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Abstract.
Background: The SOD1 G93A mouse model of amyotrophic lateral sclerosis (ALS) is the most frequently used model to
examine ALS pathophysiology. There is a lack of homogeneity in usage of the SOD1 G93A mouse, including differences in
genetic background and gender, which could confound the field’s results.
Objective: In an analysis of 97 studies, we characterized the ALS progression for the high transgene copy control SOD1 G93A
mouse on the basis of disease onset, overall lifespan, and disease duration for male and female mice on the B6SJL and C57BL/6J
genetic backgrounds and quantified magnitudes of differences between groups.
Methods: Mean age at onset, onset assessment measure, disease duration, and overall lifespan data from each study were
extracted and statistically modeled as the response of linear regression with the sex and genetic background factored as predictors.
Additional examination was performed on differing experimental onset and endpoint assessment measures.
Results: C57BL/6 background mice show delayed onset of symptoms, increased lifespan, and an extended disease duration
compared to their sex-matched B6SJL counterparts. Female B6SJL generally experience extended lifespan and delayed onset
compared to their male counterparts, while female mice on the C57BL/6 background show delayed onset but no difference in sur-
vival compared to their male counterparts. Finally, different experimental protocols (tremor, rotarod, etc.) for onset determination
result in notably different onset means.
Conclusions: Overall, the observed effect of sex on disease endpoints was smaller than that which can be attributed to the genetic
background. The often-reported increase in lifespan for female mice was observed only for mice on the B6SJL background,
implicating a strain-dependent effect of sex on disease progression that manifests despite identical mutant SOD1 expression.

Keywords: Lou Gehrig’s disease, ALS, Amyotrophic Lateral Sclerosis, motoneuron disease, transgenic mice, rotarod, hindlimb
tremor, forelimb tremor

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a neu-
rodegenerative disorder characterized by progressive
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loss of motor neurons, muscular atrophy, functional
deficits, paralysis, and death. ALS is frequently studied
with the aid of animal models. In particular, the super-
oxide dismustase-1 glycine 93 to alanine mutation
(SOD1 G93A) transgenic mouse model is widely uti-
lized [36, 37] as it emulates the associated SOD1
mutations in human familial ALS [38] and exhibits
pathological progression similar to that which is seen
in human forms of the disease [39]. In fact, a PubMed
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search returns at the end of the 2014-year over
1,200 different articles containing “G93A” and “ALS”.
Despite all of the numerous publications in this pop-
ular ALS mouse model, there remains controversy as
to how genetic background, sex, and different exper-
imental measures of disease onset and end point may
or may not affect the outcomes of studies examining
the SOD1 G93A pathophysiology or potential ALS
treatments within this model.

Experimentally, the efficacy of a potential therapeu-
tic treatment for ALS is evaluated on the basis of its
effect on the parameters governing disease progression
in the SOD1 G93A transgenic mouse, including age
at onset, lifespan, disease duration, and motor perfor-
mance. However, these parameters have been found to
differ on the basis of transgenic copy number [40–42],
genetic background [26–28], and sex [25, 43, 44] of the
mice, all of which tend to vary in usage between stud-
ies. Additionally, the disease onset may be qualified
through a variety of measures including gait abnormal-
ities [45], limb tremors [46], electromyography [47],
body weight declines [48], or deficits in motor perfor-
mance tests, such as the rotarod [49] or grip [50] tests,
each of which may differ from the others due to some
difference in sensitivity of the test or through a varia-
tion in the underlying physiological mechanism being
measured.

