic neurons and other neurons in the motor circuit. Fur-
thermore, we have performed a complete characterization of the
expression patterns of the Cre drivers used to understand the
specificity of drivers, or lack thereof, to allow full interpretation
of the effects on weight, survival and motor unit function in
the SMNΔ7 mouse.

Prior studies used behavioral analysis, physiological NMJ
patch clamp recordings of single synapses ex vivo or morpho-
logical assessment of NMJs and motor neurons to indirectly
draw conclusions about motor unit function (30,31). In contrast,
the present study uses electrophysiological techniques (CMAP,
MUNE and EMG) to assess motor unit number and function
in vivo, similar to techniques that have shown abnormalities in
clinical studies of patients with SMA (62,63). NMJ patch clamp
recordings in the SMNΔ7 mouse have revealed transmission
abnormalities of reduced evoked endplate current amplitudes
(64). These patch clamp NMJ abnormalities are corrected with
both systemic SMN restoration and with SMN restoration in the
motor neuron but not with restoration in muscle (14,27,28).
Though motor deficits have been noted in mice with selectively
reduced levels of SMN in motor neurons, NMJ patch clamp re-
cordings have not been performed (26). For obvious reasons
these measures have not been performed in human SMA. How-
ever abnormalities on CMAP, MUNE and EMG are key features
in patients with SMA (62,63). Prior to the availability of molecular
diagnostic testing, EMG was an important diagnostic tool as the
presence of fibrillations is a marker of denervation and a typical
feature of type 1 SMA, and today it still has utility in atypical cases
(53,65). CMAPandMUNE are particularly useful to quantifymotor
neuron or axon dysfunction, and these measures have been
shown to correlate with disease severity and function in several
cohorts of patients with SMA (62,63,66–68).

We have developed CMAP, MUNE and EMG methods for re-
cording even in neonatal mice (53). We used CMAP, MUNE and
EMG in the present studies due to the clinical relevance and for
the key ability to analyze the functional output and connectivity
of the motor neuron in vivo. We have previously shown that
these measures are responsive to restoration of SMN protein
via intracerebroventricular injection of antisense oligonucleotide

to ISS-N1 and scAAV9-SMN in the SMNΔ7 mouse and scAAV9-
SMN in a pigmodel of SMA (53,69). Importantly, our results reveal
that decreasing and restoring the level of SMN in the motor neu-
ron is sufficient to both cause and prevent the losses of motor
unit function that are characteristic of human SMA. Our results
support that SMN level in the motor neuron is central to the
pathogenesis of motor neuron loss and that restoration of SMN
levels in the motor neuron will be critical for therapeutic imple-
mentation in patients with SMA. While expression of high levels
of SMN in just motor neurons does not rescue survival of the
mouse it does rescue the function of the motor neuron. In
human SMA improving the function of themotor neuron is likely
to be critical in effective therapy. The mouse has other affected
organs such as the heart upon low SMN levels (70–72), however
additional organ involvement does not appear to be a prevalent
feature of SMA in man (73).

The clinical and pathological features of human SMA are re-
markably restricted to the neuromuscular system (2,53,74,75).
Yet, some studies have indicated the potential importance of
SMN in the periphery (76,77). In mouse models of SMA, various
non-motor features have been noted, namely distal limb necro-
sis, endocrine abnormalities, dysautonomia, cardiac defects
and gastrointestinal abnormalities (19,70,78,79). It has been sug-
gested that the autonomic nervous system may play a role in
some of these phenotypic features (19,25,80). For instance, do al-
terations in the vascular system and the heart (70–72) in mice re-
late to the autonomic nervous system? Though some similar
atypical features in patients with SMA have very rarely been pre-
sented in the literature, these single case reports are restricted to
most severe form of SMA, type 0 and 1a, with onset at or before
birth (53,81–85). Thus whether these reports relate to the more
typical type 1 SMA situation remains questionable.

