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Although the previous studies reported the selective association
of mood with spatial WM in an opposite manner to that with verbal
WM (Bartolicetal., 1999; Gray, 2001), we did not observed a signifi-
cantrelationship between mood and PFCactivity for the spatial WM
task. One possibility causing this result is the individual variations
in strategy use during the spatial WM task. In the verbal WM task,
we used different Japanese morphograms (i.e., Hiragana/Katakana)
for target (S1) and probe (S2) stimuli to prompt participants to use
a verbal-phonological strategy rather than a visuospatial strategy
(Smith et al., 1996). However, the spatial WM task used in our
study allowed participants to use either a verbal or spatial strat-
egy because the location of the target stimuli can be remembered
by verbal labels (e.g., a number corresponding to each location),
as discussed in previous studies (Nystrom et al,, 2000). Cortical
recruitment during WM tasks is known to depend on strategy use
(Glabus et al., 2003). Thus, the homogeneity of strategy use (verbal
or spatial) across participants conceivably made the relationship
between mood and PFC activity unclear for the spatial WM task.
One potential solution is to control the strategy use across partic-
ipants in future research by using different task paradigms or by
providing explicit instructions for memory strategy.

The underlying neural mechanisms of the selective interaction
between mood and cognition are still unclear. Some researchers
have proposed a “prefrontal asymmetry” hypothesis (Gray, 2001;
Gray et al., 2002; Shackman et al,, 2006). This hypothesis argues
that positive (approach-related)and negative (withdrawal-related)
affects are predominantly associated with the left and right hemi-
spheres, respectively, whereby different affects are selectively
related to cognitive functions linked with each hemisphere (e.g.,
verbal-left and spatial-right). However, incorporating our results
with this hypothesis is difficult because we did not find clear
evidence suggesting hemispheric asymmetry. Another account of
the selective interaction between mood and cognition is based on
pharmacological evidence. Animal studies have shown that certain
cognitive functions involving the PFC (e.g., attentional set-shifting
and reversal learning) are distinctly controlled by different neuro-
transmitters such as dopamine and serotonin (Robbins and Roberts,
2007). Because dopamine and serotonin have been suggested to be
associated with positive and negative moods (Mitchell and Phillips,
2007), these transmitters could intermediate the selective interac-
tion between moods and cognitive functions.

It should be noted that previous findings concerning the dif-
ference in mood-cognition interaction across cognitive functions
remain inconsistent, possibly resulting from the variances in the
task paradigms and the mood induction procedures (Shackman et
al., 2006). In addition, we found a smali but significant difference
in accuracy between the tasks, suggesting slightly higher difficulty
in the spatial WM tasks than the verbal WM task. This makes it dif-
ficult to interpret why we observed the between-task difference in
the relationship between mood and PFC activity. Further investiga-
tion is needed to illuminate the possible difference between verbal
and spatial WM in relation to mood under natural circumstances.

4.3. Limitations

Although we showed that the correlation between negative
mood and the PFC activity during the verbal WM task was signifi-
cant after controlling for age, gender, and task performance, several
other factors could still mediate the relationship between mood
and PFC activity. For example, this study did not assess or control
participants’ intelligence. Measures such as intelligence quotient
(IQ) or fluid intelligence (gF) are known tb be associated with
both mood states and PFC activity during WM tasks (Gray et al,,
2003; Samuel, 1980). These studies have shown that higher IQ is
associated with lower negative moods and that greater gF is asso-
ciated with more PFC activation during WM tasks. Thus, our results

could imply that higher intelligence mediates an inverse relation-
ship between negative moods and PFC activation during the verbal
WM task. Another concern is the relationship between naturalis-
tic moods and personality traits. The experimental framework of
the present study (i.e., individual-differences approach) precludes
us from determining whether the observed relationship between
mood and PFC activity derived from state-dependent factors (day-
to-day fluctuations in mood states within an individual) or trait-like
factors (‘dispositional moods’ persistent across time). Although the
POMS questionnaire we used to evaluate the participants’ natural-
istic moods is considered to evaluate the responders’ typical mood
states rather than their personality traits (McNair and Heuchert,
2003), the participants’ naturalistic moods under their current life
situations may depend on their personality traits (Davidson, 2004;
Kosslyn et al., 2002). This does not contradict previous fMRI studies
suggesting the link between personality traits and PFC activity in
response to WM tasks (DeYoung et al., 2009; Kumari et al., 2004).
Meanwhile, several experiments have indicated that mood changes
within individuals are indeed associated with PFC activity during
cognitive tasks (Harrison et al., 2009; Liston et al., 2009). Thus,
state-dependent mood factors apart from individual trait factors
might at least in part have contributed to our results. To dissociate
the contributions of state and trait factors to PFC activity, we need
to administer multiple questionnaires for both state and trait mea-
surement (Canli et al., 2004) or to use a within-subject design in
which the PFC activity of individual participants is measured over
multiple occasions.

5. Conclusion

Our study demonstrated that naturalistic moods in healthy peo-
ple are related to PFC activity during a verbal WM task. We showed
that this relationship remained significant even after controlling
for potential confounding factors such as age, gender, and task
performance, One thing of note is that a mild variation of natu-
ralistic negative moods among healthy people can be associated
with PFC activity even absent experimental affective modulation.
The relationship between negative mood and verbal WM in the
PFC is particularly of interest, considering clinical findings showing
PFC impairment during verbal WM tasks in mood disorders such as
major depression (Harvey et al., 2005; Matsuo et al., 2007; Siegle
et al., 2007). Further research will lead to more comprehensive
understanding of the mood-cognition interaction under broader
contexts, bridging the gap across induced moods and naturalis-
tic moods among healthy people, as well as pathological moods
in patients with mood disorders.
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Abstract To gain insight into the regulation of mito-
chondrial adaptations to hindlimb unloading (HU), the
activity of mitochondrial enzymes and the expression of
nuclear-encoded genes which control mitochondrial prop-
erties in mouse gastrocnemius muscle were investigated.
Biochemical and enzyme histochemical analysis showed
that subsarcolemmal mitochondria were lost largely than
intermyofibrillar mitochondria after HU. Gene expression
analysis revealed disturbed or diminished gene expression
patterns. The three main results of this analysis are as fol-
lows. First, in contrast to peroxisome proliferator-activated
receptor y coactivator 1 f (PGC-1f) and PGC-1-related
coactivator, which were down-regulated by HU, PGC-1«
was up-regulated concomitant with decreased expression of
its DNA binding transcription factors, PPAR«, and estrogen-
related receptor o (ERRa). Moreover, there was no alteration
in expression of nuclear respiratory factor 1, but its down-
stream target gene, mitochondrial transcription factor A,
was down-regulated. Second, both mitofusin 2 and fission 1,
which control mitochondrial morphology, were down-reg-
ulated. Third, ATP-dependent Lon protease, which partici-
pates in mitochondrial-protein degradation, was also
down-regulated. These findings suggest that HU may induce
uncoordinated expression of PGC-1 family coactivators and
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DNA binding transcription factors, resulting in reducing
ability of mitochondrial biogenesis. Furthermore, down-
regulation of mitochondrial morphology-related genes
associated with HU may be also involved in alterations in
intracellular mitochondrial distribution.
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Mitochondria - Skeletal muscle

Introduction

Mitochondria play important roles in energy homeostasis,
metabolism, signaling, and apoptosis [1]. The abundance,
morphology, and functional properties of mitochondria are
dynamically regulated in response to alterations in neuro-
muscular activity. Basically, physical activity (e.g., exer-
cise, endurance training, and interval training) promotes
mitochondrial biogenesis, [2] whereas disuse (e.g., dener-
vation, immobilization, spaceflight, and hindlimb unload-
ing) discourages mitochondrial biogenesis [3-5].

A model of hindlimb unloading (HU) of a rodent is
frequently used to simulate and study neuromuscular per-
turbations occurring in a real microgravity environment
during spaceflights [6]. This earth-based model of micro-
gravity is characterized by reduction of motor activity and
lack of load bearing [7]. The major modifications con-
cerning HU are muscle atrophy [4] and slow-to-fast fiber-
type switching [7]. In addition, experimental evidence for
mitochondrial adaptations to HU is accumulating; for
example, mitochondrial fragmentation [8], decreased
mitochondrial enzyme activity [9-14], and reduced mito-
chondrial oxygen consumption [9] have been reported.
However, these adaptive mechanisms concerning HU
remain to be elucidated. Understanding these adaptive
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mechanisms may extend our knowledge of skeletal muscle
plasticity and provide important insights into both space-
flight- and earth-based health problems.

