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expression (Fig. 12A). It was notable that in medium containing 5 mM Pi, myogenesis was
not inhibited and the C2C12 cells differentiated into myotubes, while the expression Runx2
was augmented (Fig. 12B). Further observation revealed that myogenin and Runx2 did not
colocalize in the nuclei of myotubes, rather, Runx2 was localized in the cytoplasm. This
finding suggests that Runx2 is inactive in myogenic cells, as it has been reported that Runx2
activity is regulated by translocation between the nucleus and cytoplasm (Zaidi et al., 2001).
Upregulation of Runx2 expression was observed by Western blotting not only when the
C2C12 cells were cultured under high-Pi conditions, but also when cultured in the presence
of calcium deposits, which were generated by the addition of sodium phosphate and
calcium chloride to the medium (Fig. 12C). Osteocalcin, another osteogenic marker which is
a secreted protein whose expression is regulated by Runx2, was also examined (Fig 12D).
RT-PCR was performed with RNA samples prepared from C2C12 cells cultured under the
various Pi concentrations for four days. Osteocalcin expression was undetectable when the
cells were cultured with 1 mM Pi, but increased with the elevation of the Pi concentration.
We also measured calcium deposition in C2C12 cells cultured under the various Pi
concentrations and found that although the cells did not deposit calcium under normal Pi
conditions, cells cultured in medium containing 3 mM Pi or higher deposited calcium
(alizarin red S-positive cells; Fig. 12E ). The amount of calcium deposits increased
significantly at higher Pi concentrations.

Pi TmM 3mM 5mM 7 mM
MyHC
Nuclei

"~ 100im
Fig. 11. Immunocytochemistry of C2C12 cells cultured under various Pi concentrations.
Cells were immunostained for MyHC (green), MGP (red), and nuclei (blue).

8.2 Pi-induced calcification in primary cultures of skeletal muscle cells

Cells isolated from mdx skeletal muscle tissue were cultured in normal Pi (1.3 mM) to high-
Pi (6 mM) medium to study the effects of Pi in primary culture cells. The cells formed
myotubes when cultured in normal medium, whereas myotube formation was strongly-
inhibited under high-Pi conditions. The results of both alizarin red S and von Kossa staining
revealed that numerous calcium deposits were present in cells after ten days of culture in
high-Pi medium, but none detected in cells cultured in normal medium (Fig. 13). Therefore,
Pi induces osteogenesis in myoblasts, resulting in calcification while inhibiting myogenesis.
We conclude that the calcification of skeletal muscle is mainly due to the elevation of
intracellular Pilevels.
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Fig. 12. Immunocytochemistry and RT-PCR of C2C12 cells cultured under various Pi
concentrations (1, 3, 5, and 7 m). (A) The fusion index, myogenin expression, and expression
of Runx2 were quantified. The fusion index and ratio of nuclei expressing myogenin
decreased, while the ratio of Runx2-expressing nuclei increased with increasing Pi
concentration. (B) Close observation of cells cultured in medium containing 5 mM Pi by
staining with Hoechst 33258 to show the nuclei, or immunostained for myogenin or Runx2.
(C) Western blotting of C2C12 cells cultured under increased Pi or Ca concentrations. (D)
RT-PCR for osteocalcin in C2C12 cells cultured under various Pi concentrations. (E)
Quantification of calcium deposites generated by C2C12 cells cultured under various Pi
concentrations. (*: p<0.05; **: p<0.01).
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Phase Contrastimage Alizarinred S Kossa

1.3 mM Pi

5 mM Pi

Fig. 13. Calcification of mdx mouse muscle-derived primary culture cells. Calcium deposits
were stained red or black with alizarin red S and von Kossa staining, respectively. No
calcification was observed when cells were cultured in normal medium containing 1.3 mM
Pi. The von Kossa-stained samples were counterstained with nuclear fast red, and myotubes
appear pink. The bar represents 100pm.

9. Conclusion

In this study, we reviewed the mechanisms underlying calcification in skeletal muscle cells
following the elevation of intracellular Pi concentrations and revealed the effects of dietary
phosphate intake on ectopic calcification in mdx mice. Both in vivo and in vitro, high-Pi
conditions lead to the precipitation of calcium in mdx mice. We have demonstrated that the
presence of ectopic calcification in skeletal muscle exacerbates the impaired muscle function
of mdx mice, which represents a novel finding. The main goal of our studies is to
understand the effects and efficacy of nutritional components on muscular dystrophy as a
prior therapy. The effects of dietary phosphate intake on muscle pathology and kidney
function need to further elucidated in future studies. Furthermore, the therapeutic potential
of nutrition, particularly phosphate intake, should be considered when treating patients
with DMD.
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- genetic disease

D uchenne muscular dystrophy (DMD), characterized by mice, an animal model of DMD with a nonsense mutation in

progressive muscle degeneration, is one of the most the dystrophin gene. In spite of these positive results, long-term
common hereditary disorders, affecting approximately 1 in administration of gentamicin is not recommended due to 1ts
3500 live male births." This disorder is caused by mutations in severe side-effects including ototoxicity® and nephrotoxicity.”
the DMD gene, located on the X-chromosome. The DMD Small molecules possessing readthrough-promoting activity
gene encodes the protein dystrophin, which plays a crucial role have also been described for DMD treatment, including
linking the intracellular cytoskeleton and the extracellular aminoglycosides, 10 pTC compounds, and an oxadiazole
matrix via the dystrophin-associated protein complex (DAPC). derivative, ataluren (PTC-124, phase 1B)."
The loss of dystrophin function causes destabilization of the In the same vein, Arakawa et al."® reported that the dipeptidic

DAPC, which results in the breakdown of muscle fibers, loss of antibiotic (+)-negamycin (1, [2-(3,6-diamino-5- hydroxyhexa-
membrane integrity, and difficulty in walking and breathing, noyl)-1-methylhydrazinoJacetic acid, Figure 1)** also induced
and it ultimately leads to death. Nonsense mutations, which

lead to premature termination codons (PTCs) in the reading OH NH, O | ©
frame of the DMD gene, are responsible for up to 20% of DMD HoN__ A N,N oH
cases. The nonsense mutations yield truncated dystrophln H

proteins, which have no valuable biological function.” Presently,
although the molecular basis for the disease is clear, there is no
cure for DMD.? The only available treatment is glucocorticoid
therapy, which can prolong ambulation and reduce the
incidence of severe scoliosis, although it is lxmlted to relatively
short-term treatments due to severe side effects.*”

Recently, a unique therapeutic strategy, so-called “read-
through drugs”, was proposed to target genetic diseases caused
by nonsense mutations.” These drugs promote a translational

Figure 1. Structure of (+)-negamycin 1.

