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scraped from the surface of dish in the presence of PBS.
The cell suspension was homogenized for 1 min. Lysates
were centrifuged for 10 min at 13,000x g, the supernatants
were collected, and the protein content in the samples was
measured using a microbicinchoninic acid (BCA) assay
(Pierce Chemical Co., Rockford, IL). CPK activity was
measured with an automated analyzer, DRI-CHEM 3500
(Fuji Film Inc., Ashigara, Kanagawa). We calculated the
activity of CPK (units per milligram of protein) after cor-
rection of total protein.

Immunoblot analysis

Total cellular protein extracts were prepared from whole
gastrocnemius muscle or by rinsing cultures with PBS, then
scraping the cells directly into sample buffer [25]. Protein
concentration was determined by BCA assay. Protein was
analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinyl-
idene fluoride membranes (Millipore Corp., Bedford, MA).
Membranes were blocked with Odyssey Blocking Buffer
(LI-COR Biosciences, Inc., Lincoln, NE) and incubated for
1 h with rabbit polyclonal anti-HIF-1« antibody (ZMD.417,
Zymed Laboratories, Inc., South San Francisco, CA), anti-
HSP90 antibody (SPC-104; Stressmarq Biosciences Inc.,
Victria, BC), anti-myogenin antibody (M225; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), anti-f tubulin anti-
body (ab6046; Abcam Inc., Cambridge, MA), rabbit
monoclonal anti-pan-Akt1 antibody (clone Y89; Epitomics
Inc., Burlingame, CA), anti*phospho-AktlSar473 antibody
(clone EP2109Y; Epitomics), anti-Bcl-2 antibody (clone
E17; Epitomics), anti-Bax antibody (clone E63; Epitomics),
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody (clone EPR1977Y; Epitomics), mouse monoclonal
anti-MyoD antibody (clone 5.8A; DakoCytomation Inc.,
Carpinteria, CA), anti-sarcomeric myosin heavy chain
(sMyHC) antibody [clone MF20; Developmental Studies
Hybridoma Bank (DSHB), lIowa City, IA], anti-pan-p38a/
SAPK2qa antibody (612168; BD Transduction Laboratories),
anti-phospho-p38MAPK ™ 8/T¥182 aniibody (612280; BD
Transduction Laboratories), anti-ERK1 antibody (610030;
BD Transduction Laboratories, Lexington, KY), anti-phos-
pho-ERK 172072021204 4ntibody (612358; BD Transduc-
tion Laboratories), anti-pan-JNK/SAPK]1 antibody (610627
BD Transduction Laboratories), and anti-phospho-
INKTHI8TYIES antibody (612540; BD Transduction Lab-
oratories). Membranes were washed and incubated with goat
anti-rabbit IgG antibody conjugated with Alexa Fluor 680
(Molecular Probes Inc., Eugene, OR) and rabbit anti-mouse
IgG antibody conjugated with IRDye800 (Rockland Im-
munochemicals Inc., Gilbertsville, PA) and analyzed with
an Odyssey Infrared Imaging System (LI-COR). Gel den-
sitometries were quantified by using Imagel software

(Ver. 1.42, hitp://rsb.info.nih.gov/ij/). To verify equal
loading, membranes were probed with anti--tubulin anti-
body or stained with IRDye Blue Protein Stain (LI-COR).

Immnocytochemical analysis

Cells were fixed with 3.8% paraformaldehyde, permeabi-
lized with 0.5% TritonX-100, and then incubated with a
mouse monoclonal anti-sarcomeric myosin heavy chain
(sMyHC) (DSHB). After washes in PBS, primary antibody
binding was visualized with goat anti-rabbit IgG antibody
conjugated with goat anti-mouse IgG antibody conjugated
with Alexa Fluor 594 (Molecular Probes) for 30 min before
washing and mounting in fluorescent mounting medium
(DakoCytomation) containing Hoechst 33258. The fusion
index is defined as the percentage of nuclei present in
myotubes (>2 nuclei) compared with the total number of
nuclei present in the observed field. The diameter of
myotubes was measured using ImageJ software (National
Institutes of Health, Bethesda, MD; available at http://rsb.
info.nih.gov/ij/). The average diameter per myotube was
calculated as the mean of five measurements taken along
the length of the myotube. The length of myotube was
measured.

