ABSTRACT: Long-term caloric restriction (CR) prolongs the lifespan in
healthy insects, rodents, and nonhuman primates. We previously reported
that long-term CR improves motor performance but hastens clinical onset of
disease in an animal model of amyotrophic lateral sclerosis (G93A mice).
G93A mice overexpress the mutant human Cu/Zn-SOD gene and show
progressive lower motor neuron weakness and increased oxidative stress.
To study short-term (15 days) CR in the same animal model, we investigated
the effect of transient caloric restriction (TCR) on paw grip endurance,
clinical onset, disease progression (time from clinical onset to endpoint), and
lifespan. Starting at age 40 days, 32 separately caged G93A mice were
randomly divided into two groups: ad libitum (AL, n = 17; 10 females, 7
males) and TCR (n = 15; 6 females, 9 males) with a diet equal to 60% of AL.
When the TCR mice lost 30% of their weight they were offered food AL until
endpoint, otherwise all TCR mice were provided food AL from age 55 days
until endpoint (i.e., range of TCR = 13-15 days). Paw grip endurance
started to decrease significantly at age 96 days compared with baseline
values for all the groups. TCR males reached clinical onset 5 days sooner
than TCR females. Disease progression was 8 days faster in TCR mice than
AL mice and 6 days faster in male mice than female mice. The probability of
survival was significantly different between the groups, with the TCR males
having a faster rate of reaching endpoint than TCR females, AL males, and
AL females. We conclude that TCR hastens clinical onset of disease and
shortens the lifespan in male, but not female, G93A mice. Moreover, TCR
hastens progress of disease but has no effect on paw grip endurance. The
female sex is protective against the detrimental effects of short-term CR in
G93A mice. Assuming we can extrapolate these results to humans, short-
term CR should be avoided in patients with amyotrophic lateral sclerosis,
especially men.
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Long—term caloric restriction (CR) attenuates age-
related pathologies and increases survival in differ-
ent phyla.7.8:38.39.59 In contrast to studies conducted
in healthy animals, we previously reported that long-
term CR in G93A mice hastens clinical onset of
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CR in G93A Transgenic Mice

disease.2> The G93A mouse is a transgenic model
that overexpresses a mutant human Cu/Zn-superox-
ide dismutase (SODI) gene that possesses enhanced
free radical-generating function compared with
normal human SOD1.22:23.25.40.63 These mice serve as
a model of amyotrophic lateral sclerosis (ALS) since
they follow a similar disease pattern clinically and
neuropathologically.!17 Along with defects in mito-
chondrial respiration, there is increased generation of
free radicals and enhanced susceptibility to physiolog-
ically produced oxidants, making the G93A mouse a
primary model of oxidative stress.!:419.23:29.35.84:40.42.65
Our previous findings of a more rapid clinical
onset in G93A mice with CR appears to be at odds
with the biochemical consequences of CR. CR in-

MUSCLE & NERVE = December 2006 709



duces a decrease in the production of reactive oxygen
species (ROS), lipid peroxidation, protein oxidation,
and oxidative damage to DNA.9:10.15.28,30.39.49.59 Tran-
scription of genes coding for free radical scavenging
enzymes (Mn-SOD, Cu/Zn-SOD and glutathione per-
oxidase I [GPx-I]) is increased, whereas the transcrip-
tion of genes involved in stress response (heat shock
protein 70, stress-inducible protein GrpE, Dnal-like
protein, and chaperonin 60) is decreased.>® CR also
abolishes the increase in protein oxidation, lipid per-
oxidation, and superoxide anion radical generation
observed in aging mice.?! Furthermore, CR in rats
decreases mitochondrial SOD and GPx activities and
H,0O, production, increases mitochondrial and cytoso-
lic catalase activity, and has no influence on cytosolic
SOD and GPx activities in the heart.?8 Alternatively,
protein carbonyl content is significantly elevated in
both the mitochondria and cytosol of the CR rats as
compared with rats feeding ad libitum. In G93A mice
fed ad libitum, gastrocnemius muscle malondialde-
hyde (27%-29%) and protein carbonyls (30%) are
elevated with upregulation of antioxidant enzyme ac-
tivities (total SOD; SOD1, 7-10-fold; SOD2, 4-5-fold;
and catalase, 2-2.5-fold), compared with wildtype con-
trols.3” We hypothesized that CR may have attenuated
the normal adaptive compensatory upregulation in
SOD2 and catalase activities.2 Furthermore, the CR-
induced reduction in free radicals in the mitochondria
may have been of little consequence to the several
magnitude increase in free radical generation by the
mutant SODI1 located in the cytosol. Therefore, CR
may have exacerbated the imbalance between oxidant
production and antioxidant enzyme activity, favoring
an enhanced oxidative environment.