Prior studies commonly report delayed onset and
progression of disease in females in both human [51]
and mouse [43, 44, 47] variants of ALS. However,
there have been conflicting reports in the literature as
to the effect of sex and genetic background on SOD1
G93A disease onset and lifespan. Some studies report
that female mice experience longer lifespans [44] in
addition to delayed onset, while other studies find no
difference in disease endpoint [47]. Additionally, the
magnitude of the female-associated neuroprotective
effect may vary on the basis of genetic background.
In particular, Mancuso et al. [26] observed the female-
associated protective effect on lifespan in mice bred
on the C57BL/6 background, but not in B6SJL mice,
which conflicts with the results of Heiman-Patterson
[27] that report a sex-related effect on lifespan for mice
on the B6SJL mice but not for those on the C57BL/6
background. As there is an inconsistency in the results
reported by individual studies, it is of interest to resolve
the conflicting results so the SOD1 G93A mouse model
is better understood and potential therapeutics may be
better predicted.

The lack of homogeneity in methodology between
studies complicates comparative analysis in the SOD1
G93A field’s wealth of published data. The precise

effect of genetic background, sex, and experimental
measures of progression (rotarod, tremor, etc.) must be
characterized to better assess the true impact of under-
lying disease mechanisms and potential therapeutics
in both previous and future SOD1 G93A experimen-
tal studies. In this meta-analysis utilizing data from 97
studies, we characterize the disease progression param-
eters of onset, survival, and disease duration for the
SOD1 G93A mouse and determine the effect of sex
and genetic background on those parameters.

MATERIALS AND METHODS

Inclusion criteria

Data recapture was completed per previously pub-
lished methodology [1]. Briefly, PubMed and Medline
were searched in March 2013 for inclusion of articles
based on the appearance of a combination of the fol-
lowing terms in the article title or abstract: “G93A”,
“Amyotrophic Lateral Sclerosis”, “ALS”, and “trans-
genic mouse”. That set was constrained by searching
for the appearance of one or more of the follow-
ing terms in the title, abstract, or figure caption:
“onset”, “survival”, “lifespan”, “rotarod”, “motor per-
formance”. The viability of each potential study was
then manually determined. Included studies were those
containing unique experimental data and citing the
use of the high copy SOD1 G93A mouse from Jack-
son Laboratories (note that the overwhelming majority
of studies do not quantitatively cite the actual num-
ber of transgene copies but rather only qualitatively
state transgene copy number as being either “high”
or “low”). Additional reported information required
for study inclusion consisted of: mean mouse age at
disease onset, mean mouse age at death, defined mea-
sures for calculation of disease progression, and clearly
defined sample size information.

Data organization

Within each study of interest, independent groups
of mice were defined as groups of mice used experi-
mentally that exhibited a unique set of the following
parameters: number of mice in the group, sex of the
mice, genetic background, mean age at onset, and mean
age at death. For each independent group of SOD1
G93A mice used experimentally within a study, the
mean age at disease onset and death were tabulated.
The disease duration was taken as the within-group
difference between the mean survival and the mean
onset. Additionally, the particular indicator used in the
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study for determining the time of disease onset was
recorded and categorized.

Definitions of terms and categories

All included data are for the high copy num-
ber SOD1 G93A mouse model of ALS in the
absence of treatment effects. Mice were categorized
based on their genetic background as either originat-
ing from the B6SJL-Tg (SOD1-G93A)1Gur/J or the
B6.Cg-Tg(SOD1-G93A)1Gur/J lines. For the ease of
discussion, mice of B6SJL-Tg(SOD1-G93A)1Gur/J
and B6.Cg-Tg(SOD1-G93A)1Gur/J lines will be
referred to as “B6SJL” and “C57BL/6”, respectively.
A group of mice was considered to be either male or
female if that qualification fit all mice in the group and
was considered mixed otherwise.

A diverse set of onset determination methodologies
were broadly grouped in to four categories. Studies that
defined onset through any sort of deficit in the rotarod
test were deemed “Rotarod Decline”. Any mention
of using tremors in the hindlimb as an indicator was
deemed “Hindlimb Tremor” and references to tremors
in the forelimb or non-specific locations were grouped
as “Non-Hindlimb Tremor”. Onsets qualified through
declines in bodyweight, gait abnormalities, limb paral-
ysis, deficits in grip strength, and were grouped with
articles without a specific definition of onset in to a
catch-all category called “General”, due to the low
overall usage of each of those methods.

