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Abstract
Spinal muscular atrophy (SMA) is a neuromuscular disease characterized by degeneration of spinal motor
neurons resulting in variable degrees of muscular wasting and weakness. It is caused by a loss-of-function
mutation in the survival motor neuron (SMN1) gene. Caenorhabditis elegans mutants lacking SMN recapitulate
several aspects of the disease including impaired movement and shorted life span. We examined whether genes
previously implicated in life span extension conferred benefits to C. elegans lacking SMN. We find that reducing
daf-2/insulin receptor signaling activity promotes survival and improves locomotor behavior in this C. elegans
model of SMA. The locomotor dysfunction in C. elegans lacking SMN correlated with structural and functional
abnormalities in GABAergic neuromuscular junctions (NMJs). Moreover, we demonstrated that reduction in daf-2
signaling reversed these abnormalities. Remarkably, enhancing GABAergic neurotransmission alone was able to
correct the locomotor dysfunction. Our work indicated that an imbalance of excitatory/inhibitory activity within
motor circuits and underlies motor system dysfunction in this SMA model. Interventions aimed at restoring the
balance of excitatory/inhibitory activity in motor circuits could be of benefit to individuals with SMA.
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Significance Statement

Spinal muscular atrophy (SMA) is a pediatric motor neuron disease resulting from the loss of the survival
motor neuron (SMN) protein. While great effort has been expended on interventions aimed at increasing
levels of compensatory SMN1, identification of genes that modify the SMA phenotype has lagged. Here, we
undertook a targeted genetic screen to identify SMA disease suppressors. We demonstrated that reduced
insulin/insulin-like signaling is beneficial for not only longevity but also locomotor activity in SMA worm
models. Our results from anatomic, functional, and genetic studies show that the impairment of GABAergic
neurotransmission contributes to locomotor dysfunction in smn-1 null worms. Enhancing GABAergic
neurotransmission alone can correct the locomotor dysfunction. This work leads to new understanding of
disease pathogenesis and opens up new opportunities for therapy.
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Introduction
Spinal muscular atrophy (SMA) is an autosomal reces-

sive disease in infants and children, which is character-
ized by progressive degeneration of the motor neurons
resulting from a reduction in abundance of functional
survival motor neuron (SMN) protein (Lefebvre et al.,
1997). SMN cycles between the nucleus and cytoplasm,
and plays a critical role in assembly of the ribonucleopro-
teins (RNPs) required for pre-mRNA splicing (Fischer
et al., 1997). In neurons, SMN is also found in axons and
is thought to be important for RNA transport (Rossoll
et al., 2003). Although SMN is ubiquitously expressed in
all cells, clinically, the neuromuscular system displays the
most prominent pathology in SMA. The cell type-specific
pathology of disease is one of the more enigmatic aspects
of SMA, it may reflect relative differences in tissue require-
ments for SMN-mediated biological processes (Monani,
2005; Zhang et al., 2008).

A variety of SMA animal models have been established
including mice, zebrafish, flies, and worms. These plat-
forms have provided insight into a number of critical
pathophysiological questions (McWhorter et al., 2003;
Oprea et al., 2008; Hua et al., 2011; Imlach et al., 2012).
First, in which cell or cell types is SMN required for health
and maintenance of the neuromuscular system? In mice,
cell type-specific knock-out (KO) or cell type-specific res-
cue in an SMN deficient background suggests that the
SMA phenotype is a result of loss of SMN from motor
neurons (Martinez et al., 2012; Zhou et al., 2016), other
neurons (Paez-Colasante et al., 2013), and muscle cells
(Cifuentes-Diaz et al., 2001). In addition, peripheral tis-
sues could be critical players, too (Hua et al., 2011).
Second, is SMN required continuously to maintain neuro-
muscular system integrity or is there a critical window?
Phenotypes of the conditional KO mice indicate that the
period of neuromuscular junction (NMJ) formation/matu-
ration (especially between postnatal day 10 and postnatal
day 20) has a particularly high requirement for SMN, and
adult animals have a substantially less, but non-trivial,
requirement for SMN (Swoboda, 2011; Kariya et al.,
2014). Third, which biological activities subserved by
SMN are necessary for proper functioning of neuron? This
has been challenging to unravel, but defects in splicing
specificity are thought to be the main disease drivers
(Zhang et al., 2008).

Humans have two copies of the SMN gene (SMN1 and
SMN2) that differ in a C/T nucleotide inside exon 7, which

alters its splicing patterns. This critical difference results
in an inclusion of exon 7 in the majority of SMN1-derived
mRNA but an exclusion of exon 7 in the most of SMN2-
derived mRNA. SMN protein lacking sequences encoded
by exon 7 is un stable (Burnett et al., 2009). SMA is
caused by the low levels of SMN protein, which results
from loss of SMN1 and variable compensation by the
unstable products of the SMN2 locus (Monani et al., 2000;
Le et al., 2005). These observations on the molecular
pathophysiology of SMN have therapeutic implications. In
a mouse model of SMA, application of antisense oligonu-
cleotide (ASO) therapy aimed at increasing the expression
of exon 7-containing SMN from the SMN2 locus have a
major impact on disease (Hua et al., 2011), and human
trials using this approach are promising (Finkel et al.,
2016; Mercuri et al., 2018). Nonetheless, this therapeutic
approach is problematic because ASOs do not cross the
blood brain barrier, and intrathecal administration of ASO
to fragile patients is a clinical issue. Non-SMN modifiers of
the SMA phenotype have been identified (i.e., plastin 3
and ROCK). Targeting these molecules and the cell bio-
logical processes they impact has therapeutic potential
(Oprea et al., 2008).

In an effort to identify new disease modifiers we asked
whether genes previously implicated in life span extension
of Caenorhabditis elegans (Kenyon, 2010) would influence
the lifespan and locomotor phenotype of smn-1 null ani-
mals. We discover reduction of the insulin/insulin-IGF
signaling (IIS) pathway significantly extends lifespan and
improves locomotor phenotypes in this SMA model.
These effects are intriguing because reducing other genes
previously implicated in lifespan extension did not extend
lifespan in smn-1 null animals. Furthermore, we further
demonstrate that by loss of daf-2, locomotion is improved
due to enhancement of GABAergic transmission. Our data
suggest that impaired GABAergic transmission is dis-
rupted normal homeostatic locomotion in SMA disease
model. Interventions aims at restoring the balance of
excitatory/inhibitor activity in motor circuits could be ben-
efits to individuals with SMA.

Materials and Methods
C. elegans strains and handling

Worms were maintained at 20°C on Nematode growth
media (NGM) plates seeded with Escherichia coli OP50
(Brenner, 1974). Stains used for this study are CB1370
daf-2(e1370)III, LM99 smn-1(ok355) I/ht2 [bli-4(e937)
qIs48] (I;III), RM2710 snf-11(ok156) V, TJ356 zIs356 IV
[daf-16::daf-16a/b::GFP � rol-6], FY297 (also known as
EG1653) oxls22 [UNC-49B::GFP] II, CZ333 juIs1 [Punc-
25-SNB1::GFP] IV. Bruce Bamber and Anne Hart kindly
shared FY297 oxls22[UNC-49B-GFP] and smn-1(rt248),
respectively. N2 Bristol was used as the wild-type refer-
ence strain. Double or triple worms were generated by
standard genetic crosses and verified by PCR or fluores-
cence expression (Table 1).

Lifespan analysis
Strains were grown at 20°C for at least two generations

without starvation before lifespan analysis. Eggs were
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collected by bleaching reproductive adults of the desired
genotype and letting them hatch and grow at either 20°C
or 25°C. Survivors were monitored and counted every
day. In all cases, p values were calculated using the
Log-rank (Mantel–Cox) method.

RNAi knock-down and survival assay in C. elegans
Each RNAi (RNA Interference) colony was grown over-

night in Luria broth (LB) containing ampicillin (50 �g/ml),
and 200 �l was seeded onto NGM plates containing
isopropylthiogalactoside (IPTG; 1 mM) to induce dsRNA
expression at room temperature. All RNAi clones used in
this study were generated as described previously in the
Ahringer library (Fraser et al., 2000) and were confirmed
by DNA sequencing. Longevity-promoting RNAi candi-
dates were validated in wild-type N2 animals. For lifespan
experiments, ten young adult animals were placed on
RNAi plates, eggs were laid for 4–6 h before hermaphro-
dites were removed. The progeny was allowed to grow on
the RNAi plate until young adults (first generation). This
cycle was repeated once more to obtain the third-
generation progeny for the lifespan assay. Survivors were
counted every day. An empty vector (EV) for RNAi con-
structs served as a control.

Confocal images and synapse marker (puncta)
analysis

Animals at L2 or Late (L2 � 3 d) stage were mounted on
dried 2% agarose pads with M9 buffer. A stack of fluo-
rescent images was captured from same posterior region
of the dorsal nerve cord using Olympus laser scanning
confocal microscopy with 100� objective lens. Stacked
images were projected into a single plane using Fluoview
software. The acquired images were processed and ana-
lyzed by an in house-developed PunctaAnalyzer program
and R script (Hung et al., 2007).

Pyridostigmine bromide and levamisole sensitivity
assay

For analysis of sensitivity to the drugs pyridostigmine
bromide and levamisole, three replicates of at least 20
worms per genotype were placed on NGM plates supple-
mented with either 100 mM pyridostigmine bromide
(Sigma) or 100 �M levamisole (Sigma). Number of worms
paralyzed on each plate was counted every 30 min to a
total 360-min duration. Paralyzed worms were identified
as those failing to response after 5 s of stimulation by

plate-tapping and tail-prodding. The percentage para-
lyzed was averaged at each time point and plotted graph-
ically using Log-rank (Mantel–Cox test) in PRISM.