the readthrough of PTCs in both a prokaryotic translational
system15 and mdx mice.'® Therefore, 1 has been recognized as
a potential therapeutic agent for diseases caused by nonsense
mutations. Here, we designed and synthesized a series of
negamycin analogues, and their biological activity was evaluated
using a transgenic mouse strain, READ (readthrough evaluation

“skip” of PTCs, but not of normal termination codons, resulting and assessment by dual reporter),’® which expresses a dual-
in the production of fuﬂ.]ength proteins' Speciﬁcany, reporter gene segmentalized with a PTC. Once the most potent
gentamicin, an aminoglycoside antibiotic, was reported to

promote the readthrough of disease-causing PTCs in Received: October 19, 2011

mammalian cells. Furthermore, its treatment partially restored Accepted: January 2, 2012

dystrophin expression in skeletal and cardiac muscles of mdx Published: January 2, 2012

W ACS Publications  © 2012 American Chemical Society 118 dx.doi.org/10.1021/mi200245t | ACS Med. Chem. Lett. 2012, 3, 118122
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Table 1. Readthrough-Promoting and Antimicrobial Activities of Synthetic Negamycin Analogues

Yield Readthr ough Antimicrobial
Compound Structure (%)* activity © activity
OH
Gentamicin M o TFF N, NAY 1.00 £ 024 NT®
gzgm/wuz
1 OH NH, O | O
megamyen "N Aoy NA 1.00 £ 0.25 32/128/2/32/8
H
OH NH, QO | O
6 HIN A Aoy 32 1.01£0.16  >50/>50/25/>50/50
H
QH [s] | o]
a N A AN 7 0.830.13 -
H
QH [o]
11b HZN\/\/é\)L,d/\[rOH 27 136 +0.14 -
(o]
QH [e]
11e N A A Ao g3 0.81+0.11 -
H o
(:)H (o]
11d “eN\/'\/\)'\,lrerH 44 0.92 % 0.09 NT®
o
QH (o] (o]
11e HzN\/\/\/lLN/\)LOH 24 <0.8 -
H
C:)H [o]
11f “z"W\)LN(\cozH 13 <0.8 NT®
COH
QH o
14 “zNM)LE/\n/O“ 24 <08 -
[s]

“Synthetic yields were calculated from intermediates 3 or 7 for analogues 6 or 11a—f and 14, respectively. NA; not applicable, see ref 18. “Relative
in vivo readthrough-promoting activity, which is expressed as a ratio compared to gentamicin. Samples were subcutaneously injected at the abdominal
region of the READ mouse with a dosage of 0.1 mg/day/20 g body-weight for 7 days. Data are mean + SD (n = 4). “The antimicrobial activity
(MIC) against several microorganisms (Staphylococcus aureus FDA 209P/Bacilus subtilis NRRL B-558/Escherichia coli BEM11/Shigella dysenteriae ]
$11910/Pseudomonas aeruginosa A3, respectively). “— ” denotes >128 pug/mL (MIC). See ref 24. °NT: not tested.

11b had been identified (Table 1), we used mdx mice to assess
the effect on dystrophin expression, serum creatine kinase
levels,"” which are a clinical indicator of DMD, and general
toxicity. We found that 11b performed better than 1, with
markedly reduced toxicity, thus making it a promising
therapeutic candidate.

(+)-Negamycin 1 was first isolated in 1970 from a
microorganism closely related to Streptomyces purpeofuscus."*
In an attempt to synthesize chiral 1, we developed shortened,
highly efficient synthetic routes.'™'? Using one of these routes
as a starting point,19 here, we synthesized a series of analogues.
Briefly, for the synthesis of analogue 6 (Scheme 1A),
intermediate 3 was prepared from the commercially available
ester 2 over 7 s‘ceps.19 Then, 3 was converted to the N-
protected tert-butyl ester 4 as a single diastereomer
(diastereomeric excess (de) >99%) over 3 steps using Node’s
asymmetric Michael addition,®® removal of the chiral
auxiliary,® and protection of the inserted 3-amino group.
The obtained intermediate 4 was then efficiently converted to
the acid form by a microwave-assisted saponification, and it was
subsequently coupled with a hydrazino ester using an EDC-
HOBt (EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide;
HOBt, 1-hydroxybenzotriazole) method® to yield S. Depro-
tection of § with 4 M HCl/dioxane and purification by ion
exchange chromatography afforded 6 (specific rotation: found
[a]p26* +14.0 (c 0.94, H,0), literature data® [a]?2° +8.5 (¢
0.70, H,0)).

119

Next, analogues 1la—f were synthesized (Scheme 1B).
Weinreb amide 7' was prepared from 2 over six steps, and
then it was reduced with diisobutylaluminium hydride (DIBAL-
H) to the corresponding aldehyde, directly followed by
treatment with (benzyloxycarbonylmethylene)triphenyl-
phosphorane in THF under reflux conditions. After purification
by flash chromatography on silica (Silica Gel 60N, KANTO
CHEMICAL), we obtained 8 in 69% yield over two steps. After
8 was treated with Pd/C under a H, atmosphere, the resultant
9 was coupled with various amino acid fert-butyl esters or a
hydrazinoacid tert-butyl ester'® using an EDC-HOBt method to
obtain 10a—f. Deprotection of 10a—f with 4 M HCl/dioxane
and purification by reversed-phase HPLC afforded 11a—f with
30—96% yield. '

In the synthesis of analogue 14 (Scheme 1C), 7 was
converted to the intermediate 12 by a procedure similar to that
employed for 8 (Scheme 1B). Then, 12 was converted to the
acid form by saponification and subsequently coupled with
HCI'H-Gly-Ot-Bu using an EDC-HOBt method to yield 13.
Deprotection of 13 with 4 M HCl/dioxane and purification by
reversed-phase HPLC afforded 14 with 85% yield. The purity
of each synthesized analogue for biological evaluation was over
95%.

