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Abstract
Over the past few decades, the average age at time of spinal cord injury (SCI) has increased. Here
we examined locomotor recovery and myelin pathology in both young and aged adult rats following
contusion SCI. Our assessment indicates that the rate of locomotor recovery following SCI is
significantly delayed in aged rats as compared to young rats, and is associated with a greater degree
of pathology and demyelination. Additionally, we examined the effect of voluntary exercise, pre-
and post-injury, on locomotor recovery and myelin pathology following contusion SCI. Our data
indicate that exercise improves the locomotor recovery of injured aged rats such that it is comparable
to the recovery rate of injured young rats, and is associated with a decreased area of pathology and
amount of demyelination. Interestingly, the rate of locomotor recovery and myelin pathology in the
aged exercised rats was similar to that of the young sedentary rats after injury, indicating that exercise
attenuates the delayed recovery of function and associated histopathology in aged rats. These data
indicate that there is an age-related delay in locomotor recovery following SCI, and an age-related
increase in histopathology following SCI. Importantly, our data indicate that exercise attenuates these
age-related deficits following SCI.
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Introduction
There are approximately 11,000 new spinal cord injury (SCI) cases reported every year in the
United States. SCI primarily affects young adults, with most injuries occurring between the
ages of 16 and 30. Currently, the average age of injury is 38, which is approximately 8 years
higher than the average age of injury in the 1970’s. Additionally, the percentage of injuries in
persons over the age of 60 has recently increased from 4.7% prior to 1980 to 10.9% since 2000
(NSCISC, 2004).

Behavioral and pathological outcomes following SCI may be influenced by age at time of
injury. Gwak and colleagues (2004) demonstrated that aged rats exhibit slower locomotor and
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somatosensory recovery following hemisection SCI as compared to young rats. More recently,
Genovese et alias (2006) demonstated that aged male rats have significantly greater locomotor
deficits, pathology, and mortality following clip compression SCI. Several studies suggest that
there are age-associated differences in myelin integrity and spontaneous remyelination that
may contribute to these differences in behavioral recovery (Hinks and Franklin, 2000; Kovari
et al., 2004; Peters and Sethares, 2003; Shields et al., 1999). Shields and colleagues (1999)
demonstrated that aged rats remyelinate at a slower rate than young rats following toxin-
induced demyelination of the spinal cord. The effect of age at time of injury on behavioral
recovery and histopathology following contusion SCI remains to be elucidated.

Recently, exercise has been shown to influence the outcome of CNS injury. Physical activity
has been shown to, 1) increase levels of IGF-1 and BDNF which are important in
oligodendrocyte and neuron cell survival (Gomez-Pinilla et al., 2002; Schwarz et al., 1996;
Trejo et al., 2001), 2) improve locomotor recovery following SCI (Edgerton et al., 2001;
Engesser-Cesar et al., 2005; Engesser-Cesar et al., 2007; Multon et al., 2003), and 3) decrease
susceptibility to free-radical damage, which has implications for neuroprotection (Ang et al.,
2003; Nistico et al., 1992). Additionally, it has been demonstrated that physical activity is
associated with a reduced risk of age-related dementia and cognitive decline (Laurin et al.,
2001), the latter being associated with age-related demyelination (Brickman et al., 2006;
Kovari et al., 2004).

Here we document an age-related delay in the rate of locomotor recovery following contusion
SCI. Additionally, we demonstrate that aged rats have greater region of pathology and more
demyelination following contusion SCI than young rats. Aged rats that engaged in voluntary
wheel running prior to and following SCI had locomotor recovery rates comparable to that of
young rats. Voluntary wheel running also decreased the region of pathology and amount of
demyelination following contusion SCI in aged rats. Thus, we demonstrate for the first time
that long term voluntary wheel running attenuates age-related locomotor and histopathological
deficits following contusion SCI.