Quantitative RT-PCR analysis
We hand-picked 500 worms of the various genotypes

and at the examined ages for extraction of total RNA
using TRIzol (Invitrogen) and RNeasy Mini kit (QIAGEN). A
total 1 �g of DNase-treated RNA were reverse transcribed
using iScript Reverse Transcription Supermix (Bio-Rad)
according to the manufacture’s protocol. The cDNAs
were subjected to real-time qPCR in a total volume of 25
�l, containing 1� Power SYBR Green PCR Master mix
(Applied Biosystems) and 200 nM primer. The qPCRs
were amplified and analyzed in triplicate using StepOne
Real-Time PCR system (Invitrogen). Relative mRNA level
of the genes of interest were normalized against � tubulin
(tba-1) as an endogenous control. Primer sequences for
amplification of target mRNA were as following: smn-1,
5=-ATACCTCGATGCCATTTCCA-3= and 5=-ATCCGCT-
CATGTACCAGCTC-3=; tba-1, 5=-AAGATGCCGCCA
ACAACTAC-3= and 5=-CCTCCTCCGAATGAATGAAA-3=.

Swimming assay and biomechanical profile analysis
We captured movies of swimming nematodes in sealed

fluidic chambers that are 2 cm in diameter and 1 mm in
depth. Imaging is performed using bright-field micros-
copy and a high-resolution CCD camera at 30 frames per
second. We discard all movies that exhibit nematode-wall
interactions and interrupted or irregular beating, as well as
movies with fewer than four (worm) beating cycles. Ex-
cluding discarded movies, we obtain an average of 20
movies of unique individuals per group tested, with a
minimum of 11.

Movies of swimming nematodes are analyzed using
in-house software with slight modification from the pub-
lished software which was previously used and validated
for a study on biomechanical profiling of C. elegans ge-
notypes (Krajacic et al., 2012). The original software is
freely available as supplemental material from the Genet-
ics journal website (http://www.genetics.org/content/191/
3/1015.supplemental). The modified version of software in
this study is freely available via the University of Pennsyl-
vania Complex Fluids Lab website (http://arratia.seas.u-
penn.edu/software.html). The modifications allow the
code to be used for the study of immature rather than
adult C. elegans. We have implemented changes that
allow us to accurately measure the biomechanical prop-
erties of younger and therefore smaller and thinner worms
by replacing parameters valid for adult, approximately
millimeter-length C. elegans with parameters calculated
directly from measured lengths and diameters.

The software uses image processing techniques to
track the swimming motion of C. elegans by extracting the
body-shape of the swimmer and then computing the
nematode’s biomechanical properties, including fre-
quency, amplitude, speed, force, and power (Krajacic
et al., 2012). In brief, the nematode’s body is separated
from the background of the image, and its centroid and
body shape in each frame in the plane of motion is
computed as well as the locations of its head and tail.

Table 1. A list of the C. elegans strains generated in this
study and their corresponding genotype

Strain
name Genotype
RK110 smn-1(ok355)/hT2;daf-2(e1370)
RK115 smn-1(ok355)/hT2;daf-2(e1370);juls-1 IV
RK116 smn-1(ok355)/hT2;daf-2(e1370);oxls22 II
RK117 smn-1(ok355)/hT2;juls-1 IV
RK118 smn-1(ok355)/hT2;oxls22 II
RK120 smn-1(ok355)/hT2;TJ356 [daf-16p::daf-16a/b::GFP � rol-6]
RK122 smn-1(rt248)/hT2;daf-2(e1370)
RK123 smn-1(ok355)/hT2;snf-11(ok156)
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Differentiating the centroid position in time yields the
forward swimming speed U. Next, we divide the center-
lines into segments, which are tracked in space and time
to create a parameterized body shape s�x, y, t�, where x
and y define the plane of motion and t represents time.
The nematode’s bending curvature � is defined as the
change in local orientation along the body of the worm.
When plotting curvature as a function of time, diagonal
stripes of alternating positive and negative curvature
clearly show the periodicity of the nematode’s swimming
gait, where the beating frequency is defined as f � 1/T,
where T represents the time to complete one beating
cycle.

We also calculate the normalized curvature as a func-
tion of position along the nematode by first averaging the
local curvature in time to obtain ���s� for each individual
nematode. We then take the magnitude, or absolute
value, of ���s�, the average across each population, and
normalize by the average curvature at the head of the
worm to compare across genotypes. Note that we neglect
the first and last 5% of the nematode’s parameterized
body shape due to its decreasing diameter and increasing
transparency which introduce uncertainties in our curva-
ture measurements.

Moreover, we use the measured body shapes and ve-
locities to compute factors that might differentiate the
behavior of nematodes with SMA from healthy wild-type
organisms. We use a simple hydrodynamic model, resis-
tive force theory (Gray and Hancock, 1955), to estimate
the propulsive force of the nematode (Sznitman et al.,
2010). Since C. elegans are self-propelled and force-free
(Lauga and Powers, 2009), the sum of its propulsive and
drag forces must be zero such that

FP � FD � 0,

where FP and FDare the propulsive and drag forces acting
on the nematode, respectively. We can then estimate FP

by computing FD from RFT; for each body segment, we
can decompose its force contribution as:

dF�t� � �FN � FT�ds � �CNuN � CTuT�ds,

where FN and FT are the normal and tangential compo-
nents of the drag force, CN and CT are the normal and
tangential components of the drag coefficient, and uN and
uT are the normal and tangential components of the ve-
locity of each body segment, respectively. The drag co-
efficients CN and CT are given by Lighthill’s refinement of
the original RFT coefficients (Gray and Hancock, 1955;
Lighthill, 1976). Performing the integral over the surface of
the worm, we can estimate propulsive force (Lauga and
Powers, 2009; Sznitman et al., 2010) using:

FP�t� � �
S

�CNuN � CTuT�ds.

The calculation of period-averaged propulsive force
provides an estimate of muscle (mechanical) output, and
more intuitively, as an indirect measure of strength.

Furthermore, we can compute the power, or rate of
energy expenditure, of C. elegans by multiplying the com-
ponent of the propulsive (or drag) forces for each segment
by its local velocity components:

P�t� � �
S

�F·u�ds � �
S

�CNuN
2 � CTuT

2�ds.

A period-averaged calculation of power is therefore an
estimate for how much mechanical energy is consumed
by C. elegans for locomotion.

Statistics
Statistical analysis was performed using GraphPad

Prism. For data containing more than three groups of
non-normally distributed data, a non-parametric Kruskal–
Wallis test with Dunnett’s multiple comparisons test was
used. For normally distributed data (puncta analysis), one-
way ANOVA with the post hoc Tukey HSD was applied for
multiple comparisons. For survival analysis, a Log-rank
(Mantel–Cox) test was used. The threshold for signifi-
cance was set to p � 0.05. For normalized body curva-
ture, multiple t tests followed by Holm–Sidak method
correction were used.

Results
Inactive daf-2/IGF-1-like signaling pathway extend
lifespan in SMA worm models

To identify new SMA disease modifier, we studied a C.
elegans smn-1 null mutant ok355 (gene name C41G7.1).
The null allele is maintained in a heterozygous state using
the hT2g balancer chromosome and heterozygous ani-
mals (smn-1(ok355)/hT2g) are phenotypically normal. Ma-
ternally contributed SMN message to the developing
embryo allows for the smn-1(ok355) mutant animals to
develop and mature until their premature demise before
adulthood. Animals homozygous for the null allele smn-
1(ok355) have two prominent phenotypes: (1) impaired
locomotion (e.g., uncoordinated or “unc”), and (2) death at
7–8 d of life at 20°C (Briese et al., 2009). Here, we focused
on these phenotypes due to their potential relevance to
the SMA disease.

In C. elegans, both lifespan and stress resistance can
be increased by the loss of function (LOF) of a variety of
single genes that influence caloric intake (Houthoofd
et al., 2002), mitochondrial respiration (Dillin et al., 2002),
insulin/IGF-1-like signaling (IIS; Kimura et al., 1997), or
germline function (Arantes-Oliveira et al., 2002). We hy-
pothesized that such genes and/or its downstream tar-
gets could be SMA disease modifiers. Thus, we took a
RNAi screen approach and asked whether any of these
longevity-promoting genes conferred a survival benefit for
smn-1(ok355) mutant animals by RNAi-mediated knock-
down. Nine RNAi candidates were selected (Extended
Data Fig. 1-1; Kenyon et al., 1993; Ogg et al., 1997; Jia
et al., 2004; Hamilton et al., 2005; Hansen et al., 2005; Oh
et al., 2006; Olsen et al., 2006; Shen et al., 2014). Surpris-
ingly, only knock-down of the insulin/IGF-1-like receptor
gene daf-2 significantly extended the life-span of smn-
1(ok355) mutant animals (Extended Data Fig. 1-1). Knock-
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down of age-1 did not confer a benefit (despite its known
relationship to daf-2 signaling) and this might be due to
compensation by the parallel insulin receptor substrate
(IST-1) pathway (Wolkow et al., 2002).