To evaluate the readthrough-promoting activity, we adapted
an in vivo dual-reporter gene expression system using READ
mice.'® This system encodes S-galactosidase and luciferase
genes connected with a PTC (see the Supporting Information).
f-Galactosidase activity is present constitutively, but luciferase

dx.doi.org/10.1021/ml200245t | ACS Med. Chem. Lett. 2012, 3, 118-122
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Scheme 1. Synthesis of Analogue 6
A
OH O 7 steps WLQ 0o 3 steps

’N\N\)L —
Boc " 0rBu

%\/\/\/U\ \)LOt Bu

4 5

B —

Boc OtBu

OH NH, O

LA \/\/\/”\ JJ\OH

3-epi-negamycin 6

%Q Q a)
Boc A OMe . ———=

6 steps
e
Rm—

) . oH o
'N\)\/\)L - \/‘\/\)J\
Boc R HoN R
10a-f 1laf

10a: R = NHN(Me)CH,CO,tBu, 63%  11a: R = NHN(Me)CH,CO,H, 63%
10b: R = NHCH,CO,t-Bu, 63% 11b: R = NHCH,CO,H, 62%

10¢: R = NHCH,CO,EL, 95% 11¢: R = NHCH,CO,EL, 96%

10d: R = N(Me)CH,COyt-Bu, 79% 11d: R = N(Me)CHoCOH, 81%
10e: R = NHCH,CH,CO,tBu, 58% 11e: R = NHCH,CH,CO,H, 59%
10f: R = N(CH,COt-Bu),, 63% 11f: R = N(CHyCOzH), 30%

C
o o ) Na: 9 b)
Boc’l\l\/‘\/U\N’OMe . Boc’N\/\/vj\oMe

7 12

—_—

) OH 0]
C, B
% —_— OH
/N\/\/\/IL Ot-Bu HQN\/\/\/U\N/\H/
Boc N

H/\n/ H S
14

“Reagents and conditions: (A) Synthesis of 6: (a) (i) KOH, MeOH,
microwave (300 W), 100 °C, 10 min; (ii) PTSA-H,N—N(Me)-
CH,CO,t-Bu, HOBt-H,0, Et;N, EDC-HC], CH,ClL, tt, 4 b, 62% (2
steps); (b) (i) 4 M HCl/dioxane, rt, 1 h; (i) ion exchange
chromatography, 98%. (B) Synthesis of 1la—f: (a) (i) DIBAL-H,
toluene, —78 °C, 2 h; (ii) PhyP = CHCO,Bn, THF, reflux, overnight,
69% (2 steps); (b) Pd/C, H,, MeOH, 1t, 1.5 h, quant; (c) amino acid
t-Bu esters or hydrazinoacid t-Bu ester, HOBt-H,O, Et;N, EDC-HC],
DMEF, 1t, 3 h to overnight, 58—95%; (d) (i) 4 M HCl/dioxane, 1t, 1 h;
(ii) reversed-phase HPLC, 30—96%. (C) Synthesis of 14: (a) (i)
DIBAL-H, toluene, —78 °C, 2 h; (ii) PhyP = CHCO,Me, THEF, reflux,
overnight, 63% (2 steps); (b) (i) KOH, MeOH/H,0 (2:1), rt, 4 h;
(i) HCI-H-Gly-Ot-Bu, HOBtH,0, Bt,N, EDC-HCl, DMF, rt,
overnight, 44% (2 steps); (c) (i) 4 M HCl/dioxane, rt, 1 h; (ii)
reversed-phase HPLC, 85%.

activity is only detected when readthrough occurs. Therefore,
the activities of both enzymes in skeletal muscle were measured
to calculate the activity ratio of luciferase to f-galactosidase
after negamycin analogues (0.1 mg) were subcutaneously
administered in the abdominal region of READ mice for 7 days.

120

The antimicrobial activity was also measured.”* The results of
these biological evaluations are shown in Table 1.

Since synthetic 1 showed similar levels of readthrough-
promoting activity to the extracted native 1 (data not shown)
and gentamicin, we first evaluated the importance of stereo-
chemistry at the 3-amino group. The (+)-3-epi-negamycin 6
exhibited equipotent activity to 1, suggesting that the
stereochemistry of the 3-amino group might not be important
for the activity. Next, analogue 11a with no 3-amino group was
prepared (Table 1). However, complete removal of the amino
group led to a decrease and a loss of the readthrough-
promoting and antimicrobial activities, respectively. Thus, the
presence, but not the stereochemistry, of the 3-amino group
was important for both biological activities.

In striking contrast, however, we observed that when both
the N-methyl and amino groups were omitted from 1la, the
corresponding glycine analogue 11b was a potent promoter of
readthrough activity, demonstrating a 14-fold increase in
functionality as compared to the case of 1. Importantly, 11b
also did not display antimicrobial activity, making it a more
selective readthrough-promoting analogue than 1. In other
words, it means that the readthrough-promoting activity can be
distinguished from the antimicrobial activity.

Encouraged by these results, we synthesized additional
analogues based on the chemical structure of 11b. However,
both the ethyl ester analogue 1lc¢ and the N-methyl glycine
analogue 11d demonstrated decreased activities. From these
results, we inferred that the glycine residue with a free
carboxylic acid was functionally important, a hypothesis that we
confirmed using 1le and 11f. Moreover, 14, with the
unsaturated amide structure, did not show any significant
activity.

To understand the biological effects in detail, the most active
11b was chosen for further in vivo immunohistochemical and
biochemical evaluations. Regarding the immunohistochemical
evaluation; 11b was subcutaneously injected in the abdominal
region of mdx mice at a dosage of 1 mg in phosphate-buffered
saline (PBS, 0.2 mL)/day/20 g body-weight for 4 weeks.
Dystrophin expression was clearly observed in the skeletal
muscle of wild-type B10 mice (Figure 2A), while mdx mice

A » B Cc

B10 + saline (n = 1)

mdx + saline (n = 2)

mdx + 11b (n = 3)

Figure 2. Dystrophin expression in skeletal muscles. Immunofluor-
escent staining of dystrophin in mouse muscle tissues was performed
on 8 um transverse cryosections.'> (A) wild-type B10 mouse; (B)
untreated mdx mouse; (C) 11b-treated mdx mouse. Bar = 200 pm.

lacked this signal (Figure 2B). In contrast to these controls,
dystrophin expression was only partially restored in the skeletal
muscle of 11b-treated mdx mice (Figure 2C). However, this
result suggested that 11b promotes PTC readthrough and is
therefore a potential therapeutic candidate for DMD.
Regarding biochemical evaluation, we assessed levels of
serum creatine kinase (CK)'” in mdx mice treated subcuta-
neously with 11b at a dosage of 1 mg in PBS (0.2 mL)/day/20
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g body-weight for 4 weeks. As controls, the CK level in a wild-
type B10 mouse was very low, while levels in mdx mice were
very high. A statistically significant reduction of serum CK
levels in 11b-treated mdx mice was observed in comparison to
the case of the untreated controls (Figure 3A). This result
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Figure 3. (A) Serum CK levels in mdx mice: wild-type B10 (n = 1);
mdx (n = 2); 11b-treated mdx (n = 3). (B) Effect of 11b on the body-
weight of mdx mice. The body-weight of 1- and 11b-treated mice (1 =
4, 1 mg/day/20 g body-weight) over the course of 4 weeks was
measured in comparison to that of saline-treated mice (n = 2) as a
control. (C) Effects of the administration of high doses of 11b on the
readthrough-promoting activity in READ mice. P: Probability-value.
Error bar indicates SD.

suggested that 11b could enhance the strength of muscle fibers
by increasing functional protein expression.