Identification of apoptotic nuclei

To confirm the presence of DNA cleavage, which charac-
teristically occurs in apoptotic cells, we identified apoptotic
nuclei in the presence or absence of geldanamycin. Apop-
totic nuclei were detected by a terminal deoxynucleotidyl
transferase (TdT) dUTP nick-end labeling (TUNEL) method
using In situ Apoptosis Detection Kit (TaKaRa Bio, Inc.,
Otsu, Shiga). The cells were fixed in 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 in 0.1% sodium
citrate, and incubated with TdT and fluorescein-dUTP at
37°C for 60 min. Nuclei were counterstained with propidi-
um iodide (Sigma-Aldrich). Apoptotic nuclei frequency was
evaluated as the percentage of cells/1000 nuclei.

Histochemical analysis

The tissues were transversely sectioned at § pm using a
cryostat at —20°C and thawed on 3-amino propylethox-
ysilane-coated slides. The sections were fixed with 4%
paraformaldehyde for 10 min. The sections were washed
with PBS, blocked with PBS containing 5% bovine serum
albumin and 0.1% Igepal (Sigma-Aldrich, Inc. St. Louis,
MO), and then incubated overnight at 4°C with a rabbit
polyclonal anti-HSP90 antibody (Stressmarq Biosciences).
The sections were incubated with goat anti-rabbit IgG
antibody conjugated with goat anti-rabbit IgG antibody
conjugated with Alexa Fluor 594 (Molecular Probes) for
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30 min at room temperature. The sections were stained
with Hoechst 33258 (Sigma-Aldrich). For negative control,
the sections were processed in the same way, except that
the primary antibody was omitted (Data not shown). The
sections were stained with hematoxylin and eosin for
evaluation of general muscle architecture. For morpho-
metrical analysis, randomly selected fields were photo-
graphed (original magnification, X100; six fields per
sample). Areas occupied by myofibers or non-myofibers
and fiber cross-sectional area were determined using Ima-
gel software.

Statistical analysis

Data are means & standard deviation (SD). Unpaired
Student’s -test was used to determine significance. The
level of significance was set at P < 0.05.

Result

Effects of geldanamycin on the expression levels
of HSP90 client protein, HIF-1«, in differentiating
C2C12 cells

The benzoquinone ansamycin antibiotics, geldanamycin,
are characterized by its ability to specifically bind to and
disrupt the function of the chaperone protein HSP90,
leading to the depletion of multiple oncogenic client pro-
teins. Since HIF-1« has shown to be a HSP90 client protein
[26], we examined the effects of geldanamycin on the
expression levels of HIF-1a in differentiating C2C12 cells.
Upon reaching confluence, C2C12 cells were cultured in
differentiation medium with 20 nM geldanamycin or its
vehicle solvent DMSO for 24 h or 96 h, and then total
cellular extract was prepared for HIF-1a expression levels
by immunoblot analysis. The amount of HIF-1o in differ-
entiating C2C12 cells treated with geldanamycin was
decreased compared with that in differentiating C2C12
cells treated with DMSO after 24 h and 96 h (Fig. 1).

Pharmacological inhibition of HSP90 activity
suppresses myogenic differentiation

Mouse C2C12 myoblasts have been widely used as an in
vitro model to investigate the regulatory mechanisms
underlying myogenic differentiation [27]. Myogenic dif-
ferentiation is associated with a large increase in protein
synthesis of muscle-specific proteins and enzymes involved
in muscle contractions {28, 29]. To examine the effect of
pharmacological inhibition of HSP90 activity on the amount
of total cellular proteins during myogenic differentiation, we
measured the amount of total cellular protein extracted from
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Fig. 1 Effects of geldanamycin treatment on expression levels of
HSP90 client protein, HIF-la, in differentiating C2C12 cells.
Confluent cells were cultured in differentiation medium with DMSO
or geldanamycin (GM) for 24 h or 96 h. The expression levels of
HIF-la were determined by immunoblot analysis with anti-HIF-1a
antibody. Histograms represent the changes in the expression levels of
HIF-1o. B-Tubulin was used as a loading control. The intensities of
bands were measured and normalized to the control (DMSO) values.
The data are the means &= SD (n = 3)