Materials and Methods
Experimental Groups

Young adult (n=12; 350–500 g; 6–8 weeks old) and aged adult (n=18; 600–800 g; 12 months
old) male Sprague-Dawley rats were individually housed with ad libitum access to food and
water in a 12:12 hour light/dark vivarium. Some aged adult animals (n=12) were given the
opportunity to exercise, being housed in cages with freely accessible, stainless steel running
wheels until they reached 12 months of age. These aged exercise animals were housed
individually for one week post injury without access to a running wheel, and were given access
to running wheels again starting the second week post injury. Running wheel rotations were
monitored to keep track of running wheel activity. The experimental groups are summarized
in Table 1.

Spinal Cord Injury
Spinal cord injuries were performed according to standard protocols (Keirstead et al., 2005).
Animals were anesthetized with intraperitoneal injections of 80 mg/kg ketamine (Phoenix
Pharmaceuticals, St. Joseph, MO) and 10 mg/kg xylazine (Phoenix Pharmaceuticals). The skin
between the neck and hindlimbs, extending approximately 2 cm bilaterally from the spine, was
shaved and disinfected with serial provodone and 70% ethanol scrubs. A midline incision
exposed the spinal column at the level of T8–T11, and the paravertebral muscles were dissected
bilaterally to visualize the transverse apophyses. A complete laminectomy was performed on
the 10th thoracic vertebrae (T10). The spinal processes immediately adjacent to the

Siegenthaler et al. Page 2

Exp Neurol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



laminectomy site were clamped and stabilized using a stereotactic device, and a contusion
injury was induced by using the Infinite Horizon Impactor (Precision Systems and
Instrumentation LLC, Fairfax, VA) with a force of 200 kDynes. Following impact, the deep
and superficial muscle layers were sutured in layers over the intact dura, and the skin was
closed with stainless steel wound clips. Immediately after surgery, animals were given
subcutaneous saline and 2.5 mg/kg/day prophylactic enrofloxacin (Baytril; Bayer, Shawnee
Mission, KS) and maintained on an isothermic pad until they were alert and mobile. Animals
received manual bladder expression three times daily and were inspected for weight loss,
dehydration, discomfort, and autophagia, with appropriate veterinary care as needed. All
procedures were approved by the Institutional Animal Care and Use Committee at UC Irvine.

Locomotor Testing
Before injury, each animal was acclimated and scored using the Basso, Beattie, Bresnahan
Locomotor Rating Scale (BBB) (Basso et al., 1995). BBB scores were analyzed by chi-squared
test at each time point using the values from the young group as the expected range when testing
for significance with the aged sedentary group, and using the values from the aged sedentary
group as the expected range when testing for significance with the aged exercise group.

Histology
Animals were sacrificed 2 months post-injury by intracardiac perfusion with 4%
glutaraldehyde (Fisher Scientific, Pittsburgh, PA) in 0.1 M phosphate buffer, pH 7.4, under
anesthesia. The spinal cord was removed, and the lesion-containing length was cut into 12 1-
mm transverse blocks (6 blocks cranial and 6 blocks caudal to the injury site), which were then
resin embedded according to standard protocols (Keirstead and Blakemore, 1997). Transverse
semithin (1µm) sections were cut from the cranial face of each resin block, stained with alkaline
toluidine blue (Sigma-Aldrich, St. Louis, MO), coverslipped, and examined by light
microscopy on an Olympus AX-80 microscope using Olympus MicroSuite B3SV software
(Olympus America, Melville, NY).

Area of Pathology Quantification
Area of pathology was defined as any region of the spinal cord with aberrant histology.
Swelling, damaged axons, hypercellularity, and gross demyelination were determining features
of aberrant histology within spinal cord sections. For each 1µm transverse semithin section,
areas of pathology were located by viewing sections at 4× magnification (Fig. 1a, b), and traced
using the Olympus MicroSuite B3SV software to calculate area. The accuracy of tracing was
checked by viewing delineations at 200× magnification. When there was more than one area
of pathology within a section, the areas of pathology were summed. The total area of pathology
per section was averaged across animals within each group for each 1mm transverse tissue
block, yielding the estimated average area of pathology for each 1mm segment of spinal cord.