The adaptive mechanisms may be associated with
transcriptional alterations in expression of mitochondrial
biogenesis-related and other mitochondria-related genes.
Mitochondrial biogenesis is a complex biological process
that requires the system to import and incorporate proteins
and lipids into the existing mitochondrial reticulum as well
as to replicate mitochondrial DNA (mtDNA) [1]. The
transcriptional mechanism that controls mitochondrial
biogenesis is a complex network. The peroxisome prolif-
erator-activated receptor, y, coactivator 1 (PGC-1) family
of transcriptional coactivators interact with multiple DNA
binding transcription factors to coordinate the regulation of
multiple mitochondrial genes [1]. PGC-la coactivates
expression of estrogen-related receptor o (ERRe), which
activates expression of peroxisome proliferator-activated
receptor « (PPAR«), nuclear respiratory factor 1 (NRF-1),
and NRF-2 [15]. NRF-1 activates expression of oxidative
phosphorylation components, mitochondrial transporters,
and mitochondrial ribosomal proteins [1]. In addition,
NRF-1 regulates expression of mitochondrial transcription
factor A (TFAM), contributing to mtDNA replication and
transcription [16]. Apart from mitochondrial biogenesis, a
recent report has highlighted the importance of mitochon-
drial dynamics in cell and animal physiology. Mitochon-
dria constantly fuse and divide, and an imbalance of these
two processes dramatically alters overall mitochondrial
morphology and function [17]. Mitochondrial fission is
driven by dynamin 1-like and fission 1, while mitochon-
drial fusion is controlled by mitofusins and OPA 1 [18].
Moreover, ATP-dependent Lon protease is known to cat-
alyze the degradation of oxidatively modified matrix pro-
teins [19]. These nuclear-encoded genes which control
mitochondrial properties may therefore be key contributors
to mitochondrial adaptations to HU.

In this study, we hypothesize that mitochondrial adapta-
tions to HU are due, at least in part, to transcriptional altera-
tions in expression of nuclear-encoded genes which control
mitochondrial properties. To test this hypothesis, we investi-
gated the activity of mitochondrial enzymes and the expres-
sion of nuclear-encoded genes involved in mitochondrial
biogenesis, mitochondrial morphogenesis, and mitochondrial-
protein degradation in mouse gastrocnemius muscle. -

Materials and methods
Animals

Female seven-week-old CD1 mice (Clea Japan, Meguro,
Tokyo) were used and housed in the animal care facility

@ Springer

under a 12-h light/12-h dark cycle at room temperature
(23 £ 2°C) and 55 £ 5% humidity. Mice were matched
by body weight and then assigned to one of two groups
as follows: ground-based control (n = 12) or HU
(n = 12). The mice were procured after approval for
this study from The University of Tokyo Animal Ethics
Committee.

Preparation of mitochondria population

Two mitochondrial fractions, termed subsarcolemmal (SS)
and intermyofibrillar (IMF) mitochondria, were isolated
from skeletal muscle as previously reported [20]. Briefly,
the skeletal muscle (the deep-red region of the gastrocne-
mius) was removed and immediately placed in ice-cold
isolation buffer (IB). The muscles were freed of fat and
connective tissue, transferred into fresh 1B, and weighed.
All further procedures were carried out at 0-5°C. The
muscle sample was next minced with triple scissors in IB.
The muscle sample was homogenized by using a tissue
homogenizer for 10 s. The homogenate was centrifuged at
800g for 10 min, and the resulting precipitate was subse-
quently used for the preparation of the IMF mitochondria.
The final SS mitochondrial pellet was suspended in IB. The
pellet from the 800g centrifugation contained primarily
intact material with some remaining SS mitochondria. This
pellet was then washed, and the IMF mitochondria were
liberated with nagarse incubation. After two washes were
performed, the final IMF mitochondrial pellet was sus-
pended in IB. The final mitochondrial protein concentration
was determined by a micro bicinchoninic acid (BCA) assay
(Pierce Chemical Co., Rockford, IL) with bovine serum
albumin as a standard.

Procedure for hindlimb unweighting

A rat-hindlimb-suspension model, originally described in
[21], was modified for use with mice [22]. Briefly, each
mouse was weighed and anesthetized with an intraperito-
neal injection of pentobarbital (50 mg/kg body weight).
We wrapped bandages (Nichiban, Bunkyo, Tokyo) around
the tail of the mice. After the mouse had recovered from
the anesthetic, a swivel hook was placed through the
bandage distal to the tip of the tail. This method allows the
animals full 360° rotation as well as access to food and
water without allowing the hindlimbs to contact the cage
floor or walls. HU was continued for 7 days. All the pro-
cedures in the animal experiments were carried out in
accordance with the guidelines presented in the Guiding
Principles for the Care and Use of Animals in the Field of
Physiological Sciences, published by the Physiological
Society of Japan.
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Enzyme activity assay

The activity of citrate synthase (CS) was determined spec-
trophotometrically according to Srere [23]. Briefly, skeletal
muscle (the deep-red region of the gastrocnemius) was
homogenized in 175 mM KCI, 10 mM GSH, and 2 mM
EDTA at pH 7.4. The homogenate thus obtained was frozen
and thawed four times and mixed thoroughly before enzy-
matic measurements were performed. The principle of the
assay is to initiate the reaction of acetyl-CoA with oxalo-
acetate and the link the release of free CoA-SH to a col-
orimetric reagent, 5,5-dithiobis-(2-nitrobenzoate) (DTNB).
The absorbance of the reaction mixtures was monitored at
wavelength of 405 nm at 15 s intervals for a period of
3 min. The activity of 3-hydroxyacyl-CoA dehydrogenase
(3-HAD) was assayed by measuring the decrease in
absorbance at 340 nm due to the oxidation of NADH in the
presence of acetoacetyl-CoA as described [24]. The absor-
bance of the reaction mixtures was monitored at 15 s
intervals for a period of 5 min. The enzyme activities were
normalized in regard to wet weight of skeletal muscle.

Enzyme histochemical analysis

To examine mitochondrial location in a myofiber, succinate
dehydrogenase (SDH) staining was carried out according to
Nachlas et al. [25] with minor modification. Briefly, frozen
transverse sections from the mid-belly region of the gas-
trocnemius muscles were incubated for 10 min at 37°C in a
medium (0.9 mM 1-methoxyphenazine methylsulfate,
1.5 mM nitro blue tetrazolium, 5.6 mM EDTA, and 48 mM
succinate disodium salt at pH 7.6) in a 0.1 M phosphate
buffer, rinsed for 5 min with deionized H,O, dehydrated for
5 min within a myofiber in 50% acetone, and then air-dried.
The fiber cross-sectional area (FCSA) and length of SDH
activity wit were measured by using Image] software (ver.
1.42, http://rsb.info.nih.gov/ij/).

Gene expression analysis

Total RNA was prepared with TRI reagent (Molecular
Research Center, Cincinnati, OH). The DNase-treated total
RNA was converted to cDNA by using a first-strand cDNA
synthesis system for quantitative RT-PCR (Marligen,
Biosciences, Ljamsville, MD). The cDNA samples were
aliquoted and stored at —80°C. Real-time PCR was carried
out using an Opticon™™ DNA engine (MJ Research, Wal-
tham, MA) according to the manufacturer’s instructions.
The reactions employed gene-specific primers for citrate
synthase, mitofusin 2, fissionl, Lon protease (Takara Bio
Inc., Otsu, Shiga), succinate dehydrogenase [26], medium-
chain acyl-coenzyme A dehydrogenase (MCAD) [27],
peroxisome proliferator-activated receptor, 7y, coactivator

la (PGC-1a), peroxisome proliferator-activated receptor, y,
coactivator 18 (PGC-1f) [28], peroxisome proliferator-
activated receptor, y, coactivator-related 1 (PRC), PPAR«
[29], mitochondrial transcription factor A (TFAM), mito-
chondrial single-stranded DNA binding protein 1 (mtSSB)
[30], NRF-1, NRF-2 [31], ERRa [32], and manganese
superoxide dismutase (MnSOD) [33]. PCR thermal-cycle
conditions were optimized to achieve a single ethidium
bromide-stained band following electrophoresis on a 2%
agarose gel. Differences in gene expression were calcu-
lated relative to the expression of a housekeeping gene
by comparison with a standard curve. To identify the
appropriate housekeeping gene, we investigated several
housekeeping genes including 18S ribosomal RNA, gly-
ceraldehyde-3-phosphate  dehydrogenase, f-actin, and
cyclophilin. We selected cyclophilin as the housekeeping
gene because its expression levels remain unchanged in
hindlimb-unloaded muscle relative to control muscle.
Cyclophilin was found to be appropriate for normalizing
the signal by comparing the differences in raw threshold
cycle values (i.e., the number of amplification cycles at
which the signal is detected above the background and is in
the exponential phase). A standard curve was constructed
from serially diluted cDNA of gastrocnemius muscle. Each
sample was normalized by its cyclophilin content. The final
results were expressed as a relative fold change compared
to that of control animals.

