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1. ABSTRACT

Molecular technologies have produced 
diverse arrays of animal models for studying genetic 
diseases and potential therapeutics. Many have 
neonatal phenotypes. Spinal muscular atrophy 
(SMA) is a neuromuscular disorder primarily affecting 
children, and is of great interest in translational 
medicine. The most widely used SMA mouse models 
require all phenotyping to be performed in neonates 
since they do not survive much past weaning. Pre-
clinical studies in neonate mice can be hindered by 
toxicity and a lack of quality phenotyping assays, 
since many assays are invalid in pups or require 
subjective scoring with poor inter-rater variability. 
We find, however, that passive electrocardiography 
(ECG) recording in conscious 11-day old SMA mice 
provides sensitive outcome measures, detecting 
large differences in heart rate, cardiac conduction, 
and autonomic control resulting from disease. We 
find significant drug benefits upon treatment with 
G418, an aminoglycoside targeting the underlying 
protein deficiency, even in the absence of overt 
effects on growth and survival. These findings 
provide several quantitative physiological biomarkers 
for SMA preclinical studies, and will be of utility to 
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diverse disease models featuring neonatal cardiac 
arrhythmias. 

2. INTRODUCTION

Spinal muscular atrophy (SMA) results from 
a clearly defined genetic deficit ultimately leading to 
death in children affected by its most frequent form 
(Type I, or Werdnig-Hoffman disease). SMA can 
be modeled and treated in animals. From patient 
studies, SMA is caused by insufficient dosage of 
the survival motor neuron (SMN) gene product. 
This insufficiency typically results from homozygous 
deletion of the SMN1 gene (1, 2). In most organisms 
equivalent mutations are lethal; however humans 
possess a nearly identical SMN2 gene (3). This gene 
is capable of expressing the identical SMN protein 
and is present in every SMA patient, but produces 
lower levels of the protein because of alternative 
splicing (4). Copy number analyses have shown 
that SMN2 enables survival and that an increase 
in SMN2 copy number correlates with an improved 
prognosis (5). Transgenic animal models faithfully 
reproduce the monogenic biochemical defect 
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causing SMA and confirm that increasing SMN 
dosage through transgenic crosses, gene therapy, or 
drug-based methods improves mouse phenotypes. 
Together, patient copy number and animal model 
studies show there is an exciting possibility to 
rationally develop therapies by targeting SMN2 gene 
induction in patients. Compounds being pursued 
to therapeutically increase SMN include HDAC 
inhibitors which increase SMN2 transcription (6), 
and aminoglycoside antibiotics which work through 
a translational readthrough drug mechanism to 
stabilize the SMNdelta7 protein (7-9).

Preclinical mouse studies have been 
important in drug discovery for disorders in which 
heart rhythms are affected by disease (10-12). 
Recently, we found multiple mouse models of SMA 
display cardiac arrhythmias (13-15). These models 
present relatively severe phenotypes, in which mice 
are grossly undersized and die within days or weeks 
after birth (13, 15, 16). Studies of these models 
require that phenotyping assays be performed 
in neonates. However, many functional outcome 
measures are invalid in neonates due to mouse 
size, assay invasiveness, equipment incompatibility, 
or the large number of mice required (17). For 
electrocardiography (ECG) in particular, the 
invasiveness, restraint or surgery required by many 
systems can interfere with the heart rate itself or 
endanger the life of a fragile, neonatal disease model 
mouse (18-22). Preclinical outcome measures used in 
place of established clinical tests in neonates typically 
have a subjective component that demands inter-
rater reliability testing, and that can be a confounding 
factor in translating findings between laboratories. As 
drug discovery advances for SMA and other diseases 
requiring neonatal testing, additional assays that are 
quantitative and independent of the observer will 
become increasingly important.

Drug development can be hindered by 
toxicity or bioavailability issues. Compound toxicity 
that affects neonate lethargy, survival, growth 
rates, subjective appearance and/or performance 
in phenotyping assays can affect individual assays 
or complicate the interpretation of drug effect. As 
a result, we sought to determine if ECG can be 
used as an objective and sensitive biomarker for 
preclinical studies in neonate mice. More specifically, 
we wanted to explore the utility of ECG in instances 
where there may be confounding drug toxicity or a 
lack of dramatic size and survival benefits. Towards 
these ends, we evaluated the effects of G418 
treatment on SMA mice and ECG parameters. 