Axon Quantification
For axon quantification, images of these regions were digitally captured at 2000×
magnification, and a 25µm × 25µm (625µm2) digital grid was overlaid on the images using
Olympus MicroSuite B3SV software. Demyelinated and oligodendrocyte cell remyelinated
axons were counted on 5 × 625µm2 areas aligned on a radial oriented line, according to the
line sampling technique outlined previously (Blight, 1993; Totoiu and Keirstead, 2005). The
radial oriented line originated at the central canal and extended to the outermost edge of the
spinal cord cross section through the middle of the area of pathology; in the absence of a central
canal, the radial oriented line originated at the intersection of two digitally imposed lines, one
line running from the outermost center point of the dorsal column to the outermost center point
of the ventral column and the other line spanning the greatest mediolateral width of the spinal
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cord. The 625µm2 areas were then superimposed on this radial oriented line. Oligodendrocyte-
remyelinated axons were identified by their characteristically thin myelin sheaths relative to
the diameter of the axons (Gilson and Blakemore, 2002; Guy et al., 1989; Hildebrand and Hahn,
1978). The number of demyelinated and oligodendrocyte-remyelinated axons was determined
by counting axons in each 625µm2 region, averaging the number of axons within the
625µm2 regions along the radial line. This number was then averaged across animals within
each group for each 1mm transverse tissue block.

G-Ratio Analyses
G-ratios (myelin sheath thickness/axon diameter) were determined for randomly selected
normally-myelinated or oligodendrocyte-remyelinated axons within the same 625µm2 areas
of pathology used for axon quantification (described above). Random sampling was
accomplished by measuring the G-ratio for only those axons bisected by horizontal grid lines
digitally superimposed on 2000× digitally captured images. Measurements of myelin sheath
thickness and axon diameter were made using Olympus MicroSuite B3SV software.

Results
General health following SCI

Two aged animals died immediately following SCI. A total of 5 animals died within the first
week post-injury, four being aged sedentary and one being an aged exercise animal. One animal
from each group died within the second week post injury. The majority of deaths were
associated with severe bladder infections despite an extensive bladder expression routine. By
the end of the study, the survival rates were 91.7%, 50%, and 75% for the young, aged sedentary
and aged exercise groups, respectively (Table 2). Surviving animals were assessed for weight
change at the end of 9 the study to compare with weights on the day of injury. Young animals
gained an average of 49.55g ± 12.21. Both aged groups demonstrated weight loss, with the
aged sedentary animals losing an average of 72.67g ± 14.17, and the aged exercise animals
losing an average of 42.33g ± 15.68 (data reported as grams ± SEM). The weight change
between young and aged animals (both sedentary and exercise) following contusion SCI was
significantly different (p<0.01), but the change in weight between aged sedentary and aged
exercise groups was not significantly different (Table 2). Additionally, there was no significant
difference in average weight at time of injury between aged sedentary and aged exercise
animals despite the fact that aged exercise rats had been participating in voluntary wheel
running for nine months prior to injury, and continued to rotate the running wheel following
injury. Running wheel data reveals that there was an average of 8,522 wheel rotations per day
when rats were initially given access to the running wheel at 3 months of age. Prior to SCI, the
average wheel rotations decreased to 941 per day. Interestingly, the approximate wheel
rotations increased to 3,478 per day following SCI (1 rotation = 1 meter).

Locomotor recovery
To determine whether age at time of injury and chronic exercise affects recovery of function
following contusion SCI, locomotion was assessed using the BBB locomotor scale. There was
no significant difference (p>0.05) between the animal groups in the first day following injury,
indicating that all groups had similar locomotor deficits; likewise, there was no significant
difference (p>0.05) between the animal groups in the first week following injury (Fig. 1a). The
aged exercise group had nearly a 3 point difference on the BBB scale in the first week following
injury, which reflects a difference in the movement of hindlimb joints (Fig. 1a). Analysis of
the displacement graphs produced by the IH device show similar impacts for all animals,
demonstrating that the slightly greater BBB score for aged exercise animals, although not
significant, is not a result of mechanical errors during injury (data not shown). Additionally,
analysis of actual hit data indicated that all groups received similar force hits (Fig. 1b) There
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were significant differences between the aged sedentary animals and the young or aged exercise
animals at 2, 3, 4, 7 and 8 weeks post injury, suggesting that there is an age-associated deficit
in locomotor recovery that can be significantly improved with voluntary wheel running (Fig.
1a).