In our pilot study, we did not find an effect of
long-term CR on survival but only on clinical onset,
mainly due to the small sample size and lack of
statistical power.2° We wondered whether short-term
CR, a more clinically relevant scenario, could affect
this animal model of oxidative stress. Short-term CR
is more frequently observed in humans than chronic
CR and can occur for many reasons, including ill-
ness, surgery, dieting, and short-term limitation in
food availability (famine, war). We therefore investi-
gated the effect of short-term CR on body condition,
ability to move, paw grip endurance, clinical onset,
disease progression, and lifespan in G93A mice. We
also studied whether there were sex differences in
the main outcome variables, based on our previous
observation of sex-specific differences when the
same animal model was subjected to high-intensity
exercise.?* CR would address the alternative ap-
proach to inducing energy imbalance, and hence
metabolic stress, mainly reducing caloric intake as
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opposed to increasing energy expenditure. A sec-
ondary objective was to validate the use of different
measures of endpoint.

MATERIALS AND METHODS

Breeding. G93A mice were bred from a colony
maintained at our institution. Male B6SJL-TgN-
(SOD1-G93A)1Gur autosomal hemizygous mice
(No. 002726) were harem-bred with female B6SJL
nonaffected control mice (Jackson Laboratory, Bar
Harbor, Maine). The presence of the human G93A
transgene was confirmed using polymerase chain
reaction amplification of DNA extracted from tail
samples as outlined by Jackson Laboratories. All an-
imals were housed 3-5 per cage on a 12-h light/dark
cycle. The study was approved by our institutional
review board and conducted in accordance with
guidelines of the National Institutes of Health.

Study Protocol. Thirty-two G93A mice (16 females,
16 males) were fed ad libitum (AL) after weaning
(21 days) until the study commenced at age 40 days.
At age 35 days the mice were housed in individual
cages. At age 40 days the mice were randomly di-
vided into two groups. The first group (AL, n = 17;
10 females, 7 males) was provided AL feeding with
the standard rodent diet (Harlan Teklad, Madison,
Wisconsin; 22/5 Rodent Diet (W), product 8640).
The second group (transient caloric restriction,
TCR, n = 15; 6 females, 9 males) was provided with
food (NIH-31/NIA Fortified Diet) equivalent to 60%
of the average intake of the AL group. When the
TCR mice lost 30% of their weight, they were pro-
vided food AL until they reached endpoint. Other-
wise, all TCR mice were provided food AL at age 55
days until they reached endpoint. As a result, the
range of the TCR was 13-15 days (Fig. 1).

When mice reached a clinical score of 2.5 (see
below), food and gel (Harlan-Gel, Harlan Teklad)
were placed on the floor of the cage to fulfill the
requirements of the ethics committee. The gel con-
tained corn syrup, TIC 10,002 natural gum, potas-
sium sorbate, and phosphoric acid. All measure-
ments were conducted by two researchers in order to
minimize variability. The researchers were not
blinded to the treatment protocol. The inter-
researcher variability was 3.2% for body condition,
2.2% for ability to move, and 0.2% for clinical score.