Analytical methods

The disease progression parameters of age at onset,
survival, and disease duration for the SOD1 G93A
mouse were analyzed independently as the response
variables of multiple ordinary least squares regression
models in Stata (StataCorp, LP) with the genetic back-
ground and sex of the mice included as categorical
predictors with full interaction. Each observation used
in the calculation corresponds to an independent group
of mice as defined by a unique combination of grouping
factors and disease progression parameters with val-
ues for the disease progression parameters equal to the
mean value of the parameter reported by the particular
study. Observations were weighted in Stata on the basis
of the group sample size and were factored as analytic
weights [52], which are proportional to the inverse of
the variance of the measure and normalized to the total
number of points, giving results comparable to models
weighted with the inverse variance directly [53]. Addi-
tional regression models were generated with the age

at onset or survival included as an interacting continu-
ous predictor when the response variable was survival
or disease duration, as appropriate. The model with the
largest R2 value was used for analysis. Post-estimation
for the predicted mean value for specific combinations
of covariates was computed with the “margins” com-
mand in Stata. The computed means are taken as the
estimation on the interaction terms for the included
groups and the results are plotted as categorical bar
charts with significance between categories of mice
determined through multiple comparisons, with the
Bonferroni correction, on the margins output. In cases
where continuous covariates were included as an inter-
action term, the estimation uses the integrated mean
value for that particular categorization.

Analogous Cox proportional hazard regression
models [54] were generated for each of onset, sur-
vival, and disease duration with the mean value from
the study entering the model as count-time data with
a frequency corresponding to the mice used in that
study. Like the linear regression models, the regression
was performed with full interaction of the categori-
cal predictors. Predicted hazard ratios were obtained
from the model and groups compared through multiple
comparisons on the hazard ratios.

All statistical tests and models were computed in
Stata (StataCorp LP). Graphics and tables were cre-
ated in IGOR Pro (WaveMetrics). The significance
level was set at 0.05 for all statistical tests. Data are
expressed as mean ± SEM.

RESULTS

Data overview

The literature search returned 97 articles (Table 1)
and 150 independent groups of mice with sufficient
detail to fully characterize the data. The data is fully
characterized if the article reports the mean onset, mean
time of death, and sample size for each independent
group and there must be enough information in the
paper to categorize the groups in terms of genetic back-
ground, sex, and onset determination criteria. Of the
articles surveyed, 85 groups of mice were classified as
mixed sex, 37 groups were comprised solely of male
mice, and 28 groups had only female mice. 91 groups
were bred on the B6SJL background and 59 on the
C57BL/6 (Table 1). Among mixed sex B6SJL arti-
cles, 12 report even distributions of males and females
[2–13], 3 report uneven distributions without an over-
all bias [14–16], and the remainder report nothing
concerning sex distribution. Of the mixed sex C57BL/6
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Table 1
Data source and sample information

Category Articles Groups Mice References

B6SJL, Female 15 17 203 [11, 47, 56, 61–72]
B6SJL, Male 14 16 192 [11, 47, 56, 61, 62, 67, 69, 70, 72–77]
B6SJL, Mixed 43 58 909 [2–16, 46, 49, 71, 78–102]
C57BL/6, Female 9 11 173 [25, 44, 45, 103–108]
C57BL/6, Male 14 21 294 [22, 25, 44, 45, 50, 57, 58, 104, 105, 109–113]
C57BL/6, Mixed 22 27 472 [17–20, 22, 23, 25, 45, 48, 104, 114–125]
B6SJL, General/Other 30 45 628 [3–5, 10, 11, 13–16, 61, 66–69, 71, 73–79, 82, 84, 85, 87, 88, 95, 98, 99]
B6SJL, Hindlimb Tremor 5 9 163 [46, 70, 72, 92, 94]
B6SJL, Non-Hindlimb Tremor 6 8 171 [7, 56, 62, 81, 91, 102]
B6SJL, Rotarod Decline 20 29 342 [2, 8, 9, 12, 47, 49, 63–65, 80, 83, 86, 89, 90, 93, 96, 97, 100, 101, 126]
C57BL/6, General/Other 16 26 358 [19–21, 45, 48, 50, 104–106, 109, 113, 115, 118–120, 123]
C57BL/6, Hindlimb Tremor 3 8 93 [57, 58, 108]
C57BL/6, Non-Hindlimb Tremor 3 6 153 [17, 25, 110]
C57BL/6, Rotarod Decline 14 19 335 [18, 22, 23, 44, 103, 107, 111, 112, 114, 116, 117, 121, 122, 124]

