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Abstract
The relationship between exercise and amyotrophic lateral sclerosis (ALS), a neurodegenerative
disorder characterized by motor neuron loss, rapidly progressive weakness, and early death has been
controversial. We studied the effect of a high (HEX) and moderate level exercise (MEX) on body
weight, motor performance, and motor neuron counts in the ventral horn of spinal cords in a
transgenic mouse model of ALS (G93A-SOD1) that overexpresses a mutated form of the human
SOD1 gene that is a cause of familial ALS. These transgenic mice show several similarities to the
human disease, including rapid progressive motor weakness from 100 days of age and premature
death at around 135 days of age. Mice were exposed to high or mid-level exercise of left sedentary
(SED). At 70, 95 and 120 days of age spinal cords were processed following euthanasia. Motor
neurons larger than 15 μm in diameter were counted with a design-based stereological protocol using
an optical fractionator probe in the ventral horn of different regions of the cord and compared to
wild-type littermates. Moderate exercise delayed the onset of motor deficit by over a week. High
exercise slightly but significantly hastened the onset of motor performance deficits. Motor neuron
density in the lumbar cord was significantly higher in MEX group compared to SED at 95 days of
age. These results show the beneficial effects of moderate exercise on the preservation of motor
performance that correlates with higher motor neuron density in the ventral horn of the lumbar spinal
cord in G93A mice.

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset neurodegenerative disorder affecting
upper and lower motor neurons. It is characterized by motor neuron loss, rapidly progressive
weakness, and death due to respiratory failure (Brown, 1995). Most cases of ALS are sporadic
but approximately 10% are familial and inherited in an autosomal dominant manner. Sporadic
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ALS and familial ALS (FALS) are clinically and pathologically indistinguishable. About 20%
of FALS patients carry a point mutation in the superoxide dismutase 1 (SOD1) gene, which
encodes for the cytosolic copper- and zinc-dependent SOD (Rosen et al., 1993). The role of
SOD in ALS is not completely understood but it is thought that a toxic gain of function rather
than a loss of dismutase activity is responsible for the motor neuron loss (Ripps et al., 1995).
The discovery that autosomal dominant FALS is associated with point mutations in the SOD1
gene (Rosen et al., 1993) led to the development of transgenic mouse that overexpress human
mutant SOD1. These transgenic mice develops an adult-onset motor neuron disease that
resembles ALS with respect to motor neuron function, pathology, and biochemistry (Bruijn et
al., 1997; Gurney et al., 1994) (Ripps et al., 1995) (Gruzman et al., 2007) and have proven to
be an invaluable animal model of ALS.

The etiology of ALS remains elusive but the selective vulnerability of motor neurons likely
arises from a combination of mechanisms, including protein misfolding, mitochondria
dysfunction, oxidative damage, defective axonal transport, excitoxicity, insufficient growth
factor signaling, and inflammation (Boillee et al., 2006). Modifiable risk factors for ALS have
so far not being identified. Strenuous physical activity has been reported to be a risk factor but
is controversial. Some epidemiological studies suggest that vigorous physical activity in the
form of heavy labor or competitive athletics increases ALS risk (Scarmeas et al., 2002) (Chio
et al., 2005) (Gregoire and Serratrice, 1991) (Felmus et al., 1976). Other epidemiological
studies report earlier disease onset among individuals with a greater amounts of leisure time
and reduced physical activity (Strickland et al., 1996) (Veldink et al., 2005). Yet others reports
indicate that physical activity is not a risk factor for developing ALS (Armon, 2007)
(Longstreth et al., 1991) (Qureshi et al., 2006) (Kurtzke and Beebe, 1980). Clinical trials of
ALS patients have suggested that regular physical exercise may be neuroprotective, ameliorate
symptoms and improve functionality (Drory et al., 2001) (Pinto et al., 1999) (Bello-Haas et
al., 2007). The potential positive effect of physical activity on ALS has been tested in mouse
models of ALS but conflicting results have clouded the role of physical exercise. Regular
moderate intensity exercise has been reported to have neuroprotective effects delaying the onset
of the disease and / or its progression with a modest increase in the survival of transgenic mice
(Kirkinezos et al., 2003) (Veldink et al., 2003) (Kaspar et al., 2005). When regular moderate
intensity exercise was combined with insulin-like growth factor (IGF-1) treatment, a strong
synergistic effect was reported (Kaspar et al., 2005). Lifetime exposure of transgenic G93A-
SOD1 mice to vigorous physical activity based on a 10h/day on a motor-driven running wheel
showed that exercise did not promote hasten the progression of motor neuron degeneration
(Liebetanz et al., 2004) however, in the same transgenic ALS strain, high intensity endurance
treadmill exercise for 45 min/day, 5 times/week progressive increased from 9 to 22 m/min
hastened the onset of weakness and death (Mahoney et al., 2004). Given these contradictory
results, the relationship between different levels of exercise and motor neuron viability will
require further study.