Measurements.  Body Weight and Body Condition.
For the AL mice, body weight was recorded daily
from age 35-50 days, after which it was recorded
twice per week. For the TCR mice, body weight was
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FIGURE 1. Food intake and body weight of 17 ad libitum (AL; filled circle, 10 females; filled square, 7 males) and 15 transient
calorie-restricted (TCR; open circle, 6 females; open square, 9 males) G93A mice. Between age 56 days and clinical score of 2, food
intake was 4.28 = 0.05 g/d for AL females, 4.25 = 0.06 g/d for AL males, 4.49 = 0.09 g/d for TCR females, and 4.62 = 0.09 g/d for TCR
males. Maximum weight loss prior to refeeding was 4.1 + 0.6 g for the females and 5.7 = 0.3 g for the males. Data are means = SEM.

recorded daily from age 35-59 days, after which it
was recorded twice per week. When the TCR mice
were provided with CR food, body weight and body
condition were recorded before mice were provided
with their daily food portions. Starting at age 50 days,
body condition was assessed using a 5-point scale: 5,
obese mice; 4, overconditioned mice (spine is a con-
tinuous column and the vertebrae are palpable only
with firm pressure); 3, well-conditioned mice (verte-
brae and dorsal pelvis are not prominent and are
palpable with slight pressure); 2, underconditioned
mice (segmentation of the vertebral column is evi-
dent and the dorsal pelvic bones are readily palpa-
ble); and 1, emaciated mice (skeletal structure is
extremely prominent and vertebrae are distinctly
segmented).

Ability to Move. Starting at age 50 days, the abil-
ity to move was assessed using a b-point scale: 4,
normal mobility; 3, move with limited use of the
hindlegs; 2, move with the use of the forelegs; 1,
move only for a short period with the use of the
forelegs; and 0, unable to move. For the TCR group,
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ability to move during CR was recorded before mice
were provided with their daily food portions.

Paw Grip Endurance. Starting at age 50 days,
paw grip endurance was measured twice per week
using the modified hanging wire test.?56! For this
test, a wire-lid of a housing cage was used at a height
of 40 cm. The mice were individually placed on the
wire-lid and were allowed to hold tightly in response
to a gentle shake of the lid. The lid was inverted and
the time until the mouse fell off the lid was recorded,
for a maximum of 90 s. The test was performed in
triplicate, with the best result recorded. For the TCR
group, paw grip endurance during CR was recorded
before mice were provided with their daily food
portions.

Clinical Score. Starting at age 50 days, clinical
score was assessed using an 8-point scale dependent
on signs exhibited to identify the severity of the
disease: 0, no evidence of disease; 1, shaking of the
hindlegs or splaying of the hindlegs when suspended
by the tail (an indication of weakness in the hind-
legs); 1.5, weakness in one hindlimb (compensation
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for footdrop); 2, change in gait (used as clinical
onset); 2.5, extreme weakness in one hindlimb (in-
ability to dorsiflex); 3, extreme weakness in both
hindlimbs; 3.5, functional paralysis in one hindlimb;
4, functional paralysis in both hindlegs but can right
themselves in less than 20 s after being placed on
their side; and 5, cannot right themselves within 20 s
after being placed on their side (clinical endpoint).
When mice reached endpoint they were euthanized
using gaseous CO,. For the TCR group, clinical
score during CR was recorded before mice were
provided with their daily food portions.

Endpoint. Traditionally, we have used a clinical
score of 5 to indicate when mice reached endpoint
and were subsequently euthanized. The righting re-
flex measures proprioceptive (awareness of posture,
movement, and changes in equilibrium) and motor
(assessment of motion) functions. The G93A mouse
expresses progressive phenotypic degeneration of
the white matter in the brainstem and spinal cord
and, consequently, neurological deficits, such as
hindleg weakness that progresses to functional pa-
ralysis. These neurological and phenotypic changes
coincide with progressive deterioration of proprio-
ception and motor function. We use the righting
reflex to assess the level of neurological deteriora-
tion that occurs throughout the disease. The more
advanced the neuromotor degeneration, the worse is
the righting reflex, i.e., the longer it takes the mouse
to right itself to sternum from recumbency. How-
ever, due to more recent recommendations by our
institutional animal research ethics committee, the
mice were considered to have reached endpoint
when they reached a clinical score of 4 in conjunc-
tion with one or more of the following additional
clinical signs: (1) functional paralysis in both hind-
legs, so mice could not right themselves in less than
20 s after being placed on their side (considered a
clinical score of 5); (2) reduced intake of food and
water even when food and gel was placed at cage
floor level, indicated by weight loss of 20% or more,
compared with weight immediately prior to clinical
onset; (3) loss of bladder function or urinary bladder
infection (the former was indicated by urine wetting
of the anterior and lateral sides of the hindlegs,
whereas the latter was veterinarian-diagnosed and
was indicated by either observing pus or frank blood
exuding from the urinary tract or complete blockage
of the urinary bladder); (4) complete lethargy and
depression so mice no longer attempted to move
about the cage and drag themselves to the floor
location of the food and gel; and (5) loss of body
condition to a level below a score of 2, where the
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cervical or thoracic vertebrae were protruding signif-
icantly.