Statistics

Data are means == SEM. For analysis between the control
and HU cases, Student’s ¢ test was used to determine sig-
nificance. The level of significance was set at P < 0.05.

Results

To assess whether the mouse model mimics the rat model
previously reported, the degree of muscle atrophy was
estimated, and the expression of atrogin-1 mRNA, muscle-
specific ubiquitin-ligase, which is known to mediate rodent
muscle atrophy, was investigated. Myofibers from hind-
limb-unloaded mice were pathologically atrophied in ref-
erence to those from control mice. Significant decreases in
the FCSA of two types of myofiber (52% for SDH™£" and
51% for SDH"°") were observed after 7 days of HU.
Moreover, atrogin-1 mRNA transcript was strongly
induced in the HU case compared to the control case
(Fig. 1).

Subsarcolemmal mitochondria were degraded more
rapidly than IMF mitochondria during HU [8]. Therefore,
we isolated SS and IMF mitochondria from control and
hindlimb-unloaded mice. As expected, SS mitochondria

@ Springer



Mol Cell Biochem (2011) 350:1-11

A 3000 ~ stk B 100 -
p— - ek
2500 g 4 0 [ Control
g BHU
2000 - %
R 5}
< o 6.0
£ 8
< 1500 stk o
5 g
porn
o & 4.0 1
1000 g
5
3
500 LE ]
0 . 0.0 -
High Low in-
. SDH Atrogin-1

Fig. 1 Effects of HU on myofiber size and mRNA expression levels
of atrogin-1, a muscle-specific ubiquitin-ligase required for muscle
atrophy. a After 7 days of HU, muscle tissues were cryosectioned and
reacted for SDH activity. Myofibers were divided into two groups:
SDH™" (dark stain) and SDH"°" (light stain). FCSA was measured
with the image-analysis system, calibrated to transform the number of
pixels (viewed on a computer monitor) into micrometers. b To
investigate mRNA expression levels between control and HU, total
RNA was isolated from muscle tissues and relative gene expression
was quantified by real-time PCR. Cyclophilin was used internal
control. The data are means £ SEM (n = 6). Statistically significant
differences compared to control: ***P < 0.001

were significantly decreased in the HU case compared to
that in the control case. Although IMF mitochondria also
showed a tendency to decrease after HU, there was no
significant difference between groups (Fig. 2).

Because HU decreases the activity of mitochondrial
enzymes, the activity of CS was measured. The activity
was significantly decreased in the HU case compared to
that in the control case. It has been reported that HU
suppressed gene expression of enzyme in fatty-acid oxi-
dation [34]. Therefore, we measured the activity of 3-HAD,
a key enzyme in muscle fatty-acid oxidation. The activity
was significantly decreased in the HU case compared to
that in the control case. CS and MCAD mRNA transcripts
levels were significantly decreased in the HU case com-
pared to that in the control case.

To examine whether HU affects the location-specific
differences in mitochondrial enzyme activity, an enzyme
histochemical SDH staining on cryosections was carried
out. SDH activity in SS and IMF regions in the control and
hindlimb-unloaded mice was observed (Fig. 3a). The area
of SS SDH activity in SDHMieh myofibers was measured.
The SS SDH activity was significantly decreased in the HU
case compared to the control case, whereas ratio of SDH
activity area to FCSA was insignificantly decreased
slightly (Fig. 3b). Furthermore, the length of SS SDH
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Fig. 2 Effects of HU on quantitative alteration in mitochondria in SS
and IMF regions of muscle fibers. SS and IMF mitochondrial
fractions were isolated from control and hindlimb-unloaded mice by
differential centrifugation and digestion techniques. Mitochondrial
protein content was determined using micro BCA assay and the yield
was expressed as mg/g tissue weight. The data are means + SEM
(n = 6). Statistically significant differences compared to control:
**P < 0.01

activity in SDH™" myofiber was measured. This mea-
surement shows that the length was significantly decreased
in the HU case compared to the control case (Fig. 3c).
Next, the area of IMF SDH activity in SDH™2" myofibers
was measured. The SDH activity was significantly
decreased in the HU case compared to the control case,
whereas the ratio of SDH activity area to FCSA was sig-
nificantly increased (Fig. 3d). In addition, SDH mRNA
transcript level was significantly decreased in the HU case
compared to the control case (Fig. 3e).

To examine the effects of HU on expression of mito-
chondrial biogenesis-related genes, RNA samples from the
gastrocnemius of control and hindlimb-unloaded mice
were subjected to cDNA synthesis and real-time PCR. The
PGC-1 family, including PGC-1a, -1, and PRC, is known
to play a central role in mitochondrial biogenesis. PGC-1«
mRNA transcript level was significantly increased in the
HU case compared to the control case, whereas PGC-1p
and PRC mRNA transcript levels were significantly
decreased. The transcript level of DNA binding transcrip-
tion factors, which interact with PGC-1 coregulators, was
investigated. Both PPARo and ERRo mRNA transcripts
levels were significantly decreased in the HU case com-
pared to the control case. In contrast, NRF-1 mRNA
transcript level was insignificantly decreased in the HU
case compared to the control case, whereas NRF-2 mRNA
transcript level was significantly increased. TFAM and
mtSSB function as a key regulator of mammalian mtDNA
maintenance. TFAM mRNA transcript level was signifi-
cantly decreased in the HU case compared to the control
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Fig. 3 Effects of HU on activities of mitochondrial enzymes and
mRNA expression levels of mitochondrial enzymes. a The tissue
homogenates were subjected to freeze-thaw cycles, centrifuged, and
assayed for enzyme activities. The enzyme activity was normalized
for wet weight of skeletal muscle. b Total RNA was prepared from
muscle tissues and relative gene expression was determined by real-
time PCR. The transcript levels were compared to control mice. The
data are means = SEM (n = 6). Statistically significant differences
compared to control: ***P < (.001

case, whereas mtSSB mRNA transcript level was signifi-
cantly increased (Fig. 4).

The transcript level of two GTPase proteins that act in
opposing fusion and fission pathways for maintaining the
dynamic of tubular mitochondrial networks were investi-
gated. Both mitofusin 2 mRNA and fission 1 mRNA
transcripts levels were significantly decreased in the HU
case compared to the control case. ATP-dependent
Lon protease mRNA transcript level, which is implicated
in mitochondrial protein degradation, was significantly

decreased in the HU case compared to the control case
(Fig. 5).

Hindlimb unloading increases oxidative stress and dis-
rupts antioxidant capacity in skeletal muscle [35]. MnSOD
(localized in the mitochondrial matrix) provides a major
defense against oxidative damage by reactive oxygen
species (ROS). MnSOD mRNA transcript level remained
unchanged in the HU case compared to the control case
(Fig. 6).

Discussion

Mammalian mitochondria exhibit a remarkable capacity to
adapt to physiological and pathophysiological demands.
The processes by which these adaptations occur are
thought to be largely achieved at the level of transcriptional
regulation. Accordingly, this study focused on the activity
of mitochondrial enzymes and the expression of nuclear-
encoded genes involved in mitochondrial biogenesis,
mitochondrial morphogenesis, and mitochondrial-protein
degradation after HU. Our findings provide the insight that
mitochondrial adaptations to HU may be associated with
distorted gene expression, resulting in changes in the
abundance, morphology, and functional properties of
mitochondria.

