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Abstract
Spinalmuscular atrophy (SMA) is caused by the loss ormutation of both copies of the survivalmotor neuron 1 (SMN1) gene. The
related SMN2 gene is retained, but due to alternative splicing of exon 7, produces insufficient levels of the SMNprotein. Here, we
systematically characterize the pharmacokinetic and pharmacodynamics properties of the SMN splicing modifier SMN-C1.
SMN-C1 is a low-molecular weight compound that promotes the inclusion of exon 7 and increases production of SMNprotein in
human cells and in two transgenic mouse models of SMA. Furthermore, increases in SMN protein levels in peripheral blood
mononuclear cells and skin correlate with those in the central nervous system (CNS), indicating that a change of these levels in
blood or skin can be used as a non-invasive surrogate to monitor increases of SMN protein levels in the CNS. Consistent with
restored SMN function, SMN-C1 treatment increases the levels of spliceosomal and U7 small-nuclear RNAs and corrects RNA
processing defects induced by SMNdeficiency in the spinal cord of SMNΔ7 SMAmice. A 100% or greater increase in SMNprotein
in the CNS of SMNΔ7 SMA mice robustly improves the phenotype. Importantly, a ∼50% increase in SMN leads to long-term
survival, but the SMA phenotype is only partially corrected, indicating that certain SMA diseasemanifestationsmay respond to
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treatment at lower doses. Overall, we provide important insights for the translation of pre-clinical data to the clinic and further
therapeutic development of this series of molecules for SMA treatment.

Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive motor
neuron disease with a spectrum of severity (1,2). Type I is the
most severe and frequent form of SMAwith disease onset occur-
ring before 6 months of age and death usually by the age of two.
Type II is the intermediate form of the diseasewith onset prior to
18 months of age. Type II patients never gain the ability to walk.
Type III is themild formcharacterized byonset after 18months of
age. Type III patients typically retain the ability towalk until later
in life and have a normal life expectancy. SMA is caused by the
mutation or deletion of both copies of the telomeric survival
motor neuron 1 (SMN1) gene (3). About 95% of humans carry
one or more copies of the paralogous SMN2 gene (4). The pro-
tein-coding regions of SMN1 and SMN2 differ only in a transla-
tionally synonymous C-to-T transition at nucleotide 840,
leading to alternative splicing and preferential exclusion of
exon 7 from most of the mature SMN2 transcripts (5,6). The re-
sultingmRNA encodes an unstable SMNΔ7 protein that is rapidly
degraded (7,8), while the low levels of full-length (FL) SMN2 tran-
scripts that include exon 7 produce small amounts of fully func-
tional SMN protein. The severity of SMA is inversely correlated
with SMN2 gene copy number and SMN protein levels (9,10).

SMA is characterized by the loss of proximal spinal alpha
motor neurons resulting in neuromuscular junction (NMJ) de-
nervation, muscle atrophy and eventually death due to respira-
tory failure in severe Type I SMA patients (1,2,11). Proximal
muscles are preferentially affected in the disease, as are the
lower muscles more so than the muscles of the upper extrem-
ities. The differential vulnerability of distinct motor neuron
pools in SMA is also demonstrated by the marked involvement
of intercostal and axial muscles and the relative sparing of the
diaphragm, which results in the characteristic bell-shaped
chest and paradoxical breathing.

The SMN protein is part of a macromolecular complex that
contains eight additional core proteins, termed Gemins 2–8 and
Unrip [see (12) for a review]. The SMN complex is essential for
the biogenesis of Sm-class small-nuclear ribonucleoproteins
(snRNPs) of the major (U1, U2, U4 and U5) and minor (U11,
U12 and U4atac) spliceosomes that carry out pre-mRNA splicing
as well as for the assembly of U7 snRNP that functions in the 3′-
end processing of intronless histone mRNAs (13). In addition to
these well-established functions in snRNP assembly, SMN likely
has other roles in RNA regulation the precise nature of which,
however, remains poorly characterized (13). Additionally, while
increasing evidence links dysregulation of RNA processing to
SMA pathology, themechanisms bywhich a deficit in the ubiqui-
tously expressed SMN protein cause the loss of spinal cordmotor
neurons and other disease manifestations are not completely
understood (1,2).

Since SMA is caused by reduced SMN protein levels, therapies
that promote the inclusion of exon 7 in the SMN2 mRNA are
among the most promising approaches to treatment of SMA.
The availability of mouse models has been instrumental in the
pre-clinical development of experimental therapies for the
disease (1,14,15). Accordingly, both antisense oligonucleotides
(16–19) and small molecules (20–23) that promote inclusion of
exon 7 into SMN2mRNAhave been reported to correct the pheno-
type in mouse models of severe (Type I) SMA. We recently

described three low-molecular weight compounds that selective-
ly promote the inclusion of exon 7 in the SMN2mRNA to generate
FL SMN2 mRNA and increase SMN protein (20,23). These com-
pounds increase life span, body weight gain and prevent dis-
ease-related motor dysfunction as well as neuromuscular
deficits in the SMNΔ7 mouse model of SMA. Small-molecule
SMN splicing modifiers have two key advantages over antisense
oligonucleotide-based approaches: they can be dosed orally, as
opposed to an injection into the spinal cord, and they distribute
systemically and increase FL SMN protein expression in all tis-
sues affected by SMA.

Here, we have better characterized one of these compounds
(SMN-C1) to understand some of the parameters used in design-
ing clinical trials, including the pharmacokinetic and pharmaco-
dynamics relationships with SMN protein level increases,
restoration of SMN-dependent gene expression deficits, and dif-
ferences in the dose–response for various endpoints. We have
also investigated potential biomarkers for efficacy. Our detailed
characterization of SMN-C1 provides key information for the
translation of pre-clinical data to the clinic.

Results
Pharmacokinetics of SMN-C1 in neonatal and adult mice

We performed a detailed pharmacokinetic evaluation of SMN-C1
in wild-type mice (Fig. 1). SMN-C1 was administered at a dose of
10 mg/kg to neonatal wild-type mice by intraperitoneal injection
(IP) or to adult mice by oral gavage (PO). Neonatalmice [postnatal
day 10 (PND10)] were dosed IP due to the difficulty in accurately
dosing neonatal mice by oral gavage. As shown in Figure 1B,
SMN-C1 plasma concentrations were similar in adult and neo-
natal mice through ∼8 h, but the compound was eliminated
more slowly from the neonatal mice than from the adult mice.
Furthermore, concentrations of SMN-C1 in the brain were much
higher in the neonatal mice than in the adult mice (Fig. 1C). For
that reason, in subsequent survival studies, a lower dose was
used in neonatal mice while the dose was increased for adult
mice.