To verify the survival benefit of smn-1(ok355) due to
down-regulated daf-2, we placed the smn-1 null allele in
the daf-2 (e1370) background. The e1370 allele is a
temperature-sensitive, partial loss-of-function (LOF) allele
of daf-2. At 20°C, smn-1(ok355);daf-2(e1370) double mu-
tants exhibited a median survival time of 10 d, living
significantly longer than smn-1(ok355), which have a me-
dian survival time of 7 d (Fig. 1A; Log-rank test, p �

0.0001). Recently, a second described SMA worm model
(smn-1(rt248); Dimitriadi et al., 2016) is established, which
also exhibited a shortened life span (median survival of 8
d). We generated the smn-1(rt248);daf-2(e1370) mutant
animals and observed that they exhibited a significant
prolongation survival (median survival 13 d; Fig. 1B; Log-
rank test p � 0.0001). Taken together, our results suggest
that loss of daf-2 or daf-2 inactivation can provide a
survival benefit in worm models of SMA.

A critical function of SMN protein is the assembly of
small nuclear RNPs (snRNPs), which are required for
pre-mRNA splicing machinery (Gubitz et al., 2004). This

Figure 1. Inactivation of daf-2/IGF-1 like signaling pathway extend lifespan in SMA worm models. A, Lifespan analysis of N2,
smn-1(ok355), and smn-1(ok355);daf-2(e1370) mutant animals at 20°C. Smn-1(ok355);daf-2(e1370) homozygotes live significantly
30% longer than smn-1(ok355) mutant animals (p � 0.0001, Log-rank test; for additional details, see Extended Data Fig. 1-1). B,
Lifespan analysis of N2, smn-1(rt248), and smn-1(rt248);daf-2(e1370) at 20°C. Smn-1(rt248);daf-2(e1370) homozygotes live signifi-
cantly 40% longer than smn-1(ok355) mutant animals (p � 0.0001, Log-rank test). C, Quantitative analysis of smn-1 mRNA in
wild-type N2, smn-1(ok355), and smn-1(ok355);daf-2(e1370) mutant animals at various developmental time points. qPCR (n �
3/timepoint/strain) measuring smn-1 mRNA abundance normalized to tba-1 in indicated strains is shown in the y-axis. Levels of smn-1
mRNA in N2 animals gradually decrease from day 2 (D2) to day 10 (D10) after hatch. Levels of smn-1 mRNA in both smn-1(ok355)
and smn-1(ok355);daf-2(e1370) mutant animals were barely detectable (�1.0% of smn-1 mRNA in N2). The bar graph represents
mean � SEM from three independent experiments.
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suggests that smn-1(ok355) mutant animals may die pre-
maturely when maternally derived SMN mRNA and pro-
tein levels fall below a specific threshold although this
threshold varies as a function of developmental stage and
in a cell type-specific manner. The striking beneficial ef-
fect of loss of daf-2 on smn-1(ok355) mutant animals’
survival could arise from two possibilities. First, loss of
daf-2 might slow the degradation of smn-1 mRNA or
protein and thereby maintaining them above the critical
threshold. Second, loss of daf-2 might render animals
resistant to reduced SMN protein levels.

To address these possibilities, we conducted real-time
quantitative PCR to monitor smn-1 RNA level in wild-type
N2, smn-1(ok355), and smn-1(ok355);daf-2(e1370) mu-
tant animals at various developmental time points (Fig.
1C). In wild-type N2 animals, we found a progressive
decline in the SMN messenger RNA abundance from day
2 to day 7 on hatching. Compared to smn-1 RNA level
from N2 animals, barely detectable smn-1 RNA levels
were found in both smn-1(ok355) and smn-1(ok355);daf-
2(e1370) strains, across multiple developmental time
points. This result suggests that loss of daf-2 activity
prolongs lifespan in smn-1(ok355);daf-2(e1370) strain de-
spite the lack of smn-1 mRNA. The absence of good tools
for monitoring SMN protein levels leaves a caveat that
loss of daf-2 might slow SMN protein degradation. In
mammalian cells, the half-life of full length SMN protein is
�4.5 h (Burnett et al., 2009). It seems unlikely that animals
lacking SMN mRNA for 5� d after hatching would still
have functional SMN protein. Thus, it suggests that loss of
daf-2 renders smn-1(ok355) mutant animals insensitive to
the absence of SMN protein.

Taken together, our results reveal that not every lon-
gevity promoting pathways identified in C. elegans are
capable to provide survival benefit in smn-1 null animals.
Only reduction of daf-2 signaling pathway has such
unique ability to extend the life of animals lacking SMN-1.
The beneficial effects of reducing daf-2 appear to be
independent of changes in SMN mRNA and probably
protein.

Activation of Daf-16 is required for lifespan
extension in daf-2-dependent pathway in smn-1 null
animals

In wild-type worm, it has been shown that a reduction
of daf-2 signaling can double the lifespan (Lin et al., 1997;
Ogg et al., 1997; Lee et al., 2001) and such extended
lifespan phenomenon is dependent on its downstream
target, DAF-16/FOXO transcription factor, which is nega-
tively regulated by daf-2 signaling (Larsen et al., 1995;
Dillin et al., 2002). Thus, we examined whether the in-
creased lifespan effect in smn-1(ok355);daf-2(e1370) is
also daf-16/FOXO dependent. Both smn-1 and daf-16
reside on Chromosome I (about one centimorgan apart),
and it is difficult to generate animals that contain muta-
tions of both genes in this case. To examine whether
DAF-16 is required and sufficient for lifespan extension in
smn-1 null worms, we used both RNAi and overexpres-
sion approaches. smn-1(ok355) mutant animals fed with
daf-16 RNAi showed 12.5% median lifespan decrease in

comparison with EV-fed animals (Fig. 2A; p � 0.001,
Log-rank test). Feeding daf-16 RNAi to smn-1(ok355);daf-
2(e1370) and smn-1(rt248);daf-2(e1370) mutant animals
suppressed the longevity-promoting effect by daf-
2(e1370) (Fig. 2B,C). The effect of reduced daf-16 by
feeding RNAi was incomplete, which may be ascribed to
the incomplete knock-down of daf-16 or daf-16-
independent effects of daf-2. Several splicing-isoforms of
DAF-16 exist and they mediate expression of overlapping
and distinct gene sets (Chen et al., 2015). Thus, we asked
whether a specific isoform of daf-16 is involved in the
lifespan effect. We found that feeding RNAi specifically
targeting daf-16a or daf-16f (Chen et al., 2015), was less
effective than pan daf-16 feeding RNAi in suppressing the
beneficial actions of daf-2(e1370) on smn-1(ok355) mu-
tant animals’ longevity (Fig. 2C). This indicates that target
genes regulated by both isoforms contribute to longevity
of animals with reduced SMN abundance. To overexpress
DAF-16 in smn-1 null animals, we used the TJ356(daf-16::
gfp) strain in which a 6 kB of daf-16 promoter drives the
expression of DAF-16-GFP fusion proteins (Henderson
and Johnson, 2001). There is 42% median lifespan in-
crease for smn-1(ok355);daf-16::gfp(TJ356) mutant ani-
mals comparison with smn-1(ok355) mutant animals (Fig.
2D; p � 0.001, Log-rank test). Our results suggest that
daf-16 is required for daf-2-dependent lifespan extension
of smn-1(ok355) mutant animals.

Reduced daf-2 signaling improves the locomotor
activity of smn-1 mutant animals

Based on these observations with daf-2 LOF we ex-
plored our main interest – the impaired locomotion of the
smn-1(ok355) mutant animals. (Briese et al., 2009). Al-
though smn-1(ok355) mutant animals display impaired
locomotor activity, there is neither neuronal death nor
gross anatomic abnormalities in motor circuit wiring (Bri-
ese et al., 2009). This suggests that functional deficits
within the circuitry precede anatomic abnormalities, an
observation commonly made in neurodegenerative dis-
ease models (Ilieva et al., 2008; Shakkottai et al., 2011).
An alternative explanation is that relevant, but subtle an-
atomic defects require higher resolution examination. In
the mouse SMA models, the circuitry devoted to control-
ling motor neuron activity is perturbed before the detec-
tion of NMJ abnormalities, and that these circuit
abnormalities correlate with impairments in motor behav-
iors (Mentis et al., 2011). Data are lacking for quantifying
the effect of loss of C. elegans smn-1 on locomotion or
NMJ integrity and the effect of modifier genes on these
phenotypes.

We addressed these questions using automated image
tracking and processing coupled with hydrodynamic
models to extract quantitative kinematic (e.g., swimming
speed) and dynamic (e.g., propulsive force) properties of
C. elegans during swimming in a balanced salt solution
(M9; Brenner, 1974). Previously, smn-1(ok355) mutant an-
imals have been shown to exhibit a progressive decline in
a single measure - thrashing rate after the second larva
(L2) stage (Briese et al., 2009). With this in mind, we
monitored the swimming behavior of each experimental
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group at two different stages, L2 and “late” (L2 � 3 d), and
determined if a reduction of daf-2 signaling rescues loco-
motion deficit in smn-1(ok355) mutant animals. Choosing
the best comparison groups for the late stage is not
straightforward; late smn-1(ok355) mutant animals cannot
be compared with 5 days-old N2 animals because they
have arrested at an earlier larval stage. We selected con-
trol groups based on the most biomechanically relevant
developmental parameter, the body length. The typical
body lengths for the two experimental groups are 0.39 �
0.01 mm (L2) and 0.63 � 0.08 mm (late; Table 2).