Examination of the rate of recovery, as indicated by the change in BBB score over one week,
revealed that the greatest locomotor recovery occurred between 1- and 2- weeks post-injury
for both the young group and the aged exercise group, whereas the peak locomotor recovery
is delayed by one week in the aged sedentary group (Fig. 1c). The rate of recovery patterns
suggests that locomotor recovery in aged sedentary animals is not only delayed, but also less
than that of the young animals (Fig. 1c).

Area of pathology
Toluidine blue-stained sections were examined at low magnification for regions of pathology
following contusion SCI. Contusion injury resulted in cavitation and loss of gross tissue
structure within the central region of the spinal cord at the injury epicenter in all animal groups.
Tissue swelling, demyelination, axonal death, and inflammation were abundant at the injury
epicenter and extended several millimeters either side of the injury epicenter in all animal
groups. The average cord area of a 1µm thin cross section was 25.15 mm2, 32.29 mm2, and
28.84 mm2 for young, aged sedentary, and aged exercise animals, respectively. Statistical
analysis of the average cord area reveals that both aged groups (sedentary and exercise) have
a greater cord area than that of the young group (p<0.05) (data not shown). There was no
statistical difference in the cord area between the aged sedentary and aged exercise groups
(p>0.05) (data not shown).

Quantification of the total area of pathology throughout 5 mm of spinal cord reveals that aged
sedentary animals had an average area of pathology of 15.86 mm2, which is significantly larger
than that of young animals, which had an average of 11.15 mm2 (p<0.01) (Fig. 2a). Aged
exercise animals had an average area of pathology of 14.19 mm2, which is significantly less
than that of aged sedentary animals (p<0.05) (Fig. 2a). These data reveal that there is an age-
associated increase in the region of pathology following contusion SCI. Moreover, the age-
associated increase in region of pathology can be significantly attenuated with voluntary wheel
running. Figures 2b, c and d illustrate the qualitative differences in region of pathology between
young, aged sedentary, and aged exercise animals 2 mm cranial to the injury site.

Myelin pathology
High magnification imaging within the region of pathology revealed axonal and myelin
pathology in all animal groups. Normally-myelinated (arrowheads), demyelinated (asterisk),
and remyelinated axons (arrows) were visible in the high magnification images and were
distinguishable based on the absence or thickness of the myelin sheath (Fig. 3a, b).
Oligodendrocyte-remyelinated axons can be distinguished from normally myelinated axons
due to the characteristically thin myelin sheaths. The mean G ratio of normally myelinated
axons, 46 ± 3, is significantly greater (p<0.001) than the mean G ratio of oligodendrocyte
remyelinated axons, 15 ± 1 (Fig. 3c). These data indicate that oligodendrocyte-remyelinated
axons can accurately be distinguished from normally-myelinated axons.

High magnification imaging was used to quantify demyelinated and oligodendrocyte
remyelinated axons within 625µm2 grid squares. The number of demyelinated and
oligodendrocyte remyelinated axons per 625µm2 grid square was averaged in each spinal cord
section and summed to obtain an estimate of demyelinated and remyelinated axons within a
625 µm2 area throughout 5 mm. This method of quantification was used rather than that of
previous studies in which the number of demyelinated and remyelinated axons was multiplied
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by the area of pathology so as to determine if there are local differences in demyelination and
remyelination without the compounding factor of differences in region of pathology. Figure
4a shows that aged sedentary animals had a significantly greater (p<0.05) amount of
demyelination throughout the 5 mm spinal cord region as compared to young animals. In
addition, aged sedentary animals had a significantly greater (p<0.05) amount of demyelination
throughout the 5 mm spinal cord region as compared to aged exercise animals, suggesting that
voluntary wheel running attenuates the age-associated increase in demyelination throughout
the 5 mm spinal cord region analyzed (Fig. 4a).