Based on previously reported protocols in the literature, we devised two exercise protocols
using a motorized treadmill. G93A-SOD1 mice were treated with either a moderate-level
exercise (MEX), a high-level exercise (HEX) or with a sedentary life style exempted from
running (SED). The effects of exercise on motor performance and motor neurons survival were
analyzed by a rotarod test and absolute motor neuron counts were determined using design-
based stereology. Motor neurons were counted at 70, 95 and 120 days of age corresponding to
the pre-symptomatic phase, time of disease onset, and terminal disease stage in the G93A-
SOD1 strain to determine the effect of exercise on motor neuron death during disease
progression.
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2. Results
2.1 Body Weight

Mice from the SED, HEX and MEX groups were weighted twice a week to test whether the
HEX and MEX running protocols used in the study affected the animal's body weight. Mice
exposed to mid- and high-level exercise had a lower body weight (5% to 8% lower) than that
of sedentary littermates. Differences in body weight were detected after 2 weeks of mice being
exposed to the running protocols and the body weight differences were maintained quite
steadily until terminal stage. No differences in body weight were observed between mice
exposed to moderate- and high-level exercise (Figure 1).

2.2 Motor Performance
To determine if the running regimens used in the study affected the motor performance of
G93ASOD1 mice, mice from the SED, HEX and MEX groups were submitted to a rotarod test
twice a week. Moderate-level exercise, but not high-level exercise, had a small but significant
affect on the motor performance on the rotarod. The abrupt decline in motor performance that
typically occurs at around 95 days of age was delayed by over 1 week in G93A-SOD1 mice
exposed to the MEX protocol (Figure 2A). We fit the data to a logistic equation as shown in
Figure 2B. The fits showed that the curves were significantly different between the MEX and
SED mice (R factor ratio 1.06, p<0.02) and between the MEX and HEX mice (R factor ratio
1. 24 p<0.002) and between the HEX and SED mice (R factor ratio 1.04, p<0.05). During week
15, corresponding to 105 days of age, MEX mice were able to stay on the rod 30% longer than
SED mice (55.5±2.7 vs. 42.2±5.3 minutes, respectively, p<0.05) (Figure 2A). Analysis of the
data using a repeated measures controlled trial approach (Hopkins, 2003) showed that there
was a significant difference at week 15 between the MEX and HEX groups (p<0.01; change
in means 12.4±7.5 (upper and lower 90% confidence interval)) and between the MEX and SED
groups (p<0.02; change in means 15.5±9.8 (upper and lower 90% confidence interval)). The
difference between HEX and SED was not significant at any of the individual weeks even
though there was an overall significant difference in the fitted curves as discussed above.
Finally, a standard repeated measures ANOVA showed a significant effect of time (p<0.0001)
and group (HEX, MEX, SED; p<0.01) with a significant interaction between group and time
(p<0.01).