G418 is an aminoglycoside antibiotic that operates 
through a drug mechanism known as translational 
readthrough. We have previously reported that G418 
successfully increases SMN levels both in vitro and 
in vivo by causing readthrough of the SMNdelta7 
stop codon to further lengthen and stabilize the SMN 
isoform produced from this transcript. In vivo, this 
produces an increase in motor function of SMNdelta7 
mice (7). However, G418 treatment ultimately 
results in toxicity in healthy mice and dogs (23, 24). 
Regardless of this toxicity, the clear efficacy of G418 
at causing translational readthrough establishes it 
as a powerful proof-of-concept compound in basic 
science studies (7, 25-27). Here in blinded proof-of-
concept studies, we find G418 treatment significantly 
improves bradycardia, heart block, cardiac 
conduction, and heart rate variability in SMA mice. 
We also find heart rate and PR intervals are altered 
during end stage toxicity in unaffected carriers. 
These results indicate passive recording of ECG in 
conscious neonate mice can be used as an objective 
and sensitive quantitative biomarker in preclinical 
and proof-of-principle mechanism studies.

3. MATERIALS AND METHODS

3.1. Animal care and drug dosing
Experiments were conducted under 

approved Institutional Animal Care and Use 
Committee (IACUC) protocols. SMNdelta7 model 
mice were obtained from Jackson Laboratories 
(strain # 605025) (16). All mice were housed in 
a controlled animal facility, fed ad libitum with a 
12 h light:12 h dark photoperiod and monitored 
daily for health. SMA mice and unaffected control 
littermates were produced by breeding heterozygous 
SMN2+/+;SMNdelta7+/+;Smn+/- mice. Individual mice 
were genotyped by polymerase chain reaction 
(PCR) (7).

Study mice (n of 10 mice per group) were 
administered 14 mg/kg G418 sulfate (GIBCO) or an 
equivalent volume of sterile saline vehicle. These 
were prepared and vials coded to blind the study. 
Treatments consisted of daily AM intraperitoneal 
injections beginning at postnatal day (PND) 5 and 
ending at PND20, or when mice reached death 
endpoints. SMA mice that died prior to the day of 
ECG recording were replaced to maintain a sample 
size of 10 per group for ECG. Mice meeting functional 
death endpoints (20 percent loss of weight, inability 
to right, obvious state of distress) were euthanized 
with CO2 followed by cervical dislocation as a 
secondary measure. 
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3.2. Motor function
Motor function was assayed at PND10 using 

a negative geotaxis test developed by Psychogenics, 
Inc. Mice were placed on a 30 degree incline in an 
orientation at which they stood upright facing the 
bottom of the incline. If the mouse was successfully 
able to re-orient itself 180 degrees to stand facing 
the top of the ramp, the mouse successfully passed 
the test. A mouse failed the test if it could not reorient 
itself within 30 s.

3.3. Electrocardiography
Electrocardiograms were recorded on 

PND11 using the ECGenie system (Mouse Specifics). 
All recordings were made non-invasively in conscious 
mice, as previously described (28, 29). A 30 degree 
Celsius temperature-controlled thermal cup was used 
to maintain body temperature. Mice were acclimated 
for 10 minutes prior to ECG. Data were acquired 
using LabChart 6 (ADInstruments) and analyzed 
using e-MOUSE ECG Analysis (Mouse Specifics).

3.4. Statistical analyses
Data are presented as mean plus or minus 

standard deviation unless otherwise noted. All data 
were obtained from 10 mice per group randomly 
assigned to receive drug or vehicle after genotyping. 
ECGs of PND11 mice were analyzed by ANOVA with 
post-hoc analyses of drug and genotype effects. 
ECGs of end-stage G418 toxicity were analyzed 
by Student’s t-test. Survival curves were compared 
using log-rank test.

4. RESULTS

4.1. G418 improves motor function of SMA 
mice without weight or survival increase

SMA model mice (16) and unaffected 
littermates received either G418 (14 mg/kg) 
or vehicle beginning at PND5, were assayed 
for motor function at PND10, and ECGs were 
recorded at PND11. We found no significant 
effect of G418 on body mass of SMA mice at 
any age (Figure 1A). In unaffected littermates, 