Statistical Analyses. A two-way analysis of variance
(ANOVA) was used to determine significant differ-
ences in disease progression (between clinical onset
and endpoint) and age of mice at clinical onset and
death, the factors being gender and diet (TCR vs.
AL) (Statistica v. 5.0; StatSoft, Tulsa, Oklahoma). A
three-way repeated-measures ANOVA was used to
determine significant differences in body weight,
body condition, ability to move, and paw grip endur-
ance, the factors being gender, diet (TCR vs. AL),
and time. When significance occurred, Tukey’s hon-
estly significant difference test was used post hoc to
determine the source of difference. The Logrank
test (GraphPad Prism v. 4.0; GraphPad Software, San
Diego, California) was used to determine significant
differences in survival curves, whereas the hazard
ratio was used to compare the rate of attaining end-
point between the different groups (TCR females,
TCR males, AL females, and AL males), i.e., how
rapidly the TCR mice were attaining endpoint com-
pared with the AL mice.

In conformity with increasing demands to limit
unnecessary suffering in mice, we used a clinical
score of 4 in conjunction with additional clinical
symptoms as a proxy measure of endpoint. To vali-
date the new measure, we also conducted statistical
analyses using the traditional approach, i.e., a clini-
cal score of 5 as a measure of endpoint. Further-
more, we also investigated whether using a clinical
score of 4 was a valid measure of endpoint, which
could potentially further reduce unnecessary suffer-
ing in mice in future studies. Disease progression was
considered as the number of days between clinical
onset and endpoint. Again, disease progression was
analyzed three times, with endpoint being defined as
a clinical score of 5 (the traditional approach), clin-
ical score of 4 in conjunction with additional clinical
symptoms (current approach), and clinical score of
4. Differences were considered significant at P =
0.05. Results are presented as means = SEM unless
otherwise indicated.

RESULTS

Food Intake and Body Weight. Actual food intake of
the TCR mice between age 40-55 days was 2.97 =
0.01 g/d (females, 2.87 = 0.01 g/d; males, 3.03 =
0.01 g/d), ~64% that of the AL mice (4.67 = 0.07
g/d: females, 4.55 = 0.10 g/d; males, 4.83 = 0.10
g/d) (Fig. 1). The range of the TCR was between
13-15 days. From age 56 days until mice reached a
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FIGURE 2. Body condition and ability to move in 17 ad libitum (AL; filled circle, 10 females; filled square, 7 males) and 15 transient
calorie-restricted (TCR; open circle, 6 females; open square, 9 males) G93A mice. Data are means = SEM.

clinical score of 2, food intake of the TCR mice was
4.56 + 0.07 g/d vs. 4.27 = 0.04 g/d for the AL mice.

Maximum weight loss in mice during the first 15
days of CR was 25 * 1%, with females losing a
maximum of 23 = 3% and males 26 = 1% prior to
refeeding, similar to values previously reported for
CR mice.32:47.52.62 The weight of TCR mice at maxi-
mum weight loss was 13.6 * 0.5 g for the females and
16.0 = 0.3 g for the males, compared with 18.2 *
0.4 g for AL females and 22.2 * 1.0 g for AL males
at age b5 days (main effects for diet and gender, P <
0.0001 for both). Overall, males (21.9 £ 0.1 g) had
significantly higher body weights than females
(18.1 = 0.1 g) (P < 0.0001), and there was a main
effect for time (P < 0.0001). TCR females had sig-
nificantly lower weights at age 44-55 days than AL
females (P = 0.002 for all). TCR males had signifi-
cantly lower weights at age 44-55 days (P = 0.0002
for all) and higher weights at age 68-106 days (P =
0.016 for all) than AL males.