2.3 Motor Neuron Counts
Motor neurons in the ventral horn of cervical, thoracic and lumbar sections of SED, HEX and
MEX G93A-SOD1 mice and in those of age-matched sedentary wild-type (WT) mice were
counted following a design-based stereological protocol (Figure 3) at the ages of 70, 95 and
120 days to determine the effect of physical activity on the motor neuron number during the
progression of the disease. Figure 4 shows representative images of the ventral horn of the
lumbar sections of WT, SED, MEX and HEX mice where MNs were counted. The figure
illustrates the changes in cytoarchitecture and motor neuron density that occurs in this area of
the spinal cord over the course of the disease. As expected, motor neuron density in the ventral
horn of lumbar sections of 120 days old sedentary G93A-SOD1 mice was significantly lower
than the MN density of age-matched WT mice (55% less in G93A-SOD1 mice than in WT
mice). However, at 120 days of age the motor neuron density of mice exposed to moderate-
and high-level of physical activity was not significantly different that the MN density of WT
mice (Table I). At the age of 95 days, at the onset of the motor decline, the MN density in the
lumbar section of spinal cord of MEX mice were increased by almost two-fold (p<0.05)
compared to sedentary mice. This is consistent with the delay in motor performance decline
detected in mice subjected to the moderate-level running exercise. At 95 days of age MN
density of the MEX group in lumbar cord was also significantly different than that of the WT
mice. Changes in volume does not account for the differences detected in MN density since
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no significant differences in the lumbar cord volume was detected at 95 day among the groups.
Volume of lumbar cords of 95 days old mice were, in mm3, WT 3.07±0.33, SED 2.69±0.36,
MEX 2.69±0.33, and HEX 2.76±0.27 ×109). At 70 days of age MN density of the lumbar cords
of SED and HEX was significantly lower than that of WT mice. None of the MN density
comparisons within an age group were significantly different in the cervical and thoracic
segments of the spinal cords.

3. Discussion
Much evidence from human research and animal studies in rodents converge to indicate that
sustained moderate exercise exerts a beneficial effect to the health of the central nervous system
(CNS). Exercise has a very broad effect on the brain: improves learning and memory, delays
age-related cognitive decline and has neuroprotective effects against depression, brain injury
and delays the onset and decline in neurodegenerative diseases. Despite controversy on the
effect of exercise in ALS, a growing number of studies also indicate its beneficial effects
(McCrate and Kaspar, 2008). Several clinical studies in ALS patients have demonstrated the
value of moderate exercise in ameliorating disease symptoms and improving functionality
(Bello-Haas et al., 2007; Drory et al., 2001; Pinto et al., 1999). Although many reports indicate
the beneficial effect of moderate exercise (Kaspar et al., 2005; Kirkinezos et al., 2003), the
increasing number of reports in the field appears to outline the specific effect exerted by any
given exercise protocol i.e. treadmill running versus wheel running. While a report by
Liebetanz (Liebetanz et al., 2004) indicated that extensive wheel running exercise is not
harmful to ALS mice, a deleterious effect of high-intensity exercise was reported by Mahoney
et al. (Mahoney et al., 2004) on ALS mice running on a treadmill. Similar differences on the
effect of wheel running and treadmill running exercise on neuroprotection were reported.
According to Veldink et al. (Veldink et al., 2003) treadmill running resulted in no significant
differences in the number of MN but Kaspar et al. (Kaspar et al., 2005) reported that wheel
running significantly protected motor neurons from death. Deforges et al. (Deforges et al.,
2009) recently presented the differential effect of a running based and a swimming based
exercise protocols in ALS mice due to the activation of different sub-population of MN.

Exercise has also been shown to be beneficial to other animal models of motor neuron diseases
and injury. Grondard et al. have shown that volunteer running on a wheel increases motor
neuron survival, sustained motor function, and expanded the life of a mouse model of spinal
muscular atrophy (Grondard et al., 2005). The exercise induces the expression of a SMN2
transcript that translates into a more stable protein (Grondard et al., 2005). In the same model
of SMA, exercise also enhances the expression of NR2A, the major activating subunit of the
NMDA receptor (Biondi et al., 2008). Exercise has also have been shown to provide significant
improvement to spinal cord injury models (Engesser-Cesar et al., 2005; Engesser-Cesar et al.,
2007; Hutchinson et al., 2004).