Next, we examined the acute in vivo toxicity of 11b as
compared to 1 by measuring the body-weight change of mdx
mice for 4 weeks. Improving the in vivo toxicity profile of 1 was
an important goal for the development of readthrough drugs
based on the negamycin structure. As shown in Figure 3B, over
the course of 4 weeks, the body-weight of saline-treated mice
gradually increased, while that of 1-treated mice (1 mg in 0.2
mL saline/day/20 g body-weight) markedly decreased.
Conversely, the body-weight of 11b-treated mice (1 mg in
0.2 mL saline/day/20 g body-weight) slowly increased during
this time frame, indicating that 11b exhibited a lower toxicity
profile than 1. We postulate that this lower toxicity is due to the
absence of the hydrazine structure in 11b. This improved
toxicity profile strongly supports the potential of 11b for the
long-term treatment of DMD.
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Finally, inspired by the low toxicity observed with 11b, we
tested the effects of high doses of 11b on PTC readthrough-
promoting activity. Accordingly, 11b, or gentamicin or saline, as
positive and negative controls, respectively, was administered
subcutaneously in READ mice for 7 days. As shown in Figure
3C, the readthrough-promoting activity of 11b was not dose-
dependent at the levels tested. However, at a 3 mg dose, 11b
was more effective than gentamicin. For unknown reasons,
there appeared to be a reduction in readthrough-promoting
activity at the highest dosage of 11b, an observation that we will
pursue in the near future.

In summary, we have synthesized a series of (+)-negamycin
analogues and evaluated their readthrough-promoting activity
for DMD. On the basis of SAR studies, we identified 11b as the
most potent candidate. This analogue was then taken forward
through immunohistochemical and biochemical studies, which
demonstrated that treatment with 11b restored some
dystrophin expression in mdx mice and decreased their serum
CK levels, indicating that the drug was protecting muscular
tissues from collapse. Most importantly, 11b was shown to have
a lower toxicity profile than 1, which might be useful for the
long-term treatment of DMD. Further SAR studies to develop
more efficient derivatives are under investigation.
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Correlation of within-individual fluctuation of depressed
mood with prefrontal cortex activity during verbal
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Abstract. Previous studies showed that interindividual variations in mood state are associated with prefrontal cortex
(PFC) activity. In this study, we focused on the depressed-mood state under natural circumstances and examined
the relationship between within-individual changes over time in this mood state and PFC activity. We used optical
topography (OT), a functional imaging technique based on near-infrared spectroscopy, to measure PFC activity
for each participant in three experimental sessions repeated at 2-week intervals. In each session, the participants
completed a self-report questionnaire of mood state and underwent OT measurement while performing verbal
and spatial working memory (WM) tasks. The results showed that changes in the depressed-mood score between
successive sessions were negatively correlated with those in the left PFC activation for the verbal WM task
(p = —0.56, p < 0.05). In contrast, the PFC activation for the spatial WM task did not co-vary with participants’
mood changes. We thus demonstrated that PFC activity during a verbal WM task varies depending on the
participant’s depressed mood state, independent of trait factors. This suggests that using optical topography to
measure PFC activity during a verbal WM task can be used as a potential state marker for an individual’s depressed
mood state. © 20771 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3662448]
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1 Introduction

The relationship between mood and cognition, as well as the neu-
ral mechanisms supporting it, has long attracted researchers in
psychology and neuroscience.”? Behavioral experiments have
shown that even mild variations in mood state influence var-
ious cognitive functions such as working memory (WM) and
cognitive fluency."»>*# Recent neuroimaging studies have im-
plicated the prefrontal cortex (PFC) as one of the key regions
that converges mood and cognition in the brain.'>? For instance,
functional magnetic resonance imaging (fMRI) studies have re-
ported that experimentally induced negative moods affect PFC
activity during cognitive tasks such as WM and Stroop tasks.>®
In addition, near-infrared spectroscopy (INIRS) studies focusing
on moods under natural circumstances indicate that people hav-
ing a high level of fatigue or sleepiness showed decreased PFC
activity in response to verbal fluency tasks.”8 However, little is
known about how PFC activity during cognitive tasks and nat-
ural moods, which can vary across days or weeks, are coupled
within individuals. Thus, tracking within-individual fluctuations
in natural mood and PFC activity during cognitive tasks is nec-
essary to deepen our knowledge about their relationship.

In our previous study, we used optical topography (OT),
which is a noninvasive functional imaging-technique based on

"These authors contributed equally to this work.
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NIRS,* ! to show that a variation in the negative mood state
across participants is correlated with their PFC activity for a
verbal WM task.'? OT measures hemodynamic responses in the
cerebral cortex under near-natural situations (e.g., sitting posi-
tion) and allows us to minimize mood modulation due to the
experiment itself. In the previous study, the participants’ natu-
ral moods were assessed by using the Profile of Mood States
(POMS), a self-reporting questionnaire.'>'* As the POMS is
used to evaluate a responder’s typical mood states rather than
personality traits,'> one can assume that the observed correla-
tion would reflect a state-dependent effect. However, because of
the experimental design used in the previous study, i.e., across-
subject design, we could not deny the possibility of the con-
tribution of individual trait factors (e.g., personality traits or
dispositional moods) in the results.

One solution to dissociate the state-dependent effect found
in the previous study'? from certain trait factors is examining
whether PFC activity changes in correlation with his/her mood
state using a within-individual design. In this study, we repeated
three experiment sessions for each participant at 2-week inter-
vals to trace the time-to-time mood fluctuations within indi-
viduals, which enabled us to identify the contribution of each
participant’s depressed mood state to the variations in their PFC
activity independent of trait factors.
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2 Materials and Methods
2.1 Participants

Seventeen healthy adults (12 males and 5 females; 25 to 48 years
old) participated in the three experimental sessions at 2-week
intervals. None of the participants had participated in our previ-
ous study.'? This study was approved by the Ethics Committee
of Hitachi, Ltd., and all participants provided written informed
consent before the experiments.

2.2 Mood Assessment

At the beginning of each session, the participants’ natural moods
were assessed with a short form of the POMS, '® which had been
translated and validated for the Japanese general population.'*
While the POMS depicts sustained moods, previous studies have
shown that it detects mood fluctuations within individuals.'®
Moreover, the test-retest reliability of POMS scores is not par-
ticularly high (0.65 to 0.74), suggesting that the score reflects a
mood state rather than a personality trait. !’