SMN-C1 increases SMN protein levels in mouse models
of SMA

To define the pharmacokinetic parameters associated with phar-
macodynamic responses as assessed by the increase in SMN pro-
tein levels (PK-PD), studies were performed in the C/C-allele
mouse using various dosing regimens. This mouse has two
SMN genes as a single allele (called the C allele): two copies of a
hybrid gene in whichmurine Smn1 gene is fused to human SMN2
gene with a junction point in intron 6 and two copies of the full
human SMN2 gene located immediately downstream of the hy-
brid gene. The mice have a near-normal life span, but show de-
creased muscle function, reduced body weight gain, and
peripheral necrosis in comparison with normal mice (24). The
same total daily dose was administered via oral gavage either
as a single dose or in two half doses 6 h apart. The maximal
(peak) plasma concentration (Cmax) was approximately twice as
high when the total daily dose was given as a single bolus than
when given as two half doses (data not shown). However, the

1886

http://hmg.oxfordjournals.org/


Human Molecular Genetics, 2016, Vol. 25, No. 10 | 

total exposure as defined by the area under the plasma com-
pound concentration versus time curve [area under the curve
(AUC)] was similar for both dosing regimens (data not shown).
Oral administration of SMN-C1 to C/C-allele SMA mice dose-de-
pendently increased the levels of SMN protein in the spinal
cord (Fig. 2A) and in peripheral blood mononuclear cells
(PBMCs) purified from the blood of treated mice (Fig. 2B) com-
pared with the levels of SMN protein in vehicle-dosed C/C-allele
SMA mice. The increases in SMN protein were similar when the
same total daily dose was administered either as a single bolus
dose or in two half doses administered 6 h apart, suggesting
that the pharmacodynamic response is associated with either
theAUCorwith the time above a threshold plasma concentration
and not with the maximal plasma concentration (Cmax). If Cmax

were the critical PK parameter, it is expected that the single
bolus regimen would have been more effective than the split
dose regimen of SMN-C1.

To determine whether the SMN-C1 distribution into both the
periphery and the central nervous system (CNS) results in sys-
temically increased FL SMN expression, we quantified SMN pro-
tein in the brain, spinal cord, quadriceps, skin, liver, heart as well
as in PBMCs of SMN-C1-treated C/C-allele mice. We found that
SMN protein levels increased in a dose-dependent manner in
all tissues evaluated (Fig. 2A and B and Supplementary Material,
Table S1) when compared with those in vehicle-dosed C/C-allele
mice. The highest doses tested increased the levels of SMN pro-
tein above those measured in heterozygous (HET) control mice.
Importantly, SMN protein levels in the spinal cord correlated
well with those in the PBMCs (Fig. 2C), indicating that non-inva-
sive measures of SMN protein in PBMC can be used to estimate
SMN protein increases in the CNS.

Wealso evaluated SMNprotein levels in neonatal SMNΔ7 SMA
mice treatedwith SMN-C1. Thesemice lack the endogenousmur-
ine Smn1 gene and have two copies of the human SMN2 gene as
well as six copies of the SMNΔ7 cDNA transgene. Themice die ∼2
weeks after birth and are amodel of severe SMA (25). In compari-
son with vehicle-dosed SMNΔ7 SMA mice, SMN protein levels in
the brain, spinal cord, quadriceps, heart, liver and skin were ele-
vated in a dose-dependent manner in SMNΔ7 SMA mice treated
with SMN-C1 by IP injection once daily (qd) from PND3 through
PND9 (Fig. 2D and E and Supplementary Material, Table S2). The
levels of SMN proteinmeasured in the spinal cord correlated well
with the SMN protein levels measured in the skin (Fig. 2F), indi-
cating that SMNprotein increases in the skin, similar to increases
in PBMCs, can also be used to estimate drug-mediated enhanced
SMN expression in the CNS.

SMN-C1 corrects SMN-dependent snRNP biogenesis and
RNA processing defects in SMA mice

Having demonstrated that SMN-C1 increases SMNprotein, we in-
vestigated the effect of SMN-C1 treatment on the restoration of
SMN protein function in SMAmice. The best-characterized activ-
ity of SMN is in the assembly of spliceosomal snRNPs (13), the
core constituents of the spliceosome that carry out pre-mRNA
splicing. Furthermore, it is well-established that spliceosomal
snRNP biogenesis is disrupted in SMAmice leading to alterations
in the steady-state levels of spliceosomal snRNAs (26,27). There-
fore, we determined if SMN-C1 treatment restores spliceosomal
snRNA levels in SMA mice. SMNΔ7 SMA mice were treated with
SMN-C1 at a dose of 3 mg/kg by IP administration from PND3
through PND11 followed by the collection of the spinal cord at

Figure 1. The chemical structure and pharmacokinetic profile of SMN-C1 in neonatal and adult mice. (A) The chemical structure of SMN-C1. (B and C) Twenty-four hour

pharmacokinetic profile of SMN-C1 in plasma (B) and brain tissue (C) of wild-type neonatal and adult mice. SMN-C1 was administered IP at 10 mg/kg to neonatal (PND10)

and by oral gavage (PO) at 10 mg/kg to adult (6 weeks old) FVB mice. Values at each time point represents the average of data from three mice ± SD.
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PND11 for RNA analysis. First, we confirmed that splicing of the
human SMN2 transgene was robustly corrected leading to in-
creased FL SMN2 mRNA levels (Fig. 3A) and that expression of

SMNprotein in the spinal cordwas increased (Fig. 3B) in compari-
sonwith those in the vehicle-dosed SMNΔ7 SMAmice. Consistent
with previous studies demonstrating a preferential disruption in

Figure 2. SMN-C1 increases SMN protein in the CNS and in peripheral tissue in twomousemodels of SMA. Percent increase in SMNprotein levels relative to vehicle-dosed

in the C/C-allele (A–C) or in SMNΔ7 SMA (D–F) mouse models of SMA. C/C-allele mice were dosed for 10 days by oral gavage with SMN-C1 daily either once per day (qd) or

twice per day (bid) and euthanized 1 h after the last dose. SMNΔ7 SMAmicewere dosed oncedaily fromPND3 through PND9and euthanized 1 h after the last dose on PND9.