In a recent study by Hua et al. (86), the importance of periph-
eral SMN restoration was proposed. In this study, a different
model, the Taiwanese SMA mouse, was used which has a dele-
tion ofmouse Smn exon7 and either 2 copies of SMN2 (for a severe
phenotype) or 4 copies of SMN2 (for a milder phenotype) (79,86).
The mouse locus in this model can still produce SMN transcript
lacking exon7. Splice-correcting ASO was administered via sub-
cutaneous injection in severe Taiwanese mice dramatically ex-
tending survival similar to prior studies (21,86). Importantly in
the neonatal period, ASO can cross the blood brain barrier and
exert partial correction of splicing to SMN2. Therefore to limit
the induction of exon 7 the authors included a blocking ASO
that was administered to the CNS via intracerebral ventricular
injection (86). Yet, despite delivery of the blocking ASO some
increase in SMN exon7 inclusion occurred in the spinal cord.
Indeed we have previously shown in the SMNΔ7 mouse model
that even a small increase in leaky expression from the human
skeletal actin muscle promoter HSA-SMN transgene elicited a
major impact on phenotype (13). Therefore it is important to
consider how the phenotypes of the SMNΔ7 and the severe
Taiwanese mice (with two copies of SMN2) compare. While the
survival of the SMNΔ7 and severe Taiwanese models are similar
(2 weeks), the variability between the two models regarding the
involvement of the motor system compared with other organ
systems is significant (19,33,78,79,87). Indeed Hua et al. reported
that the longissimus capitis muscle in the severe Taiwanese
did not show any completely denervated NMJs (86). In contrast,
the samemuscle in the SMNΔ7mouse shows partial-to-complete
denervation of 80% of synapses and complete denervation in 28%
of synapses (88). Given the weaker denervation phenotype in the
severe Taiwanese mice a small increase of SMN in the CNS may
be sufficient to overcome the CNS requirement. Furthermore, it is
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difficult to interpret the survival outcome of the Taiwanese
mouse given the severity of dysfunction in several organ systems
(19,33,78,79,87). Iascone et al. have commented that using
denervation as a quantitative readout for SMNΔ7 mice and com-
paring it to post-mortem samples from type 1 patients on amus-
cle-by-muscle basis they have shown a remarkable overlap
between the mouse and human neuromuscular phenotype (73).
This indicates that the SMNΔ7 mouse model recapitulates the
neuromuscular phenotype of patients. The SMNΔ7 SMA mouse
does have defects in the heart (70–72) yet this defect does not
appear to match human patient studies (73).

It is critical to consider whether key phenotypic features that
are relevant to human SMA, such as motor neuron loss and
denervation, are rescued when assessing where high levels of
SMN are required. Our study shows that the effects of SMN
level on weight and survival were decoupled from the effects
on electrophysiological motor unit function. Despite significant
impact on motor unit function following deletion or restoration
of SMN levels in themotor neuron, the reduction or improvement
of survival andweightwas not dramatic unless SMNwas reduced
or restored in motor neurons plus neurons and glia (with ChAT-
Cre +Nestin-Cre). Though both weight and survival are well-
established and important preclinical endpoints and readouts
of sufficiency of SMN restoration, these parameters do not appear
to be directly related to the functional status of the motor unit.
First, we have found that replacement of SMN in just motor neu-
rons does not correct all phenotypic features in the SMNΔ7
mouse, but it does completely correct the electrophysiological
output of the motor neuron. Conversely, upon decreasing SMN
inmotor neurons solely there is no impact on weight or survival,
but there is a significant decrease in CMAP and MUNE. Second,
expression in neurons and glia (with Nestin-Cre alone) has a con-
siderable impact on survival but less so on motor unit function
as indicated by the CMAP and MUNE read out. When SMN was
reduced to SMA levels with Nestin-Cre, which is expressed in all
(most) neurons and glia but not efficiently in motor neurons, no
fibrillations were detected on EMG whereas with ChAT-Cre clear
fibrillations are observed indicating denervation. The combin-
ation of ChAT-Cre +Nestin-Cre results in animals that either had
the most severe phenotype or the most complete rescue. In
fact, upon rescue some animals showed a normal life span indi-
cating that the tissues where SMN was expressed at high levels
was sufficient for normal function. In this condition (ChAT-Cre +
Nestin-Cre) SMN is expressed in the autonomic nervous system.
We and others have previously shown that the SMNΔ7 mice
have a marked cardiac phenotype (70–72), which is partially
corrected by delivery of SMN postnatally with scAAV9-SMN.
This results in transduction of the autonomic neurons that in-
nervate the heart. In the current studyNestin-Cre is likely to result
in the restoration or depletion of SMN frommost neurons includ-
ing the autonomic neurons. The cardiac phenotype is important
in the mice and certainly one possible reason for improved sur-
vival when using ChAT-Cre +Nestin-Cre for rescue of SMA mice.
However, as indicated by Iascone et al. (73), the cardiac defects
are not a common feature of SMA in patients and as such the
mouse model does not completely mimic the human situation.
Indeed they concluded that multi-organ dysfunction, including
cardiac and vascular defects, is not a general feature of SMA. In
addition the motor neuron circuit has been found to be defective
in SMNΔ7 SMA mice (89) and this will also be corrected by the
Nestin-Cre driver. Recently Rindt et al. (90) reported that expres-
sion of high levels of SMN in astrocytes benefited SMA mice.
The Nestin-Cre driver is very well expressed in astrocytes (40).
Thus the changes in the mouse with the ChAT-Cre +Nestin-Cre