Figure 4b illustrates that aged sedentary animals had significantly less remyelination (p<0.05)
throughout the 5 mm spinal cord region as compared to young animals. Aged sedentary animals
had significantly greater remyelination (p<0.05) throughout the 5 mm spinal cord region as
compared to aged exercise animals (Fig. 4b). Because the number of remyelinated axons is
limited by the number of demyelinated axons, the ratio of demyelinated to remyelinated axons
was examined in order to assess the efficiency of remyelination. Figure 4c shows the average
ratio of demyelinated to remyelinated axons throughout the 5 mm spinal cord region. Aged
sedentary animals had the least efficient remyelination, with a ratio of 2.52 (Fig. 4c). Young
animals had a remyelination efficiency ratio of 2.15 (Fig. 4c). Figure 4c reveals that aged
exercise animals, with a ratio of 1.48, had a significantly better remyelination efficiency
(p<0.05) throughout the 5 mm spinal cord section as compared to aged sedentary animals.
These quantitative differences are qualitatively visible in spinal cord sections from each group,
as is illustrated in Figures 4d, e and f. These data demonstrate that aging increases the amount
of demyelination and decreases the amount of remyelination that occurs following contusion
SCI, suggesting that pathologic mechanisms are greater and reparative mechanisms are
lessened. Exercise, however, decreases the age-associated increase in demyelination, and
increases the efficiency of remyelination as indicated by the significantly lower ratio of
demyelinated to remyelinated axons than that of sedentary aged animals.

Discussion
Age-associated deficits

This study reveals age-associated deficits following contusion SCI. We demonstrate that SCI
in aged rats results in less locomotor recovery, and a greater amount of pathology with more
demyelinated and less remyelinated axons as compared to SCI in young rats. Additionally, we
reveal that chronic exercise is sufficient in attenuating the 14 age-associated deficits following
contusion SCI to the extent that aged exercise rats are more comparable to young rats than
sedentary aged rats. Voluntary wheel running in aged rats improves locomotor recovery,
lessens the amount of pathology, and decreases demyelination of axons following contusion
SCI.

These data extend and complement a cohort of studies that demonstrate age-associated decline
in neural maintenance, protection, repair, and recovery in the CNS. An aged CNS differs from
a young CNS with respect to the amount of oxidative stress, mitochondrial damage, and glial
activation (Keller et al., 2000; Kyrkanides et al., 2001; Navarro and Boveris, 2007a; Navarro
and Boveris, 2007b). These conditions greatly affect the integrity and functionality of the aged
neural systems, which often manifests in age-related dementia and cognitive decline (Laurin
et al., 2001), the latter being associated with age-related demyelination of axons (Kovari et al.,
2004). The loss of myelin integrity with age has been documented both in the brain and in the
spinal cord (Kullberg et al., 1998; Peters and Sethares, 2003; Raz and Rodrigue, 2006).

The loss of neural integrity with age due to greater oxidative stress, mitochondrial damage,
and glial activation increases the susceptibility of the CNS to injury with age (Kyrkanides et
al., 2001). With respect to the spinal cord, aged rats remyelinate at a slower rate than young
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rats following toxin-induced demyelination (Shields et al., 1999), suggesting a slower recovery
from injury with age. Moreover, aged rats exhibit slower locomotor and somatosensory
behavioral recovery following transection and clip compression SCI as compared to young rats
(Genovese et al., 2006; Gwak et al., 2004).