Data are shown as the percent increase above the mean SMN levels measured in vehicle-dosed mice. (A and B) Values represent the mean of five mice per group (±SEM).

(D and E) The number of mice per group are as follows: vehicle (N = 22), 0.03 mg/kg (N = 6), 0.1 mg/kg (N = 6), 0.3 mg/kg (N = 5), 1 mg/kg (N = 13), 3 mg/kg (N = 9) and 10 mg/kg

(N = 8). The dashed lines in (A, B, D, and E) represent themean levels of SMNprotein increase (±SEM, shaded areas)measured inHET littermates. (A andD) The SMNprotein

level increases in the spinal cord. (B) The SMN protein level increases in purified PBMCs. (C) Correlation between PBMC SMN protein levels and spinal cord SMN protein

levels. Each point represents an individual mouse. (E) SMN protein levels in the skin. (F) Correlation between skin SMN protein levels and spinal cord SMN protein levels.

Each point represents an individual mouse. ***P < 0.001 and ****P < 0.0001 (ANOVA, multiple comparisons versus vehicle).

1888

http://hmg.oxfordjournals.org/


Human Molecular Genetics, 2016, Vol. 25, No. 10 | 

Figure 3. SMN-C1 corrects SMN-dependent snRNP biogenesis and RNA processing defects in SMAmice. Control HETmice (blue) were dosed with vehicle and SMNΔ7 SMA

mice were dosed with either vehicle (red) or 3 mg/kg SMN-C1 (orange) from PND3 through PND11 and euthanized 1 h after dosing on PND11. Data represent means ± SD.

Spinal cord tissues were analyzed as follows: (A) RT-qPCR analysis of mouse Smn1 and FL human SMN2 mRNAs. (B) Levels of SMN protein. (C) RT-qPCR analysis of

spliceosomal snRNAs. (D) Northern blot analysis of U7 snRNA. (E) Quantification of U7 snRNA levels from the northern blot analysis in (D). Data were normalized to

5.8S rRNA and expressed relative to HET controls. (F) RT-qPCR analysis of mRNAs that are dependent on functional SMN protein for proper processing (see text for

further details). Unless otherwise indicated, statistics were performed to determine the significance of the difference between HET (shown in blue) and the other

treatment groups. *P < 0.05, **P < 0.01 and ***P < 0.001 (ANOVA, multiple pair-wise comparisons).
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the minor snRNP levels in tissues of SMA mice (26,27), reverse
transcriptase–quantitative polymerase chain reaction (RT-
qPCR) analysis revealed a reduction in the levels of U11, U12
and U4atac minor spliceosomal snRNAs—but not in the levels
of the major snRNAs—in the spinal cord of SMNΔ7 SMA mice
(Fig. 3C). Importantly, treatment with SMN-C1 increased the le-
vels of U11, U12 and U4atac snRNAs in the spinal cord of SMA
mice (Fig. 3C). In addition to spliceosomal snRNPs, the SMN com-
plex is also required for the assembly of U7 snRNP (13), an RNP
that functions not in splicing, but in the 3′-end processing of his-
tone mRNAs. Since SMN-mediated U7 snRNP assembly is dis-
rupted by SMN deficiency in vivo (28), we investigated the effect
of SMN-C1 on U7 snRNP biogenesis in SMA mice. Northern blot
analysis confirmed the strong reduction in U7 snRNA levels in
the spinal cord of SMA mice and, more importantly, revealed ro-
bust U7 restoration upon treatment with SMN-C1 (Fig. 3D and E).
Together, these results demonstrate that SMN-C1 treatment
markedly increases SMN functions in the biogenesis of both spli-
ceosomal snRNPs and U7 snRNP in SMA mice.

Beyond decreased snRNA expression, several mRNA pro-
cessing changes have been documented in SMA mice that
have been attributed to defects in distinct SMN-dependent
pathways (13). Accumulation of aberrantly spliced mRNA of
the U12 intron-containing gene Stasimon (Stas) in SMA mice
provides a measure of minor snRNP dysfunction (29). Increased
levels of 3′-extended histone H1c mRNA reflect disruption of U7
snRNP-dependent 3′-end processing of histone mRNAs induced
by SMN deficiency (28). Up-regulation of the cyclin-dependent
kinase inhibitor 1A mRNA—which is particularly prominent
within SMA motor neurons (30)—and reduced expression of
the motor neuron-specific Chondrolectin (Choldl) mRNA are add-
itional RNA changes that occur in SMA mice possibly due to al-
tered mRNA stability rather than snRNP dysfunction (13,31).
Furthermore, altered Stas and Chodl expression have been
shown to contribute to motor neuron dysfunction in Drosophila
and zebrafish models of SMA (29,32). Importantly, RT-qPCR
analysis demonstrated that all of these SMN-dependent RNA
changes are robustly corrected in the spinal cord of SMA mice
by SMN-C1 treatment (Fig. 3F). Collectively these findings dem-
onstrate that in vivo SMN-C1 increases levels of functional SMN
and restores downstream RNA processing events regulated by
SMN.

SMN-C1 improves survival, body weight, phenotype
and motor behavior in SMA mice

Having demonstrated the ability of SMN-C1 to increase SMN pro-
tein expression and function in the SMNΔ7mousemodel of SMA,
we defined the relationship between dose and amelioration of
SMA-like disease phenotypes in two separate studies. In the
first study, SMN-C1 was administered daily at doses of 0.1 mg/kg
IP from PND3 through PND23 and 0.6 mg/kg PO starting on
PND24. The median survival time for mice dosed with vehicle
was 18 days and all of these mice died by PND22 (Fig. 4A). In
sharp contrast, SMN-C1 treatment increased survival at both
the 0.1 mg/kg IP PND3–23→ 0.6 mg/kg/day PO and 0.3 mg/kg IP
PND3–23→ 2 mg/kg/day PO dose regimens with 64% (7/11) and
67% (8/12) of the mice surviving, respectively, at PND120 when
the study was terminated. As shown in Figure 4B, vehicle-dosed
mice initially gainedweight, but then stopped and lostweight be-
fore dying. The mean maximum weight of ∼5 g was reached on
PND11. In contrast, mice dosed with SMN-C1 gained weight, al-
though slightly less than did the HET mice. The higher dose
(0.3 mg/kg IP→ 2 mg/kg PO) tended to be more effective than

was the lower dose tested (0.1 mg/kg IP→ 0.6 mg/kg PO) at pro-
moting body weight gain.