The modified hindlimb suspension model was chosen
because it is considered less stressful on the animal than the
harness method. Differences in body weights throughout
the experimental period can influence interpretation of the
experimental results [6]. In our experiment, mice from the
hindlimb-unloaded group showed no significant difference
in body weight compared with the control group (data not
shown), suggesting that the stress effects that occurred
during 7 days of HU were minimal. To verify the effi-
ciency of the HU, the changes in myofiber size after 7 days
of HU were investigated. The degree of change in our
experiment was greater than that in previously reported
ones [36, 37]. This difference may be attributed largely to
differences between the experimentation set-ups used in
the laboratories concerned. The expression of atrogin-1,
which is generally recognized as a molecular marker for
muscle atrophy, was investigated. A strong up-regulation
of atrogin-1 after HU, which is in line with previous reports
[38-40], was observed. HU reduced the activity of mito-
chondrial enzymes as previously reported [9-14]. These
findings demonstrate the reliability of our HU model.

Mitochondria that are clustered in proximity to the
sarcolemma are termed SS mitochondria, and those
embedded among myofibrils are called IMF mitochondria
[41]. In this study, SS mitochondria were lost largely than
IMF mitochondria after HU. This finding is in keeping with
the previous report that the absolute volumes of SS and
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Fig. 4 Regional differences in
the mitochondrial adaptations to
HU. a Histochemical staining
for SDH activity was performed
on cryosections of the
gastrocnemius muscle. Scale
bar = 50 um. b Quantification
of SS SDH staining area in a
myofiber was measured with the

50
S
% 30 A
g
2. 20
2
A~ 10 A
0 4
S T 9 o @ & m
N e v Vol i
BRI
Length of subsarcolemmal SDH activity
skl E
2.0 4
1.5 -

0.5

Fold change in gene expression
5
1

image-analysis system, o 160 s g 0T
calibrated to transform the g T 9
number of pixels into Es: 3 010+
micrometers. Subsarcolemmal g 120 3
SDH staining area in a myofiber z 2 0.08
was normalized for FCSA. % %
¢ Quantification of length of SS < ~
SDH staining was measured. E 807 E 0.06
d Quantification of IMF SDH % %
staining area in a myofiber was g g 004
measured. Intermyofibrillar _Q_E) 40 - Es
SDH staining area in a myofiber 8 S 002~
was normalized for FCSA. g g
e Total RNA was prepared from ;,% 0 5 0
muscle tissues and relative gene ‘
expression was determined by
real-time PCR. The data are D
means = SEM (n = 6). o w0 < 0.25 7
Statistically significant 3 1 )
differences compared to control: s % 020
**Ep < 0.001 & 150 ER
2 z
2 2
g g 015
a 100 é
,‘E E 0.10
5 . 5
5 % T 005+
=) 0 E 0

IMF mitochondria decrease by 73 and 45% after 5 weeks
of hindlimb suspension [42]. We founded that SS mito-
chondria decreased in proportion to myofiber size but IMF
mitochondria increased in proportion to myofiber size,
suggesting that SS mitochondria were degraded more
rapidly than IMF mitochondria. This phenomenon may be
attributable to the development of autophagy. Riley et al.
[8] indicated that autolytic degradation occurs during HU
in light of the appearance of vacuolation and fragmentation
of SS mitochondria.

The possible mechanism for regulating mitochondrial
distribution in myofibers is not fully understood. However,
it is hypothesized that abnormal distribution of mitochon-
dria during microgravity may be due to disturbance of the
structural integrity of mitochondria. In this regard, Nikawa
et al. [43] reported that expression of A-kinase anchoring
protein and cytoplasmic dynein, which are associated with
the anchoring and movement of mitochondria, decreased in
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spaceflight but not in tail-suspension tests. Indeed, they did
not observe abnormal distribution of mitochondria in a tail-
suspended rat. This result is inconsistent with previous
reports [8, 42] and our present findings. We hypothesized
that this phenomenon may be associated with changes in
mitochondrial morphology. In this study, therefore, we
focused attention on mitochondrial morphogenesis-related
genes, namely, mitofusin 2 and fission 1. Consistent with
the result presented in a previous report [8], the SS mito-
chondria (SDH activity) in the HU case were smaller in
size than those in the control case (Fig. 7b, c). Moreover,
expression of mitofusin 2 decreased after HU. This is a
reasonable result because this gene is regulated by PGC-1p
and ERRa [44], which are down-regulated by HU. This
finding is partially supported by the observation that
repression of mitofusin 2 in muscle cells shows a frag-
mentation of the mitochondrial network [45]. However, we
did not observe up-regulation of fission 1, suggesting that
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Fig. 5 Effects of HU on expression of mitochondrial biogenesis-
related genes. Total RNA was prepared from muscle tissues and
relative gene expression was determined by real-time PCR. The
transcript levels were compared to control mice. The data are
means & SEM (r = 6). Statistically significant differences compared
to control: *P < 0.05, **P < 0.01, and ***P < 0.001

mitochondrial fragmentation induced by HU may be
caused by down-regulation of mitofusin 2 irrespective of
the expression level of fission 1. However, there is direct
evidence that over-expression of fission 1 induces mito-
chondrial fragmentation of myofibers [46]. This study
therefore cannot rule out the possibility that fission 1 may
contribute to fragmentation of SS mitochondria during HU.
In addition, another mitochondria fission-related gene,
dynamin 1-like, may play a role in mitochondrial frag-
mentation during HU.

Unexpectedly, we observed up-regulation of PGC-l«
after HU. This finding is inconsistent with that previously
reported by Mazzatti et al. [47] who showed decreased
expression of PGC-1a after 24 h of HU. This seemingly
contradictory finding implies that the response of PGC-1a
may differ in the cases of acute and subacute HU. We
attribute this discrepancy to the time course of alterations
in electromyographic (EMG) activity during HU. The

7
2.0 — 2.0 —
I Control [ Control
B HU BHU

15 4 1.5 —
g 8
% 2
1 1
8 ) 5 koK
g Seskesk ek g GAokD
% % .,
k= 10 1 — P 1.0
o 53
o0 60
g g
G g
= )
o ©
™ 05 * 05

0.0 T 0.0

Mitofusn 2 Fission 1

Fig. 6 Effects of HU on expression of mitochondrial morphology
and mitochondrial-protein degradation-related genes. Total RNA was
prepared from muscle tissues and relative gene expression was
determined by real-time PCR. The transcript levels were compared to
control mice. The data are means = SEM (n = 6). Statistically
significant differences compared to control: **P < 0.01 and
*EP < 0.001

Fig. 7 Effects of HU on mRNA
expression levels of mitochon-
drial antioxidant enzyme. Total
RNA was prepared from muscle
tissues and relative gene expres-
sion was determined by real-
time PCR. The transcript levels
were compared to control mice.
The data are means & SEM
(n=106)
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EMG activity of lateral gastrocnemius decreases by half
immediately after HU, stays lower than a control levels for
4-5 days, and subsequently tends to recover by 7 days
[48], suggesting that recovery of EMG activity may con-
tribute to augmentation of PGC-1o expression as observed
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in this study. There may be several potential intracellular
signaling pathways by which PGC-1la gene expression
could be regulated during HU. First, calcium signaling
pathway may contribute to PGC-lo gene expression
because HU promotes Ca®" accumulation in myofibers
[49]. Calcium/calmodulin-dependent protein kinase IV
likely induces PGC-la expression by activating cyclic-
AMP-responsive-element-binding protein (CREB), which
in turn binds to a conserved CRE in the PGC-1a promoter
[50]. This pathway is also driven by calcineurin A through
myocyte enhancer factor 2, which is a potent trans-acti-
vator of PGC-la transcription in skeletal muscie [50].
Interestingly, expression levels of calcineurin mRNA and
protein are elevated with HU [51]. Therefore, increased
expression of PGC-1a during HU may be explained, at
least in part, by activating calcium signaling. Second, HU
leads to release of catecholamines [52] that can activate f-
adrenergic receptors in skeletal muscle [53]. Activation of
these receptors increases intracellular cAMP levels and
potentially could activate CREB function on the PGC-1a
promoter in skeletal muscle as it does in liver [54]. How-
ever, because levels of catecholamine were peaked at 12 h
after HU, it is uncertain whether catecholamine-mediated
pathway contributes to increased expression of PGC-1u as
observed in this study. Third, PGC-1a is also induced via
cGMP-dependent signaling resulting from elevated Ievels
of nitric oxide (NO) [55]. It has recently been reported that
NO and AMP-activated protein kinase (AMPK) act syn-
ergistically to up-regulate PGC-1oo mRNA expression in
vitro [56]. However, HU decreases expression levels of
neuronal nitric oxide synthase protein and mRNA [57]
while it increases AMPK activity [58]. Therefore, it
remains uncertain as to whether the synergistic effect of
NO and AMPK on PGC-1o expression during HU. It is
very likely that other signaling cascades also may con-
tribute to PGC-1a expression during HU. Further study
would be needed to elucidate the possible mechanisms
controlling PGC-1a expression during HU.