Simple observation of the swimming gait of individuals
from each genotype over one second demonstrates that

smn-1(ok355) mutant animals move slowly and beat less
frequently than N2 and daf-2(e1370) mutant animals (Fig.
3A). In the daf-2 mutant background, smn-1(ok355) mu-
tant animals demonstrate a qualitative improvement in
swimming gait, leading to a pattern that more closely
resemble N2 animals. Next, we present kymographs of
the worm’s body curvature over one second of forward
swimming (Fig. 3B; for more detail, see Materials and
Methods). The stripes show body curvature progressing
down the length of the animal from head to tail; the slope
of these stripes represent the wave speed, or the rate at
which waves of curvature progress along the body of the
worm. The rate at which the pattern repeats itself repre-

Figure 2. Enhanced survival benefits in SMA worm models are mediated by the daf-2/daf-16 pathway. A, Knock-down daf-16 by RNAi
feeding shortens lifespan of smn-1(ok355) mutant animals by 12.5% when compared to EV (p � 0.001, Log-rank test). B,
smn-1(ok355);daf-2(e1370) mutant animals live three more days than smn-1(ok355) mutant animals, and this beneficial effect is
suppressed by feeding RNAi targeting daf-16 (p � 0.001, Log-rank test). C, smn-1(rt248);daf-2(e1370) mutant animals live 15 d, and
this beneficial effect is suppressed by feeding RNAi that targets all isoforms of daf-16 (p � 0.001, Log-rank test). Feeding RNAi that
targets daf16a or daf16f isoforms also suppress the longevity of smn-1(rt248);daf-2(e1370) mutant animals although the effect is less
robust than the pan daf-16 RNAi effect (p � 0.001, Log-rank test). D, Overexpression of daf-16 using TJ356 (daf-16::gfp) strain
prolongs lifespan of smn-1(ok355) mutant animals by 43.8% when compared to smn-1(ok355) mutant animals (p � 0.001, Log-rank
test).
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sents the frequency f of the worms beating. When exam-
ining the curvature kymographs of each genotype, we see
that smn-1(ok355) mutant animals have a region along
their body near the tail that exhibits no curvature. This
region stretches from approximately the middle of the
worm to just before the tail (0.5 � s / L � 0.8). This
suggests a LOF of neuromuscular function in that region,
since repeated contraction and relaxation would bend the
worm locally, therefore producing curvature. The “failure
of curvature” phenotype is reversed in the daf-2 mutant
background (i.e., animals with the smn-1(ok355);daf-
2(e1370) genotype).

To interrogate this failure of curvature issue more
closely, we recall that the body curvature of the nematode
is dependent on its local orientation and its parameterized
body shape. By quantifying the body curvature of all the
nematodes for each genotype, we systematically probe
this aspect of worm locomotion with high sensitivity. The
curvature of a worm appears to have nodes when we take
an average in time over each population (Fig. 3C; Ex-
tended Data Fig. 3-1). For the N2 and daf-2(e1370) mutant
animals, we observed the mean normalized curvature
decreases from head to tail. The daf-2 group shows a
significant lower curvature at its tail region compared to
the N2 group. The curvature pattern in the smn-1(ok355)
mutant animals are very distinct from N2 and daf-2. It
decreases rapidly after the worm’s mid-point and then
sharply increase right near the tail (Fig. 3C; adjusted p �
0.00001 by multiple t tests and Holm–Sidak method cor-
rection). This pattern corresponds to the region of low
curvature observed in Figure 3B kymographs. Moreover,
we observed that smn-1(ok355);daf-2(e1370) mutant ani-
mals displayed a normalized mean curvature between
those of N2 and daf-2(e1370) mutant animals. It is clear
that the defects in body curvature in the midsection and
tail incurred by loss of smn-1 are rescued in the daf-2
mutant background.

Next, we undertook a quantitative analysis of worm
swimming using in-house biomechanical profiling algo-
rithms first published in Genetics (Krajacic et al., 2012),
and examined 13.5 h of videos at 30 frames per second
(approximately yielding 570 gigabytes of data). Using pre-
specified criteria to exclude substandard data (as de-
scribed in Materials and Methods), we ultimately
processed 0.76 h of videos (corresponding to 31.9 giga-
bytes of data). Figure 4A shows that the body length of
each group is significantly increased from L2 to late stage.
There is no significant difference in body length across all

groups at each stage (L2 or late stage; Fig. 4A; Table 2).
The body length is the most biomechanically relevant
developmental parameter and serves as the control here.
Then, we begin evaluated various biomechanical proper-
ties by swimming assay. First, we measured each exper-
imental group’s swimming speed U and beating
frequency f. At the L2 stage, the swimming speed of N2
animals is �0.16 mm/s (Fig. 4B), and this is no different
from daf-2(e1370), smn-1(ok355), and smn-1(ok355);daf-
2(e1370) mutant animals (p � 0.05, Kruskal–Wallis test).
With developmental progression (i.e., the late stage), wild-
type N2 and daf-2(e1370) animals significantly increase
their swimming speed by 63% and 65%, respectively. In
contrast, at the late stage smn-1(ok355) and smn-
1(ok355);daf-2(e1370) mutant animals trend toward a de-
crease in swimming speed, there was no statistically
significant difference between swimming speed at the
early and late time points. This suggests that the loss of
smn-1 impairs the normal, age-dependent increase in
locomotion rate.

Next, we investigated beating frequency in these ani-
mals. Although N2 animals increases modestly over time
(1.9 Hz at the L2, and 2.3 Hz at the late stage, p � 0.05,
Kruskal–Wallis test), both N2 and daf-2(e1370) animals
did not show significant increase in frequency (Fig. 4C).
The beating frequency of smn-1(ok355) mutant animals at
the L2 stage is significantly higher than N2-L2 animals (2.5
vs 1.9 Hz, p � 0.05, Kruskal–Wallis test) and decreases by
32% at the late stage (e.g., 2.3–1.7 Hz, p � 0.01, Kruskal–
Wallis test). We also found that the beating frequency of
smn-1(ok355);daf-2(e1370) mutant animals at the L2
stage is similar to the age-matched smn-1(ok355) (2.6 vs
2.5 Hz). Interestingly, unlike the smn-1(ok355) group,
smn-1(ok355);daf-2(e1370) mutant animals are able to
maintain beating frequency at the late stage in a fashion
similar to wild-type N2. A pathologic decrement in neuro-
muscular activity over time in the smn-1(ok355) mutant
animals could account for the observed decrease in beat
frequency. Such pathologic decrement does not occur in
the smn-1(ok355);daf-2(e1370) mutant animals.

The analysis of these simple swimming kinematics re-
veals a pathologic beating frequency in the smn-1(ok355)
mutant animals, this does not occur in the smn-1(ok355);
daf-2(e1370) mutant animals (e.g., the swimming speed
over time is unmodified). While swimming frequency and
speed are important factors in describing locomotion,
there are of other determinants that contribute to propul-
sive force and mechanical power. We used the hydrody-

Table 2. Biomechanical profiling of N2, daf-2(e1370), smn-1(ok355), and smn-1(ok355);daf-2(e1370) at two developmental
stages

L2 stage� Late stage#

BMP output N2 (n � 22)
daf-2(e1370)
(n � 24)

smn-1(ok355)
(n � 28)

smn-1(ok355);
daf-2(e1370)
(n � 25) N2 (n � 13)

daf-2(e1370)
(n � 15)

smn-1(ok355)
(n � 20)

smn-1(ok355);
daf-2(e1370)
(n � 25)

Length (mm) 0.39 � 0.01 0.43 � 0.03 0.48 � 0.07 0.45 � 0.03 0.63 � 0.08 0.70 � 0.03 0.70 � 0.03 0.61 � 0.07
Swimming speed (mm/s) 0.16 � 0.06 0.17 � 0.04 0.19 � 0.06 0.19 � 0.05 0.26 � 0.07 0.28 � 0.07 0.16 � 0.04 0.18 � 0.04
Beating frequency (Hz) 1.90 � 0.39 2.20 � 0.42 2.50 � 0.52 2.60 � 0.39 2.30 � 0.25 2.30 � 0.46 1.70 � 0.36 2.30 � 0.39
Bending force (nN) 0.50 � 0.21 0.36 � 0.09 0.50 � 0.18 0.42 � 0.19 0.69 � 0.27 0.66 � 0.19 0.50 � 0.18 0.52 � 0.11
Mechanical power (pW) 0.50 � 0.24 0.57 � 0.16 0.88 � 0.40 0.60 � 0.30 1.80 � 0.45 1.70 � 0.57 0.97 � 0.39 1.21 � 0.37

* Each respective worm is at L2 stage.
# Late stage: N2 and daf-2(e1370) animals are at L4 stage; smn-1(ok355) and smn-1(ok355);daf-2(e1370) animals are at the day 5 after egg drop (L2 � 3 d).
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namic model resistive force theory (Gray and Hancock,
1955) to estimate the propulsive force and mechanical
power of C. elegans, measurements that more directly
probe muscle output and the energy expended during
locomotion.

We expect that as a worm develops, the propulsive
force of the organism will increase. Indeed, we found that
both N2 and daf-2(e1370) animals exhibited an increase in
propulsive force of 39% and 83%, respectively, when
they progress from L2 to late stage (p � 0.01, Kruskal–
Wallis test; Fig. 4D). In contrast, for smn-1(ok355) mutant

animals, the propulsive force remains the same during this
developmental period, suggesting that motor output is
impaired. In contrast, smn-1(ok355);daf-2(e1370) mutant
animals show an increase in propulsive force by 24% (p �
0.01, Kruskal–Wallis test) over this period. Thus, the nor-
mal increase in motor output as worms mature fails to
occur in smn-1 mutant animals. Reduced daf-2 signaling
can rescue this defect.