The participants rated 30 mood-related adjectives on a 5-
point scale ranging from 0 (“not at all”) to 4 (“extremely”) on
the basis of how they had been feeling during the past 1 week.
The POMS consists of six identifiable mood factors: tension,
depression, anger, vigor, fatigue, and confusion. In this study,
we focused on the POMS depression score (POMS_D) because
it had shown the most significant correlation with PFC activity
for the verbal WM task in our previous study.'?

2.3 WM Tasks

Immediately after the mood assessment, we measured the par-
ticipants’ PFC activity while they performed WM tasks. The
tasks were presented through software (Platform of Stimuli and
Tasks, developed at Hitachi’s Central Research Laboratory), the
same as in the previous study.'? Each participant performed two
types of WM tasks (verbal and spatial), which had an identi-
cal delayed-response paradigm. In both sessions, each task trial
started with a 1500-ms presentation of the target stimuli (Tar-
get) on the PC display screen, which was followed by a delay
of 7000 ms. A probe stimulus (Probe) was then presented for
2000 ms or until the participant responded. The participant re-
sponded by pressing a button on a handheld game controller
connected to the PC. The system recorded the button pressed
and the reaction time. In the verbal WM task, a set of two or four
Japanese Hiragana characters were presented as the Target, and
a Japanese Katakana character was presented as the Probe. The
patticipants were instructed to judge whether the character pre-
sented as the Probe corresponded to any of the Target characters
and then press the appropriate button. In the spatial WM task,
the Target was the location of two or four white squares out of
eight locations, and the Probe was the location of a white square.
The participants were instructed to assess if the location of the
white square presented as the Probe was identical to any of the
locations of the squares presented as the Target. The intervals
between the Probe onset and the following Target onset in the
next trial were randomized from 16 to 24 s. Only a fixation cross
was presented during the interval and delay period. In addition,
a visual cue (changing the color of the fixation cross) was pre-
sented for 500 ms prior to trial onset. Auditory cues (1000- and
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800-Hz pure tones of 100-ms duration) were presented at the
onsets of the visual cue and Probe, respectively.

We organized the WM tasks into two sessions, one for the
verbal WM task and the other for the spatial WM task, with a
counterbalanced order across participants. Sixteen trials of one
of the tasks were repeated in each session, and the sessions
were separated by a short break (approximately 1 min). While
in our previous experiment the WM task was intermingled with
two additional conditions resulting in only five repetitions for
each WM task, these conditions were not used in the present
experiment. This modification made it possible to increase the
number of repetitions for the WM task.

2.4 OT Measurement

The PFC activity was measured using an OT system (ETG-
7100, Hitachi Medical Corporation, Japan). The system is
based on a continuous wave (cw) NIRS technique.®! Al-
though other techniques such as time-resolved and frequency-
domain techniques'’'° are possibly advantageous for accurate
estimation of brain tissue oxygenation and for depth-resolved
analysis,”*??> we used the cw NIRS technique because it has
proved useful in previous practical studies.???

The OT system light sources were cw laser diodes with a
wavelength of 695 or 830 nm. The average power of each source
was 2 mW (for both wavelengths), and the two wavelength lights
were irradiated on the skin through an incident optical fiber bun-
dle (1.5-mm diameter). The signal intensities of the transmitted
light were detected through a detection optical fiber bundle lo-
cated 30 mm from the incident position at a sampling rate of
100 ms. We used 15 incident optical fiber bundles (sources)
and 15 detection optical fiber bundles (detectors), which were
arranged alternately, separated by 30 mm, in a 3x 10 lattice pat-
tern and embedded in a soft silicon holder. This resulted in a
configuration with 47 measurement positions (defined as chan-
nels: chs), each corresponding to a midpoint of source-detector
pair (Fig. 1). The holder was placed on each participant’s fore-
head, and the optical fiber bundles contacted the skin on the
forehead. Although we used a different system (ETG-4000, Hi-
tachi Medical Corporation, Japan) in our previous study,'? the
basic specifications were common to both systems. The only
difference between the two measurements was the width of the
measurement area; the present study measured 47 chs (6 x 27
cm) using a 3x 10 optode arrangement while our previous study
measured 52 chs (6 x 30 cm) using a 3x 11 optode arrangement.

Left frontal view

Right frontal view

Fig. 1 Arrangement of measurement positions (47 channels) in MNI
space, estimated using probabilistic registration method (Ref. 30).
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The reduced width in the present study was due to a limitation
in the system software. In addition, the primary activation ar-
eas identified in the previous study'?> were in the range of the
measurement area of the present study.

To estimate the locations of the OT channels in the Montreal
Neurological Institute (MNI) space, we used the probabilistic
registration method.?3® Prior to the experiment, we corrected
the sample data for the three-dimensional (3D) coordinates of
the 30 optode locations and scalp landmarks (in accordance
with the international 10 to 20 system: Fpl, Fp2, Fz, T3, T4,
C3, C4) for the 11 participants. The data were recorded with a
3D-magnetic space digitizer (3D probe positioning unit for OT
system, EZT-DM101, Hitachi Medical Corporation, Japan).

2.5 Data Analysis

Analysis was performed using the plug-in—based analysis soft-
ware Platform for Optical Topography Analysis Tools (devel-
oped by Hitachi, CRL; run on MATLAB, The MathWorks, Inc.,
U.S.A.). First, the temporal data detected for the intensity change
at each wavelength were used to calculate the products of the ef-
fective optical path length and the concentration changes of the
independent hemoglobin (Hb) species (AC 5y : 0xy-Hb signal,
and AC'geoxy: deoxy-Hb signal) for each channel on the basis of
the modified Beer—Lambert law>' as follows:

—Edeoxy(.2) - AAGD)TEdeoxy (A1) - AAp2)

AC! =L - ACpy= =
(1

oxy

Soxy 02) - AAGD — Soxyil) - AAp)

ACéleoxy =L Acde‘”‘y = E
2

where

E = &deoxy(r1) * Eoxy(h2) — Edeoxy (A2) * Eoxy (A1) 3

AC ory and AC geony are expressed as the indefinite effective
optical path length in the activation region (L) multiplied by the
concentration change (ACoyy and A Cgeoxy). AA, Eoxy, and Edeoxy
indicate the logarithm of the intensity change in the detected
light, the absorption coefficient of the oxygenated hemoglobin,
and that of the deoxygenated hemoglobin, respectively, for the
two wavelengths (A1, A2). We assume that the effective optical
path length (L) is equal for every wavelength because accurate
estimation of L is almost impossible with current techniques.*?
We used the oxy-Hb signals (AC"oyy) in our analysis because
we had previously observed clearer responses in these sig-
nals than in the deoxy-Hb signals.'>3*3 To extract the task-
related components from the raw oxy-Hb signals, we primarily
used independent component analysis (ICA) following a pub-
lished procedure.® Using this procedure, we reconstructed
task-related oxy-Hb signals from the independent components
that exceeded a criterion of 0.2 for the mean intertrial cross
correlation.®