Our study indicates differential effects of two intensity treadmill running protocols, on motor
performance and in motor neuron counts in the ventral horn of the lumbar cords at pre-
symptomatic (70 days) and at the onset of clinical symptoms (95 days). Although our study
was not designed to monitor the effect of exercise on longevity, we detected premature deaths
in the oldest group (120 days) of all three groups of ALS mice. The numbers of premature
deaths (7 out of 22 mice in SED group, 5 of the 22 mice in MEX group and 10 of the 23 mice
in HEX group died a few days before reaching 120 days) suggest a trend for higher survival
rate among MEX mice that would correlate with the delayed symptoms detected at 95 days.
We need to design new longevity experiments to confirm that trend since the oldest group in
this paper was 120 days and all mice were euthanized for tissue collection at that age. The only
significant difference at age 120 was the dramatic decline in MN density in the lumbar cord in
SED group compared to WT showing the disease effect at the terminal stage. MEX and HEX
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groups were not different than SED or WT at that age. It is important to note that mice in
exercise groups stopped running after the symptoms started (114.2±0.96 for MEX and 108.2
±1.23 days for the HEX group). Mice being sedentary for 7-13 days before age 120 partially
explains why the dramatic effect we see at age 95 fade at the terminal stage. Kaspar et al
reported no differences in the number of MN at the terminal stage of the disease despite the
neuroprotection detected by exercise + IGF-1 at the onset of the decline (Kaspar et al., 2005).

A large amount of evidence has accumulated on the role of growth factors. Increases in brain-
derived neurotrophic factor (BDNF) and insulin growth factor 1 (IGF-1) levels following
exercise may be central to exercise-induced benefits in the brain (Berchtold et al., 2005; Ding
et al., 2006; Trejo et al., 2001). These growth factors modulate nearly all the functional end
points enhanced by exercise by modulating a broad range of supporting system for brain
maintenance and plasticity including neurogenesis, neuronal survival, axon outgrowth,
dendritic pruning, synaptic plasticity, and angiogenesis. Enhanced hippocampal neurogenesis
is one of the most reproducible and most studied effects of exercise in the rodent brain and
appears to be a key mechanism mediating the exercise-related improvements in learning and
memory and the exercise-induced resistance to depression (Fabel et al., 2003; Leuner et al.,
2006; Trejo et al., 2001; van Praag et al., 1999; Winocur et al., 2006). In both young and old
animals exercise stimulates proliferation of the neural progenitor population, increases the
number of new neurons and promotes neuronal survival (Fabel et al., 2003; Trejo et al.,
2001; van Praag et al., 1999). Exercise enhances both short-term potentiation and long-term
potentiation in the dentate gyrus (DG) (Farmer et al., 2004; van Praag et al., 1999) and alters
the DG cytoarchitecture including dendritic length and dendritic complexity, spine density and
neural progenitor proliferation (Eadie et al., 2005). Increased blood flow is also seen in the
hippocampus after exercise training and its increase is correlated with improved rate of learning
in a hippocampus-dependent task (Pereira et al., 2007).

BDNF (Wu et al., 2008), IGF-1 (Trejo et al., 2001), and vascular endothelial growth factor
(VEGF) (Fabel et al., 2003) have been reported to be involved in exercise-mediated
neuroprotective actions. Exercise increases peripheral IGF and VEGF and both cross the blood
brain barrier (BBB) to enter the brain (Fabel et al., 2003; Lopez-Lopez et al., 2004; Trejo et
al., 2001). Exercise raises BDNF mRNA and protein levels in the neurons of hippocampus,
spinal cord, cerebellum and cortex and increases brain uptake of peripheral IGF-1 (Cotman
and Berchtold, 2002; Trejo et al., 2001), through an active mechanism involving specific
receptors and carriers (Carro et al., 2005) and VEGF (Fabel et al., 2003). Peripheral IGF and
VEGF appear to orchestrate the exercise induce angiogenesis and neurogenesis as
demonstrated by using blocking antibodies to IGF (Trejo et al., 2001) or VEGF (Fabel et al.,
2003). Both peripheral (Carro et al., 2005) and brain derived IGF-1 (Ding et al., 2006) influence
the exercise induced plasticity in the hippocampus. Peripheral IGF-1 is necessary for exercise-
induced vessel remodeling in the brain (Lopez-Lopez et al., 2004), an effect that must be in
part mediated by the induction of VEGF. Exercise induced angiogenesis is associated with
increase local VEGF mRNA and protein in the brain (Ding et al., 2006) which results in potent
mitotic activity specific to vascular endothelial cell migration and capillary formation (Ferrara,
1996). Exercise induces BDNF mRNA and protein in neurons in several regions of the brain
most robust being in the hippocampus (Cotman and Berchtold, 2002; Ding et al., 2006).
Although IGF-1 expression is also induced in hippocampal neurons (Schwarz et al., 1996)
peripheral increase of IGF-1 appears to be essential for neurogenesis (Trejo et al., 2001) and
improved memory (Ding et al., 2006). As with IGF-1, BDNF signaling is crucial for improving
learning in response to exercise (Vaynman et al., 2004; Vaynman et al., 2006) as blocking
antibodies to tyrosine receptor kinase B (TrkB), the receptor for BDNF abrogates of the
exercise induced hippocampus dependent learning. In addition anti-TrkB attenuates the
exercise induce induction of synaptic proteins in the hippocampus (Vaynman et al., 2004;
Vaynman et al., 2006). Basic fibroblast growth factor (BFGF), but not IGF directly, can
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facilitate long term potentiation (LTP) (von Bohlen und Halbach et al., 2008). Much evidence
indicates the convergence between IGF-1 and BDNF in response to exercise as it has been
shown that IGF-1 increases the effects of BDNF by enhancing BDNF signaling downstream
of the TrkB receptors (Ding et al., 2006) in addition to increase expression of the TrkB receptor
itself (McCusker et al., 2006).