Administration of SMN-C1 improved the general appearance
of the SMA mice as evidenced by comparing PND71 mice treated
with SMN-C1 and age-matchedHETmice (SupplementaryMater-
ial, video). The video footage shows SMNΔ7 SMA mice at PND71
treated with SMN-C1 and age-matched HET mice, with SMA
mice at the higher dose appearing essentially normal while
those at the lower dose noticeably lacking tails. SMA mice de-
velop necrosis of the tail, which is eventually lost (33). Further-
more, in SMNΔ7 SMA mice treated with gene therapy
administered directly to the CNS, survival was extended, but
due to the lack of SMN induction in peripheral tissues the tails
of the mice were necrotic and extremely short (34,35). These
studies indicate that the tail length can be used as a measure of
peripheral SMN protein expression. We found that despite simi-
lar long-term survival, the tails of mice administered the lower
dose (0.1 mg/kg IP→ 0.6 mg/kg PO) were shorter than those of
the mice dosed administered higher dose (0.3 mg/kg IP→ 2 mg/
kg PO) (Fig. 4C and D). When normalized for body weight, tails
of the mice administered the higher dose of SMN-C1 (0.3 mg/kg
IP→ 2 mg/kg PO) were similar in length to those of the HET
mice(Supplementary Material, Fig. S1A). However, even when
normalized for reduced body weight, the tail length of the mice
in the lower dose group (0.1 mg/kg IP→ 0.6 mg/kg PO) was re-
duced when compared with that of the HET mice (Supplemen-
tary Material, Fig. S1A). Similarly, semi-quantitative evaluation
demonstrated that necrosis of the tissues surrounding the eye
and the pinna evident in mice given the lower dose (0.1 mg/kg IP
→ 0.6 mg/kg PO), but not inmice given the higher dose (0.3 mg/kg
IP→ 2 mg/kg PO) (Supplementary Material, Fig. S1B).

A second study was conducted to assess efficacy of higher
doses. In this study, SMN-C1 was administered at doses of 1, 3
or 10 mg/kg IP from PND3 through PND23. From PND24 through
the end of the study, SMN-C1 was administered at 6, 20 or
60 mg/kg/day PO. These doses were nomore effective in promot-
ing survival or body weight gain or in improving motor function
thanwere the lower doses (Fig. 4E and F, SupplementaryMaterial,
Fig. S2).

SMN-C1 prevents motor neuron loss and rescues
synaptic pathology in SMA mice

Next, we investigated the effects of SMN-C1 on the hallmark tis-
sue pathologies of SMA (1,2). Tissueswere evaluated at PND14 be-
cause a sufficient number of vehicle-dosed SMNΔ7 SMA mice
were still alive at this age. As in humans, spinal motor neurons
degenerate in SMNΔ7 SMAmice. As shown in Figure 5A, the num-
ber of motor neurons in the spinal cord was reduced in vehicle-
dosed SMNΔ7 SMA mice compared with the number in the HET
control [P < 0.001, one-way analysis of variance (ANOVA), mul-
tiple comparisons versus vehicle]. SMN-C1 injected IP from
PND3 through PND14 increased the motor neuron number in a
dose-dependent manner, resulting in a similar number of
motor neurons in the spinal cords of SMNΔ7 SMA mice treated
with 3 mg/kg SMN-C1 as in the HETmice (P < 0.001, ANOVA, mul-
tiple comparisons versus vehicle). In addition, lumbar motor
neurons displayed a decrease in the number of proprioceptive
primary afferents abutting onto the somata and proximal den-
drites in the SMNΔ7 SMA mice compared with those in controls
(36,37). VGluT1 is a marker of proprioceptive synapses motor
neurons. In mice treated with SMN-C1, the number of vGluT1 in-
puts onto L3–5 motor neuron somata was increased relative to
that in vehicle-treated SMA mice and similar to that of the HET
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mice (Fig. 5B; P < 0.0001, one-way ANOVA, multiple comparisons
versus vehicle). Together these results demonstrate that SMN-C1
prevented the loss ofmotor neurons aswell as the loss of proprio-
ceptive synaptic inputs onto motor neurons somata.

In addition to the effect on motor neurons in the spinal cord,
another major pathology of SMA is the loss of the NMJ in select
vulnerable muscles (1,2,36–38). In SMNΔ7 SMAmice, denervation

of NMJs is most evident in a group of clinically relevant muscles
that are most vulnerable to the disease including the longissimus
capitis and the splenius capitis muscle (38). In contrast, NMJs in re-
sistant muscles such as the extensor digitorum longus (EDL) and
sternomastoid muscles, remain almost fully innervated even at
the disease end-stage (36,38). To assess the effect of SMN-C1 at
the NMJ, we examined the morphology and physiology of NMJs

Figure 4.Administration of SMN-C1 increases survival and bodyweight gain, improvesmotor function, and reduces tissue necrosis in SMNΔ7 SMAmice. For Study 1 (A–D):

animals were treated with vehicle or SMN-C1 at doses of 0.1 or 0.3 mg/kg/day from PND3 to PND23 by IP injection, and thereafter by oral gavage at doses of 0.6 or 2 mg/kg/

day from PND24 through PND120. Data represent means ± SEM of an initial group size of 10 (HET) and 15 (SMNΔ7 SMAmice, labeled SMA or SMN-C1 treated) animals per

data point. (A) Kaplan–Meier survival plot. (B) Body weight from PND3 to PND120. (C) Photograph of treated SMNΔ7 SMAmice on ∼PND65. SMAΔ7 mice were treated with

0.1 mg/kg IP/0.6 mg/kg PO (labeled 0.6 mg/kg) or 0.3 mg/kg IP/ 2 mg/kg PO (labeled 2 mg/kg PO). An age-matched littermate HET formouse Smn1 (labeled HET) is shown for

comparison purposes. (D) Tail length ofmicemeasured on∼PND65. For Study 2 (E and F): animalswere treatedwith vehicle or SMN-C1 fromPND3 to PND23 by IP injection,

and thereafter by oral gavage through PND64 at which time the study was stopped. Data represent means ± SEM with initial group size of 9 HET littermates, 11 vehicle-

dosed SMNΔ7 SMAmice, 13 SMNΔ7 SMAmice treated with SMN-C1 at 1 mg/kg IP→ 6 mg/kg/day PO, 14 SMAΔ7mice treated with SMN-C1 at 3 mg/kg IP→ 10 mg/kg/day PO

and 12 SMNΔ7 SMA mice treated with SMN-C1 at 10 mg/kg IP→ 60 mg/kg/day PO. (E) Body weight from PND3 to PND64. (F) Latency to righting (in seconds) in neonatal