The time-continuous data of the oxy-Hb signals for each
channel were separated into task blocks, which were defined as
25.5-g periods starting from 1.0 s before Target onset and ending
16.0 s after Probe onset, each containing a WM task trial. We
removed blocks contaminated by a motion artifact, which was
defined as a raw oxy-Hb signal change larger than 0.4 mM - mm
over two successive samples (200-ms duration), as we did in
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our previous study.'? We selected 0.4 mM - mm as the threshold
level because we had found that sharp noises (putatively un-
physiological signal changes) identified by a visual inspection
of the data from our previous study'? were effectively detected
at this level. The remaining data were baseline corrected by lin-
ear regression based on the least squares method by using the
data for the first second and the final second of each task block.
To evaluate PFC activity during the tasks, we defined the
“activation period” as the 5-s period starting 5.0 s after Tar-
get onset, taking into consideration the delay in hemodynamic
changes from neuronal activity mainly related to the encoding
process. The mean signal changes during the activation period
(x;) were calculated for the oxy-Hb signal for each task block.
Using the mean value of x; across task blocks, we calculated
within-participant z-values (converted from #-statistics) for each
channel, taking intertrial variability into consideration as fol-
lows:
X

= , 4
2=5h 4)
where
1 n
xX=-% x, &)
n 4
i=1
and
(6)

The z-values are expressed as the mean x; [Eq. (5)] divided by
the intertrial variability, which is given by the standard deviation
of the x; across task trials [Eq. (6)]. The z-values were defined as
activation values (Act_V and Act_S) and represented the activa-
tion strengths for the verbal WM task (Act_V) and spatial WM
task (Act_S). For the correlation analysis, we calculated the dif-
ferences between successive sessions (A1st to 2nd and A2nd to
3rd) in Act_S (AAct_S), in Act_V (AAct_V), and in POMS_D
(APOMS_D) for each participant. These time-to-time fluctua-
tions by individuals enabled us to identify the contribution of
each participant’s mood state on their PFC activity independent
of trait factors. In the correlation analysis, the Spearman (rank)
partial correlation with control variables of age and gender was
used.

3 Results

Behavioral data (accuracy and reaction time: RT) for the WM
tasks are listed in Table 1. An analysis of variance (ANOVA)
with session order (1st, 2nd, and 3rd) and WM task (verbal
and spatial) as within-participant factors revealed that there was
no significant main effect of session order for both accuracy
(p = 0.47) and RT (p = 0.29). On the other hand, a significant
main effect of WM tasks was indicated for RT (p = 0.005), which
means that RT for the verbal WM task was longer than that for
the spatial WM tasks. However, the verbal WM task tended to
show higher accuracy than the spatial WM task, though it was
not significant (p = 0.14). The mean and standard deviation (SD)
of POMS_D were 2.47 4 2.67 for the 1st session, 1.88 +2.23
for the 2nd session, and 2.65 +2.91 for the 3rd session.

To examine the basic activation pattern during WM tasks,
we first conducted across-participants z-test of the activation
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Table 1T Mean accuracy and RT for WM tasks.

Verbal Spatial

1st 2nd 3rd 1st 2nd 3rd

Accuracy (%) 97.8  97.4 963 960 963 949

SD 4.8 5.1 7.2 7.4 7.2 9.3
RT (ms) 1250 1164 1165 1109 1122 1069
SD 208 188 263 205 261 255

values (Act_V and Act_S) for each session [Fig. 2(a)]. Channels
in the bilateral dorsolateral PFC showed significantly positive
values in all cases (p < 0.05). In particular, ch22 in the right
hemisphere and ch26 in the left hemisphere consistently showed
prominent activation (p < 0.01) for all sessions for both WM
tasks [marked channels in Fig. 2(a)]. For these main activation
channels, a session dependency (order effect) on the activation
values was tested using the repeated-measures ANOVA with
session order (Ist, 2nd, and 3rd) and WM task (verbal and

verbal WM spatial WM

1st

2nd

3rd

(p < 0.05)

(b) —1st —2nd -—3rd “1 activation period

target probe target  probe

0.04 0.04

0.02 0.02

oxy-Hb signal [mM-mm)

o

oxy-Hb signal [mM-mm}

0 10 20
time [s]

Fig. 2 Reproducibility of cortical activation for verbal and spatial WM
tasks. (a) t-maps of activation values among participants. Channels with
significant activation (determined with one-sample t-test against zero)
are indicated with color scale shown below (two-tailed, p < 0.05).
(b) Mean time courses of reconstructed oxy-Hb signals for representa-
tive channel (ch22 in Fig. 1). Yellow bars perpendicular to the x-axis
indicate activation period (5-s duration). Error bars indicate standard
errors across participants.
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spatial). This analysis showed no main effect of the session
order (ch22: p = 0.96, ch26: p = 0.28) with no interaction
between session order and WM task (ch22: p = 0.59, ch26:
p =0.76), indicating the same activation pattern was reproduced
for all sessions regardless of the WM type. The similarity of the
time courses in activation signals among sessions is shown in
Fig. 2(b). In addition, the main effect of WM tasks indicated
no significant effect in the two channels (ch22: p = 0.90, ch26:
p =0.15).

To reveal the relationship between within-individual changes
in depressed mood state and PFC activation for WM tasks, we
calculated the Spearman rank correlation coefficient (o) between
APOMS_D and AAct_V (or AAct_S) for each channel. The p-
maps for Alst to 2nd and A2nd to 3rd are shown in Fig. 3(a).
We regarded the channels, in which the p-values were less than
0.05 for both Alst to 2nd and A2nd to 3rd, as significantly cor-
related. This result indicated significantly negative correlations
between APOMS_D and AAct_V for channels mainly located
in the left dorsolateral PFC (ch26 and ch35) and around the
left pre-motor and supplementary motor cortex (ch8 and chl19).
In contrast, the correlation coefficients between AAct_S and
APOMS_D did not reach statistical significance (the higher
p > 0.21). These results were consistent with our previous
results.!? The distributions of p-values among'? channels are
shown with histograms [Fig. 3(b)] to demonstrate the discrep-
ancy between AAct_V and AAct_S.