The effects of exercise induced growth factors in the spinal cord has not been studied as
intensely as in the hippocampus but BDNF, VEGF and IGF-1 have been shown to be present
in the spinal cord and potentially play a role in the benefits derived from moderate exercise in
ALS. The pro-survival effects of IGF-1 are specially detected on motor neurons (Dore et al.,
1997). IGF-1, IGF receptors, IGF binding proteins (IGFBPs) and intracellular IGF-1 associated
signaling factors (IRS-1, PI3 kinase) are all expressed in spinal cord particularly in the ventral
gray matter (including motor neurons) (Bondy and Cheng, 2004). Indeed, retrogradely
transported AAV-IGF-1 injected into the muscle of G93A mutant SOD1 mice slowed disease
progression even when administered following disease onset (Kaspar et al., 2003). The
beneficial effect of IGF-1 in ALS mice has been shown in other studies (Dobrowolny et al.,
2005; Lepore et al., 2007; Nagano et al., 2005; Narai et al., 2005). VEGF therapies have also
extended survival and delayed onset and progression of ALS in mouse models (Azzouz et al.,
2004; Storkebaum et al., 2005). Interestingly, a deletion in the hypoxia responsive element in
the promoter region of the VEGF gene causes motor neuron degeneration reminiscent to ALS
(Oosthuyse et al., 2001). Based on their in vitro and in vivo ability to promote the survival of
MNs, the effect of several neurotrophic factors (NFs) of different families such as BDNF and
IGF-1 were tested in humans. Clinical trials have shown no benefit of systematically
administered growth factors to ALS patients (Choudry and Cudkowicz, 2005; Nirmalananthan
and Greensmith, 2005; Sorenson et al., 2008). Insufficient access to target MNs and the route
of delivery of NFs may be responsible for the negative results. This may have been due to lack
of sustained delivery, sequestration of the exogenous IGF-1 by systemic and/or CNS IGFBPs
and low efficiency of protein delivery to motor neurons. Future trials using trophic factors
should be performed using viral vector delivery to allow for a sustained long-term expression
in the specific region of interest. Dodge et al. (Dodge et al., 2008) showed recently that a single
injection of a recombinant AAV-IGF vector to the deep cerebellar nuclei, a cerebellum region
with extensive brain stem and spinal cord connections, delivered sufficient IGF-1 to reduced
ALS neuropathology, improve muscle strength and significantly extended the life span of
systematic G93A mice.

In addition, neuronal toxicity to glutamate and to reactive oxygen species may be implicated
in the effect of exercise to neuronal degeneration in ALS. Physical activity has been related to
glutamate excitoxicity because high level exercise was shown to increase the vulnerability of
rat hippocampal neurons to kainate lesions (Ramsden et al., 2003). Another study showed that
exercise training decreases DNA damage and increases DNA repair and resistance against
oxidative stress of proteins in aged rat skeletal muscle (Radak et al., 2002). In this study the
effect achieved by high-level exercise may be combination of the beneficial affects of exercise
together with the negative effects of stressful excursion. This needs to be taken into
consideration when designing studies in mice and human.