the C2C12 cells cultured in the presence or absence of gel-
danamycin. In contrast to untreated C2C12 cells, an increase
in the amount of protein associated with myogenic differ-
entiation was severely suppressed in the treated C2C12 cells
(Fig. 2a). The amount of protein in the treated C2C12 cells
was less than half of that in the untreated C2C12 cells 96 h
after the initiation of myogenic differentiation. To quantify
differentiation, the rate of muscle CPK activity was mea-
sured as a parameter of terminal myogenic differentiation.
The CPK activities in the treated C2C12 cells were signifi-
cantly lower than that in the untreated C2C12 cells 96 h after
the initiation of myogenic differentiation (Fig. 2b). We also
examined the effects of geldanamycin on the expression of
sMyHC, another terminal differentiation marker. In the
untreated C2C12 cells, the expression levels of sMyHC
increased to a peak 96 h after the initiation of myogenic
differentiation, whereas in the treated C2C12 cells, that of
sMyHC was observed at 72 h but severely suppressed
(Fig. 2¢). To further characterize the inhibitory effect of
geldanamycin on myogenic differentiation, we immuno-
histochemically examined expression of sMyHC in C2C12
cells cultured in differentiation medium after 96 h. As
expected, the treatment of geldanamycin dramatically
blocked myotube formation. The myotubes cultured in the
presence of geldanamycin were shorter and thinner than
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Fig. 2 Effects of geldanamycin treatment on the amount of total
protein, CPK activity, and on expression levels of sMyHC protein
during myogenic differentiation. Cells maintained in differentiation
medium were treated with DMSO or geldanamycin for the time
indicated in the figure (24-96 h). a Cells were harvested at 0, 24, 48,
72, or 96 h, and protein concentration was determined by BCA assay.
Histogram represents the temporal changes in the amount of total
protein during myogenic differentiation (n = 3/time point). b The
CPK activity was measured with an automated analyzer at 96 h after
induction of myogenic differentiation. Histogram represents relative
changes in CPK activity. The data are expressed as a percentage
change relative to control value arbitrary set to 100%. The data are the
means = SD of at least six independent experiments. ¢ The level of
sMyHC was determined by immunoblot analysis with anti-sMyHC
antibody. Histogram represents the temporal changes in expression of

those in the absence of geldanamycin. The fusion index for
the C2C12 cells cultured in the absence of geldanamycin
was 66.3 + 0.8%, whereas the fusion index for the C2C12
cells cultured in the presence of geldanamycin was
3.0 £ 1.5%. The myotube length and diameter were sig-
nificantly decreased in geldanamycin-treated cells com-
pared with control cells (Fig. 2d).

I Conwol [ GM

sMyHC protein during myogenic differentiation (n = 3/time point).
B-Tubulin was used as a loading control. The intensities of bands
were measured and normalized to the maximum value observed
during 4 days in culture. d For immunocytochemical analysis, the
cells were cultured for 96 h and then fixed with paraformaldehyde.
The cells were stained with anti-sMyHC, and nuclei were counter-
stained with Hoechst 33258. Scale bar = 100 um. Histogram repre-
sents fusion index (nuclei inside myotubes/total number of nuclei),
myotube length, or diameter (n = 6). The myotube length and
diameter were measured with the image analysis system, calibrated to
transform the number of pixels (viewed on a computer monitor) into
micrometers. The data are the means = SD of at least six independent
experiments. These were statistically significant differences compared
to the control (Ct): *P < 0.05, **P < 0.01, ***P < 0.001

Pharmacological inhibition of HSP90 activity decreases
the expression levels of myogenic regulatory factors
MyoD and myogenin upon induction of myogenic
differentiation

Myogenesis is orchestrated through a series of transcrip-
tional controls governed by the myogenic regulatory
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factors. It has been well established that activated satellite
cells are characterized by expression of MyoD and Myf5,
whereas myoblast terminal differentiation is characterized
by expression of myogenin and MRF4 [30]. We examined
the effect of geldanamycin on the expression levels of
MyoD and myogenin as well as HSP90 proteins during
myogenic differentiation (Fig. 3). The expression levels of
MyoD and myogenin proteins were gradually increased
after initiation of myogenic differentiation and peaked at
72 h. The treatment of geldanamycin transiently increased
the expression levels of MyoD and myogenin proteins at
24 h and then reduced the levels of these proteins during
myogenic differentiation. The expression levels of HSP90
protein were slightly decreased during myogenic differen-
tiation irrespective of geldanamycin treatment.