drivers can result from expression of SMN in glia and all neurons
as well as motor neurons (40).

Whilewe have shown some patchy expression ofNestin-Cre in
the periphery, we feel this limited expression is unlikely to be
enough to correct the function of these tissues. Instead, others
have shown in human SMA-derived iPS cells differentiated into
astrocytes that Glial Fibrillary Protein (GFAP) is increased and
astrocyte morphology is altered (91). It is quite likely that the
extent of glial involvement in the SMA phenotype is still not
fully understood. However it is possible that a secreted protein
from one of these tissues could also impact the phenotype.

SMN has a well-established canonical function in the assem-
bly of RNP complexes. SMN is required for the assembly of Sm
proteins onto snRNA and assembly of the Lsm10-11-Sm protein
ring onto U7 snRNA. SMN has also been suggested to have a
role in the assembly of other RNA complexes such as those that
function inmRNA transport (92,93). Since SMN is known to func-
tion in splicing, it is quite possible that the alteration of splicing
of particular genes could be affected by reduction of SMN in the
motor neuron. While abnormal mRNA spliced forms have been
reported it is clear that themajority of genes are spliced normally
in SMA mice (94,95). Given the other organ involvement in SMA
mice in addition to the replication of the neuromuscular pheno-
type, one wonders if the genes affected by SMN deficiency have
the same sensitivity to depletion of SMN due to variance in the
intron sequence and structure between species (96,97). This has
been demonstrated in the case of resistin (98). Thus in the human
some introns may be more sensitive to SMN deficiency than
others. It is possible that in the mouse SMN must be reduced to
a greater extent to uncover the motor phenotype, resulting in
the dysfunction of additional genes that give rise to other organ
involvement. If this is the case in humans remains to be deter-
mined. The benefit from using both ChAT-Cre and Nestin-Cre to-
gether could be due to correction of these other genes with a
less pronounced effect on a gene that is sensitive to SMA defi-
ciency. The newly developed pig model of SMAwill be important
in discerning intron sensitivity upon reduced SMN levels among
species (69).

Materials and Methods
Mouse breeding

This study was carried out in strict accordance with the recom-
mendations of the Institutional Animal Care and Use Committee
and University Laboratory Animal Resources at The Ohio
State University under protocol number 2008A-0089. Floxed
Smn alleles used in this study are listed in Table 1 and described
here. Mice containing the floxed Smn exon 7: SmnF7, Smn1tm1Jme/J
(JAX #006138) or the conditional inversion Smn allele: SmnINV,
Smn1tm3(SMN2/Smn1)Mrph/J (JAX007249) were crossed onto the
SMNΔ7 SMAmousemodel: (FVB.Cg-Tg(SMN2)89Ahmb Smn1tm1Msd