SMNΔ7 SMA mice. **P < 0.01, ***P < 0.001 and ****P < 0.0001 (ANOVA, multiple comparisons versus HET).
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in the longissimus capitismuscle of SMNΔ7 SMAmice. As shown in
Figure 6A and B, NMJs in the longissimus capitis of SMNΔ7 SMA
mice were largely denervated (only ∼20% fully innervated) at
PND14. In contrast, in mice dosed with SMN-C1 at 3 mg/kg IP
(from PND3 through PND14), over 65% of NMJs in the longissimus
capitiswere fully innervated (Fig. 6B). Similarly, only∼44%ofNMJs
are fully innervated in the splenius capitis muscle from vehicle-
dosed SMNΔ7 SMA mice (Supplementary Material, Fig. S3, HET
versus SMA), while fully innervated in SMNΔ7 SMA mice dosed
with SMN-C1 at 3 mg/kg IP (from PND3 through PND14) (Supple-
mentary Material, Fig. S3, SMN-C1 treated versus SMA).

In mouse models of SMA, the pre-synaptic nerve terminals
contain an abnormal accumulation of neurofilaments (NF) at
the NMJ (39–41). As shown in the SMA-resistant sternomastoid

muscle (Fig. 6C), while no NF accumulation occurred in HET
mice, 88% of the NMJs had NF accumulation in vehicle-treated
SMNΔ7 SMA mice. This accumulation was reduced by 19 and
94%, respectively, following treatment with doses of 0.1 mg/kg
and of 3 mg/kg SMN-C1.

To examine transmission at the NMJ in SMNΔ7 SMAmice, we
first performed intracellular recording in the resistant EDL
muscle. Muscle contraction was prevented by pre-incubation
with µ-conotoxin, which blocks voltage-gated sodium channels
in muscle (42). The NMJ of the SMNΔ7 SMA EDL muscle showed
a significantly reduced spontaneous miniature endplate poten-
tial (MEPP) frequency and increased MEPP amplitude [Supple-
mentary Material, Fig. S4; (36)]. The increase in MEPP amplitude
may be due to the higher input resistance of the smaller SMNΔ7

Figure 5. SMN-C1 prevents loss ofmotor neurons and proprioceptive synapses ontomotor neurons in the spinal cord. Animals were treated by IP injectionwith vehicle or

SMN-C1 at doses of 0.1 or 3 mg/kg/day from PND3 to PND14. (A) Representative images of lumbarmotor neurons in the L3–5 sections of the spinal cord. (B) Representative
image of vGlut1-positive somal synapses. (C) Quantification of lumbar motor neurons in the L3–5 section of the spinal cord (HET N = 4; SMNΔ7 SMA N = 5; 0.1 mg/kg N = 5,

3 mg/kg N = 5). (D) Quantification of the number of vGlut1-positive somal synapses (HET N = 4; SMNΔ7 SMA N = 4; 0.1 mg/kg N = 5, 3 mg/kg N = 5). ***P < 0.001 and

****P < 0.0001 (ANOVA, multiple comparisons versus SMA control). NS = not significant (ANOVA, multiple comparisons versus HET).
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SMA mouse muscle fibers (Fig. 7). The amplitude of evoked end-
plate potentials (EPPs) was similar between control and SMNΔ7
SMN NMJs (Supplementary Material, Fig. S4). Correspondingly,
quantal content, calculated by dividing the amplitude of EPP by
MEPP (43), was reduced by∼25% in SMNΔ7 SMAmouseNMJs com-
pared with those in the HET mice (Fig. 6D, HET versus SMA).
Therefore, despite the full NMJ innervation of the EDL muscle,
synaptic transmission in EDL NMJs is defective as demonstrated
by reduced quantal content. Treatment with SMN-C1 at a dose
of 3 mg/kg corrected the amplitude and frequency of MEPPs, as

well as the quantal content indicating that both the morphology
and function of the NMJ were improved with SMN-C1 treatment.

In addition to the resistant EDLmuscle, we also examinedNMJ
function in the vulnerable splenius capitis muscle. NMJs that ex-
hibit an EPP upon nerve stimulation are defined as functional
junctions. At PND14, all of the NMJs in HET mice were functional
as demonstrated by the presence of EPPs upon nerve stimulation
(Fig. 6E). In contrast, only 58% (P < 0.0001 for vehicle-dosed SMA
mice versus HET) of the endplates in the splenius capitis of
SMNΔ7 SMA mice displayed EPPs upon nerve stimulation,

Figure 6. SMN-C1 treatment improves NMJmorphology and synaptic efficiency. Animals were treated by IP injectionwith vehicle or SMN-C1 at doses of 0.1 or 3 mg/kg/day

from PND3 to PND14. (A) Representative images of the NMJ of the longissimus capitismuscle: HETmice, vehicle-dosed SMNΔ7 SMAmice and SMN-C1-treated SMNΔ7 SMA

mice. Green (NF), green (synaptophysin), red (α-bungarotoxin) and yellow is formed where the synaptophysin (nerve terminals, green) and α-bungarotoxin(muscle, red)

overlap. (B) Quantification of the percentage of fully and partially innervated NMJs in the longissimus capitis (HET N = 6; vehicle N = 6; 0.1 mg/kg N = 4, 3 mg/kg N = 5). (C)
Quantification of NF accumulation in the sternomastoid muscle (HET N = 5; vehicle N = 5; 0.1 mg/kg N = 4, 3 mg/kg n = 5). (D) Quantification of quantal content in the EDL

muscle of HET mice, SMNΔ7 SMA vehicle-dosed and SMN-C1-treated SMNΔ7 SMA mice. (E) Quantification of functional NMJs of HET mice, SMNΔ7 SMA vehicle-dosed

and SMN-C1-treated SMNΔ7 SMA mice (N = 5 per group). *P < 0.0001 (ANOVA, SMNΔ7 SMA versus SMN-C1-treated SMNΔ7 SMA and SMNΔ7 SMA versus HET).