Number of articles, independent groups, and mice that relate to each category of interest. Categories are named first by the genetic background
strain followed by either a sex group label or a label for the onset determination category. Articles may be counted in multiple categories if that
article contains information for multiple groups.

articles, 5 report balanced sex distributions [17–21],
4 have unbalanced groups with a slight overall bias
towards male mice among the studies [22–25], while
the remainder of the articles report nothing concerning
the number of males and females. To determine onset
of the disease, 34 articles used deficits in the rotarod
test, 8 articles used the onset of hindlimb tremors, 9
articles looked at forelimb or non-specific tremors,
and 46 articles fell into the miscellaneous “General”
category.

Onset

The raw data distributions show that the mean age at
onset reported by the articles is most frequently in the
range of 90 to 100 days (Fig. 1B) and the raw data plot
qualitatively suggests that mice on the C57BL/6 back-
ground have later onsets than their B6SJL counterparts
(Fig. 1A). When linear regression is run with onset
as the response, genetic background strain is found to
significantly impact the regression output (p = 0.002)
and the effect of sex is found to be insignificant as a
regression term and in subsequent multiple compar-
isons. The mixed sex mice were the only sex category
to significantly differ on the basis of the genetic
background (p = 0.002). The predicted mean onset
was 99.86 ± 2.161 days for mixed sex B6SJL groups
and 111.4 ± 2.857 days for the mixed C57BL/6 mice
(Fig. 2A). If strain is taken as the independent covari-
ate, the main effect estimates onset as 99.27 ± 1.79
days for the B6SJL mice and 109.9 ± 2.063 days for
the C57BL/6. It should be stated that although the mean
onset is found to differ by the genetic background it is
overall a poor sole predictor of onset as the adjusted
R2 for this regression fit is low at 0.0776.

When the onset data are modeled as a Cox-
proportional hazards, the predicted survival curve for
disease onset shows a difference (p < 0.001) between
the mice on the B6SJL and C57BL/6 genetic back-
grounds (Fig. 2B). In contrast to the linear regression,
this model predicts some difference in onset due to
sex. Within the B6SJL group, female mice showed
later onsets than male mice (p = 0.001) and the male
C57BL/6 mice showed onsets earlier than both the
mixed and female C57BL/6 mice (p < 0.001). No other
comparisons were statistically significant.

Onset category

Differences in reported mean onsets between arti-
cles that defined their onset determination criteria were
evaluated through regression with genetic background
strain and the onset category included as categorical
predictors (Fig. 3). The adjusted R2 for the model was
0.23. Within the B6SJL background, only hindlimb
tremor with a mean onset of 85.93 ± 4.527 days was
significantly different from the General category with
a mean onset of 100.6 ± 2.330 days (p = 0.005). Within
C57BL/6, the onsets determined by both hindlimb
tremors and non-hindlimb tremors, with mean onsets
of 103.7 ± 5.994 days and 94.06 ± 4.657 days, were
found be significantly earlier than those of the Gen-
eral category with a mean onset of 118.9 ± 3.055 days
(p = 0.025 and p < 0.001, respectively).