Pharmacological inhibition of HSP90 activity reduces
phosphorylation of JNK during myogenic

differentiation

Given that the extracellular signals that regulate the myo-
genic program are transduced to the nucleus by MAPKs
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[19], we examined the effect of geldanamycin on the
phosphorylation levels of p38MAPK™™ 801182 ERK ]/
QTH202/Ty1204 g TN THISYTINSS Gurine myogenic dif-
ferentiation (Fig. 4). As shown in Fig. 4, there were no
significant differences in the phosphorylation levels of
p38MAPK T I8VIYI82  anq  ERK1/2TM202TY200 broteins
between control and geldanamycin treatment. The phos-
phorylation levels of JNK™ 8T8 hrotein  were
decreased when the cells were cultured in the presence of
geldanamycin. There were no significant differences in the
expression levels of p38MAPK, ERK1/2, and JNK proteins
between control and geldanamycin treatment.

Pharmacological inhibition of HSP90 activity reduces
abundance and phosphorylation of Aktl
during myogenic differentiation

The serine/threonine kinase Akt, also known as protein kinase
B (PKB), can substitute for phosphatidylinositol-3-kinase
(PI3K) in the stimulation of myogenesis, and it may be an
essential downstream component of PI3K-induced myogenic
differentiation [10]. During myogenic differentiation, Akt



Mol Cell Biochem

Fig. 4 Effects of geldanamycin
treatment on levels of
phosphorylated

Control

GM

120

B Control

.100 4 B GM

p38MAPK T180/Tyris2
ERK 1/2Th202/Tyr204. a;] d

INKTPAISSTYIES broteins during p-p38
myogenic differentiation.
Histograms represent the p38

temporal changes in levels of
P3SMAPK Th180/Tyr182)
p38MAPK, phosphorylated
ERK /220 Dy20ERK 1/2,
and JNKTM SIS INK
during myogenic differentiation.

The intensities of bands were Control

0 24 48 72 96 24 48 72 96 (h)

GM

80 4

p-p38/p38
(% of maximum value)
3

0 2 8 7 9% ()

120
BB Control
100 4

B M

measured and normalized to the
maximum value observed

0 24 48 72 96 24 48 72 96 (h)

p-ERK/ERK
(% of maximum value)
3

A ! p-ERK1/2
during 4 days in culture. The
data are the means & SD 40
(n = 3/time point) ERK1/2 20 1
o | i) [ il Frii
0 24 48 72 96 (h)
120
> @ Control
5 1001 g B GM
Control GM =
Moo 80
0 24 48 72 96 24 48 72 96 (h) Z =
&
p-INK .5 604
TE 40qf
INK 8 -
s 2018
0 4

kinase activity correlated with Ser473 but not Thr308 phos-
phorylation [31]. Therefore, we examined the effect of gel-
danamycin on the phosphorylation levels of Akt15*”? protein
during myogenic differentiation (Fig. 5). The phosphoryla-
tion levels of Akt157® protein increased to a peak at 72 h,
followed by a decrease at 96 h in the untreated C2C12 cells.
The treatment of geldanamycin gradually reduced phosphor-
ylation levels of Akt13™*7® protein during myogenic differ-
entiation. The expression levels of Aktl protein also
decreased in the treated C2C12 cells. The ratio of phosphor-
ylated Akt15*"® to Aktl was gradually increased in the gel-
danamycin-treated C2C12 cells. This indicated that the
amount of Aktl protein decreased greater than that of phos-
phorylated Akt15%?, resulting in increasing ratio of pAkt1-
Ser¥73 1o Aktl.

Pharmacological inhibition of HSP90 activity induces
apoptosis during myogenic differentiation

Akt also enhances the survival of cells by blocking the
function of proapoptotic proteins and processes [32].
Therefore, decreased phosphorylation levels of Aktl might
be expected to induce apoptotic cell death in C2C12 cells.
We examined the frequency of apoptotic nuclei in the
C2C12 cells treated with geldanamycin for 96 h using

0 24 48 72 96 (h)