Body Condition and Ability to Move. For body condi-

tion, there were main and interaction effects for
gender, diet, and time. Body condition was higher in
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females (3.2 = 0.1) than males (2.6 = 0.1) (P =
0.0001), and in the AL (3.1 £ 0.1) than TCR (2.7 =
0.1) mice (P = 0.025) (Fig. 2). TCR males (2.4 *
0.1) had lower body condition than AL males (2.9 =
0.1, P = 0.003), AL females (3.2 = 0.1, P = 0.0002),
and TCR females (3.2 £ 0.1, P = 0.005). Within the
same gender, TCR males had lower body condition
at age 117-131 days than AL males (P = 0.0011),
with no differences between the female groups.

For ability to move, there were main and interac-
tion effects for gender, diet, and time. Ability to move
was higher in females (3.1 * 0.1) than males (2.9 *
0.1) (P = 0.04), and in the AL (3.2 = 0.1) than TCR
(2.9 = 0.1) mice (P = 0.018). TCR males (2.7 = 0.1)
had a lower ability to move than AL males (3.2 * 0.1,
P =0.022) and AL females (3.2 = 0.1, P = 0.007), but
a trend for lower ability to move compared with TCR
females (3.1 *£ 0.1, P = 0.063). Within the same gen-
der, TCR males had a lower ability to move at age
120-131 days than AL males (P = 0.0024), with no
differences between the female groups.

There was a strong correlation between body
condition and ability to move. The slopes and cor-
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relation coefficients were, respectively, 0.988 and
0.998 for the AL females (P < 0.0001), 1.000 and
0.994 for the AL males (P < 0.0001), 0.998 and 0.993
for the TCR females (P < 0.0001), and 1.066 and
0.975 for the TCR males (P < 0.0001). The slopes
between the four groups were similar, with a com-
mon slope of 0.997 (r = 0.982), but the elevations
were different (P < 0.0001).

Paw Grip Endurance. There were no gender and
diet differences in paw grip endurance (Fig. 3).
Starting at age 96 days, paw grip endurance was
significantly lower than at baseline (P < 0.0001).

Clinical Onset. The clinical score was higher in TCR
than AL mice (P < 0.047). There was no effect of
diet on age of mice at clinical onset, whereas there
was a trend for a gender effect (P = 0.083). There
was a significant gender X diet interaction (P =
0.022), with TCR males having the earliest age of
clinical onset (AL females, 106 = 1 day; AL males,
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FIGURE 3. Paw grip endurance time (seconds) in 16 female
(filled circle, 10 AL; open circle, 6 TCR) and 16 male (filled
square, 7 AL; open square, 9 TCR) G93A mice on either ad
libitum (AL) or transient caloric restriction (TCR). Data are
means + SEM.
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FIGURE 4. Probability of clinical onset and survival in 17 ad
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transient calorie-restricted (TCR; open circle, 6 females; open
square, 9 males) G93A mice.

106 = 1 day; TCR females, 108 £ 1 day; TCR males,
103 = 1 day), the TCR males reaching clinical onset
5 days sooner than TCR females (P = 0.0355) (Fig. 4).

Disease Progression. There was no gender differ-
ence in disease progression. Progression of the dis-
ease from clinical onset to endpoint (clinical score
of 4+ additional clinical symptoms, see Materials
and Methods) was 8 days faster for the TCR (19 = 2
days) than AL (27 * 2 days) mice (P = 0.023), a
reduction of 30%. There was a trend for the males to
have a faster progression than the females (females,
26 = 2 days; males, 20 = 2 days; P = 0.076).