Survival

The histogram for the mean survival appears some-
what bimodal with one peak in the range of 120 to 130
days and another between 150 and 160 days (Fig. 1D).
It follows from the raw data plot (Fig. 1C) that the
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C57BL/6
B6SJL

Fig. 1. Representation of raw data from literature. The (A) mean onset, (C) mean survival, (E), mean disease duration for each independent
group of mice was plotted with a size proportional to the sample size of that group. Data was stratified by both the sex of the group and genetic
background strain. The (B) mean onset, (D) mean survival, and (F) mean disease duration were aggregated across groups and the distributions
weighted by group sample size and results accumulated in histograms.

first peak likely corresponds to the mean survival dis-
tribution for the B6SJL samples while the second
peak fits more closely to the distribution of survival
times for the C57BL/6, and the difference in mag-
nitude is, in part, a product of the lower prevalence
of C57BL/6 samples in the dataset. The regression
output with survival as a response finds a significant
difference between the two genetic background strains
within each sex group (p < 0.05) with an adjusted R2 of

0.4867 when onset is included as a predictor (Fig. 4A).
The predicted mean lifespans for each category with a
representative onset were as follows: female B6SJL
135.77 ± 2.93 days, female C57BL/6 149.53 ± 3.30
days, male B6SJL 129.01 ± 3.1 days, male C57BL/6
145.95 ± 2.33 days, mixed sex B6SJL 127.39 ± 1.46
days, and mixed sex C57BL/6 144.4 ± 1.97 days. As in
the case of linear model for onset, there were no within-
strain differences due to sex after Bonferroni correction
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Fig. 2. The effect of G93A mouse genetic background strain and sex
on the age at disease onset. (A) Linear regression was performed with
the mean age at onset for each group modeled as the response with
mouse sex and genetic background factored as categorical predictors
with full interaction. Data represents the predicted response ± SEM
computed at values of the interaction term corresponding to each
category. Observations were weighted on the basis of sample size.
∗p < 0.05 after Bonferroni correction. (B) The time until onset was
modeled as Cox proportional hazards with mouse sex and genetic
background factored as categorical predictors with full interaction.
Data represents the survival curve for onset predicted by the Cox
model for combinations of categorical predictors. Observations were
weighted as frequencies given by the group sample size.

for this model. However, the survival curves generated
from the analogous Cox model show a sex difference
within the B6SJL background with the females surviv-
ing longer than the males or mixed groups (p < 0.001),
with no sex differences found within C57BL/6 back-
ground mice (p > 0.05) (Fig. 4B). Additionally, the
survival curves clearly show prolonged lifespan for the
C57BL/6 background mice compared to their B6SJL
counterparts (p < 0.001).

The result that the B6SJL mixed group survival is
lower than both the male-only and female-only group
is peculiar, as the onset results for the same data show
what one would expect with respect to mixed mice
(Fig. 2). To investigate this result, we iterated the
model with subsets of the original data and with altered

Fig. 3. The variation in onset times by onset determination criteria
and genetic background strain. Linear regression was performed with
the mean age at onset for each group modeled as the response and the
onset definition category and genetic background factored as cate-
gorical predictors with full interaction. Data represents the predicted
response ± SEM computed at values of the categorical interaction
term corresponding to each category. Observations were weighted
on the basis of sample size. ∗p < 0.05 for the comparison between
the marked column and the “General” group within the strain.

weights and found the separation of the mixed sex sur-
vival curve from the male and female curves to be a
robust result. Given that greater than two-thirds of the
mixed sex studies do not comment regarding gender
bias or distribution (see Data Overview and Table 1),
we cannot rule out unintended gender bias, which com-
bined with statistical variation, could possibly account
for the unexplained lower survival curve of the mixed
sex groups, especially in B6SJL.