Next, we investigate the mechanical power expended
by each group during swimming. We observed that N2
and daf-2(e1370) animals significantly increase their me-

Figure 3. Reduced daf-2 signaling rescues the body curvature of smn-1(ok355) animals during swimming. A, A trace of the head and
tail trajectories for typical individuals from each genotype (e.g., N2, smn-1(ok355), daf-2(e1370) and smn-1(ok355);daf-2(e1370)).
There is no qualitative difference between N2 versus the daf-2(e1370) mutant animals while the smn-1(ok355) mutant animals swim
more slowly and beat less frequently than N2 worms. The smn-1(ok355);daf-2(e1370) mutant animals closely resemble N2 worms. B,
Curvature kymographs of representative individuals of each genotype reveals a common pattern shared by N2, daf-2(e1370), and
smn-1(ok355);daf-2(e1370) mutant animals. In contrast, smn-1(ok355) mutant animals exhibits relatively little curvature (white color)
compared to other genotypes at a region from approximately the middle of the body to just before the tail, implicating a regional loss
of neuromuscular function. CW, clockwise; CCW, counterclockwise. C, Quantification of regional body curvature in smn-1 mutant
animals. We quantified the body curvature of animals with four genotypes (N2, smn-1(ok355), daf-2(e1370), and smn-1(ok355);daf-
2(e1370)) and find that the curvature of each group of worms appears to have local maxima when averaged over time (for details, see
Extended Data Fig. 3-1). For the N2 and daf-2(e1370) mutant animals, the mean normalized curvature decreases from head to tail.
The daf-2(e1370) group shows a significant low curvature at the tail region compared to the N2 group. The smn-1(ok355) group has
a distinct curvature pattern. Its curvature decreases rapidly after the worm’s mid-point and then increases sharply near the tail. This
pattern corresponds to the region of low curvature observed in Figure 3B. In the daf-2 mutant background (smn-1(ok355);daf-
2(e1370)), body curvature during swimming is normalized and appears similar to N2 and daf-2(e1370) mutant animals. This is
quantitative evidence that the daf-2 mutant background rescues the neuromuscular defect seen in the midsection and tail of the
smn-1(ok355) mutant animals. ns, no significance.
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chanical power (250% and 200%, respectively) as they
develop (Fig. 4E). In contrast, smn-1(ok355) mutant ani-
mals produced the same mechanical power at the L2 and
the late stage; in addition, the mechanical power of the
smn-1(ok355) group is significantly lower than N2, late
stage (0.9 vs 1.7 pW, p � 0.001, Kruskal–Wallis test).
Reduction of daf-2 signaling (smn-1(ok355);daf-2(e1370))
significantly improves mechanical power when com-
pared to smn-1(ok355) mutant animals. Mechanical
power for locomotion of smn-1(ok355);daf-2(e1370)
mutant animals is statistically indistinguishable from
that of the late stage wild-type group (p � 0.05,
Kruskal–Wallis test; Fig. 4E).

In summary, the kinematic and dynamic biomechanical
properties (i.e., frequency, propulsive force, and mechan-
ical power) show that a reduction of daf-2 signaling im-
proves several aspects of locomotor capability in smn-
1(ok355) mutant animals. While these modifications do
not directly increase the swimming speed of the organ-
ism, they improved the beating patterns, muscle output,
and the energy expended during locomotion.

Reduced daf-2 signaling preserves the postsynaptic
morphology

To assess the contribution of abnormalities in the NMJ
structure to the locomotor defects defined above, we
examined the morphology of inhibitory synapses by using
a presynaptic (Punc-25/GAD-synaptobrevin::GFP fusion
protein) and postsynaptic [Punc-49/GABA receptor sub-
unit (UNC-49B)::GFP fusion protein] marker (Fig. 5). To
quantify synaptic morphology defects, we analyzed the
puncta width, density (number of puncta per micrometer),
fluorescence intensity, and the gap between puncta along
the dorsal cord using ImageJ and PunctaAnalyzer pro-
gram (Fig. 6; Hung et al., 2007). Four experimental groups
were compared: (1) presynaptic or postsynaptic reporter
in the N2 background, (2) presynaptic or postsynaptic
reporter in the daf-2(e1370) background, (3) presynaptic
or postsynaptic reporter in the smn-1 mutant background,
and (4) presynaptic or postsynaptic reporter in the smn-
1(ok355);daf-2(e1370) background.

At the L2 stage, a qualitative comparison of presynaptic
marker revealed essentially no differences in puncta lo-

Figure 4. Statistical analysis of biomechanical properties (BMP). Bar graphs represent BMP algorithm calculated (A) length (mm), (B)
speed (mm/s), (C) frequency (Hz), (D) propulsive force (nN), and (E) mechanical power (pW) for the indicated genotypes at L2 or late
time points. Data shown are mean � SD, 	10 animals per genotype were recorded. Nonparametric Kruskal–Wallis test followed by
Dunn’s multiple comparison test for significant; � p � 0.05, �� p � 0.01, ���p � 0.005, ����p � 0.001, ns, no significance. A,
Genotypes are well matched for length at the two time points. B, Age-dependent increase in speed was shown in both N2 and
daf-2(e1370) mutant animals but not in smn-1(ok355) or smn-1(ok355);daf-2(e1370) mutant animals. C, Beat frequency diminishes
over time in the smn-1(ok355) mutant animals and this is suppressed in the smn-1(ok355);daf-2(e1370) mutant animals. D,
Age-dependent increase in propulsive force is seen in N2 and daf-2(e1370) mutant animals; this is not seen in the smn-1(ok355)
mutant animals, but is rescued in the smn-1(ok355);daf-2(e1370) mutant animals. E, Age-dependent increase in mechanical power
force is seen in N2 and daf-2(e1370) mutant animals; this is not seen in the smn-1(ok355) animals but is rescued in the
smn-1(ok355);daf-2(e1370) mutant animals.
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calization and distribution among the four experimental
groups (Fig. 5, top left). The quantitative analysis confirms
this with the only exception that puncta intensity in L2

stage of smn-1(ok355);daf-2(e1370) mutant animals was
33% stronger than smn-1 mutant animals (p � 0.05; Fig.
6A,C,E,G). A qualitative comparison of postsynaptic

Figure 5. Morphologic examination of presynapse and postsynapse in smn-1 mutant animals. A, top, Confocal images of GFP
expression in the presynaptic terminal of GABAergic motor neurons [synaptobrevin::GFP driven by unc-25 (GAD) promoter] in L2 and
Late (L2 � 3 d) animals (four genotypes: N2, smn-1(ok355), daf-2(e1370) and smn-1(ok355);daf-2(e1370)). Bottom, Confocal images
of GFP expression in postsynaptic GABAergic neuromuscular synapses [UNC-49::GFP driven by unc-49 (GABA receptor) promoter]
in L2 and Late (L2 � 3 d) animals. All images were obtained from same region of dorsal nerve cord of the C. elegans strains and each
line of puncta images are derived from a single animal as a spatial raster plot.
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Figure 6. Quantification of puncta analysis reveals GABAergic synaptic defects in smn-1 mutant animals are partially rescued by
reduction of daf-2 activity. A, B, Quantification of puncta width in presynapse and postsynapse at L2 or late stage in different
genotypes of worm. C, D, Quantification of puncta intensity in presynapse and postsynapse at L2 or late stage in different genotypes
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marker at L2 stage reveals a few small group differences
in puncta localization and distribution among the four
groups (Fig. 5, bottom left). Quantitatively, the most pro-
nounced difference was that smn-1(ok355) mutant ani-
mals had 30% fewer puncta (Fig. 6F) and concomitantly
larger gaps between these puncta when compared with
N2 group (Fig. 6H). Reduced daf-2 signaling did not res-
cue this phenotype. Overall, at the L2 stage, all groups
exhibit similar presynaptic and postsynaptic puncta pat-
terns although a few, relatively subtle, group differences
are evident.

At the later developmental point, a qualitative compar-
ison of presynaptic puncta revealed substantial differ-
ences in puncta distribution between the four groups (Fig.
5, top right). Quantitatively the puncta of smn-1(ok355)
and smn-1(ok355);daf-2(e1370) mutant animals were sig-
nificantly (�100%) wider than controls (N2 or daf-
2(e1370) mutant animals, p � 0.01 for N2 vs smn-1(ok355)
and p � 0.001 for daf-2(e1370) vs smn-1(ok355);daf-
2(e1370), one-way ANOVA followed by post hoc Tukey
HSD for multiple comparisons; Fig. 6A), but there were
fewer of them (48% less dense in smn-1(ok355) than in
N2, p � 0.001; 39% less dense in smn-1(ok355);daf-
2(e1370) than in daf-2(e1370), p � 0.005, one-way
ANOVA with Tukey test; Fig. 6E). In addition, puncta
intensity in smn-1(ok355) and smn-1(ok355);daf-2(e1370)
mutant animals are �300% greater than in N2 or daf-
2(e1370) (p � 0.01 for N2 vs smn-1(ok355) and p � 0.001
for daf-2(e1370) vs smn-1(ok355);daf-2(e1370), one-way
ANOVA with Tukey test; Fig. 6C). No differences in puncta
intensity were seen when N2 versus daf-2(e1370) animals
were compared or when smn-1(ok355) versus smn-
1(ok355);daf-2(e1370) mutant animals were compared.
Thus, over development, presynaptic GABAergic termi-
nals of smn-1(ok355) mutant animals appear to be larger
and have undergone structural reorganization. A reduc-
tion in daf-2 signaling appears to have no impact on this
phenotype.