It is generally assumed that during HU, expression of
genes involved in lipid metabolism is decreased, whereas
expression of genes involved in glycolytic enzymes and
glycogen synthesis is increased. This hypothesis suggests
that switching between lipid usage and carbohydrate usage
occurs to meet the metabolic demands of the myofibers
during HU. In contrast to PGC-1f and PRC, which were
down-regulated by HU, PGC-1a was up-regulated con-
comitant with decreased expression of its DNA binding
transcription factors, PPARa and ERR«, which potently
induce fatty-acid oxidation genes, MCAD and carnitine
palmitoyltransferase I [59, 60]. Our findings may indicate
that PGC-1a does not function harmoniously as a coacti-
vator owing to down-regulation of PPAR« and ERRe,
Jeading to reduced expression of fatty-acid metabolism-
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related genes. This hypothesis may be supported by our
results (Fig. 7) and previous articles reports that hindlimb
suspension down-regulates gene expression of proteins
involved in fatty-acid oxidation [34, 61]. Furthermore, we
observed that HU decreased the activity of 3-HAD
involved in the f-oxidation of fatty acids. Indeed, Grichko
et al. [62] reported that fatty-acid oxidation by isolated
mitochondria after 2 weeks of hindlimb suspension is on a
declining trend although the difference failed to attain
statistical significance. Because our result and previous
study [42] show that HU decreases the absolute volumes of
mitochondria, we suppose that it may also reduce fatty-acid
oxidation of myofibers.

It is well established that TFAM plays a key role in
mammalian mtDNA transcription/replication [16], whereas
mtSSB contributes to its replication, repair, and recombi-
nation [63]. There was no alteration in expression of NRF-
1, which is activated by PGC-1a and ERRa but expression
of its downstream target gene, TFAM was down-regulated
after HU. This down-regulation could contribute to mito-
chondrial dysfunction by reducing template availability for
transcription and translation of key mitochondrial proteins.
We observed up-regulation of mtSSB concomitant with
moderately increased expression of NRF-2, which is shown
to potently activate human mtSSB gene expression [64]. It
was shown that mtDNA may accumulate more oxidative
DNA damage relative to nuclear DNA [65]. mtSSB
up-regulation may therefore be a compensatory response to
oxidative stress-induced mtDNA damage during HU.

Lon protease level in skeletal muscle decreases with
oxidative stress [66]. Because HU increases oxidative
stress [67, 68], our finding may be explained by the oxi-
dative stress induced by HU. This study is, to the best of
our knowledge, the first to deal with the potential regula-
tion of Lon protease after HU. It is also possible that down-
regulation of Lon protease may be responsible for the
accumulation of oxidatively damaged proteins within
mitochondria, resulting in impairment of mitochondrial
function. For example, aconitase, Kreb’s cycle enzyme, is
one of many mitochondrial matrix proteins that are pref-
erentially degraded by Lon protease after oxidative modi-
fication [69]. In addition to the role of protein degradation,
Lon protease can also act as a chaperone independently of
its proteolytic activity [19], participate in the regulation of
mitochondrial gene expression and genome integrity [70,
71], and regulate apoptotic cell death [19], suggesting that
Lon protease may play some role in mitochondrial adap-
tations to HU. Accordingly, further studies are required to
elucidate the role of Lon protease in mitochondrial adap-
tations to HU.

Besides being the primary site of fuel metabolism and
ATP production, mitochondria are also a primary source of
ROS. Mitochondria also signal, via ROS and Ca”, and are
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critical regulators of cell death pathways [1]. We measured
the expression of MnSOD, a primary mitochondrial anti-
oxidant enzyme involved in quenching ROS concentra-
tions. We hypothesized that if mitochondria of HU mice
had a greater antioxidant enzyme activity, this could serve
to offset elevated ROS production and reduce ROS-
induced damage within mitochondria. However, we found
no difference in the expression of MnSOD. This observa-
tion is in agreement with previous study reported by An-
drianjafiniony et al. [72], who found no change in MnSOD
activity after 14 days of HU. This does not preclude the
possibility that other antioxidant enzymes may be expres-
sed during HU. Indeed, the activities of copper—zinc
superoxide dismutase and catalase are increased in hind-
limb-unloaded rat [72]. The lack of adaptation of MnSOD
activity to increased oxidative stress by HU suggest that a
balance between respiration and ROS generation in mito-
chondria may be lost, leading to mitochondria-mediated
apoptosis. Apoptosis can be evoked by ROS-induced
mitochondrial release of the proapoptotic proteins. IMF
mitochondria release a great amount of cytochrome ¢ and
apoptosis-inducing factor in response to oxidative stress
compared with SS mitochondria [73], suggesting that not
all mitochondria within a myofiber behave similarly. Given
that IMF mitochondria were slowly decreased than SS
mitochondria during HU, IMF mitochondria may play a
major role in initiating apoptosis.

In conclusion, HU distorts gene expression concerning
mitochondrial biogenesis, mitochondrial morphogenesis,
and mitochondrial-protein degradation, resulting in chan-
ges in the abundance, morphology, and functional proper-
ties of mitochondria. Unexpectedly, PGC-1a expression is
up-regulated after HU. It is unlikely that the augmentation
would contribute to mitochondrial biogenesis, because
several genes controlled by PGC-1lo are down-regulated,
suggesting that coordinated expression of PGC-1 family
coactivators and DNA binding transcription factors is
required for maintaining mitochondrial biogenesis in
skeletal muscle. Furthermore, down-regulation of mito-
chondrial morphology-related genes associated with HU
may be also involved in alterations in intracellular mito-
chondrial distribution. Our findings provide insight into the
mitochondrial adaptation in skeletal muscle to HU. Inter-
estingly, Romanello et al. [46] suggest that mitochondrial
remodeling contributes to muscle atrophy. Mitochondrial
adaptations may therefore have to be considered as an
important event when interpreting the results of HU
experiments.
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Article Chronology: In a previous study investigating the effects of low temperature on skeletal muscle differentiation, we
Received 26 July 2010 demonstrated that C2C12 mouse myoblasts cultured at 30 °C do not express myogenin, a myogenic
Revised version received regulatory factor (MRF), or fuse into multinucleated myotubes. At this low temperature, the
1 November 2010 myoblasts continuously express Id3, a negative regulator of MRFs, and do not upregulate muscle-
Accepted 2 November 2010 specific microRNAs. In this study, we examined if insulin-like growth factor-I (IGF-I) and a stable form
Available online 9 November 2010 of vitamin C (L-ascorbic acid phosphate) could alleviate the low temperature-induced inhibition of
myogenic differentiation in C2C12 cells. Although the addition of either IGF-I or vitamin C alone could
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C2C12 cells, low temperature-induced blockage of myogenic differentiation was also ameliorated by
Myogenin exogenous IGF-I and vitamin C. In addition, we demonstrated that satellite cells of IGF-I
IGF overexpressing transgenic mice in single-fiber culture expressed myogenin at a higher level than
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Temperature myogenic differentiation of endotherms, but the sensitivity to low temperature could be buffered by
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Introduction temperature. The high and constant body temperature has

resulted in a finely tuned metabolism and high muscular power
Endotherms are able to maintain constant core body temperatures output in comparison with ectotherms [2]. However, human body
(36-39°C, [1]) regardless of the surrounding environmental temperature actually varies considerably from part to part; for
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example, it was reported that the temperature of fingertips is 9 °C
lower than the core body temperature (37 °C) in human at room
temperature (20 °C) [3].

We have previously examined the effects of low temperature
on cell differentiation using skeletal muscle cells as they are
distributed throughout the entire body and are expected to be
more influenced by surrounding temperature than cells of other
organs located deeper inside the body. At a temperature of 30 °C,
mouse myoblasts could neither express myogenin, a myogenic
regulatory factor (MRF), nor fuse into multinucleated myotubes,
and were observed to continuously express 1d3, an inhibitory
transcription factor for MRFs [4]. Although these results indicate
that temperature plays an important role in myogenic differenti-
ation, but there is still a question whether the myocytes
completely lose the capacity to differentiate at 30 °C or whether
they can differentiate even at low temperature if appropriate
rescuers are added to the cell culture.