TUNEL method, which marks cells in a relative late phase
of apoptosis. TUNEL-positive nuclei were significantly
increased in the treated C2C12 cells compared with the
untreated C2C12 cells (Fig. 6a). To evaluate whether a
deregulated balance between pro-apoptotic and anti-apop-
totic proteins could contribute to the observed apoptosis in
the treated C2C12 cells, the expression levels of Bcl-
2-family proteins were examined. As shown in Fig. 6b, the
expression levels of anti-apoptotic Bcl-2 protein in the
treated C2C12 cells were very low compared with that in
the untreated C2CI12 cells. In contrast, the expression
levels of pro-apoptotic Bax protein in the treated C2C12
cells were nearly equivalent to that in the untreated C2C12
cells. The ratio of Bcl-2 to Bax is important in determining
susceptibility to apoptosis [33]. As expected, the ratio of
Bcl-2 to Bax in the treated C2C12 cells was extremely low
compared with that in the untreated C2C12 cells.

The geldanamycin derivative, 17-allylamino-17-
demethoxygeldanamycin (17-AAG), also decreases
the expression levels of HIF-1¢, myogenic regulatory
factors MyoD and myogenin, and Aktl

17-AAG is a less-toxic derivative of the geldanamycin and
is now in clinical trial. We used 17-AAG to further confirm
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Fig. 5 Effects of geldanamycin treatment on levels of phosphory-
lated Akt15°*"* and total Aktl proteins during myogenic differenti-
ation. Histograms represent the temporal changes in levels of
phosphorylated Akt15°™*7®, total Aktl proteins, or phosphorylated
Akt1573/Akt] during myogenic differentiation. The intensities of
bands were measured and normalized to the maximum value observed
during 4 days in culture. The data are the means &= SD (n = 3/time
point)

that inhibition of HSP90 activity by geldanamycin is the
cause for lower expression levels of its client proteins and
myogenic regulatory factors in C2C12 cells. C2C12 cells
were cultured in differentiation medium for 48 h and then
treated with 17-AAG (250 nM) for 24 h. After treatment of
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17-AAG, total cell lysates were prepared, and immunoblot
analysis was performed with antibodies against the indi-
vidual proteins. The levels of HIF-1a, MyoD, myogenin,
and Aktl were decreased in the 17-AAG-treated cells
compared with in the untreated cells (Fig. 7).

Up-regulation of HSP90 coincides with increased
expression of myogenic regulatory factors MyoD
and myogenin during muscle degeneration/regeneration

It has been reported that up-regulation of HSP90 is
observed in regenerating myofibers from patients with
Duchenne muscular dystrophy [34], indicating that HSP90
expression may be regulated during myogenesis in vivo.
Therefore, we monitored the temporal expression levels of
HSP90, MyoD, and myogenin proteins during muscle
regeneration. Muscle regeneration in gastrocnemius muscle
was induced following injection of glycerol, which causes
extensive and reproducible muscle necrotic injury. The
myogenic differentiation is initiated within 2 days fol-
lowed by extensive regeneration within 7-14 days after
initiation of muscle injury [24]. Figure 8a shows the tem-
poral changes in the amount of HSP90, MyoD, and
myogenin proteins during muscle regeneration. A quanti-
tative analysis showed that the amount of HSP90 protein
increased to a peak at day 5, followed by a progressive
decrease by day 14, and returned to the control level by day
28. The pattern of temporal changes in MyoD and myog-
enin protein levels was similar to that observed in the
HSP90, exhibiting the same strong increase in day 5.

Localization of HSP90 protein in regenerating
myofibers

To examine the cellular localization of the HSP90 protein
during muscle degeneration/regeneration induced by
injection of glycerol, immunocytochemical analysis was
performed. Figure 8b shows HSP90 protein localization
during muscle degeneration/regeneration. The HSP90
protein was mainly localized in nuclei of newly formed
regenerating myofibers, a hallmark of regenerated myofi-
bers, and also in mononuclear cells. The expression of
HSP90 protein appeared to attenuate as myofibers, which
further differentiated at later time points but was still
detected in the regenerating myofibers.