Disease duration

The disease duration data are distributed roughly
normally with the majority of the data falling between
10 and 40 days (Fig. 1E). Three options for linear
regression are available when duration is the response:
onset or survival can be included as continuous inter-
acting covariates or duration can be treated solely as
a function of the categorical predictors. In the case
of only categorical predictors, the adjusted R2 for the
model is extremely low at 0.056. The addition of onset
as a predictor in that model returns an adjusted R2

of 0.642 and the replacement of the onset term with
survival gives an R2 of 0.225. The predicted mean
outputs for the high fit model that includes onset as
a predictor are shown in Fig. 5A. Within each sex
group, the mice on a C57BL/6 background showed
lengthened disease duration. There were no significant
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Fig. 4. The effect of G93A mouse genetic background strain and
sex on the age at death. (A) Linear regression was performed with
the mean age at death for each group modeled as the response with
mouse sex and genetic background factored as categorical predic-
tors and onset included as a continuous predictor with full interaction
between the terms. Data represents the predicted response ± SEM
computed at values of the categorical interaction term correspond-
ing to each category at the group-specific mean onset. Observations
were weighted on the basis of sample size. ∗p < 0.05 after Bonferroni
correction. (B) The age at death was modeled as Cox proportional
hazards with mouse sex and genetic background factored as cat-
egorical predictors with full interaction. Onset was included as an
independent continuous predictor. Data represents the survival curve
predicted by the Cox model for combinations of categorical predic-
tors. Observations were weighted as frequencies given by the group
sample size.

differences in disease duration due to sex within
genetic background groups after Bonferroni correc-
tion. The predicted mean disease durations for the
B6SJL and C57BL/6 mice were 25.49 ± 1.22 days
and 41.95 ± 1.40 days, respectively. The Cox propor-
tional hazards model with the probability of survival
factored as the response at a particular day post-onset
(Fig. 5B) shows a similar pattern to that which is seen
when the age is used as the time point (Fig. 4B).
Comparisons on the output imply that female mice
in the B6SJL category exhibit longer disease dura-
tion than mixed mice (p = 0.009) and male groups
(p = 0.054, Bonferroni corrected). Analogous to the

Fig. 5. The effect of G93A mouse genetic background strain and sex
on the duration of disease. (A) Linear regression was performed with
the disease duration for each group modeled as the response with
mouse sex and genetic background factored as categorical predic-
tors and onset included as a continuous predictor with full interaction
between the terms. Data represents the predicted response ± SEM
computed at values of the categorical interaction term correspond-
ing to each category at the group-specific mean onset. Observations
were weighted on the basis of sample size. ∗p < 0.05 after Bonferroni
correction. (B) The disease duration was modeled as Cox propor-
tional hazards with mouse sex and genetic background factored as
categorical predictors with full interaction. Onset was included as
an independent continuous predictor. Data represents the survival
curve predicted by the Cox model for combinations of categorical
predictors. Observations were weighted as frequencies given by the
group sample size.

survival model, this sex difference is not apparent
within the C57BL/6 background groups, with no sta-
tistically significant differences between any of the
C57BL/6 sex groups (p > 0.05, Bonferroni corrected)
while overall the C57BL/6 mice show extended disease
duration compared to the B6SJL mice (p = 0.001).