A qualitative comparison of postsynaptic puncta also
revealed substantial differences in puncta localization and
distribution between the four groups (Fig. 5, bottom right).
Quantitatively, we found that daf-2(e1370) animals have
�2-fold wider and 2.7-fold brighter puncta on body wall
muscles compared to N2 animals (p � 0.005 for both
width and puncta intensity, one-way ANOVA with Tukey
test), and this is associated with a reduction in puncta
number (p � 0.005, one-way ANOVA Tukey test; Fig. 6F).
We also found that reduction of daf-2 signaling enhances
GABAergic puncta intensity in smn-1(ok355) mutant ani-
mals (Fig. 6D). While puncta width was the same in smn-
1(ok355);daf-2(e1370) and smn-1(ok355) mutant animals
(Fig. 6B), smn-1(ok355);daf-2(e1370) mutant animals have
�300% brighter puncta than in the smn-1(ok355) mutant
animals (p � 0.01, one-way ANOVA with Tukey test; Fig.
6D). Reduced daf-2 signaling in smn-1(ok355) mutant

animal leads to a large increase in GABA receptor content
at/or near synapses (Fig. 6B,D).

Together, these observations reveal that young smn-
1(ok355) mutant animals appear to have a normal GABAe-
rgic NMJs. Over time there are two major changes to
these synapses: (1) presynaptic elements decrease in
number but are restructured, and (2) the number of post-
synaptic elements increase without an effect on width or
GABAergic receptor content. The main effect of daf-2
reduction is to decrease postsynaptic element number to
the N2 level and to increase the synaptic content of GABA
receptors. It is difficult to predict the functional conse-
quence of these diametrically opposing effects of the
daf-2 mutant animals on postsynaptic GABA receptors.

Postsynaptic defects in GABAergic NMJs
significantly contribute to smn-1(ok355)’s
hypersensitivity to pyridostigmine bromine

To investigate the functional consequence of morpho-
logic abnormality of GABAergic NMJs observed above,
we used pharmacological tools: pyridostigmine bromide
(Sleigh et al., 2011), an acetylcholinesterase inhibitor, and
levamisole, a cholinergic agonist. The time course of hy-
percontractive paralysis of animals bathed in these agents
can report the balance between muscle excitatory cholin-
ergic and inhibitory GABAergic transmission (Mahoney
et al., 2006; Dabbish and Raizen, 2011). We examined
animal sensitivity to levamisole or pyridostigmine bromide
at two time points: L2 stage and late stage (Fig. 6). Where
applicable, we classified animals as resistant to inhibitors
of cholinesterase (Ric) or hypersensitive to inhibitors of
cholinesterase (Hic).

At the L2 stage, both smn-1(ok355) and smn-1(ok355);
daf-2(e1370) mutant animals exhibited a levamisole-
resistance phenotype (Fig. 7A). The median paralyzed
time of smn-1(ok355) and smn-1(ok355);daf-2(e1370) mu-
tant animals are �66% and 100%, respectively, longer
than the time in the wild-type N2 animals (p � 0.01,
Log-rank test). There is no significant difference between
smn-1(ok355) and smn-1(ok355);daf-2(e1370). Thus,
smn-1(ok355) mutant animals are resistant to direct cho-
linergic agonists. When we assayed animal’s sensitivity to
pyridostigmine bromide, however, we found no significant
differences between wild-type N2, smn-1(ok355), and
smn-1(ok355);daf-2(e1370) at L2 stage (Fig. 7B). These
observations suggest that animals with the smn-1(ok355)
genotype have a shift in the balance between excitatory
and inhibitory neurotransmission toward decreased excit-
ability. Either a reduction in cholinergic neurotransmission
or an enhancement in GABAergic neurotransmission (or a
combination of both) would be compatible with these
observations

Interestingly, at the late stage, we observed a sensitivity
switch to levamisole from resistance to hypersensitivity in
smn-1(ok355) mutant animals (Fig. 7C). The median time

continued
of worm. E, F, Quantification of puncta number in presynapse and postsynapse at L2 or late stage in different genotypes of worm.
G, H, Quantification of gap between puncta in presynapse and postsynapse at L2 or late stage in different genotypes of worm. �p
� 0.05; ��p � 0.01; ���p � 0.005; ����p � 0.001; ns, no significance.
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to paralysis of smn-1(ok355) is 50% shorter than the time
in the N2 (p � 0.01, Log-rank test). Loss of daf-2 signaling
rescues this phenotype; the levamisole sensitivity of smn-
1(ok355);daf-2(e1370) mutant animals is the same as N2
animals. For pyridostigmine test in late stage of animals,
both smn-1(ok355) and smn-1(ok355);daf-2(e1370) mu-
tant animals show hypersensitivity phenotype (Fig. 7D).
smn-1(ok355) and smn-1(ok355);daf-2(e1370) mutant an-
imals are 3.5-fold and 2-fold shorter time course to reach

the median paralyzed time when compared to wild-type
N2 (p � 0.01, Log-rank test). The smn-1(ok355);daf-
2(e1370) mutant animal are slightly less hypersensitive to
pyridostigmine than the smn-1(ok355) mutant animals
(Fig. 7D). These observations suggest that smn-1(ok355)
mutant animals have now shifted the balance between
excitatory and inhibitory neurotransmission toward in-
creased excitability (e.g., they are Hic). Either an enhance-
ment in cholinergic neurotransmission or a reduction in

Figure 7. Loss of smn-1 influences sensitive to pyridostigmine and levamisole. A, B, L2 animals of genotype N2, smn-1(ok355) or
smn-1;daf-2(e1370) were subjected to the levamisole or pyridostigmine sensitivity test. At this age, smn-1(ok355) and smn-1;daf-
2(e1370) mutant animals resisted levamisole greater than N2 animals. C, D, Late stage (L2 � 3 d) animals of genotype N2,
smn-1(ok355), or smn-1;daf-2(e1370) were also subjected to levamisole or pyridostigmine sensitivity test. At the late stage,
smn-1(ok355) but not smn-1(ok355);daf-2(e1370) mutant animals are hypersensitive to levamisole. In addition, smn-1(ok355) and
smn-1(ok355);daf-2(e1370) mutant animals show hypersensitivity to the pyridostigmine bromide although daf-2(e1370) mutant
animals suppresses the degree of hypersensitivity conferred by smn-1(ok355) mutant animals. Data points represent the mean � SEM
percentage of animals paralyzed at 30-min intervals over a period of 6 h; ��p � 0.001; ns, no significance, Log-rank test.
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GABAergic neurotransmission (or a combination of both)
would be compatible with these observations. That the
HIC phenotype is suppressed in the daf-2(e1370) back-
ground suggests that equipoise in the excitation/inhibition
balance has been normalized.

To the extent that changes in GABAergic transmission
are contributing to these observations, we interpret our
morphologic observations to indicate that: (1) reduced
GABAergic transmission in smn-1(ok355) mutant animals
is predominantly due to reduced number of presynaptic
elements, and (2) benefit of reduced daf-2 in the smn-
1(ok355) mutant animals is due to increased density of
GABA receptors at synapses.

Enhancing GABAergic transmission improves
locomotion of smn-1(ok355) mutant animals

If the locomotor benefit conferred on smn-1(ok355) mu-
tant animals by loss of daf-2 is mainly due to increased
GABAergic transmission, a functional enhancement of the
GABAergic system in the smn-1(ok355) mutant animals
should phenocopy loss of daf-2 function. To test this idea,
we identified two strains of worms that are likely to exhibit
enhanced GABAergic neurotransmission without affecting
the baseline swimming behaviors: RM2710 (snf-11(ok156))
and FY297 (oxls22(UNC-49::GFP)). The snf-11(ok156) mu-

tant animals lack the sodium-dependent GABA transporter
(which clears synaptic GABA). These animals are aldicarb-
resistant supporting the view that they have enhancement of
GABAergic transmission (Mullen et al., 2006). The overex-
pression of multiple subunits of the GABA receptors in
oxls22(UNC-49::GFP) animals probably have enhanced
GABAergic transmission, although to our knowledge, this
has never been formally tested.

We began by quantifying body curvature of following
strains: N2, smn-1(ok355), oxls22(UNC-49::GFP), and
smn-1(ok355);oxls22(UNC-49::GFP). The mean normal-
ized curvature (from head to tail) in N2 and oxls22(UNC-
49::GFP) are similar, except the head region (0.07–0.13%
of body length from the head) of oxls22(UNC-49::GFP)
group, which shows a significantly lower curvature than
N2 (Fig. 8A; Extended Data Fig. 8-1; by multiple t tests).
Consistent with the data observed previously (Fig. 3A,C),
the smn-1(ok355) mutant animals display a significantly
small curvature at the tail region (0.68–0.87% of body
length from the head) compared with N2 (Fig. 8A; ad-
justed p � 0.00001 by multiple t tests and Holm–Sidak
method correction). Interestingly, the normalized mean
curvature of smn-1(ok355);oxls22(UNC-49::GFP) animals
shows no significant difference to those of N2 and UNC-
49::GFP animals (Fig. 8A).