Tg(SMN2*delta7)4299Ahmb/J (JAX #005025). Cre drivers used are
listed in Table 2. Cre drivers used include: Nestin-Cre, Tg(Nes-Cre)
1Kln/J (JAX #003771) (40), ChAT-Cre, ChATtm1(cre)Low1/J (JAX #006410)
(Lowell BB; Olson D; Yu J. 2006 direct submission to JAX); SYN1-iCre,
Tg(SYN1-icre/mRFP1)9934Rdav/J (JAX #012687)(Davis R. 2009 direct
submission to JAX), rSyn1-Cre, Tg(Syn1-cre)671Jxm/J (JAX #003966)
(44) and Sox2-Cre, Tg(Sox2-Cre)1Amc/J (JAX #008454) (39). The HB9:
GFP,Tg(Hlxb9-GFP)1Tmj/J (JAX#005029), line was used to identify
motor neurons and the reporter line tdTomato,Gt(ROSA)26Sortm14

(CAG-tdTomato)Hze/J (JAX #007914), was used to identify recombinant
tissues. All Cre drivers were also crossed onto the SMNΔ7 SMA
mouse model background. To generate experimental animals
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the Cre drivers in the SMNΔ7 SMA background were crossed to
either the SmnF7 line or the SmnINV line. After Cre activation the
SmnF7 allele is referred to as SmnD7 (for deletion of exon 7) and
the SmnINV line is referred to as SmnRe (for reversion of exon 7).
All experimental animals contain the SmnKO allele in addition
to the SmnF7 or SmnINV alleles (i.e. Cre driver; SmnD7/KO;SMN2+/+;
SMNΔ7+/+ or Cre driver; SmnRe/KO; SMN2+/+; SMNΔ7+/+). To elimin-
ate the possibility of germline recombination, known to occur
in the Nestin-Cre line, only experimental offspring contained
both floxed alleles and Cre drivers (99). Floxed allele and Cre
driver breeder mice were maintained separately. Controls used in
this study contained the Cre driver and a wild-type Smn allele (i.e.
Cre driver; SmnD7/WT; SMN2+/+; SMNΔ7+/+ or Cre driver; SmnRe/WT;
SMN2+/+; SMNΔ7+/+).

Genotyping

Neonatalmicewere tattooed and tail snips were obtained for PCR
as previously described (19). The primers used to detect Cre
drivers and Smn alleles are listed in Table 3.

Phenotypic assessment of mice

Micewereweighed daily starting at P1. At 21 days after birth pups
were weaned and weighed weekly. Observation of weakness and
necrosis wasmade every day, and then everyweek duringweigh-
ing. Mice were sacrificed according to our IACUC approved proto-
col before they lost 30% of their maximum bodyweight. An equal
number of males and females were studied in each genotypic
grouping. All investigators were blinded to genotype during
phenotypic assessment. The number of animals required for
analysis was determined as described previously (100).

Immunohistochemistry

Neonatal mice were transcardially perfused with PBS followed
by 4% paraformaldehyde at P7. Tissues were cryopreserved in
30% sucrose overnight, embedded in Tissue-Tek OCT (Fisher Sci-
entific) and flash frozen in liquid nitrogen-cooled isopentane.
Cryostat section (14 µ) were blocked with 4% goat serum in
PBS and stained with antibodies including chicken anti-RFP
(1:2500, Millipore AB3528), rabbit anti-GFP (1:1000, Molecular
Probes A11122), goat anti-ChAT (1:50, Millipore, AB144P) or
mouse anti-NeuN 1:50, Millipore, MAB377) for 2 h, followed by
1 h of secondary antibody incubationwith Alexa-488 (1:1000, Mo-
lecular Probes A11008 and Alexa-594 (1:1000, Molecular Probes
A11042) and mounted in Flouromount-G (Southern Biotech).
Confocal imaging was performed using Leica DM IRE2 with
Leica TCS SL point scanning laser confocal system with photo-
multiplier tube detection. Image acquisition, overlays and scale
bars were produced with Leica Confocal Software v2.61 and
subsequential image processing was performed with Adobe
Photoshop CS2.