Figure 4 shows the negative correlation between APOMS_D
and AAct_V inthe left dorsolateral PFC (ch26 and ch35), where
clear WM-related activity was demonstrated (Fig. 2). The p-
values for the correlation coefficients were 0.0315 and 0.0292 for
Alstto 2nd and A2nd to 3rd, respectively. These p-values mean
that the probability of obtaining these correlation coefficients is
0.00092 (0.0315x%0.0292), which is below the corrected p-value
of 0.05 for all 47 channels (0.05/47 = 0.00106). This indicates
that decreased depressed mood score (POMS_D) is correlated
with increased PFC activity for the verbal WM task (Act_V).

The within-individual fluctuations of POMS_D and Act_V
(mean of ch26 and ch35) are shown in Fig. 5 for all participants,
where the POMS_D is denoted on the reversed Y-axis. Although
the sensitivities might be different, the basic change pattern for
Act_V and reversed POMS_D across sessions appears to be
similar in most participants.

4 Discussion

We used OT to show that fluctuations in the depressed mood
state within individuals are correlated with their PFC activity
during a verbal WM task. The results are consistent with those
of our previous study'? and confirm the state-dependent feature
of PFC activity, which cannot be explained by the effects of
certain trait differences among individuals.

The mean activation patterns for WM tasks were well repro-
duced, as shown in Fig. 2. The central channels of the activation
were located in the dorsolateral PFC, which is consistent with
other fMRI studies.’® Moreover, the strong similarity between
the activation patterns found in the present study with those
found in our previous study!? suggests that OT measurement
is highly reliable for detecting cortical activity for these WM
tasks. We found no main effect of session order for the PFC
activity, suggesting that there was no simple order effect in our
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Fig. 3 Relationship between variations in depressed mood state (POMS_D) and those in activation values for verbal and spatial WM tasks (Act_V
and _Act_S). (a) Statistical p-maps indicating correlation coefficients (Spearman p) between APOMS_D and AAct_V (or AAct_S). Channels that
showed correlation coefficients (p < 0.05) in both ATst to 2nd and A2nd to 3rd are marked with solid circles. In addition, channels that showed
correlation coefficients (p < 0.10) in both Alst to 2nd and A2nd to 3rd are marked with dashed circles. (b) Histograms illustrating distributions of
p-values for each WM task. Blue vertical line denotes median p-value for verbal WM task, and red vertical line denotes median p-value for spatial

WM task among 47 channels.

measurements. In addition, the oxy-Hb signals in a representa-
tive channel demonstrated overlapped time courses among three
sessions. These results support that relevant cortical activity for
WM functions can be extracted using ICA.* Regarding dif-
ferences between verbal and spatial WM tasks, the activation
regions for the verbal WM task appeared to be larger than those
for the spatial WM task. However, no significant main-effect of
WM tasks was found in the channels that showed significant
correlation coefficients between APOMS_D and AAct_V (ch8:
p = 0.94, ch19: p = 0.12, ch26: p = 0.15, ch35: p = 0.07).
In addition, the behavioral data did not reveal significant dif-
ferences between the two tasks in terms of difficulty. The RT
for the verbal WM task was longer than that for the spatial WM
tasks, which was possibly due to a difference in the task strategy,
as participants showed higher accuracy for the verbal WM task
than for the spatial WM task.

OA 1st-2nd
p =-0.556, p=0.0315

®A 2nd-3rd
p =-0.562, p = 0.0292

(a)
(b)

APOMS_D

Fig. 4 Scatter plot showing relationship between APOMS_D and
AAct_V in left dorsolateral PFC (mean of ch26 and ch35). (a) Regres-
sion line of data for Alst to 2nd. (b) Regression line of data for A2nd
to 3rd.
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The basic activation patterns were thus similar in both WM
tasks, but the correlation analysis revealed a contrast between
tasks in relation to the depressed mood state (POMS_D). The
negative correlation between APOMS_D and AAct_V were
well reproduced in the two independent differences between suc-
cessive sessions (A Istto 2nd and A2nd to 3rd), while there were
consistently no significant correlations between APOMS_D and
AAct_S. This result suggests that the PFC activity induced by
a verbal WM task is selectively related to an individual’s de-
pressed mood state. In addition, the significant channels were
mainly located in the left dorsolateral PFC, which is consistent
with previous results.!> Thus, we found that the interindivid-
ual variation in PFC activity during a verbal WM task'? is not
simply an indirect reflection of individual differences in trait
factors; it actually reflects time-to-time fluctuations in the de-
pressed mood state of an individual. Although the inherent lim-
itation of transcranial NIRS requires that we consider the effect
of hemodynamic changes in the extracerebral tissue, such as
changes in skin blood flow,3”* our task paradigm did not im-
pose intense physical or psychological demands, which could
induce systemic changes. Moreover, the effect of extracerebral
hemodynamic changes could not account for our finding that
there is selective negative correlation between APOMS_D and
AAct_V in a localized area.

We plotted the within-individual fluctuations of POMS_D
and Act_V (Fig. 5) to indicate the feasibility of using OT signals
for assessing the depressed mood state of healthy participants.
While Act_V apparently fluctuated in parallel with POMS_D
within individuals, we could not estimate its effectiveness or
validity because the depressed mood state is a psychological
construct and difficult to define. To uncover new ways of us-
ing optical topography to obtain a potential state marker for an
individual’s mood state, we need to further clarify the interac-
tions between the depressed mood state and PFC activity on the
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Fig. 5 Monthly fluctuations in POMS_D and Act_V (mean of ch26 and ch35) shown for every 2 weeks for all participants. Graphs with small “f” in

top-left corner indicate data from females.

basis of neurophysiology, such as by using a pharmacological

approach.!

5 Conclusion

We demonstrated that prefrontal cortex activity during a verbal
working memory task varies depending on the participant’s de-

pressed mood state, independent of trait factors. This suggests
that using optical topography to measure PFC activity during a

verbal WM task can be used as a potential state marker for an

individual’s depressed mood state.
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Abstract Heat-shock protein90 (HSP90) plays an essen-
tial role in maintaining stability and activity of its clients.
HSPI0 is involved in cell differentiation and survival in a
variety of cell types. To elucidate the possible role of
HSP90 in myogenic differentiation and cell survival, we
examined the time course of changes in the expression of
myogenic regulatory factors, intracellular signaling mole-
cules, and anti-/pro-apoptotic factors when C2C12 cells
were cultured in differentiation condition in the presence of
a HSP90-specific inhibitor, geldanamycin. Furthermore, we
examined the effects of geldanamycin on muscle regener-
ation in vivo. Our results showed that geldanamycin
inhibited myogenic differentiation with decreased expres-
sion of MyoD, myogenin and reduced phosphorylation
levels of Aktl. Geldanamycin had little effect on the
phosphorylation levels of p38MAPK and ERK1/2 but
reduced the phosphorylation levels of JNK. Along with
myogenic differentiation, geldanamycin increased apopto-
tic nuclei with decreased expression of Bcl-2. The skeletal
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muscles forced to regenerate in the presence of geldana-
mycin were of poor repair with small regenerating myofi-
bers and increased connective tissues. Together, our
findings suggest that HSP90 may modulate myogenic dif-
ferentiation and may be involved in cell survival.