DISCUSSION

As the SOD1 G93A mouse is the primary animal
model for ALS research, it is important that the disease
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progression characteristics of commonly used variants
of the model are known so that researchers may be bet-
ter equipped to interpret their results. The results of
this analysis confirm the existence of sex and genetic
background related effects on disease endpoints. We
find that the mice bred on the C57BL/6 background
mice show delayed onset of disease, extended lifes-
pan, and extended disease duration compared to their
B6SJL counterparts. The often reported female-related
neuroprotective protective effect on lifespan was only
observed for B6SJL mice and not for those on
C57BL/6 background, in corroboration with the results
of Heiman-Patterson [27, 28] who reports a similar
background-dependent effect of sex on disease, but
these results conflict with the results of Mancuso [26].
However, the noted difference in result is not trou-
bling, as the Heiman-Patterson study reports a larger
colony size than Mancuso study. Overall, genetic back-
ground and sex had a smaller effect on measures of
disease onset than they did on the lifespan or disease
duration.Thiswarrants further investigation,asourpre-
liminary analysis into onset qualification methodology
(Fig. 3) indicates that the variation in methodology used
to determine onset is a large contributor to numerical
variation in disease onset. As the experimental record
expands in size, future comprehensive aggregate analy-
sis that integratesquantitativemeasuresofbodyweight,
gait, motor performance tests, muscular size, EMG, and
neuron counts in conjunction with genetic background
and sex information has the potential to give insight into
the mechanisms through which genetics affect the var-
ious systems associated with disease progression.

Sex

Overall, the expected difference in sex groups was
not observed to a large degree when the mean pre-
dicted values in onset, lifespan, and disease duration
are compared for the various linear models in that
the difference is not statistically significant (p > 0.05
after Bonferroni correction). However, the subse-
quent survival analysis with Cox proportional hazards
regression reveals the linear modeling technique to
be conservative, as the minute qualitative difference
observed between sex groups (Figs. 2A, 4A, 5A)
becomes statistically significant when the hazard func-
tions are compared (Figs. 2B, 4B, 5B), suggesting that
the sex difference does exist, but is overshadowed by
the larger effect due to genetic background when the
data are modeled linearly. That comparison of haz-
ard ratios suggests a small but significant effect of the
female sex compared to males in terms of the onset

for mice in both groups (p < 0.001) (Fig. 2B). Interest-
ingly, the magnitude of the sex difference is larger for
the survival data (Fig. 4B), but only within the B6SJL
group. Additionally, there are no differences in lifes-
pan due to sex within the C57BL/6 group. Female mice
in the B6SJL category showed longer disease dura-
tion than their mixed (p = 0.009) and male (p = 0.054
after Bonferroni correction) counterparts, but the effect
was smaller than when the overall lifespan was com-
pared. The existence of a strain-dependent effect of
sex on the progression of disease implies that the inher-
ent genetic differences observed between backgrounds
have some interactive effect on the manifestation of
the female hormone-related protective effect [43] and
further investigation of this relationship may pro-
vide insight into the underlying pathophysiological
mechanisms of ALS. For example, given that ALS
is considered a multi-factorial disease, sex-dependent
differences in disease progression and overall duration
may only be present with certain types of underlying
ALS etiologies rather than homogenously across all
ALS phenotypes.

Genetic background

The results of this analysis imply that mice bred
on the C57BL/6 genetic background experience dis-
ease onset and death at a later age than B6SJL mice
and that the duration of disease in C57BL/6 mice
is significantly extended. Survival and disease dura-
tion varied on the basis of genetic background within
each sex group independently, but onset varied on the
basis of genetic background only within the mixed sex
group and when the results were aggregated. With-
out regards to sex, the mean onset and lifespan was
found to be 99.27 ± 1.79 days and 130.23 ± 1.22 days
for B6SJL background mice and 109.9 ± 2.06 days
and 146.67 ± 1.42 days for C57BL/6 mice. The esti-
mate for the B6SJL survival corresponds fairly well to
the 128.9 ± 9.1 days [30] reported by Jackson Labo-
ratories; however, the estimate for C57BL/6 survival
poorly aligns with the 157.1 ± 9.3 days reported by
Jackson Laboratories [30]. Previously, it has been
shown that C57BL/6 background mice show deficits in
motor neuron counts, compound muscle action poten-
tials, and motor potentials two to four weeks earlier
than their B6SJL counterparts [26] without a differ-
ence in onset measured by rotarod performance. As our
results show a later onset and longer lifespan for the
C57BL/6 mice, this implies that those mice experience
milder symptoms despite a potentially more severe
underlying pathology.
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The mechanism through which the genetic back-
ground affects disease progression is unclear, but
previous studies have shown that various mouse mod-
els exhibit phenotype variation that may affect ALS
progression. These differences may manifest as vari-
ation in microglia-mediated neuro-inflammation [28,
29] and/or the progression or affect of hyperactivity
of metabolic processes [30] inherent in ALS progres-
sion [31]. In particular, Jackson Laboratories reports
hyperactivity of metabolism in terms of increased oxy-
gen consumption, decreased circulating insulin levels,
abnormal energy expenditures, etc. in the B6SJL mice
but not for C57BL/6 mice [30], potentially explaining
the more rapid progression of disease in the B6SJL
mice.