Differences between SMN-C1-treated SMNΔ7 SMA and HET were not statistically significant.
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indicating that ∼42% of junctions are silent. This result is consist-
entwith ourmorphological analysis of splenius capitismuscle NMJ
innervation showing that 45% of junctions are denervated in this
muscle (Supplementary Material, Fig. S3). SMN-C1 treatment in-
creased the functional junctions to 91% (P < 0.05 for SMN-C1-trea-
ted versus vehicle-dosed SMA mice) and increased innervation
(Supplementary Material, Fig. S3). Together, our findings demon-
strate that SMN-C1 improves NMJ synaptic transmission efficacy
in both resistant and vulnerable muscles.

SMN-C1 corrects muscle atrophy in SMA mice

A striking manifestation of SMA in both animal models and pa-
tients is muscle atrophy (1,2). As shown in Figure 7, the total
cross-sectional areaof the EDLmuscle in SMNΔ7 SMAmicewas re-
duced by 65% comparedwith that of theHET littermates at PND14.
Treatment with SMN-C1 at doses of 0.1 or 3 mg/kg from PND3
through PND14 resulted in 115 and 152% increases, respectively,
in the size of EDL muscles relative to those in the vehicle-dosed

Figure 7. SMN-C1 reduces muscle atrophy. Animals were treated by IP injection with vehicle or SMN-C1 at doses of 0.1 or 3 mg/kg/day from PND3 to PND14. HET mice,

vehicle-dosed SMNΔ7 SMA mice and SMN-C1-treated SMNΔ7 SMA mice. (A) EDL, (B) Longissimus: images of the muscle, quantification of the area of the muscle,

quantification of the number of myofibers and quantification of myofiber size in the muscle.
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SMNΔ7 SMA mice (Fig. 7A). When treated with a dose of 3 mg/kg
SMN-C1, the EDL cross-sectional area was not significantly differ-
ent from that of HET littermates. This overall increase in muscle
size reflects an increase in themyofiber size andmyofiber number
(Fig. 7A). Additionally, treatment with SMN-C1 at doses of 0.1 or
3 mg/kg resulted in ∼2- and ∼3-fold increases, respectively, in
the size of the vulnerable longissimus capitis muscle (Fig. 7B). This
was associated with a correspondingly large increase in the size
and number of muscle fibers. Thus, SMN-C1 treatment results in
a dose-dependent amelioration of muscle atrophy in SMA mice.

Discussion
Here,wehave characterizedSMN-C1, a low-molecularweight com-
pound that corrects alternative splicing defects of SMN2 exon7.We
evaluated SMN-C1 pharmacokinetics in mice, the dose–response
of SMN-C1 induction of SMN protein in two mouse models of
SMA, the correlation between SMN-C1 PK and SMN protein induc-
tion in vivo, and demonstrated that the peripheral SMN protein le-
vels correlated with CNS SMN protein levels in the C/C-allele and
SMNΔ7mousemodels of SMA. Importantly, increased SMNprotein
expression and function are further indicated by robust correction
of SMN-dependentRNAprocessingpathways that aredysregulated
in SMA. Further, we showed that administration of SMN-C1 to
SMNΔ7 SMA mice resulted in long-term survival of >60% of the
mice, increased body weight, and an improved phenotype. These
results can be used to guide design of clinical trials aimed to
show efficacy of compounds that modify the alternative splicing
of SMN2 exon 7 for use in the treatment of SMA patients.

SMN-C1 showed excellent distribution into the CNS and per-
ipheral tissues when administered systemically to both neonatal
and adult mice. CNS and plasma exposures were higher in neo-
natal mice. The blood–brain barrier is not fully mature in the
mouse at PND10 (44), which may account for the higher CNS ex-
posure to SMN-C1 in neonatal mice in comparison with adult
mice. The longer terminal half-life in plasma of neonatal mice
may be due to decreased compound clearance, consistent with
prior evidence that enzymes responsible for xenobiotic elimin-
ation such as cytochrome P450 enzymes are not expressed in
neonatal mice (45,46). In neonatal mice, a daily dose was suffi-
cient for sustained exposures. At PND24, the dose was increased
and administered twice per day 6 h apart. Comparison of once-
daily versus twice daily dosing of the same total quantity of the
compound demonstrated that SMN protein induction correlates
more with AUC or time above a threshold plasma concentration,
and less with Cmax. Consistent with the tissue distribution of
SMN-C1 in vivo, administration of SMN-C1 in mouse models of
SMA increased SMN protein in all tissues evaluated. Although
SMA is characterized by the loss of motor neurons in the spinal
cord, additional studies have highlighted systemic pathology in-
cluding cardiovascular pathology, peripheral necrosis, pancreatic
and liver deficiencies in mouse models of the disease (16,47–50)
aswell as in SMApatients (49–52). For example, the peripheral de-
liveryof antisense oligonucleotides that promote SMN2 exon 7 in-
clusion improves survival rates in mouse models of SMA,
although not as much as central delivery. Importantly, the deliv-
ery of antisense oligonucleotides to both the CNS and the periph-
ery wasmost effective (16). In a recent study, increasing SMN only
in the peripheral tissues rescued peripheral necrosis in a mouse
model of mild SMA and extended survival in a severe mouse
model of SMA (17). Therefore, the SMN-C1-induced increases in
SMN protein in both the periphery (quadriceps, heart, liver, skin
and PBMCs: supplementary Material, Tables S1 and S2) and the
CNS (brain, spinal cord: supplementary Material, Tables S1 and

S2) indicate that the likelihood of clinical success is expected to
be higher for compounds with both central and systemic activity
such as SMN-C1when comparedwith therapies that are restricted
to either the CNS or to the periphery. Additionally, we show that
increases in SMN protein levels in the PBMCs and the skin correl-
atewith the increases of SMNprotein levels in the brain andspinal
cord. This indicates that peripheral tissues such as blood, skin or
muscle, which can be collected in a relatively non-invasive way,
could be analyzed to evaluate SMN increases in the CNS.