Figure 8. smn-1(ok355) mutant animals have an abnormal body curvature during swimming that is rectified by reduced UNC-49::GFP
overexpression but unaffected by snf-11(ok156). A, The body curvature of animals with four genotypes (N2, smn-1(ok355),
oxls22(UNC-49::GFP), smn-1(ok355);oxls22(UNC-49::GFP)) were quantified (for details, see Extended Data Fig. 8-1). For the N2 and
oxls22(UNC-49::GFP) mutant animals, the mean normalized curvature decreases from 1 (by definition) to �0.5 and 0.4 (head to tail
orientation), respectively. The smn-1(ok355) group has a fundamentally different shape, decreasing rapidly after the worm’s mid-point
to 0.4, and then sharply increasing near the tail; this decrease in curvature corresponds to the region of low curvature observed in
Figure 3B,C. In the oxls22(UNC-49::GFP) mutant background (smn-1(ok355);oxls22(UNC-49::GFP) body curvature during swimming
is normalized and appears similar to N2 and oxls22(UNC-49::GFP) mutant animals. This result is very similar to observations noted
above (Fig. 3C) on the effect of the daf-2 mutant background on the neuromuscular defect seen in the midsection and tail of the
smn-1(ok355) mutant animals. B, The body curvature of animals with four genotypes (N2, smn-1(ok355), snf-11(ok156), smn-1(ok355);
snf-11(ok156)) were quantified (for details, see Extended Data Fig. 8-2). For the N2 and snf-11(ok156) mutant animals, the mean
normalized curvature decreases from 1 (by definition) to �0.5 and 0.4 (head to tail orientation), respectively. The smn-1(ok355) group
has a fundamentally different shape, decreasing rapidly after the worm’s mid-point to 0.4, and then sharply increasing near the tail;
this decrease in curvature corresponds to the region of low curvature observed in Figures 3B,C-7A. In the snf-11(ok156) mutant
background, the body curvature of smn-1(ok355);snf-11(ok156) mutant animals during swimming remains abnormal and is indistin-
guishable from the swimming of smn-1(ok355) mutant animals. ns, no significance.
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Next, we analyzed the curvature in the second set of
animals. The four experimental groups were: N2, smn-
1(ok355), snf-11(ok156), and smn-1(ok355);snf-11(ok156).
Both N2 and snf-11(ok156) animals show very similar cur-
vature pattern (Fig. 8B). In contrast, the smn-1(ok355) mu-
tant animals display a distinct curvature shape. The
normalized mean curvature in smn-1(ok355) animals de-
creases rapidly after the worm’s mid-point and then sharply
increases right near the tail. The smn-1(ok355);snf-11(ok156)
mutant animals display a curvature pattern similar to smn-
1(ok355) mutant animals but distinct from the N2 and snf-
11(ok156) mutant animals, especially from the mid-point to
tail region (Fig. 8B; Extended Data Fig. 8-2; adjusted p �
0.00001 by multiple t tests and Holm–Sidak method correc-
tion). This result indicates that loss of the GABA uptake
transporter (i.e., snf-11(ok156)) does not improve the curva-
ture phenotype of the smn-1(ok355) mutant animals (Fig.
8B). These two means of enhancing GABAergic neurotrans-
mission have non-identical effects on network behavior, a
point that will be addressed further in Discussion.

Furthermore, we undertook a quantitative analysis of
their kinematic and biomechanical properties (Fig. 9). Be-
tween L2 and late stage, all animals grew to a statistically
significant increase in length (Fig. 9A). While N2 and
snf-11(ok156) mutant animals display a progressive in-
crease in swimming speed between L2 and late stage, the
smn-1(ok355) mutant animals display a significant de-
crease in swimming speed. This decrement in swimming
speed was prevented in the smn-1(ok355);oxls22(UNC-
49::GFP) and smn-1(ok355);snf-11(ok156) mutant animals
(Fig. 9B). There is no change in beating frequency be-
tween L2 and late stage in animals with genotype N2,
oxls22(UNC-49::GFP) or snf-11(ok156), while beating fre-
quency declines over this period in smn-1(ok355), smn-
1(ok355);oxls22(UNC-49::GFP), and smn-1(ok355);snf-
11(ok156) mutant animals (Fig. 9C). In sum, these studies
show that smn-1(ok355) animals have an age-dependent
decline in swimming speed and beat frequency. Enhanc-
ing GABAergic neurotransmission in these animals selec-
tively abrogates the swimming speed defect.

Next, we studied the propulsive force and mechanical
power of these animals. With regard to propulsive force,
only N2 and snf-11(ok156) mutant animals show an in-
crease over the time (L2 vs late stage; Fig. 9D). With
regard to mechanical power, N2, oxls22(UNC-49::GFP)
and snf-11(ok156) animals display a progressively signif-
icant increase between L2 and late stage, while the
smn-1(ok355) mutant animals do not display this age-
dependent change. In contrast, the smn-1(ok355);
oxls22(UNC-49::GFP) and smn-1(ok355);snf-11(ok156)
mutant animals do display a significant age-dependent
increase in mechanical power (Fig. 9E). In sum, enhanced
GABAergic neurotransmission has a selective effect on
the dynamic biomechanical properties of the smn-
1(ok355) mutant animals, it improves their mechanical
power but not the propulsive force.

Discussion
Here, we show that reducing daf-2, insulin/IGF signal-

ing (IIS) prolongs life and ameliorates aspects of motor

dysfunction in C. elegans models of SMA. The effects of
reduced daf-2 signal depend, at least in part, on the
daf-16, a Forkhead box transcription factor. The daf-2/
daf-16 signaling pathway is conserved in metazoans, and
is implicated in the control of human longevity and health-
span (Kojima et al., 2004; Suh et al., 2008). Some studies
suggest that reduced insulin/IGF signal transduction con-
tributes to the pathophysiology SMA (Hua et al., 2011),
and provision of IGF1 is beneficial (Bosch-Marce et al.,
2011; Shababi et al., 2011), while other work suggests
that reducing levels of the IGF receptor is beneficial
(Biondi et al., 2015). Precise control of the level and
spatial-temporal regulation of IIS are likely to be critical
determinants of efficacy. Here, our results demonstrated
that the daf-2/daf-16 signaling pathway now joins this
relatively small number of SMA disease phenotype mod-
ifiers, such as plastin 3 (Oprea et al., 2008), RhoA/ROCK
(Coque et al., 2014), and four genes in C. elegans (ncbp-2,
T02G5.3, grk-2, and flp-4; Dimitriadi et al., 2010).

In C. elegans, previous studies show the reduction of
the IIS pathway in several neurodegenerative models by
down regulation of daf-2 can suppress the shorten lifes-
pan and ameliorate the motor deficit (Cohen et al., 2006;
Florez-McClure et al., 2007; Zhang et al., 2011; Li et al.,
2013). Transgenic worms expressing human Aß1-42 in the
body wall muscles using the unc-54 promoter show
aggregated-mediate toxicity and age-dependent motor
deficit. These disease phenotypes were ameliorated by
reducing the activity of the IIS pathway via daf-2 RNAi
feeding (Cohen et al., 2006). Transgenic worms express-
ing Aß1-42 in the muscles using the myo-3 promoter show
an accumulation of autophagosomes, and this phenotype
was alleviated by daf-2 mutations (Florez-McClure et al.,
2007). In familial ALS models, crossing the daf-2(e1370)
mutations into the transgenic worms expressing G85R
(Boccitto et al., 2012) or G93A (Li et al., 2013) SOD1
mutations significantly ameliorated the motor deficits and
the accumulation of insoluble aggregates. Likewise,
transgenic worms overexpressing the full-length TDP-43
using a pan-neuronal snb-1 promoter resulted in an ac-
cumulation of insoluble aggregates and neurotoxicity,
whereas daf-2 mutation reduced protein aggregates and
alleviated disease phenotype (Zhang et al., 2011). Con-
sistent with the reports in other neurodegenerative mod-
els, here we provide the evidence that the reduction of
daf-2 can improve the locomotion in C. elegans models of
SMA. This observation is in line with work by Liu et al.
(2013) showing that N2 worm locomotor function and
neuromuscular transmission begin to decline in the sec-
ond week of adulthood and this is blunted in the daf-2
mutant background. The extent to which these observa-
tions in middle aged adult worms are mechanistically
relevant to our results on the smn-1 mutant animals will
require further investigation.

The daf-2 pathway and locomotor defects in smn-1
mutant animals

The locomotor function of animals lacking smn-1 is
comparable to wild type at early time points. However,
normal developmental progression fails to occur in these
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animals and instead a severely uncoordinated phenotype
emerges. The nervous system of smn-1(ok355) is, to a
large degree, morphologically intact (Briese et al., 2009),
although limited NMJ abnormalities do exist (Figs. 5, 6;
O’Hern et al., 2017). A reasonable speculation for pro-
gressive motor deficits in smn-1 mutant animals is circuit
dysfunction, that is, diminished SMN in neurons that drive
motor activation are impaired in their operation. This sup-
position is consistent with observations made in Drosoph-
ila (Imlach et al., 2012) and mouse (Mentis et al., 2011)
models of SMA. In fly, the reduced SMN state leads to

many defects in larval neuromuscular function and all of
these abnormalities were rescued by pan neuronal trans-
genic expression of SMN. Interestingly, restitution of SMN
in fly brain excitatory cholinergic neurons (but not motor
neurons or muscle) also rescues these abnormalities.
Similar observations have been made in the SMA	7
mouse models (McGovern et al., 2015); overexpression of
SMN in motor neurons alone has a minimal effect on
survival and the animals are weak, while overexpression
of SMN in motor neurons and other neurons had a much
more robust survival promoting effect. Further, elimination

Figure 9. Statistical analysis of biomechanical properties (BMP). Bar graphs represent BMP algorithm calculated (A) length (mm), (B)
speed (mm/s), (C) frequency (Hz), (D) propulsive force (nN), and (E) mechanical power (pW) for the indicated genotypes from L2 or
late stage. Data are shown as mean � SD; 	10 animals per genotype were recorded. Nonparametric Kruskal–Wallis test followed by
Dunn’s multiple comparison test for significant; � p � 0.05, �� p � 0.01, ���p � 0.005, ����p � 0.001, ns, no significance. A,
Genotypes are well matched for length at the two time points. B, N2 and snf-11(ok156) animals show age-dependent increase while
the smn-1(ok355) mutant animals show a decrease in speed. This decrease in speed is suppressed in the smn-1(ok355);oxls22(UNC-
49::GFP) and smn-1(ok355);snf-11(ok156) mutant animals. C, Beat frequency remains constant over time in the N2, oxls22(UNC-
49::GFP), and snf-11(ok156) mutant animals. It declines in the smn-1(ok355), smn-1(ok355);oxls22(UNC-49::GFP), and smn-1(ok355);
snf-11(ok156) groups. D, Age-dependent increase in propulsive force is seen only in the N2 and snf-11(ok156) mutant animals. E,
Age-dependent increase in mechanical power force is seen in N2, oxls22(UNC-49::GFP) and snf-11(ok156) but not in the smn-
1(ok355) mutant animals. Age-dependent increase in mechanical power force is restored in the smn-1(ok355);oxls22(UNC-49::GFP)
and smn-1(ok355);snf-11(ok156) mutant animals.
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of SMN from motor neurons has no effect on survival or
strength, while elimination of SMN from both motor neu-
rons and other neurons leads to a shortened life span and
weakness. Together, these data suggest that reduced
SMN in neurons that drive motor neuron activation is a
major determinant of abnormal motor function in models
of SMA.