It is well known that insulin-like growth factor-1 (IGF-I) plays
multiple important roles during myogenesis by stimulating both
growth and differentiation [5]. Transgenic mice which over-
express IGF-I in skeletal muscles display promoted adult muscle
regeneration and hypertrophy via activation of muscle satellite
cells [6-8]. Although there are no reports indicating that IGF-1 is
capable of inducing myogenin expression at low temperature, we
prospected that IGF-I was a good candidate for promoting
myogenin expression at 30 °C because it accelerates terminal
myogenic differentiation by inducing myogenin expression at
normal temperature [9,10]. We were additionally interested in
examining IGF-II, as it also binds to IGF-1 receptors [11] and
induces accelerated myogenic differentiation when overex-
pressed [12].

Another molecule which affects myogenic differentiation is
L-ascorbic acid (vitamin C (VC)). VC plays various essential roles in
vivo, which includes serving as a cofactor for the hydroxylation of
proline and lysine during collagen synthesis. Although L-ascorbic
acid is unstable and rapidly degraded under the normal culture
conditions [13], a phosphate derivative of L-ascorbic acid is
considerably stable, with 85% still remaining after a 1-week
incubation at 37 °C[14]. L-ascorbic acid phosphate was reported to
increase myogenin expression in muscle cells and promote their
myogenic differentiation by accelerating collagen synthesis at
37°C [15,16]. In this study, we therefore used L-ascorbic acid
phosphate instead of L-ascorbic acid as a VC source.

Here, we examined if IGFs (IGF-I and IGF-II) and VC could
promote myogenic differentiation at lower temperatures than the
normal body temperature of endotherms in C2C12 mouse
myoblast cell line, satellite cells on mouse myofibers, and human
skeletal muscle cells by immunostaining for myogenin and
sarcomeric myosin heavy chain (MyHC) and RT-PCR for myogenin,
Id3, and muscle-specific microRNAs (miRNAs). All the results
suggested that IGF and VC could promote myogenic differentiation
at low temperatures.

Materials and methods
Cell culture

The C2C12 cell line (ATCC, Manassas, VA) [17], which is a subclone of
the C2 cell line isolated from the thigh muscle of an adult C3H mouse

[18], was cultured in DMEM (high-glucose) (Nacalai Tesque, Kyoto,
Japan) containing 20% FBS (SAFC Biosciences, Lenexa, KS), 50 U/ml
penicillin and 50 pg/ml streptomycin on plastic dishes (AGC Techno
Glass, Chiba, Japan) coated with 1% bovine skin gelatin (Sigma-
Aldrich, St. Louis, MO) at 38 °Cin 5% CO,. At a point of near confluence,
the medium was replaced with differentiation medium (DM) which
consisted of MEM (Invitrogen, Carlsbad, CA) containing 10% horse
serum (Invitrogen) and appropriate antibiotics and the cells were
then cultured at either 25, 28, 30 or 38 °C. For rescue experiments, 10,
50 or 100 ng/ml IGF-I (R&D Systems, Minneapolis, MN), 100 ng/ml
IGF-II (R&D Systems), or 200 uM L-ascorbic acid phosphate magne-
sium salt n-hydrate (Wako Pure Chemical Industries, Osaka, Japan)
was added to DM. The medium was changed every other day.

Conditioned medium (CM) was collected every other day from
well differentiated C2C12 cells cultured in DM at 38 °C and passed
through 0.22 pm filter to exclude living cells. C2C12 cells were
cultured in CM at 30 °C and the medium was changed with fresh
CM every other day.

A human skeletal muscle biopsy was obtained under an IRB
approved protocol at Children’s Hospital of Philadelphia. Explant
culture of the biopsy was then performed following the protocol of
Decary et al. [19]. Myoblasts obtained from the explant cultures
were used to produce immortalized clonal lines, following the
procedures of Zhu et al. {20]. Human skeletal muscle cells were
cultured in F-10 (Invitrogen) containing 20% FBS and appropriate
antibiotics on plastic dishes coated with collagen I (AGC Techno
Glass) at 38 °C. At a point of near confluence, the medium was
replaced with the identical DM used in the C2C12 culture and the
cells were then cultured at either 30 or 38 °C. Rescue experiments
using IGF-I and VC were performed as described above for the
C2C12 cells.

Single-fiber culture

Single muscle fibers of MLC/migf-1 transgenic (IGF-1 Tg) mice (see
[8], however, donors were not FBV but C57BL/6 mice) and C57BL/6
wild-type (WT) mice were prepared as described previously [21].
Briefly, the extensor digitorum longus (EDL) muscles were
removed from euthanized adult male mice by excising the
tendons, and were then treated with 0.1% collagenase type |
(Sigma-Aldrich) in DMEM at 37 °C for 2 h. The fibers were cultured
in DMEM (high-glucose, GlutaMAX-I+) (Invitrogen) containing
20% FBS (Thermo Fisher Scientific, Waltham, MA) and appropriate
antibiotics at 37 °C for 3 days (37 °C culture) or at 37 °C for 1 day
and then 30 °C for 3 more days (30 °C culture). Animal experi-
mentation was carried out according to the guidelines of the
Institutional Animal Care and Use Committee of the University of
Pennsylvania.

Immunofluorescence

Immunofluorescence was performed as described previously [4].
Briefly, cells or mouse muscle fibers were fixed with 10% formalin
in PBS and treated with 100% methanol. The samples were then
incubated with primary antibodies (mouse anti-myogenin, F5D
(1:1, Developmental Studies Hybridoma Bank, lowa City, 1A),
mouse anti-sarcomeric myosin heavy chain, MF20 (1:2, Develop-
mental Studies Hybridoma Bank) and rabbit anti-MyoD (1:50,
Santa Cruz Biotechnology, Santa Cruz, CA)) for 1 h, followed by
Alexa Fluor dye-conjugated secondary antibodies (1:400,
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Invitrogen) for 1 h. Cell nuclei were stained with either Hoechst
33258 (Sigma-Aldrich) or DAPI (Vector Laboratories, Burlingame,
CA).

mRNA isolation and RT-PCR

Total RNA was isolated from C2C12 cells 4 days after the induction
of differentiation using RNAZol B reagent (Tel-Test, Friendswood,
TX) in accordance with the manufacturer's protocol. Reverse
transcription of the isolated mRNA and amplification of cDNA were
performed with 100 ng RNA using the SuperScript Il One-Step
RT-PCR System with Platinum Tag DNA Polymerase (Invitrogen).
The PCR conditions were 94 °C for 15 s, 60 °C for 30 s, and 55 °C for
45 s for 23 cycles. The sequences of the primers for myogenin, 1d3
and [3-actin were as follows: myogenin 5-GAG CTG TAT GAG ACA
TCC CC-3' and 5'-GTA AGG GAG TGC AGA TTG TG-3’ [22]; 1d3
5/-ACT CAG CTT AGC CAG GTG GA-3' and 5’-CAT TCT CGG AAA AGC
CAG TC-3"; B-actin 5'-TGG AAT CCT GTG GCA TCC ATG AAA C-3/
and 5'-TAA AAC GCA GCT CAG TAA CAG TCC G-3' [23]. The PCR
products were resolved by electrophoresis on 2% agarose gels and
stained with 1M SYTO60 Red Fluorescent Nucleic Acid Stain
(Invitrogen) for 20 min. Band intensity was measured using the
Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln,
NE). The individual band intensity of myogenin and Id3 was
standardized to that of B-actin in the same culture condition.

MiRNA isolation and RT-PCR

Small RNAs were isolated from C2C12 cells 4 days after the induction
of differentiation using a mirVana miRNA Isolation Kit (Ambion,
Austin, TX, USA) in accordance with the manufacturer's protocol.
Reverse transcription of the isolated small RNAs and amplification of
c¢DNA were performed with 10 ng RNA using a mirVana qRT-PCR
miRNA Detection Kit (Ambion) and mirVana qRT-PCR Primer Sets
(Ambion). The primers for microRNA (miR)-1, miR-133a, miR-181a,
miR-206 and 5S rRNA were hsa-miR-1, hsa-miR-133a, hsa-miR-181a,
hsa-miR-206 and 5S, respectively. The PCR conditions were 95 °C for
15 sand 60 °Cfor 30 s for 20 cycles. The PCR products were resolved by
electrophoresis on 3.5% agarose gels and stained with 1 pM SYTO60
dye for 20 min. Band intensity was measured using the Odyssey
Infrared Imaging System. The individual band intensity of each
miRNAs was standardized to that of 5S rRNA in the same culture
condition.