For thewhole-body sagittal section, P2mouse pups, following
perfusionwith PBS and 4%paraformaldehyde,were injectedwith
molten 2% agarose in their body cavities. The perfused pupswere
then subjected to a gradient of 10, 20 and 30% sucrose prior to
freezing in liquid nitrogen-cooled isopentane and cryosectioning
at 42 µm. Primary antibody was incubated overnight and rest of
the immunostaining is as described above. The whole-body sec-
tions were imaged with a Leica MZ-16FA stereomicroscope with
PhotoFluor LM-75 light source and Leica DFC-300 Fx camera. All
scale bars (except whole-body) are in micrometers (µm).

Muscle fiber size analysis

Muscle fiber size was determined as previously described in re-
ferences (13,51). Briefly, gastrocnemius muscle was cryosec-
tioned at 14 µm and stained with H&E. Muscle fibers were
visualized with Nikon 1600 microscope and measured with
SPOT analysis software. The frequency of fiber size area was
binned with Microsoft Excel 2007. Approximately 500 muscle
fibers per mouse were measured for a total of 1500 muscle fibers
from n = 3 mice per genotypic group. An equal number of males
and females were studied in each genotypic grouping. All in-
vestigators were blinded to genotype during phenotypic as-
sessment. The number of animals required for analysis was
determined as described previously (100).

Laser capture microdissection

Lumbar spinal cord tissue was isolated at P10-P17 and flash fro-
zen in liquid nitrogen-cooled isopentane. Spinal cordswere cryo-
sectioned (14 μm) and adhered to PEN membrane slides (Zeiss).
Tissue sections were dried at room temp and then fixed in
methanol for 30 s, Nissl stained in 1% cresyl violate acetate for
1 min, washed in methanol 3 times and air-dried. Sections
were stored at 4°. Laser capture microdissection (LCM) was per-
formed with the Palm Microbeam (Carl Zeiss MicroImaging)
under 10× magnification. Motor neurons were identified by size
and position in the ventral horn of the spinal cord. For DNA per-
cent recombination by ddPCR: Approximately 200motor neurons
were collected per sample and processed as described previously
(38). Briefly, the LCM sample was collected directly into 18 µl of
cell-lysis solution (20 m Tris–HCl pH 8, 0.02% Tween, 1 m

EDTA) in siliconized tubes (101) and frozen on dry ice. Twomicro-
liters of 2 mg/ml proteinase K solution (Invitrogen) were added to
the cell-lysis solution; followed by incubation at 55°C for 2 h and
inactivation at 90°C for 10 min. For ELISA: Approximately 500–600
motor neurons were collected per sample into ELISA lysis buffer
(PharmOptima, Portage MI) and frozen on dry ice.

Droplet digital PCR

Each digested LCMmotor neuron sample was divided in half and
run in duplicate in ddPCR for an approximate 100 motor neurons
per reaction (QX200, BioRad). ddPCR reactions were prepared and
amplified according to the manufacturer’s recommendations
(BioRad). LoBind tips, plates and tubes (Eppendorf) were used to
minimize DNA loss. Primers and probe used to detect the SmnF7

allele: FP 5′AAGATGACTTTGAACTCCGGGTCCT, RP 5′TGTGAGT
GAACAATTCAAGCCC, probe FAM-CTGCCCATGCATCACCAAGC
TTGGCAT-MGB. Primers and probe used to detect total Smn
DNA are located in intron 1: FP 5′CTGTGTGACTGTGAGGG
GATGTG, RP5′CCTGTGAACATCTT CATCCTGACCTAA, probe VIC-
AGGCTGGCTGAAGCAAGGCAACCAGATA-MGB. The percent of
motor neurons displaying recombination was normalized to
the total number of Smn alleles present as detected by the Smn
intron 1 primers and probe.