What is the nature of the defect incurred by reduced
SMN in premotor interneurons that leads to abnormal
neuromuscular unit function? In the fly model of SMA,
distinct cholinergic neuron populations contribute to
distinct aspects of motor function, and this led Imlach
et al., to conclude that “. . .the effect of SMN depletion
on the motor network is an amalgam of specific defects
in distinct neurons that sum to produce a generalize
disruption of the motor system. . .” our observations
complement this formulation. We find that (1) reduction
in daf-2 signaling improves locomotion in the worm
model of SMA, (2) this is associated with enhanced
GABAergic neurotransmission, and (3) simply enhanc-
ing GABAergic transmission also improves locomotion.
We propose that diminished GABAergic neurotransmis-
sion in the worm nervous system impairs the function of
circuitry required for neuromuscular system operation
in the smn-1(ok355) mutant animals. Consideration of
the fly and worm data together supports the view that
neurochemically defined populations of premotor in-
terneurons are dysfunctional in the reduced SMN con-
dition, and the sum of this interneuron dysfunction
manifests as impaired motor behavior. It is noteworthy
that the mouse (and likely human) spinal cord contains
GABAergic and cholinergic subtypes of interneurons
(Waldvogel et al., 1990; Caldeira et al., 2017). We sug-
gest that manipulating the activity of subgroups of
spinal cord interneurons could improve motor function
in the reduced SMN condition.

GABAergic neurotransmission in C. elegans models
of SMA

C. elegans GABAergic neurotransmission is a fascinat-
ing topic. Classic work identifies 26 GABAergic neurons in
the worm based on the criteria: (1) they contain GABA, (2)
express the GABA biosynthetic enzyme glutamic acid
decarboxylase (GAD, unc-25), and (3) express the GABA
vesicular transporter (GAT, unc-47) for loading GABA into
synaptic vesicles (Gendrel et al., 2016). Recent work sug-
gests this is an underestimate and at least two other
neuron types could be involved in neuronal GABAergic
transmission. One class of neurons, containing GABA and
GABA uptake transporter (snf-11), have been dubbed
“GABA clearance neurons” and a second class of neu-
rons, containing GABA, GABA uptake transporter (snf-11)
and GABA vesicular transporter (unc-47), have been
dubbed “GABA recycling neurons.” Based on their anat-
omy and position, both subtypes are poised to release
GABA in addition to classical GABAergic neurons. Since
30–40% of all synapses in the worm have GABA recep-
tors, GABA may have both widespread and precise influ-
ence on circuit behavior (Gendrel et al., 2016).

We find that two different ways of enhancing GABAer-
gic transmission in the smn-1(ok355) mutant animals led
to improved locomotion function, strong evidence that
improvement in mechanical power of the SMA mutant
animals is a result of increased GABAergic tone. There are
7 known GABA receptor subtypes in the worm (Jor-
gensen, 2005; Gendrel et al., 2016) and the UNC-49 locus
encodes three splice variants; the UNC-49::GFP worms
we used here is an integrated line with GFP inserted
in-frame with the B splice variant (Bamber et al., 1999).
Part of GABA receptor diversity is thought to arise from
alternative splicing of the UNC-49 locus in a cell type-
specific manner. The existence of multiple copies of the
UNC-49 locus in the UNC-49::GFP worms we used is
likely to result in increased GABA receptor occupancy at
synapses. However, since SMN functions in spliceosome
assembly, the UNC-49::GFP;smn-1(ok355) mutant ani-
mals may have a quantitatively and qualitatively unique
GABA receptor phenotype. As mentioned above, the
snf-11 locus encodes the sole GABA uptake transporter in
the worm and in the snf-11(ok156) mutant animals there is
likely to be enhanced GABAergic neurotransmission ow-
ing to decreased GABA clearance. Considering the exis-
tence of GABA clearance and GABA recycling neurons,
the snf-11(ok156) mutant animals may have a more wide-
spread and perhaps less specific effect on interneuronal
GABAergic communication. Although both mutant ani-
mals enhance the mechanical power of the smn-1(ok355)
mutant animals, their different modes of action provide an
explanation for why there is a restoration of body curva-
ture when swimming in the smn-1(ok355);UNC-49::GFP,
but not smn-1(ok355);snf-11(ok156), mutant animals.

Perturbation of the balance of excitatory to
inhibitory (E/I) neurotransmission in C. elegans
models of SMA

Our anatomic (Figs. 5, 6), functional (Fig. 7), and
genetic (Figs. 8, 9) studies are consistent with the view
that an impairment of GABAergic neurotransmission is
an important contributor to locomotor dysfunction in
the smn-1(ok355) mutant animals. Studies of other neu-
ronal populations come to complementary conclusions.
For example, O’Hern et al. (2017) show that reduced
levels of SMN leads to decreased microRNA-2 function,
and this results in increased translation of GAR-2, the
orthologue of the M2 muscarinic receptor (m2R). In
mice, presynaptic M2R receptors control (i.e., inhibit)
the time course of acetylcholine release from motor
neurons (Slutsky et al., 2001; Parnas et al., 2005). The
inference for the worm is that diminished SMN could
enhance GAR-2 mediated inhibition of acetylcholine
release and thereby impair the activation of cholinergic
NMJs. However, since GAR-2 is expressed in a large
number of neurons (Cao et al., 2017), increased GAR-2
expression is likely to be having a broad effect. To-
gether with our observations, we suggest that an im-
balance of E/I neurotransmission underlies, at least in
part, the motor impairments in smn-1(ok355). This
raises the possibility that pharmacological manipulation
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of these systems could be of benefit to individuals with
SMA

We note that the Hart lab reported smn-1(ok355) mu-
tant animals to be resistant to aldicarb and levamisole
(O’Hern et al., 2017), while we find smn-1(ok355) mutant
animals switch from levamisole-resistant phenotype at L2
stage to both levamisole- and pyridostigmine-hypersen-
sitive phenotype at the late stage. The origin of the
disparity between these observations probably lies in dif-
ferences in developmental stages, definition, and timing
of paralyses, the Hart lab performed the functional tests at
the L4 stage, while we performed the functional tests at
the L2 and late (L2 � 3 d, the fifth day after egg drop)
stage.

Electrophysiological abnormalities in mouse models
of SMA

Do observations in mouse models of SMA provide sup-
port for the view that anatomic/functional abnormalities in
segmental spinal cord circuitry contribute to motor defi-
cits? Study of the intrinsic properties of motor neurons
and the monosynaptic reflex arc between proprioceptive
afferents and motor neurons has revealed that SMA	7
motor neurons are hyperexcitable (Ling et al., 2010; Men-
tis et al., 2011). Despite this, stimulation of Ia afferents
evokes smaller motor neuron potentials and this is likely
to be due to either a reduced number of proprioceptive
synapses on motor neurons, or a functional impairment of
the remaining Ia-motor neuron synapses. This would be
consistent with a specific reduction of VGlut1 expression
on motor neuron soma in the SMA	7 mice (Ling et al.,
2010; Mentis et al., 2011). There is only a small amount
of data on inhibitory systems. McGovern et al. (2015)
found that ablating SMN in GAD-expressing neurons
had no phenotypic effects, and expressing SMN in
GAD-expressing neurons in SMN	7 mice did not affect
longevity. The extent to which these manipulations in-
fluence locomotion is unknown. Immunohistological
studies reveal normal numbers of GABAergic (VGAT)
and glycinergic (GlyT2) presynaptic terminals on motor
neuron soma in the SMA	7 mice (Ling et al., 2010;
Mentis et al., 2011). We do not know what effect re-
duced SMN has on the connectivity among segmental
spinal cord interneurons, between segmental spinal
cord interneurons and motor neurons, and the degree
of functional alterations (i.e., patterns of activity) within
these interneuronal populations. While technically chal-
lenging to study, we believe this is a critical gap in our
understanding of why reduced SMN leads to weakness.
Considering the remarkable molecular diversity of spi-
nal cord interneurons (Bikoff et al., 2016), we predict
selected subtypes of interneurons will be dysfunctional
and/or aberrantly connected to partners in the reduced
SMN state. These alterations could impair the activa-
tion of motor neurons leading to weakness.
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