Statistical analysis

The cell nuclei expressing myogenin in the C2C12 and human skeletal
muscle cells were counted in 3 or 4 different fields for each sample
(totaling over 600 nuclei) and the percentages of myogenin-positive
nuclei out of the total nuclei were calculated. The cell nuclei in MyHC-
positive C2C12 cells were counted in more than 3 different fields for
each sample (totaling over 400 nuclei) and the percentages to the total
nuclei were calculated. For the single-fiber culture analysis, the ratios
of myogenin-positive nuclei to MyoD-positive nuclei per myofiber
were calculated. The number of analyzed myofibers was as follows: in
the 37 °C culture, IGF-I Tg: n =152, WT: n=134 (day 2), IGF-I Tg: n=46,
WT: n=37 (day 3); in the 30 °C culture, IGF-I Tg: n=61, WT: n=37
(day 3),IGF-1Tg: n =45, WT: n=29 (day 4). The percentages or ratios
are presented as the mean - SEM. The Student's t-test was used to
analyze statistical significance.

Results

IGF-I and VC promote myogenin expression and myotube
formation of C2C12 cells at 30 °C

At 38 °C, which is close to the normal body temperature of a
mouse, C2C12 mouse myoblast cells undergo terminal differenti-
ation immediately after being switched to DM and fuse into
multinucleated myotubes. At 30 °C, however, myoblast cells
express MyoD, but not myogenin, and do not form myotubes [4].
To elucidate that the lack of differentiation at low temperature was
only due to temporary blocking and not a complete loss of the
capacity to differentiate, we searched for factors that could
promote myotube formation at 30 °C.

C2C12 cells in DM containing either IGF-I or L-ascorbic acid
phosphate, a stable form of VC, expressed myogenin 4 days after
the induction of differentiation (day 4) (Fig. 1A) and fused into
myotubes by day 6 at 30 °C (Fig. 1B). Although the treatment with
100 ng/ml IGF-I or 200 pM VC promoted myogenin expression
independently, the effect was synergetically enhanced when they
were added in combination. Cells cultured in DM containing both
IGF-I and VC formed multinucleated myotubes expressing MyHC,
while only mononucleated myocytes or thinner myotubes were
observed in DM containing IGF-I or VC alone (Fig. 1B). The
percentage of nuclei in the MyHC-positive cells to the total nuclei
was also significantly higher in the culture containing both IGF-I
and VC than that in the culture containing either IGF-1 or VC alone
(Fig. 1C). IGF-1 promoted myogenin expression in a dose-
dependent manner, when the VC concentration was fixed at
200 uM (Fig. 1D). To examine whether the continuous addition of
IGF-1 was required to promote myogenic differentiation at 30 °C,
the period of IGF-I treatment was changed while 200 uM VC was
maintained in the medium throughout the culture. The treatment
of 100 ng/ml IGF-I for only 1 or 2 days after the induction of
differentiation could not promote the expression of myogenin at
30 °C (Fig. 1E), suggesting that the continuous presence of IGF-I for
several days was required.

IGF-1I also promotes myogenic differentiation at 30 °C

We also examined whether the addition of IGF-II, a homologue of
IGF-], could promote myogenic differentiation at 30 °C with or
without the presence of VC. The percentage of myogenin-
expressing nuclei to the total nuclei was higher when both IGF-1I
and VC were used to treat myoblasts than IGF-1I alone (Fig. 2A).
However, the percentage of myogenin-positive nuclei (11%+£1.2
(—VQ), 19%+ 3.2 (+VC)) was generally lower than that observed
in IGF-I-treated cells (16%+0.8 (—VC), 33%4+ 1.1 (+VC)) when
the IGFs were added at identical concentrations (100 ng/mli).
Multinucleated myotubes were formed in DM containing both
IGF-II and VC, while thinner myotubes were formed when only
IGF-1I was added to DM (Fig. 2B and C).

Id3 expression is downregulated by IGF-I and VC

In a previous study [4], we reported that Id3, which acts as a
negative regulator of MRFs and is downregulated upon the
initiation of differentiation at 38 °C [24], was continuously
expressed in myoblasts at 30 °C. Here, we examined whether the
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Fig. 1 - Effects of IGF-1 and VC on myogenic differentiation of C2C12 cells at 30 °C. A. C2C12 cells were cultured in DM at either 38 or
30 °C and in DM containing 100 ng/ml IGF-I or 200 tM VC at 30 °C for 4 days prior to immunostaining for myogenin. Myogenin
expression of the cells cultured in DM with both IGF-1 and VC was significantly higher than that of the cells in DM with either IGF-I or
VC alone. The percentages of myogenin-positive nuclei to the total nuclei are presented as the mean + SEM. **p<0.01. B. C2C12 cells
were cultured in DM with or without 100 ng/ml IGF-I and 200 pM VC at 30 °C for 6 days prior to immunostaining for MyHC. Cell
nuclei were stained with Hoechst 33258. Thick multinucleated myotubes were formed in DM containing both IGF-I and VC, but only
mononucleated myocytes or thinner myotubes expressed MyHC in DM with either IGF-I or VC alone. Scale bar: 100 pm. C. The
percentages of nuclei in MyHC-positive cells to the total nuclei were determined by the immunostaining of C2C12 cells cultured at
38 °C for 4 days or at 30 °C for 6 days. MyHC expression of the cells cultured in DM with both IGF-I and VC at 30 °C was significantly
higher than that of the cells in DM with either IGF-1 or VC alone at 30 °C. **p<0.01. *p< 0.05. D. C2C12 cells were cultured in DM with
0, 10, 50, 100 ng/ml IGF-I and 200 pM VC at 30 °C for 4 days. IGF-1 rescued myogenin expression in a dose-dependent manner.
**p<0.01. E. The IGF-I treatment period was changed during the C2C12 culture with 200 pM VC at 30 °C for 4 days; no treatment (-},
treatment from day 0 to day 1 (1 day), from day 0 to day 2 (2 days) or from day 0 to day 4 (4 days). The exposure to IGF-I for only 1 or
2 days could not promote myogenin expression. **p<0.01 vs. 3 other conditions.
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Fig. 2 - Effects of IGF-11 and VC on myogenic differentiation of C2C12 cells at 30 °C. A. C2C12 cells were cultured in DM with or without
100 ng/ml IGF-HI and 200 pM VC at 30 °C for 4 days and then immunostained for myogenin. Myogenin expression of the cells
cultured in DM with both IGF-II and VC was significantly higher than that of the cells cultured in DM with IGF-II alone. The
percentages of myogenin-positive nuclei to the total nuclei are presented as the mean + SEM. *p< 0.05. B. C2C12 cells were cultured
in DM with or without 100 ng/ml IGF-1I and 200 uM VC at 30 °C for 6 days and then immunostained for MyHC. Cell nuclei were
stained with Hoechst 33258. The cells in DM containing both IGF-II and VC formed numerous multinucleated myotubes, but only
thin myotubes were observed in DM containing IGF-1I alone. Scale bar: 100 pm. C. The percentages of nuclei in MyHC-positive cells to
the total nuclei were determined by the immunostaining of C2C12 cells cultured at 30 °C for 6 days. MyHC expression of the cells
cultured in DM with both IGF-1I and VC was significantly higher than that of the cells in DM with IGF-1I alone. **p<0.01.

addition of IGF-1 and VC would result in the decreased expression
of Id3 at 30 °C. RT-PCR was used to examine the expression profiles
of C2C12 cells cultured in either DM without adding IGF-1 nor VC
(DM(—)) at 38 and 30 °C or DM containing both 100 ng/ml IGF-I
and 200 pM VC at 30 °C (Fig. 3).The individual band intensity of
myogenin and Id3 was measured and standardized to that of
-actin in the same condition (Table 1). The presence of IGF-I and
VC increased myogenin expression and decreased 1d3 expression
at 30 °C compared with those of the cells cultured in DM({—)

(Fig. 3).