Figure 1. G418 improves motor function but not survival of SMA mice. A) Body mass was assayed from PND5 to PND13 for SMA mice and 
unaffected littermates receiving G418 or vehicle (n of 10, n.s. is not significant, *P less than 0.0.5, **P less than 0.0.05 for G418 versus saline, 
++P less than 0.0.1, ++++P less than 0.0.001 for unaffected saline versus SMA saline). B)  Kaplan-Meier survival curve of mice receiving 
G418 or saline vehicle (n.s. is not significant, ***P less than 0.0.005). C)  Percentage of mice able to complete the negative geotaxis motor 
function test at PND10
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however, G418 significantly decreased body mass 
from PND11 onward. Consistent with previous 
studies, SMA mice were significantly smaller than 
control littermates at all ages assayed (P less 
than 0.0.1), and showed an average life span of 
approximately 14 days (Figure 1B). No difference 
was observed between the lifespan of SMA mice 
treated with G418 (13.9. +/- 0.7. days) or vehicle 
(13.9. +/- 1.4. days). However, G418 was found to 
be toxic in unaffected littermates. This manifested 
in lethality, with an average lifespan of 17.6. +/- 3.6. 
days for G418 compared to an absence of death 
events for vehicle (P less than 0.0.001). In contrast 
to the lack of effect on SMA mouse body mass and 
survival, we found G418 increased SMA mouse 
motor function. At PND10, only 20 percent of 
vehicle SMA mice were able to complete negative 
geotaxis (Figure 1C). G418 treatment increased this 
number to 60 percent of SMA mice. All unaffected 
littermates from both treatment groups were able 
to complete geotaxis. These data, in agreement 
with our original report (7) indicates G418 is able 

to increase mouse motor function, despite toxicity 
that ultimately prevents it from increasing survival. 

4.2. ECG reveals benefits of G418 drug 
treatment on arrhythmias in SMA mice

We recorded ECG waveforms in conscious 
mice at PND11 (Figure 2). SMA mice were 
significantly smaller than unaffected littermates at 
this age (P less than 0.0.001). No differences were 
detected in the body mass of SMA mice treated with 
G418 (3.3.3 +/- 0.5.2 g) or vehicle (3.6.8 +/- 0.7.2 g) 
at the time of ECG (Figure 3A), although a significant 
decrease (P less than 0.0.5) was observed 
for unaffected littermates treated with G418 
(5.9.4 +/- 1.2.4 g) versus saline (7.1.2 +/- 1.2.2 g). 
Examining the electrocardiogram, we found SMA mice 
exhibited a significantly lower heart rate than unaffected 
littermates (P less than 0.0.001). Drug treatment 
significantly improved (P less than 0.0.005) the SMA 
heart rate from 403 +/- 78 beats per minute (bpm) for 
vehicle to 500 +/- 52 bpm for G418 mice (Figure 3B). 
In contrast, G418 treatment caused a slight decrease 

Figure 2. ECG of SMA and G418 treatment groups. Representative ECG waveform tracings obtained from conscious (A) SMA and 
(B) unaffected littermates at PND11 are presented, along with the mean waveform values for that mouse recording. Individual waveforms are 
denoted by P, Q, R or S. Scale bar represents 100 ms
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in the heart rate of unaffected littermates 
(from 674 +/- 29 bpm for vehicle to 646 +/- 26 bpm 
for G418). This indicates G418 improves heart rate 
specifically within SMN-deficient SMA mice, without 
effects to the overall body size of these mice. 

Heart block was detected in SMA 
mice as a significant elongation of PR intervals 

(P less than 0.0.001). G418 treatment significantly 
decreased this interval (P less than 0.0.001), 
from 41.8. +/- 7.3. ms for vehicle to 32.7. +/- 3.4. ms 
for G418 (Figure 3C). Impaired cardiac conduction 
was present in SMA mice as found by significantly 
slower QRS intervals than unaffected littermates 
(P less than 0.0.001). Drug treatment significantly 
improved this cardiac conduction parameter in 

Figure 3. Quantitative ECG benefits from G418 treatment of SMA mice. A) Body mass of treatment groups at time of ECG analysis on PND11. 
B) Heart rate of treatment groups, showing SMA bradycardia and effects of drug treatment. C) PR interval, showing heart block in SMA mice 
and effects of drug treatment. D) QRS interval, showing cardiac conduction deficits in SMA mice and effects of drug treatment. E-F) Measures 
of heart rate variability, showing alteration of HR Variability (E) and pNN06 (F) in SMA mice and the effects of drug treatment. (n of 10, * P less 
than 0.0.5, ** P less than 0.0.1, *** P less than 0.0.005, **** P less than 0.0.001)
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SMA mice (P less than 0.0.1), decreasing the 
QRS interval from 15.2. +/- 2.8. ms with vehicle 
to 12.3. +/- 1.8. ms with G418 (Figure 3D). In 
contrast, no effects of G418 were present on PR 
or QRS intervals in unaffected littermates at this 
age, which showed values of 26.1. +/- 1.0.3 ms and 
10.0. +/- 0.9. ms, respectively, for vehicle. These 
data show that G418 significantly improves cardiac 
conduction in SMA mice without affecting these 
parameters in healthy mice.