We demonstrate that the increases in SMN protein levels in-
duced by SMN-C1 treatment in the spinal cord of SMNΔ7 SMA
mice are associated with enhanced SMN function as indicated
by the correction of snRNP biogenesis and downstream RNA pro-
cessing defects caused by SMN deficiency. Furthermore, we dem-
onstrate that increased SMN protein levels and SMN protein
function are associated with reduced neuromuscular pathology,
improved motor function, body weight gain and increased sur-
vival. Administration of SMN-C1 at a dose of 0.1 mg/kg IP from
PND3 through PND23 followed by a dose of 0.6 mg/kg PO from
PND24 onward resulted in robust improvement of survival and
bodyweight gaindeficits of SMAmice (Fig. 4AandB), althoughdis-
ease phenotypes were only partially corrected, as revealed by
moderate improvement of tail necrosis and less effective preven-
tion of hallmarks of SMAneuromuscular pathology such asmotor
neuron loss and NMJ denervation. SMN-C1 administered at a dose
of 0.1 mg/kg IP from PND3 through PND9 increased SMN protein
levels by 66% in the brain and by 35% in the spinal cord relative
to vehicle-treated controls indicating that this extent of SMN pro-
tein increase is beneficial, but not optimal. Administration of
SMN-C1 at a dose of 0.3 mg/kg IP from PND3 through PND23 fol-
lowed by a dose of 2 mg/kg PO from PND24 onward resulted in ro-
bustly improved survival and body weight gain as well as
significantly reduced peripheral necrosis (tail, pinna, tissue sur-
rounding the eye). At a dose of 0.3 mg/kg IP dosed from PND3
through PND9, the levels of SMN protein in the brain and spinal
cord were increased by ∼100% relative to those in vehicle-dosed
mice. Given that a 100% increase relative to vehicle is still well
below the levels of CNS SMN protein in HET mice, which are
500% above those in the vehicle-dosed mice, SMN protein levels
donotneed to be completely restored toprovide a beneficial effect.

In summary, we have shown that administration of SMN-C1 to
SMNΔ7 SMA mice results in long-term survival. Although pro-
longed survival was seen at the lower doses, the phenotype was
only partially corrected as evidenced by necrosis of tail, pinna
and tissues surrounding the eye, reduced protection from motor
neuron loss and NMJ denervation, and reduced protection from
muscle atrophy. In contrast, the SMA phenotype was robustly im-
proved at the higher dose. Specifically, at a dose of SMN-C1 that in-
creased SMN protein levels by 100% resulted not only in long-term
survival and increased bodyweight gain, but also in the restoration
of the SMN-dependent RNA processing, improved histopathology
of the spinal cord and NMJ, and improved NMJ function. These re-
sults contribute to thedesign andplanning of clinical development
of compounds that correct SMN2 exon 7 splicing.

Materials and Methods
All animal studies were performed under IACUC approved proto-
cols at AAALAC-certified animal facilities.

Pharmacokinetic studies in animals

The pharmacokinetics of SMN-C1 was evaluated in wild-type
FVB/N mice (The Jackson Laboratory, Bar Harbor Maine). For
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oral dosingof adultmice, SMN-C1was formulated as a suspension
in 0.5% hydroxypropylmethyl cellulose (HPMC) with 0.1% Tween
80 and administered by gavage at a dose of 10 mg/kg at 5 ml/kg.
For intraperitoneal dosing of 10-day-oldmice, SMN-C1was formu-
lated in dimethyl sulfoxide (DMSO) and administered at a dose of
10 mg/kg at 2.5 ml/kg. Blood was collected by terminal cardiac
puncture at specified time points (three mice per time point),
and centrifuged to collect plasma. Brain tissue was collected at
the time of blood collection and homogenized in water. The con-
centrations of test compound in plasma and brain tissue were
quantified by liquid chromatography-tandemmass spectrometry
(LC-MS/MS). Briefly, the plasma and tissue homogenate samples
were treatedwithacetonitrile-methanolmixture containingan in-
ternal standard that is a close structural analog of the test com-
pounds. The treated plasma and brain homogenate samples
were centrifuged and the supernatant was collected and analyzed
using electro-spray LC-MS/MS.

SMA mice

Animalswere kept in a controlled vivariumat∼25°Cand∼50%hu-
midity with a 12 h light/dark photoperiod and monitored for
health.Mice had free access to food andwater. The original breed-
ing pairs of SMNΔ7 SMA mice were purchased from The Jackson
Laboratory [(FVB.Cg-Tg(SMN2*delta7)4299Ahmb Tg(SMN2)89Ahmb
Smn1tm1Msd/J; stock number 005025)] (25). The original breeding
pairs of the C/C- allele mice [FVB.129(B6)-Smn1tm5(Smn1/SMN2)Mrph/J;
stock number 008604] (24) were obtained from The Jackson La-
boratory. Both colonies were maintained by interbreeding carrier
mice, and the offspring were genotyped as described below.

Genotyping

SMNΔ7 SMA mice were identified by genotyping at PND2 using a
PCR-based assayusing genomicDNAfrom tail biopsies. Crude gen-
omic DNAwas released from a 0.5 cm tail clips by denaturing in
25 m NaOH and 0.2 m ethylenediaminetetraacetic acid buffer
for 1 h at 98°C and then neutralizing with the addition of an
equal volume of 40 m Tris–HCl (pH 5.5). PCR was performed
using Platinum TaqHiFi PCR supermix (Thermo Fisher Scientific
cat. number 12532-016), two forward primers, and one common re-
verse primer to obtain a 250 bp product for thewild-type allele and
a 180 bp product for the mutant allele. Primer sequences were
GGTTGATCTAGGGACTTTGAGC (Primer 1); CTCTCTTTCTTTACA
AAATGTATGACC (Primer 2) and CATGCTGGGTACATGAAAACC
(Primer 3). PCRwasperformed for 1 cycle of 94°C for 2 min followed
by 32 cycles of 94°C for 30 sec, 57°C for 30 s and 68°C for 60 s.

RNA analysis

The total RNAwas isolated using Trizol (Thermo Fisher Scientific,
cat. no. 15596-026) followed by digestionwith RNase-free DNase I
(Thermo Fisher Scientific, cat. no. AM2222). For mRNA analysis,
mixture of oligo-dT primers and random hexamers was used to
generate cDNA using Advantage RT-for-PCR kit (Clontech) and
1 μg of total RNA following the manufacturer’s instructions. For
spliceosomal snRNA analysis, snRNA-specific reverse primers
were used in the RT reaction according to a previous study (51).
All primers and probes used in RT-qPCR and northern blot ex-
periments were previously described (28–30,53,54).

Quantification of SMN protein in animal tissues

Tomeasure increases in SMN protein in vivo in amouse model of
Type III SMA, adult C/C-allele mice were treated daily for 10 days.