Between clinical onset (clinical score of 2) and
clinical score of 5, the ability to move strongly and
negatively correlated with clinical score. For the fe-
males the relationship followed a second-order poly-
nomial (AL females, 2 = 0.992; CR females, 2 =
0.996; there was a trend for the curves to be differ-
ent, P = 0.086). For the males, the relationship was
linear (AL males, r = —0.986; CR males, r = —0.991;
there was no difference between the curves).
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There was a strong relation between clinical
score and paw grip endurance (Fig. 5). For the
females, the relationship was sigmoidal (AL females,
2 = 0.993; CR females, ©» = 0.994; curves were
significantly different, P < 0.007). For the males, the
relationship was sigmoidal (AL males, 1 = 0.991; CR
males, 7 = 0.999; slopes were significantly different,
P < 0.001).

We conducted statistical analyses on disease pro-
gression using different definitions of endpoint (see
Materials and Methods). All three measures gave
similar results (http://www.fhs.mcmaster.ca/pediat-
rics/pages/neuromuscularmanuscript.htm).

CR in G93A Transgenic Mice

Survival. The age of mice at endpoint (clinical
score of 4 plus additional clinical signs, see Materials
and Methods) was 132 * 2 days for the AL mice and
123 * 2 days for the TCR mice (P = 0.022), and
132 = 2 days for the females and 124 * 2 days for the
males (P = 0.019). This is equivalent to a 6%-7%
decrease in lifespan. A significant gender X diet
interaction (P = 0.039) indicates that TCR males
(118 * 2 days) were 14 days younger than AL fe-
males (132 = 3 days, P = 0.004) and 13 days younger
than AL males (131 = 3 days, P = 0.022) and TCR
females (131 = 4 days, P = 0.034) at endpoint,
equivalent to a 10%-11% decrease in lifespan. Sur-
vival curves were different between the groups (P <
0.0001; Fig. 4), with the rate of reaching endpoint
(i.e., the hazard ratio) in the TCR males being 3.1-
fold higher (95% CI: 1.9, 29.5; P = 0.004) than the
TCR females, 3.5-fold higher (95% CI: 2.8, 48.9; P =
0.0007) than the AL males, and 3.9-fold higher (95%
CI: 3.7, 58.2; P = 0.0001) than the AL females.

To validate the use of different measures to de-
fine endpoint, we conducted statistical analyses us-
ing the traditional approach (clinical score of 5), the
current definition (see Methods) and a clinical score
of 4 (i.e., functional paralysis in both hindlegs) as
proxy measures of endpoint. All three measures gave
similar results (http://www.ths.mcmaster.ca/pediat-
rics/pages/neuromuscularmanuscript.htm).

DISCUSSION

We found an earlier clinical onset by 5 days in G93A
male mice than females, with no effect on paw grip
endurance, in response to TCR. TCR also acceler-
ated disease progression by 30%, with a trend for the
disease to progress 23% faster in the males than
females. Overall, TCR decreased average lifespan by
10% in the males, with no effect in the females.
Furthermore, the rate of dying in TCR males was
3—4-fold faster than TCR females and the AL group.
Together, these data suggest that the female sex is
protective against transient nutritional stress in-
duced by TCR.

The present study builds on our previous obser-
vation in the same animal model that nutritional
insufficiency in G93A mice hastens clinical onset of
disease.?? In that study, we reported that long-term
CR improved motor performance but, paradoxically,
hastened clinical onset of disease, but could not
speculate on gender differences, disease progres-
sion, or lifespan due to lack of power.2’ In the cur-
rent study, we observed that TCR hastened the onset
of disease in males only. In contrast, the age at
clinical onset of males provided the AL diet was
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similar to that of females. The sex difference ob-
served with the TCR is consistent with our group’s
previous observation of an earlier clinical onset in
male G93A mice exposed to high-intensity treadmill
exercise training.3¢ Furthermore, we observed that
TCR showed a trend for males to have a faster dis-
ease progression, as compared with females, and that
TCR males had a 10%-11% decrease in lifespan as
compared with the AL group and their female coun-
terparts. This indicates that G93A females are pro-
tected against the damaging effects of TCR, probably
due to the sex hormone estrogen. In corroboration,
supplementing G93A mice with the phytoestrogen
genistein delayed disease onset and prolonged life-
span in males only.%®