Expressions of muscle-specific miRNAs are upregulated by
IGF-1 and VC

Our previous study examining the temperature-dependent ex-
pression of the muscle-specific miRNAs miR-1, -133a, -181a, and
-206 revealed that they were upregulated at 38 °C but not at 30 °C
[4]. These miRNAs are specifically expressed or highly enriched in
skeletal muscles and regulate myogenic differentiation [25].
RT-PCR revealed that the C2C12 cells cultured in DM containing
both 100 ng/ml IGF-I and 200 pM VC at 30 °C expressed all of these
miRNAs at nearly identical levels as the cells cultured in DM(—) at

38°C 30°C
IGF-f + VC - - +
myogenin
id3
B-actin

Fig. 3 - RT-PCR of myogenin and Id3 in C2C12 cells. Total RNA
was isolated from C2C12 cells cultured in DM at 38 or 30 °C and
in DM containing 100 ng/ml IGF-I and 200 uM VC at 30 °C for
4 days. IGF-1 and VC increased myogenin expression and
decreased Id3 expression at 30 °C compared with cells cultured
without IGF-I or VC.
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Table 1 - Band intensity of myogenin and 1d3

38 °C (Fig. 4). The muscle-specific miRNAs were barely detectable
in the cells cultured in DM(—) at 30 °C, though they expressed the
5S rRNA internal standard at levels similar to the cells cultured at
38 °C (Fig. 4). The individual band intensity of each miRNAs was
measured and standardized to that of 55 rRNA in the same
condition (Table 2).

IGF-I and VC can promote myogenic differentiation at
temperatures lower than 30 °C

As IGF-1 and VC were both shown to be able to prevent the low
temperature-induced inhibition of myogenic differentiation, the
ability of these factors to promote muscle cell differentiation at
temperatures lower than 30 °C was examined. C2C12 cells were
cultured in DM containing both 100 ng/ml IGF-I and 200 M VC at
either 25 or 28 °C and then immunostained for myogenin and
MyHC. At both temperature, IGF-I and VC promoted expression of
myogenin and MyHC (Fig. 5A and B), while no myoblasts
expressed them when cultured in DM(—). Multinucleated myo-
tubes were formed by day 10 at 28 °C, while only mono- or

bi-nucleated myocytes were observed on day 11 at 25 °C (Fig. 5C).

38°C 30°C

IGF-1 + VC - - +

miR-1

miR-133a

miR-206
58 rRNA

Fig. 4 - RT-PCR of muscle-specific miRNAs in C2C12 cells. Small
RNAs were isolated from C2C12 cells cultured in DM at 38 or
30 °C and in DM with 100 ng/ml IGF-I and 200 uM VC at 30 °C for
4 days. RT-PCR for the muscle-specific miRNAs miR-1, -133a,
-181a and -206 revealed that the cells cultured in DM with IGF-1
and VC at 30 °C expressed all of these miRNAs at nearly identical
levels as the cells cultured at 38 °C. The control cells cultured in
DM(—) at 30 °C expressed 5S rRNA, the internal standard, but
hardly expressed the muscle-specific miRNAs.

Table 2 - Band intensity of microRNAs

Satellite cells of IGF-1 overexpressing Tg mice swiftly differentiate
at both 37 °C and 30 °C

Satellite cells are myogenic stem cells [26] that are activated by
signals released from crushed myofibers [27] to differentiate into
myotubes which contribute to muscle regeneration [28]. In a
previous study, we demonstrated that activated satellite cells
expressed MyoD but not myogenin at 30 °C by day 3 [4]. Here, after
the isolation of myofibers from IGF-I Tg mice, which display
postnatal increases in muscle mass and strength [8], myogenin
expression in the satellite cells was compared with the levels in
WT mice without VC in 37 °C and 30 °C cultures. For both
experimental conditions, myofibers were cultured at 37 °C for
the initial 24 h in order to activate the satellite cells. To evaluate
myogenin expression in satellite cells, we calculated the ratio of
myogenin-positive nuclei to MyoD-positive nuclei per myofiber. A
ratio greater than 1.0 indicated that a majority of satellite cells
expressed myogenin, but had already downregulated MyoD
expression. In the 37 °C culture, the ratio of myogenin-positive
cells in IGF-I Tg mice was higher than that of WT mice on day 2,
which suggests that the myogenic differentiation of satellite cells
of IGF-I Tg mice was accelerated in comparison with WT mice.
However by day 3, the difference in the ratios of myogenin-
positive cells between IGF-I Tg mice and WT mice had disappeared
(Fig. 6A). In the 30 °C culture, very few satellite cells of both IGF-I
Tg and WT mice expressed myogenin on day 3, but on day 4, the
ratio of myogenin-positive satellite cells of IGF-I Tg mice was
significantly higher level than that of WT mice (Fig. 6B). A number
of satellite cells of WT mice, however, expressed myogenin at 30 °C
on day 4 (Fig. 6B and C), which was different from the observed
expression pattern in C2C12 cells.

Conditioned medium from differentiated C2C12 cells can
promote myogenin expression at 30 °C

We hypothesized that the reason why satellite cells of WT mice
expressed myogenin at 30 °C without exogenous IGF-I and VC in
the single-fiber culture was that some physiological factors which
could rescue myogenin expression at 30 °C were brought or
secreted into the medium from the myofibers. Therefore, we
examined whether or not conditioned medium (CM) from C2C12
cells differentiated at 38 °C could rescue myogenin expression at
30 °C. C2C12 cells cultured in CM for 6 days expressed myogenin at
almost the same level of the culture with 100 ng/ml IGF-I and
200 pM VC at 30 °C (Fig. 7A). The myoblasts cultured in CM at 30 °C
expressed MyHC, but did not fuse into multinucleated myotubes
even when cultured for 10 days, while the cell density gradually
decreased (Fig. 7B).
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Fig. 5 — Effects of IGF-1 and VC on myogenic differentiation of C2C12 cells at 25 and 28 °C. A. C2C12 cells were cultured in DM
containing both 100 ng/ml IGF-1 and 200 pM VC at 25 °C for 6 days or at 28 °C for 4 days and immunostained for myogenin. The
percentages of myogenin-positive nuclei to the total nuclei are presented as the mean - SEM. B. C2C12 cells were cultured in DM
containing both 100 ng/ml IGF-1 and 200 uM VC at 25 °C for 11 days or at 28 °C for 10 days and then immunostained for MyHC. The
percentages of nuclei in MyHC-positive cells to the total nuclei are presented as the mean + SEM. C. C2C12 cells were cultured in DM
containing both 100 ng/ml IGF-1 and 200 pM VC at 25 °C for 11 days or at 28 °C for 10 days and then immunostained for MyHC. Cell
nuclei were stained with Hoechst 33258. Although the cells expressed MyHC at both temperatures, multinucleated myotubes were
formed only at 28 °C, while mononucleated myocytes or binucleated myotubes were observed at 25 °C. Scale bar: 50 pm.

IGF-I and VC promote myogenic differentiation of human
muscle cells at 30 °C

Finally, we examined whether human skeletal muscle cells could
also be promoted to differentiate by treatment with IGF-1 and VC at
30 °C. Although the percentage of myogenin-positive nuclei of
human skeletal muscle cells was generally low (14.140.8%) in
comparison with C2C12 cells (42.94+1.9%) even at 38 °C, the
inhibition of myogenin expression at 30 °C (1.140.3%) and the
rescue effect with IGF-1 and VC (16.241.8%) was clearly
demonstrated (Fig. 8).

Discussion

Mouse myoblasts do not differentiate into multinucleated myo-
tubes at 30°C, which is much lower than the core body
temperature of most endotherms [4]. In this study, we demon-

strated that at this temperature myoblasts do not completely lose
the capacity to differentiate, as the treatment with exogenous IGFs
(IGF-1 and IGF-1I) and VC stimulates myoblasts to proceed toward
terminal differentiation. Although the addition of either IGF-1
alone or VC alone could promote myogenin expression in C2C12
cells at 30°C, elongated multinucleated myotubes which had
almost the same appearance as the myotubes cultured at 38 °C
were not formed unless both 100 ng/m! IGF-I and 200 uM VC were
continuously administered over a period of several days. IGF-II,
which also binds to IGF-I receptors, showed the same effects on
myogenic differentiation at low temperature in the combination
with vitamin C. These results show that appropriate chemical
factors can overcome the inadequacy of temperature for myogenic
differentiation, suggesting that the physical information such as
external temperature shares the same downstream signaling
pathways with the chemical information such as growth factors,
It is well established that IGF-I promotes both skeletal muscle
growth and differentiation [5]. At normal physiological