We examined measures of heart rate 
variability, reflective of autonomic nerve control 
of the heart, by assaying HR Variability and 
pNN06, or the percentage of adjacent RR intervals 
differing by greater than 6 ms (Figure 3E and F). 
SMA mice had irregular heartbeats with a clear 
increase in these parameters when compared 
to unaffected littermates (P less than 0.0.05 and 
0.0.001, respectively). G418 treatment did not 
change either parameter in unaffected littermates, 
with vehicle injected control littermates showing 
values of 13.7. +/- 9.9. bpm for HR Variability 
and 4.8. +/- 10.2. percent for pNN06. Unaffected 
littermates treated with G418 showed a trend 
of decrease for pNN06 (to 1.7. +/- 3.9. percent) 
but this was not significant. SMA mice showed 
a significant decrease (P less than 0.0.5) in HR 
Variability upon G418 treatment (18.2. +/- 18.0. 
bpm) in comparison to vehicle (34.8. +/- 14.0. bpm). 
The pNN06 values for SMA mice also significantly 
decreased (P less than 0.0.001) upon G418 
treatment (13.6. +/- 22.9. percent) in comparison 
to vehicle (56.1. +/- 31.6. percent). Together, these 
data suggest G418 improves autonomic control of 
the SMA mouse heart.

4.3. ECG of non-SMA mice at end stage of 
drug toxicity

We assayed a subset of unaffected 
littermates at end stages of G418 toxicity to 
observe effects of drug toxicity on ECG waveforms. 
At this point, G418 significantly decreased 
the body mass (P less than 0.0.5) of treated 
mice (5.9.8 +/- 3.0.9 g) compared to vehicle 
(11.6.5 +/- 2.8.8 g) (Figure 4A). ECG revealed a 
significant decrease (P less than 0.0.5) in mouse 
heart rates for G418 treated mice (619 +/- 108 bpm) 
compared to vehicle (817 +/- 27 bpm) injected mice 
(Figure 4B). G418 treatment resulted in heart block 
at end stages of treatment (P less than 0.0.5), with 
longer PR intervals of 27.6. +/- 4.1. ms for G418 
versus 22.1. +/- 0.7. ms for vehicle (Figure 4C). 
No significant differences were detected for QRS 

intervals, HR Variability, or pNN06 measures, 
for which saline mice expressed values of 
9.6. +/- 0.5. ms, 9.2. +/- 3.5. bpm, and 0 +/- 0 percent, 
respectively. These data indicate drug toxicity 
produced a reduction of heart rate in conjunction 
with heart block in unaffected genotypes. This also 
indicates G418 benefits to SMA arrhythmias are not 
a general result of drug effects on heart function, 
rather, the benefits of G418 to heart function are 
specific to the SMA genotype and are greater than 
any drug side effects.

5. DISCUSSION

Specific ECG parameters can provide 
insight into different aspects of cardiac and 
neurologic pathophysiology. Here we show SMA 
mice have a decrease in heart rate, together with 
increases in heart rate variability measures that 
indicate autonomic nervous system involvement. 
Since heart rate variability is driven by autonomic 
control of the heart (30-32), we initially hypothesized 
from these ECG findings that autonomic nerves 
were being affected by the SMA genotype, and 
that an imbalance of vagal tone was driving the 
heart into a state of bradycardia. Indeed, we have 
found that SMA mouse hearts show reduced 
levels of sympathetic innervation upon whole-
mount immunostaining (33). Here, improvements 
in heart rate variability measures upon G418 
treatment are consistent with the idea that SMN-
inducing compounds can improve neurological 
defects in SMA mice. Recent reports provide 
further evidence suggesting the involvement 
of autonomic dysfunction in SMA mice and/
or patients. Cardiac function studies in adeno-
associated virus gene therapy (scAAV9-SMN) 
rescued mice show a failure of gene therapy to fully 
rescue arrhythmias (34), and suggest autonomic 
involvement. Necrosis in intermediate or rescued 
SMA mice is thought to result from decreased 
vascularization and innervation (6, 35, 36). Intestinal 
problems have been found to be associated 
with decreased innervation in SMA patients and 
mice (37, 38). Together, these findings support the 
idea that autonomic deficits are a feature of SMA 
mice, support the application of ECG as a preclinical 
therapeutic biomarker, and suggest autonomic 
dysfunction may be of significance in clinical SMA. 