In humans, women have longer life expectancies
than men, with a difference of 5-10 years, equivalent
to 6%-11% of lifespan.21351 The percentage of men
surviving to age 65 years and 85 years of age is lower
than those in women in the general population and
vegetarian subpopulation, with the difference be-
coming greater with older age.!® In rodents, female
rats have a 21% longer lifespan than male rats, in
concordance with females exhibiting 30%-50%
lower mitochondrial Hy0, production in the liver
and brain, 73% lower mitochondrial DNA damage
(8-0x0-dG), 53% higher mitochondrial reduced glu-
tathione (GSH), a 2-fold increase in Mn-superoxide
dismutase (Mn-SOD) expression and activity, and up
to a 2.8fold increase in glutathione peroxidase
(GPx) expression and activity.>> This gender bias is
mainly due to estrogen, since mitochondria from
ovariectomized female rats generate similar amounts
of peroxides and have similar levels of GSH as
males.® In addition, females exhibit 4-fold higher
levels of 16S rRNA, a marker that decreases signifi-
cantly with age, than males of the same age.> More-
over, estrogen supplementation in ovariectomized
female rats improves antioxidant capability in vivo,
reduces muscle damage, and hastens muscle regen-
eration following muscle strain injury'!; 17-B-estra-
diol results in a cascade of pathways by increasing the
activation of MAPK and NF«kB, with the upregulation
of Mn-SOD and GPx.5 Estrogen also increases mito-
chondrial efficiency and reduces oxidative stress in
cerebral blood vessels.53

In cultured rat vascular smooth-muscle cells, 17-
B-estradiol decreases the angiotensin II-induced in-
crease in reactive oxygen species (ROS), increases
ecSOD and MnSOD transcription rate (146% and
172%, respectively), and mRNA expression (219%
and 255%, respectively) and activity, increases Mn-
SOD protein content by 185%, and stabilizes the
mRNA of ecSOD.>* Cells from ovariectomized fe-
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male rats exhibit a 2-fold increase in ROS and a
reduction in ecSOD (63%) and MnSOD (43%)
mRNA expression, all of which are corrected follow-
ing 17-B-estradiol replacement.>* These effects may
not be limited to estrogen, but also to phyotestrogen
supplementation.>>57

In G93A mice, the effects of TCR are in contrast
to what has been observed in different phyla and
other murine strains.>78383942 CR delays the onset
of age-related diseases and extends lifespan in
healthy animals, and this is attributed to a decrease
in oxidative stress at the level of the mitochondria. In
contrast, the G93A mouse model is not healthy since
it has an underlying genetic abnormality. The G93A
mouse model transgenically overexpresses the mu-
tant human Cu/Zn-superoxide dismutase (SODI)
gene that results in a mutant SOD1 enzyme, nor-
mally a cytosolic enzyme, which is abnormally colo-
calized with the mitochondria in the CNS and
possesses enhanced free radical-generating func-
tion when compared with the normal human
SOD1.22:23:25.40.63 Defects in mitochondrial respira-
tion and increased generation of free radicals
present with an animal model of a heightened level
of basal oxidative stress.!-4.19.23.29.38,34.40.42.08 In com-
parison with their wildtype counterparts, 95-day-old
AL G93A mice exhibit increased levels of malondi-
aldehyde (lipid peroxidation; 27%-29%) and pro-
tein carbonyls (protein oxidation; ~30%) and sig-
nificant upregulation of antioxidant enzyme
activities in the gastrocnemius muscle.®” The in-
crease in SOD2 and catalase activities is a compen-
satory adaptive response to the enhanced oxidative
environment observed in G93A mice. Moreover, in a
similar animal model of ALS, 90- and 105-day-old
G86R mice exhibit an increase in the mRNA expres-
sion of GPx and <y-glutamylcysteine synthetase, a re-
sponse mainly attributed to denervation.??