Here we demonstrate not only that aged rats recover from contusion SCI at a slower rate than
young rats, but also that the amount of pathology is greater in aged rats as compared to young
rats. These data indicate for the first time that age at time of contusion SCI influences the extent
of pathology in the spinal cord. Similar age-related differences have been documented in
pathological extent and outcome following both traumatic brain injury and experimental stroke
(Davis et al., 1995; Erdincler et al., 2002; Gong et al., 2004; Luerssen et al., 1988; Sutherland
et al., 1996; Teasdale et al., 1979; Vollmer and Dacey, 1991). These differences have been
attributed to a loss of neuroprotection with age (Davis et al., 1995; Veiga et al., 2004). Age-
related decreases in neurotrophins, such as brain-derived neurotrophic factor (BDNF) and
insulin-like growth factor-1 (IGF-1), within the brain and spinal cord may play a role in the
loss of neuroprotection with age, making the CNS more susceptible to injury (Croll et al.,
1998; Florini et al., 1981; Hayashi et al., 1997; Lommatzsch et al., 2005; Sonntag et al.,
1999a; Sonntag et al., 1999b; Velasco et al., 1998). BDNF and IGF-1 both promote cell survival
of existing neurons and myelin-producing oligodendrocytes in addition to promoting
progenitor cell proliferation and remyelination following demyelination (Arsenijevic and
Weiss, 1998; Cheng and Mattson, 1994; Du et al., 2003; Kokaia et al., 1994; Larsson et al.,
1999; Lindvall et al., 1994; Mason et al., 2000; Mason et al., 2003; McTigue et al., 1998;
Nakao et al., 1995). Therefore, decreases in such growth factors with age may also lessen the
capacity of the natural repair mechanisms following injury. Additionally, greater pro-
inflammatory mRNA levels, such as that of GFAP, IL-1β, TNF-α, iNOS, and MCP-1,
following traumatic brain injury in aged rats indicate that the age-associated loss in
neuroprotection is accompanied by a more severe inflammatory response (Kyrkanides et al.,
2001). The inflammatory response is a major component of secondary degeneration that
follows the acute stages of SCI (Hausmann, 2003). Several studies support the notion that the
inflammatory response is detrimental following injury, causing further loss of tissue that was
spared by the initial mechanical insult (Glaser et al., 2004; Glaser et al., 2006; Gonzalez et al.,
2003; Popovich et al., 1997; Popovich et al., 1999; Popovich et al., 2002; Taoka et al., 1997).
This age-associated loss in neuroprotection and regulation of inflammation may drive the age-
associated increases in pathology and demyelination that we observed.

Exercise attenuates age-associated deficits
Beneficial effects of exercise are well documented in both young and aged animals. Physical
activity improves recovery of function following SCI in young rodents, perhaps due to the
ability of exercise to alter the levels of neurotrophins, influencing growth and synaptic plasticity
following SCI (Edgerton et al., 2001; Engesser-Cesar et al., 2005; Engesser-Cesar et al.,
2007; Erschbamer et al., 2006; Multon et al., 2003; Van Meeteren et al., 2003; Ying et al.,
2005). We report here for the first time the beneficial effects of long term exercise on recovery
from contusion SCI in aged rats. Our data indicates that chronic voluntary wheel running
improves locomotor recovery, lessens the amount of pathology and demyelination, and
improves the efficiency of remyelination following contusion SCI in aged rats. Our study
examined the effects of chronic exercise prior to injury along with exercise post-injury.
Therefore, we are unable to determine whether pre- or post- injury exercise alone is sufficient
in attenuating the age-associated deficits following contusion SCI.

Vaynman and Gomez-Pinilla (2005) discuss several effects of exercise on the intact and injured
CNS, including the ability of exercise to lessen the degree of damage by limiting the secondary
degenerative response. Exercise prior to CNS injury has been shown to be neuroprotective
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(Ang et al., 2003; Ding et al., 2006b; Stummer et al., 1994). The exercise-induced
neuroprotection may be linked to the exercise-induced increase in neurotrophins and growth
factors such as BDNF and IGF-1 (Ding et al., 2006a; Heinemeier et al., 2003; Schwarz et al.,
1996; Trejo et al., 2001). Additionally, exercise attenuates the effects of oxidative stress, as
indicated by a reduction in the level of membrane lipid peroxidation and oxidative damage to
DNA and proteins (Radak et al., 2001a; Radak et al., 2001b; Vaynman and Gomez-Pinilla,
2005).