On a similar note, a recent study of non-familial
clinical ALS patients showed that antecedent disease
is substantially less prevalent among ALS patients,
including metabolic disturbances like diabetes, obe-
sity and thyroid disease, which suggests the possibility
of neuroprotection—either “other disease is protec-
tive of ALS” or “ALS is protective of other disease”
[32]. In fact, the pathophysiological process oscil-
lations seen in models examining the SOD1 G93A
underlying pathophysiology, suggest the possibility of
“hypervigilant regulation” (in control theory a too-high
feedback gain). Regulatory delays combined with the
too-high feedback gain(s) of hypervigilant regulation,
could ultimately result in system instabilities identified
in the SOD1 G93A model that dramatically impact
the onset and progression of ALS [32–34]. In short,
genetic differences underlying cellular and systemic
regulation could result in different ALS phenotypes,
both in transgenic mouse models and in humans. Fur-
ther assessment of pathology dynamics will help to
distinguish phenotypic characteristics [32, 33, 35].

Onset category

It is of interest to the field to characterize the time
course of the onset of various symptoms for each
mouse variant so that individual results can be bet-
ter understood and gauged in the context of other
studies. There are differences in the sensitivities of
various measures of onset to detect specific aspects
of the underlying pathophysiology [25, 55]. Some
researchers utilize a graded motor score that accounts
for visualized gait impairments, limb tremors, and
motor deficits [56, 57], but those systems are not stan-
dardized between studies. The linear modeling method
used to investigate sex and genetic background is eas-
ily extended to allow for onset characterization to be

analyzed as a categorical covariate. Within both the
B6SJL and C57BL/6 background groups, onsets due
to tremors were developed at an earlier age than the
control grouping, which is consistent with reports that
tremors develop prior to outright motor deficits [58].
Bodyweight declines are often cited as developing
prior to or in sync with the development of tremors
[59], but we were unable to test this directly due to the
low prevalence of bodyweight onsets in the dataset.

CONCLUSION

Overall, the analysis of data from 97 articles con-
firmed that the SOD1 G93A mouse lifespan, disease
duration, and onset vary largely between the two most
widely used genetic backgrounds, with those bred on
the C57BL/6 background showing a milder delayed
onset of disease with increased lifespans and longer
disease duration when compared to the B6SJL mouse.
The expected delayed onset and extended lifespan typ-
ically reported in female mice was observed only in
SOD1 G93A mice on the B6SJL background, and
the effect was altogether small compared to the strain
difference. The existence of a strain-dependent effect
of sex on the progression of disease demonstrates
the importance of the proper identification of group-
specific characteristics and their potential relationships
to the underlying pathophysiology. Finally, differ-
ent onset determination protocols (general, rotarod,
tremor, etc.) can result in notably different mean onsets.
Based on the initial analysis of this study, it appears that
tremors or grasping protocols are more sensitive for
onset determination whereas motor function protocols
like rotarod are better for determining motor deficit
progression and endpoint; however, further analysis
is needed to confirm this finding. Like all fields,
the SOD1 G93A transgenic mouse field would ben-
efit from greater consistency and documentation in
experimental methodology to assist in consolidating
conflicting pathophysiology assessment and/or treat-
ments and lessen the impact of confounding variables
[33, 60].
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