Generally, models of chronic genetic 
disorders such as pediatric arrhythmias, or 
neuromuscular disorders such as SMA and 
Duchenne muscular dystrophy, frequently 
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exhibit neonatal phenotypes that can benefit 
from neonatal dosing or phenotyping methods 
(6, 7, 10-12, 14, 15, 39-42). Dosing of neonates can 
be complicated by drug toxicity or bioavailability 
issues that are either inherent to the proof-
of-concept compound itself as is the case for 
G418 (7, 23, 24), or arise due to developmental 
differences of neonate mice (43-45). Our data 
show HR, PR, QRS, and heart rate variability 
measures are sensitive biomarkers that can be 
passively monitored in awake neonate mice to 
provide quantitative insight into drug and genotype 

effects. By comparing effects in disease versus 
unaffected genotypes, we can discern 1) whether 
a drug is having primary benefits to phenotypes 
specifically resulting from that genetic mutation, 
2), if there is a general effect of that compound on 
cardiac rhythms, and 3) if there are drug toxicities 
that affect the heart. Here we find G418 effects on 
ECG deficits are specific to the SMA genotype, 
and treatment moved those values towards those 
found in unaffected controls. We observed no 
initial effects of G418 on ECG of unaffected mice, 
indicating G418 does not generally affect the 

Figure 4. ECG at end stages of G418 toxicity. ECGs were recorded in mice of unaffected genotypes at advanced stages of G418 toxicity, 
along with littermate saline controls. A) Body mass of G418 and saline injected mice. B) Heart rates and (C) PR intervals were affected by 
G418 toxicity. D) QRS interval was not significantly affected by toxicity. E-F) Measures of heart rate variability, reflecting autonomic nerve 
control of the heart, were not affected by toxicity. (n of 4, ages range from PND19 to PND23, * P less than 0.0.5)
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cardiac conduction system within this time frame 
in vivo. Further, we were able to resolve significant 
heart block in a small number of mice at end 
stages of G418 toxicity, indicating ECG and the 
PR interval can be used to detect drug toxicities 
in young mice. Previously, G418 has been found 
to display general toxicity in mice and dogs with 
damage to the liver, kidney and immune systems 
(23, 24). Side effects of primary concern for clinical 
aminoglycoside antibiotics include kidney damage 
and hearing loss, both associated with disrupted 
ion homeostasis. Here, the atrioventricular block 
caused by prolonged G418 treatment of unaffected 
genotypes in our study is consistent with heart 
toxicity resulting as either a primary effect or as a 
consequence of disrupted ion homeostasis, kidney 
function, and/or liver function. Together, our data 
show ECG can be used as a sensitive biomarker, 
even in proof-of-principle studies in which an 
investigational compound is ultimately toxic.

Moving forward, advances in molecular 
biology are allowing us to zero in on the molecular 
etiology of pediatric arrhythmias with a wide array of 
causes, and to model these in mice. The ability to 
quantitatively resolve differences in neonate cardiac 
conduction through monitoring of HR, PR, and QRS 
intervals will be of utility to these models. For example, 
an autoimmune mouse model of lupus erythematosis 
features congenital heart block caused by maternal 
antibodies to nuclear antigen proteins, a mechanism 
consistent with placental transmission of such 
antibodies in humans (46). Models of sudden infant 
death syndrome (SIDS) have also been established; 
once a mysterious condition, insights are now being 
gained through channelopathy models including 
Connexin43 (Cx43), T-box 3 (Tbx3), and cardiac 
sodium channel gene (SCN5A) mutant mouse 
models, which feature impaired cardiac conduction, 
atrioventricular block and lethal arrhythmias at 
neonatal stages (39-42, 47). Our data establish that, 
as in these models of arrhythmias, in the SMNdelta7 
model we find strong phenotypes in heart rate, QRS 
and PR intervals. This provides a large “window 
of efficacy”, or a strong phenotype within which to 
resolve significant drug effects. Indeed, we are 
able to detect significant drug benefits to each of 
these phenotypes, even in the absence of overt 
benefits to overall mouse health, size and survival. 
This indicates passive ECG recording in awake 
neonate mice is a powerful tool that can be used for 
neuromuscular mutants and for a diverse group of 
diseases in which cardiac conduction is impaired.

Growth in the number of transgenic 
mouse models has outpaced the development of 
phenotyping assays for neonatal mice in preclinical 
studies. Here we find non-invasive ECG monitoring 
can quantitatively measure arrhythmias as well 
as significant drug benefits in neonatal SMA mice 
with a proof-of-concept drug. With ECG waveforms 
obtained passively from conscious neonates, and 
results analyzed by waveform analysis software, 
this assay should provide minimal inter-rater 
and inter-lab differences to provide a sensitive, 
quantitative and objective assay. This will empower 
a broad user base to accurately measure cardiac 
rhythm changes arising from effects caused by 
genetic mutation, drug benefits, and drug toxicities 
in neonate mice. 
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