Together, these studies suggest that exercise decreases injury and increases recovery. Our data
are consistent with and extend these findings, indicating that aged rats with a physically active
lifestyle had greater neuroprotection and recovery from injury.
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Figure 1. Voluntary wheel running improves locomotor recovery in aged animals following
contusion SCI
a, Aged exercise animals demonstrated significantly greater (p<0.05) locomotor capabilities
at multiple times post-injury as compared to aged sedentary animals. Young animals
demonstrated significantly greater (p<0.05) locomotor capabilities at 4 weeks post-injury (a).
b, Actual contusion injury force for each animal produced by the IH device impactor. Group
clustering demonstrates that all groups received similar force hits. c, The average change in
BBB score during one week was greatest in young and aged exercise animals within the first
week, gradually declining over the next couple of weeks. The greatest change in BBB score
for aged sedentary animals, however, was delayed until the second week, after which the
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recovery decreases (c). # p<0.05 between young and aged sedentary groups; * p< 0.05 between
aged sedentary and aged exercise groups.
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Figure 2. Voluntary wheel running lessens the region of pathology in aged animals following
contusion SCI
a, Aged sedentary animals had significantly greater area of pathology as compared to young
animals (p<0.05). Aged exercise animals had significantly less pathology as compared to aged
sedentary animals (p<0.05). b, c, d, Low magnification imaging of transverse spinal cord
sections 2 mm cranial to injury epicenter of young (b), aged sedentary (c), and aged exercise
(d) animals reveals qualitative differences in the area of pathology. Scale bar= 1mm.
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Figure 3. Oligodendrocyte remyelinated axons can be distinguished from normally-myelinated
axons
a, b, Toluidine blue-stained transverse sections of contused spinal cord at the magnification
used for quantification and identification of normally-myelinated axons (arrowhead),
oligodendrocyte remyelinated axons (arrows), demyelinated axons (asterisk). c, Myelin sheath
thickness against axon diameter of normally-myelinated and oligodendrocyte remyelinated
axons. The G ratio was 46 ± 3 (26)* for normally-myelinated axons and 15 ± 1 (26)* for
oligodendrocyte remyelinated axons. *, Data are expressed as mean ± SEM; number in
parentheses shows the number of axons scored. Scale bars= 5µm
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Figure 4. Voluntary wheel running reduces demyelination and increases remyelination efficiency
in aged animals following contusion SCI
a, Aged sedentary animals had significantly more demyelinated axons as compared to young
animals (p<0.05), and significantly more demyelinated axons as compared to aged exercised
animals (p<0.05). b, Aged sedentary animals had significantly fewer remyelinated axons as
compared to young animals (p<0.05), and significantly more remyelinated axons as compared
to aged exercised animals (p<0.05). c, Aged sedentary animals had a significantly greater ratio
of demyelinated to remyelinated axons as compared to aged exercised animals (p<0.05),
indicating less efficient remyelination. d, e, f, High magnification imaging of toluidine-blue
stained transverse spinal cord sections 2 mm cranial to injury epicenter of young (d), aged
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sedentary (e), and aged exercise (f) animals reveals qualitative differences in the myelin
pathology. Scale bar= 10µm
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Table 1
Experimental groups
Young animals (2 months) were single housed prior to and post contusion SCI. Aged sedentary animals (12 months)
were single housed prior to and post contusion SCI without access to a running wheel. Aged exercise animals (12
months) were single housed with ad libitum access to a running wheel prior to and post contusion SCI.

Experimental group Age at time of SCI Housing n
Young 2 months single 12

Aged sedentary 12 months single 6
Aged exercise 12 months single with running wheel 12
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Table 2
Animal weights
Young, aged sedentary, and aged exercise animals were weighed before and 8 weeks after SCI. Young animals gained
an average of 49 g, whereas aged sedentary and aged exercise animals lost an average of 72 g and 42 g, respectively.
Animal deaths are noted in the weight after SCI column.

Group Weight before SCI (g) Weight after SCI (g) Weight change (g)
Young 428 470 42

430 420 −10
490 640 150
430 490 60
430 480 50
360 410 50
375 410 35
440 485 45
406 460 54
395 DIED N/A
387 436 49
410 430 20

Aged sedentary 740 DIED N/A
700 612 −88
700 DIED N/A
630 550 −80
670 620 −50
735 DIED N/A

Aged exercise 722 670 −52
800 DIED N/A
590 565 −25
660 590 −70
690 DIED N/A
700 650 −50
585 555 −30
630 660 30
570 500 −70
609 615 6
800 DIED N/A
670 550 −120
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