ELISA on LCM collected tissue

SMN protein was measured at PharmOptima (Portage, MI) using
the company’s proprietary electrochemiluminescence (ECL) im-
munoassay based on Meso Scale Discovery technology. The
assay is a quantitative sandwich immunoassay, where a mouse
monoclonal antibody (2B1, Liu and Dreyfuss 1996) functions as
the capture antibody and a rabbit polyclonal anti-SMN antibody
(Protein Tech, Cat. No. 11708-1-AP) labeledwith a SULFO-TAG™ is
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used for detection. SMN levels are determined from a standard
curve using recombinant SMN protein (Enzo Life Sciences, Cat.
No. ADI-NBP-201-050) as calibrator. The dynamic range of the
assay is 10 pg/ml (lower limit of quantitation) to 20 000 pg/ml
(upper limit of quantitation). Assay plates were read using a
Meso Scale 6000 sector imager.

Samples from LCMwere dilutedwith lysis buffer to a total vol-
ume of 40 µl. Twenty-fivemicroliters of the lysatewas used in the
SMN ECL immunoassay. SMN levels were then normalized with
the number of motor neurons collected by LCM per sample.

Western blot analysis

Western blots were performed as previously described (13,19,25).
Briefly, 50 µg of protein were loaded per lane. SMN was detected
with mouse anti-SMN (1:1000, BD Biosciences, 610647), tubulin
was detected with mouse anti-tubulin (1:10 000 Sigma, T8203).
Mouse-anti HRP (1:10 000 Jackson Immuno Research) and the
ECL system was used to visualize the SMN protein as described
by the manufacturer (GE Healthcare Life Sciences). Blots where
scanned and quantified as described (http://lukemiller.org/index.
php/2010/11/analyzing-gels-and-western-blots-with-image-j/)
and the area under each peak determined with ImageJ software.
Quantification of tubulin was performed with LI-COR 800 second-
ary antibody and the LI-COR Quantitative Fluorescent Imaging
Systems as previously described (102). Statistical analysis was
performed with SigmaPlot.

Gem counts

SMN was detected with mouse anti-SMN (1:500, BD Biosciences,
610647) in 14 µm spinal cord cryo sections from P10 SMA, control,
Nestin-Cre deletion and Nestin-Cre + ChAT-Cre deletion mice
(n = 3 for each genotype). The nucleus was stained with DAPI
andmounted in ProLong Gold AntifadeMountant (Life Technolo-
gies). Motor neurons were identified by their morphology and lo-
cation in the spinal cord. The number of gemswas counted in100
nuclei for each sample under 60× magnification using a Nikon
E800 microscope.

Electrophysiological studies of sciatic CMAP and MUNE

Electrophysiological techniques were performed as previously
described (53). Briefly, electromyography (EMG), compoundmus-
cle action potential amplitude (CMAP) andmotor unit number es-
timates (MUNE) were recorded from sciatic-innervated hindlimb
muscles at P21 in mice with deletion of Smn exon 7 with Nestin-
Cre + ChAT-Cre drivers and comparedwith control mice. Similarly
CMAP and MUNE were performed at P12 in mice with restoration
of Smn exon 7 with Nestin-Cre + ChAT-Cre drivers and compared
with SMNΔ7 SMA mice and control mice. An equal number of
males and females were studied in each genotypic grouping. All
investigators were blinded to genotype during phenotypic as-
sessment. The number of animals required for analysis was de-
termined as described previously (100).

Statistical analyses

Statistical analyses were performed as previously described for
MUNE and CMAP (53). Weight curve analysis was completed
with Statmod (103,104). Kaplan–Meier survival curves were per-
formed with SigmaPlot v12 (Systat Software Inc., CA, USA) and
significance was determined with the log-rank test. Morphomet-
ric measurements of muscle fiber size were performed using
SPOT Advanced (v3.5.9) software (Diagnostic Instruments, Inc.,

MI, USA). Muscle fiber size distributionwas analyzedwith Sigma-
Plot v12.0 (Systat Software Inc., CA, USA) testing the median fiber
size with Mann–Whitney Rank Sum Test and Shapiro–Wilk Nor-
mality Test (13). All error bars are represented as SEM.

Supplementary Material
Supplementary Material is available at HMG online.
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