This study demonstrates the beneficial effects of mid-level exercise (but not high-level
exercise) in a transgenic model of ALS on motor performance and correlates this finding with
motor neuron increases in the ventral horn of the lumbar spinal cord. Designing studies to
examine (1) the size distribution of motor neurons and (2) correlating neuropathological
findings with neurochemical changes (i.e. neurotrophic and vascular factors) will be the next
step.
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4. Experimental Procedures
4.1 Transgenic Mice, Breeding and Genotyping

Transgenic mice with the G93A human SOD1 mutation (B6SJL-TgN (SOD1-G93A)1 Gur;
Jackson Laboratories, Bar Harbor, ME,USA) were bred with female B6SJL mice (Jackson
Laboratories). Offspring male were genotyped by PCR on DNA extracted from tail clippings.
Since G93A-SOD1 mice present gender differences in respect to the onset of the disease, life
expectancy and response to exercise (Ferrante et al., 2001) (Veldink et al., 2003), only male
were used in the present study. At weaning (around 30 days of age) male transgenic mice from
the same “F” generation were randomly distributed in 3 different experimental groups: high-
level exercise group (HEX), moderate-level exercise group (MEX) and a sedentary group
(SED). Each experimental group was divided in 3 different subgroups: mice to be euthanized
at 70 days of age, mice to be euthanized at 95 days of age and mice to be euthanized at 120
days of age. A total of 90 G93A-SOD1 male mice were used in this study (n=10). A total of
30 WT littermates were used as a control for motor neuron counts. Wild-type mice used in this
study are the littermate controls. G93A is a heterozygous colony that is maintained by breeding
a positive male (+/-) with a negative mom (-/-). The off-springs are either positive (+/-) or
negative (-/-). The negative mice were used as wild-type controls. All animal experiments were
carried in accordance with the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the local animal care committee.

4.2 Exercise Protocols
Starting at weaning, mice in the HEX and MEX groups exercised on a motorized treadmill
apparatus (Exer 6M Treadmill; Columbus Instruments, Inc., Columbus OH) following
protocols adapted from previous reports (Kriz et al., 2003). All HEX and MEX mice were
subjected to the same training protocol consisting of 20 min of running, 3 days a week at 5 and
10 m/min for the first and second week, respectively. After training, the actual exercise protocol
for the HEX mice consisted of 60 min of exercise per day, 5 days per week at 20 m/min (1.25
Km/h). The exercise protocol for the MEX mice consisted of 30 min of exercise per day, 3
days a week at 10m/min (0.62 Km/h). Treadmill running was performed between 1:00 and
3:00 PM, at times when mice are usually sleeping, resting, or showing minimal physical
activity. Mice in the control SED group were not exposed to treadmill running. Mice cages
were not equipped with any device for exercising so that basal physical activity was restricted
to walking around the cage and climbing the food grid.

4.3 Body Weight and Motor Performance Test
Starting at weaning, body weight and motor performance were monitored twice a week for
mice in the HEX, MEX and SED groups that would be euthanized at 120 days of age.
Measurements and tests were always performed at the same time of the day. Motor performance
was tested on a rotarod apparatus (Columbus Instrument, Columbus, OH, USA) after two days
of training to get acquainted with the apparatus. The motor performance test consisted in 3
consecutive trials of 60 seconds each on the rotarod at 12 r.p.m. The time until mice fell from
the rod was recorded and the best of the three trials used as the measure of competence on the
task for that day.

4.4 Tissue Preparation and Histology/Immunohistochemistry
Mice were euthanized at 70, 95 or 120 days of age by CO2 suffocation. Spinal columns were
immediately removed and fixed in cold Periodate-Lysine-Paraformaldehyde solution at 4°C.
Forty-eight hours later the entire spinal cord was dissected from the spinal column and
cryoprotected in a graded series of 10 and 20% glycerol/2% DMSO solutions for 24 hours
each. Cords were weight before being transferred to 10% glycerol (cord weights at 95 days old
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mice were HEX 88.4±3.1, MEX 91.9±2.1, SED 90.4±1.4, WT 93.0±2.0 mg). Spinal cords
were dissected into cervical, thoracic and lumbar using the anatomical features of the cords.
Frozen, coronal sections of 60 μm from the cervical, thoracic and lumbar parts of the cord were
cut with a sliding microtome. Sections were serially saved in PBS containing 2 mM sodium
azide at 4°C. For each cord, one every eight sections were serially mounted on a slide so that
a representative group of sections for the entire cord was present in a single slide. Mounted
sections were stained with 0.1% cresyl violet (CV).