One hour after the 10th dose, mice were euthanized and tissues
were collected. To measure increases in SMN protein in vivo in a
mouse model of Type I SMA, 3-day old (PND3) SMNΔ7 SMA mice
were dosed daily from PND3 through PND9 or PND3 through
PND11, as specified for the study. One hour after the last dose,
micewere euthanized and tissues were collected. Tomeasure in-
creases in SMN protein in vivo, tissue samples were collected and
homogenized on the TissueLyzer II (Qiagen) in buffer comprising
20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1%
sodium deoxycholate, with complete protease inhibitor cocktail
(Roche). The samples were then centrifuged for 20 min at
14 000×g in a microcentrifuge. The homogenates were trans-
ferred to a 96-well plate and were diluted in RIPA buffer. Samples
were run in duplicate and averaged. SMN protein was quantified
using homogeneous time-resolved fluorescence (HTRF, Cisbio
Bioassays) as previously published (20). For the HTRF assay,
35 µl of tissue homogenate were transferred to a 384-well plate
containing 5 µl of the antibody solution [1:100 dilution of anti-
SMN d2 and anti-SMN cryptate (Cisbio)]. The platewas incubated
overnight at room temperature. Fluorescence was measured at
665 and 620 nm on an EnVision multilabel plate reader (Perkin
Elmer). Total protein content was quantified in each tissue hom-
ogenate using the bicinchoninic acid protein assay according to
the manufacturer’s protocol.

The HTRF signal for SMN protein was normalized to the total
protein concentration for each sample generating the delta F
SMN signal/total protein. The percent increasewas calculated as:

100 × ðtreated� vehicle)/vehicle

where the vehicle is the mean SMN/total protein for the vehicle-
dosed group and treated is the SMN/total protein for each com-
pound-dosed animal. Statistical differences between groups
were determined using ANOVA (multiple comparisons versus ve-
hicle; GraphPad, Carey, NC, USA).

SMNΔ7 SMA mouse survival studies

Homozygous SMNΔ7 SMA mice were dosed IP with SMN-C1 or
vehicle (100% DMSO) once per day from PND3 until the dosing
regimen was switched on PND24 to an oral dose 3-fold higher
twice per day in 0.5% HPMC and 0.1% Tween 80. Litters were ran-
domized across groups, with 9–15 mice per group. Body weight
and survival were assessed daily. The group size was powered
to show statistically significant differences in survival, body
weight, righting-reflex and tail length (optimal group size esti-
mated using SigmaStat 3.0, power = 80%). Survival analysis was
done using GraphPad Prism (log-rank test) and a P-value of
<0.05 was considered as significant.

Survival study 1: SMN-C1 was administered by IP dosing (at 0.1
or 0.3 mg/kg IP, qd) from PND3 through PND23. From PND24
through PND59, mice were treated by oral gavage (0.3 or 1 mg/
kg bid, PO,Monday to Friday and 0.6 or 2 mg/kg qd PO on Saturday
and Sunday). After PND60, mice were dosed at 0.6 or 2 mg/kg qd
PO, respectively.

Survival study 2: SMN-C1was administered by IP dosing (at 1, 3
or 10 mg/kg) initiated at PND3 and continued through PND29.
From PND30 onward, mice were treated by oral gavage (3,10 or
30 mg/kg bid, PO).

Assessment of motor neuron pathology

The longissimus capitis, splenius capitis and serratus posterior inferior
muscles were dissected and teased into layers 5–10 fibers thick.
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Pre-synaptic nerve terminals were labeled with anti-NF (Milli-
pore) and anti-synaptophysin (Thermo Fisher) antibodies, and
post-synaptic acetylcholine receptors were labeled with α-bun-
garotoxin (Thermo Fisher). NMJs were visualized and quantified
by epifluorescence or confocal microscopy. NMJs were consid-
ered fully innervated if the pre-synaptic nerve terminal com-
pletely co-localized with the post-synaptic endplate, and the
innervation percentage was calculated as the number of fully in-
nervated NMJs divided by the total number of NMJs quantified.
Neurofilament accumulation was defined as NF staining that oc-
cupied >25% of the motor endplate area (35).

To examine central synapses, lumbar cord spinal segments 3–
5 (L3–5) were dissected and sectioned at 80 µm. Spinal cord sec-
tions were stained with anti-ChAT (Millipore) and anti-vGlut1
(Synaptic Systems) antibodies, and imaged at 1 µm intervals
using × 100 oil-immersion objectives on the Zeiss LSM confocal
microscope. The number of primary proprioceptive afferents
was quantified as vGlut1-positive puncta abutting on the soma
and proximal dendrites of motor neurons.

Electrophysiological recordings from NMJs

Conventional intracellular recordings were performed as de-
scribed previously (35). The EDL and splenius capitis muscles
with their nerves attached were dissected in normal Ringer’s so-
lution and were pre-incubated in 2–3 µ µ-conotoxin for 30 min
to block muscle contraction. The recording was then performed
in toxin-free Ringer’s solution. EPPs were elicited by 1 Hz train
through a suction electrode and recorded via a glass pipette filled
with 3  KCl. The EPP amplitudes were normalized to −50 mV
and corrected for non-linear summation. Data were acquired
and analyzed using the pClamp8 software and Mini Analysis
software. Themean quantal content was calculated by the direct
method (41). A one-way ANOVA was used for comparison of
means across groups (multiple comparisons versus vehicle).

Motor function evaluation of neonatal SMNΔ7 SMA mice

The righting reflex evaluates the time (in seconds) that it takes an
animal to right itself when placed on its back. The animal was
given a maximum of 30 s to complete the test. Three trials were
recorded for each mouse, and the mean of three trials/animal
was then averaged across the group.

The geotaxis assaymeasuresmotor coordination and the ves-
tibular system and tests the ability of the animal to orient itself
whenplaced face downon an inclinedplatform (∼35° inclination).
Animals were given a maximum of 60 s to complete the test.

The tube test is designed to test hind-limb strength and gen-
eral body muscle tone in neonatal mice (age PND2–PND23) (55).
The test is performed in two consecutive trials. There is no
time limit for either trial. In each trial, the mouse is placed face
down, hanging by its hind-limbs in a plastic 50 ml centrifuge
tube (hence the name tube test). Three parameters are evaluated:
(i) time spent hanging (s); (ii) number of pulls (to escape the tube)
and (iii) hind-limb score (HLS) (ranging from 0 to 4; 0 indicates
paralysis and 4 indicates normal tone). These parameters are
then included in an equation that provides a score referred to
as the tube test score (TTS) (TTS = [(time hanging) + (# pulls × 10)]
× (HLS + 1)/4.

Supplementary Material
Supplementary Material is available at HMG online.
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