Keywords Apoptosis - HSP90 - JNK - Myogenic
differentiation - Survival

Introduction

Heat-shock proteins (HSPs) are highly conserved set of
cellular proteins that are quickly induced by stressful
stimuli [1] to assist in the maintenance of cellular integrity
and viability [2]. Under physiological conditions, HSP90
dynamically interacts with a diverse but highly select set of
inherently unstable client proteins, including steroid hor-
mone receptors, kinases, and transcription factors [3]. The
HSP90 protein acts as molecular chaperone that regulates

the cellular stress response by maintaining the conforma-

tion, stability, and function of client proteins [4].

Several lines of evidence suggest important roles for
HSP90 in muscle physiology, such as myofibril assembly
[5], somite development [6], muscle fiber lineages [7], and
myogenic differentiation [8]. Yun et al. has been, for the first
time, reported that myotube formation is blocked when
C2C12 cells are treated with HSP90-specific inhibitor,
geldanamycin [8]. However, since their study is based on
qualitative data, it is arguable to what extent pharmacolog-
ical inhibition of HSP90 activity suppresses myogenic
differentiation. Geldanamycin specifically interferes with
this association by occupying the ATP-binding pocket of
HSP90 and dissociates client proteins from the chaperone,
which results in their degradation by the ubiquitin-dependent
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proteasome pathway [9]. Geldanamycin causes depletion of
ErbB2, Akt, and Fyn, protein kinases [8] whose functions are
required for myogenic differentiation [10] and for the sur-
vival of myoblasts and myofibers [11-13]. Geldanamycin
also appears to attenuate mitogen-activated protein kinase
(MAPK) signaling pathways, which control key cellular
functions, including proliferation, differentiation, and sur-
vival [14]. Three distinct subgroups of MAPK pathways can
be distinguished in mammalian cells: p38 mitogen-activated
protein kinases (p38MAPK), extracellular signal-regulated
kinase 1/2 (ERK1/2), c-Jun NH(2)-terminal kinase 1/2/3
(INK1/2/3). Destabilization of Raf-1 by geldanamycin
leads to disruption of the Raf-1-MEK-ERK1/2 signaling
pathway in NIH 3T3 cells [15]. Geldanamycin abolishes
TNFa-mediated activation of INK in MCF-7 cells [16] and
inhibits activation of p38MAPK in NRK-52E cells [17].
Even though MAPK signaling pathways are involved in
myogenic differentiation [18-20], it remains to be elucidated
whether geldanamycin-mediated inhibition of HSP90
activity has an impact on MAPK pathways in myogenic
cells.

Geldanamycin has shown to induce apoptotic cell death
in a variety of cell types. For example, when incubating
with geldanamycin, apoptotic cell death is induced in PC12
cells [21]. Geldanamycin causes dissociation of HSP90-
Bcl-2, initiating the release of cytochrome ¢ from mito-
chondria and subsequently increasing the activity of
caspases, resulting apoptosis in mast cells [22]. Although it
has been reported that apoptotic cell death occurs in gel-
danamycin-treated myogenic cells [8], there are not yet
sufficient data to elucidate the effect of geldanamycin on
the occurrence of apoptosis of myogenic cells.

Here, we report that pharmacological inhibition of HSP90
activity using geldanamycin suppresses myogenic differen-
tiation with decreased expression of MyoD and myogenin
and reduced phosphorylation levels of Aktl and JNK. Along
with myogenic differentiation, geldanamycin causes apop-
tosis with decreased expression of Bcl-2. Our results suggest
that HSP90 may be necessary for regulating myogenic dif-
ferentiation and cell survival through its ability to control the
multiple HSP90-dependent signaling pathways.

Materials & methods
Culture of mouse myogenic cell line

C2C12 myogenic cells [23] were maintained in growth
medium comprising Dulbecco’s minimum essential medium
(DMEM) (GIBCO BRL, LifeTechnologies Inc., Grand
Island, NY) containing 20% fetal bovine serum (FBS)
(Equitec-Bio, Inc., Kerrville, TX), 4 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin (Sigma-
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Aldrich, Inc. St. Louis, MO) at 37°C in 5% CO, and 95% air.
Cells were seeded on a tissue culture dish in growth medium,
and 24 h later, the medium was replaced with differentiation
medium consisting of DMEM supplemented with 5% horse
serum (HyClone Laboratories, Inc., Logan, UT). The cells
approached 70-80% confluency in growth medium (day 0)
and maintained in differentiation medium (24-96 h). The
cells cultured in differentiation medium were treated with
dimethylsulfoxide (DMSO) or 20 nM geldanamycin (Enzo
Life Sciences International, Inc., Plymouth Meeting, PA) for
24-96 h as indicated in the legend to the figures. The med-
ium was changed every 24 h. Geldanamycin derivative,
17-(Allylamino)-17-desmethoxygeldanamycin  (17-AAG)
(Enzo Life Sciences Inc., Faimingdale, NY) was also used as
indicated in the legend to the figures.

Animal care

Male 4-week-old C57BL/6 J (B6) mice were used and
were housed in the animal facility under a 12-h light/12-h
dark cycle at room temperature (23 4 2°C) and 55 + 5%
humidity. The mice were maintained on a diet of CE-2
rodent chow (Clea Japan, Meguro, Tokyo) and given water
ad libitum. The mice were procured after approval for the
present study from The University of Tokyo Animal Ethics
Committee.

Induction of muscle degeneration/regeneration

Muscle degeneration/regeneration was induced as previ-
ously described [24]. Glycerol (100 pul of 50% vol/vol) was
injected in three injection sites of gastrocnemius muscle.
This model provokes hypercontraction of myofibers,
degeneration, and necrosis of myofibers within 24 h after
the injection and shows subsequent regeneration of myof-
ibers between 7 and 14 days after the injection. The gas-
trocnemius muscles were isolated at various time points
after muscle injury. To inhibit the activity of HSP90, 50 ul
of treatment (178 uM) or DMSO was introduced into the
muscle surrounding the injury site by direct intramuscular
injection at day 1, 3, 5, and 7 after the initial injury. The
gastrocnemius muscles were isolated at day 10 for histo-
chemical analysis. All procedures in the animal experi-
ments were performed 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.

Creatine phosphokinase (CPK) activity assay

Cells were cultured as described above. Cells were washed
twice with phosphate-buffered saline (PBS) and then