4.5 Quantification of Motor Neurons
Stereological methods were employed to quantify the number of motor neuron (MN) in the
ventral horn of cervical, thoracic and lumbar cord using an Optical Fractionator probe. A
computer software package, StereoInvestigator (MicroBrightField, Colchester, VT) interfaced
with a Nikon Eclipse 80i microscope equipped with Ludl motorized stage, Optronics Microfire
color digital camera with 1600×1200 resolution and Heidenheim Z axis encoder was used to
collect and analyze the stereological data.

The area of interest, the ventral horn defined as the anterior subdivision of the gray matter to
the middle of the central canal, was traced in the CV stained sections at x4 magnification (figure
X A). The size of the counting frame, 75×75 μm, and the area counted (XY)= 5625 μm2, was
established (figure X B). Cell counting was performed using a x60 N.A 1.4 oil objective (figure
X C). Neurons were only counted if their diameter was 15 μm or larger and only if the neuron
nucleolus was inside the counting frame and the neuron was not touching the excluding borders.
The computer cursor was set at 15 μm long for easy detection of cells that meets the 15 μm
diameter criterion.

4.6 Statistical Analysis
For the rotarod performance we used three different methods of comparisons. Data were
collected from sedentary mice (SED, n=22), high exercise (HEX, n=28) or moderate exercise
(MEX, n= 25) as described above utilizing performance data from 70-120 days of age with
measurements made at weekly intervals. First, we fit the total data to a logistic function that
combined the onset and slope of the decline. Then we used the R-factor ratio test, which is
quite similar to an F-test (Hamilton WC Significance tests on the crystallographic R factor.
Acta Cryst. 18:502-510 (1965)) to compare the fits for each set of parameters with the R-factor
ratio determining the significance of the fits. We also performed a standard repeated measures
ANOVA comparing time and group. Finally we also used a method for analysis of a controlled
trial with repeated measures as outlined in Hopkins WG “A spreadsheet for analysis of
straightforward controlled trials” SportsScience Vol 7 sportscience.org (online journal) (2003).
The motor neuron counts were analyzed using a one-way ANOVA for group including
comparisons of all pairs (time, group, spinal cord region) using a Tukey-Post hoc correction.
Statistical significance was defined as p<0.05.
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Figure 1. Effects of mid- (MEX) and high- (HEX) level exercise on body weight in G93A transgenic
mice
G93A mice exposed to either MEX or HEX exercise maintained a 5-8% lower body weight
compared to sedentary (SED) G93A transgenic mice. All values are mean ±SEM.

Carreras et al. Page 13

Brain Res. Author manuscript; available in PMC 2011 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effects of mid- (MEX) and high- (HEX) level exercise on rotarod performance in G93A
transgenic mice compared to sedentary (SED) G93A transgenic mice
A. Starting at 30 days of age mice were placed, twice a week, on a rod at 12 rpm for 60 secs
and the time remaining on the rod before falling was recorded. Not shown in the figure is the
rotarod performance from 30 to 70 days of age, which was for all mice at maximum (60 s). All
values are mean ±SEM. Statistical analysis was performed by ANOVA followed by post-hoc
test (Tukey-Kramer), p<0.05 is considered significant. Significance (*) was reached for MEX
vs. SED and HEX at 105 days of age. B. Demonstration of fitting the total data to a logistic
function that combined the onset and slope of the decline. We used the R-factor ratio test, which
is quite similar to an F-test to compare the fits for each set of parameters with the R-factor ratio
determining the significance of the fits.
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Figure 3. Quantification of motor neuron number in the ventral horn of cervical, thoracic and
lumbar cord sections using an Optical Fractionator probe in the StereoInvestigator software
A. Area of interest was traced at x4 magnification. B. The counting frame size used was 75×75
(mm) and the counting frame area was (XY)= 5625 mm2. C. Cell counting was done with a
x60 N.A 1.4 oil objective. Neurons were counted only if their diameter was 15 mm or larger
and only if the neuron nucleolus was inside the counting frame and the neuron was not touching
the excluding borders.
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Figure 4. Representative sections of the ventral horn of lumbar cords of WT, SED, MEX and HEX
mice at 95 days of age stained with cresyl violet
Original magnification x100.
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