It is possible that in the G93A mouse CR, both
short- and long-term, exacerbates the transgene-
induced increase in oxidative stress. Healthy rats
exposed to CR show decreases in mitochondrial
SOD (SOD2) and GPx activities and H,O, produc-
tion, increases in mitochondrial and cytosolic cata-
lase activity, and no change in cytosolic SOD and
GPx activities in the heart.?8 It is possible that TCR
caused similar changes in the skeletal muscle of
G93A mice. The fact that the mutant human SOD1
is mainly located in the cytosol, along with evidence
that CR does not affect the activities of the cytosolic
antioxidant enzymes SODI1 and GPx, suggests that,
at least in the cytosol, TCR has no significant effect
on the production of free radicals generated by the
overexpression of the mutant human SOD1 enzyme
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in the G93A mouse. CR is expected to reduce the
flux through the electron transport chain and the
activities of its free radical-generating enzymes, re-
sulting in a reduction in mitochondrial oxidative
stress.?® Furthermore, the energy/protein malnutri-
tion caused by TCR may have attenuated the normal
adaptive compensatory upregulation of SOD2 and
catalase activities observed in AL G93A mice as com-
pared with their wildtype counterparts.?” Given that
the cytosolic mutant SODI1 is the major free radical-
generating enzyme in this animal model, in contrast
to healthy normal animals, where oxidative stress is
primarily due to mitochondria-derived radicals, the
CR-induced reduction in free radicals in the mito-
chondria may be undermined by the proportion-
ately greater ROS generation in the cytosol, or in the
mislocalized mitochondrial SOD1, unrelated to that
from complex I or III. Future studies should investi-
gate the changes in antioxidant enzyme activity and
net free radical production following CR in the
G93A mouse model.

Would short-term CR for a mere 15 days result in
long-lasting adaptive dysregulation in antioxidant
enzyme activities? For serious nutritional perturba-
tions to exert lasting effects on the phenotype, the
changes must be occurring at the level of the geno-
type. Metabolic imprinting, or epigenetic remodel-
ing, due to environmental, including nutritional,
stress occurs during embryogenic development, peri-
natally, and in early childhood.!2:3%41:43.60 ]t js possi-
ble that, at least in the G93A mouse, the window for
epigenetic remodeling is extended until early adult-
hood, since in the present study the mice were tran-
siently (15 days) exposed to a nutritionally stressful
environment at age 40 days, an age equivalent to
early puberty. Future studies in this mouse model
should attempt to delineate the biochemical and
epigenetic modifications following transient periods
of CR.

In the present study, TCR mice had a signifi-
cantly younger age-specific clinical onset (in males),
faster disease progression, and a shorter lifespan
(mainly due to TCR males) as compared with the AL
mice, in line with our previous research®® and the
only other research showing that intermittent feed-
ing in G93A mice hastened disease progression by
55% and shortened the estimated lifespan by 14%.%5
More recent data from our laboratory further
strengthen the current results by showing that CR
hastened the rate of reaching clinical onset 2-fold,
disease progression by 18%, and endpoint by 3.1-
fold compared with the AL mice.2! Although Ped-
ersen and Mattson? and Hamadeh and Tarnopol-
sky?! provided the groups with CR until endpoint,

CR in G93A Transgenic Mice

short-term CR has been shown to exhibit effects
similar to those observed with long-term CR. Short-
term CR initiated at any age prolongs survival in
Drosophila,®® whereas in rats short-term CR decreases
liver mitochondrial and nuclear DNA damage!* and
mitochondrial HyO, production in the heart and
liver.1428 The latter occurred at complex I, not due
to a decrease in oxygen consumption, but rather to
less ROS released per unit electron flow.!* In a
mouse model of Alzheimer’s disease, short-term CR
decreases AB-plaque deposition.*458

Traditionally, we have used a clinical score of 5 to
define endpoint, the point when mice could not
right themselves to sternum from recumbency in less
than 30 s when placed on their sides.!®24.26:48 How-
ever, institutional limitations compelled wus to
shorten the time from recumbency to 20 s.293¢ More-
over, we are now ethically obligated to define end-
point as a clinical score of 4 in conjunction with
additional clinical symptoms (see Materials and
Methods). In this study, we conducted statistical
analyses using both the traditional and current def-
initions of endpoint. We also conducted statistical
analysis using a clinical score of 4 as a proxy measure
of endpoint. We found similar results for all three
approaches. In future studies, it is thus acceptable to
use a clinical score of 4 as a measure of endpoint in
the G93A mouse to meet the most stringent ethical
standards.
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