Pharmacological inhibition of HSP90 activity affects
muscle regeneration

To extend the results from cultured cells, we used muscle
degeneration/regeneration model to examine the effect of
geldanamycin on myogenic differentiation in vivo. Glycerol
was injected into gastrocnemius muscles of control and
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Fig. 6 Effects of geldanamycin treatment on apoptosis induction and
expression of Bcl-2 and Bax proteins during myogenic differentiation.
a The incidences of apoptotic nuclei (arrows) were detected by
TUNEL method. Histogram represents the number of TUNEL-
positive nuclei at 96 h. The data are the means 4= SD of at least six
independent experiments. b Histograms represent the temporal

geldanamycin-treated mice. Ten days after initial injury, the
muscles were removed, cryosectioned, and stained with
hematoxylin and eosin. The control muscles contained
numerous nascent myofibers with centrally located nuclei,
whereas the skeletal muscles forced to regenerate in the
presence of geldanamycin to inhibit the activity of HSP90
were of poor repair with small myofibers and increased
connective tissues (Fig. 9a). A quantitative analysis showed
that the area occupied by myofibers significantly decreased
by 43% whereas the area occupied by non-myofibers was
significantly increased by 284% in skeletal muscle when
treated with geldanamycin (Fig. 9b). FCSA for regenerating
myofibers was also significantly decreased by 62%
(Fig. 9b). To elucidate the inhibitory effect of geldanamycin
on muscle regeneration, we examined the expression levels
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changes in the expression levels of each protein during myogenic
differentiation. S-Tubulin was used as a loading control. The
intensities of bands were measured and normalized to the maximum
value observed during 4 days in culture. The data are the
means = SD (n = 3/time point). These were statistically significant
differences compared to the control (Ct): ***P < 0.001

of myogenic regulatory factors, MyoD and myogenin pro-
teins. Total cellular protein extract was prepared at 7 days
after induction of muscle injury, and immunoblot analysis
was performed with antibodies against the individual pro-
teins. The expression levels of MyoD and myogenin were
decreased in the geldanamycin-treated mice compared with
in the untreated mice (Fig. 9c).

Discussion
HSP90 plays some roles in cell differentiation and survival
in a variety of cell types [35] including myogenic cells [8].

HSP90 activity has shown to be inhibited by geldanamycin
as follows: Geldanamycin binds to conserved binding

@ Springer



Mol Cell Biochem

17-AAG

HIF-1o

MyoD

myogenin

Relative band intensity
(% of control value)

Aktl

B-tubulin

Fig. 7 Effects of geldanamycin derivative, 17-AAG, on HIF-1a,
MyoD, myogenin, and Akt 1 proteins in the developing C2C12 cells.
Cells were cultured with differentiation medium for 48 h and then
treated with 17-AAG (250 nM) for 24 h. The expression levels of
each protein were determined by immunoblot analysis with anti-HIF-

pocket in the N-terminal domain of HSP90, inhibiting ATP
binding and ATP-dependent release of the client proteins
undergoing refolding from HSP90, leading to degradation
of the client proteins by the ubiquitin-dependent protea-
some pathway [36]. In this study, we examined the effect
of pharmacological inhibition of HSP90 activity using
geldanamycin on myogenic differentiation and cell sur-
vival in C2C12 cells. We demonstrated that myogenic
differentiation was suppressed with decreased expression
of myogenic regulatory factors, MyoD and myogenin,
when the cells were cultured in the presence of geldana-
mycin. Phosphorylation levels of Akt and INK, which are
required for myogenic differentiation, were reduced in
geldanamycin-treated cells compared with control cells.
Confirming the results from cultured cells using in vivo
model for muscle regeneration, mice treated with gel-
danamycin exhibited poor repair of muscle injury. Along
with myogenic differentiation, apoptotic nuclei were
increased in geldanamycin-treated cells compared with
untreated cells with decreased expression of anti-apoptotic
protein, Bcl-2. Together, our findings indicate that phar-
macological inhibition of HSP90 activity may negatively
modulate myogenic differentiation and may induce apop-
totic cell death.

Our results extend observations from previous study (81,
which has shown that geldanamycin blocks myotube forma-
tion, by providing more quantitative support for their data. Our
result revealed a marked reduction in fusion capacity with
only 3% nuclei being incorporated into the small myotubes in
geldanamycin-treated cells. This observation could be
achieved with a lower dose (0.01 pg/ml) compared with a
dose (0.05 pug/ml) used in previous study [Yun 2005], and
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1o, anti-MyoD, anti-myogenin, and anti-Aktl antibodies. Histograms
represent the relative changes in expression of each protein.
p-Tubulin was used as a loading control. The intensities of bands
were measured and normalized to the control value. The data are the
means & SD (n = 3)

even at low dose, expression of myosin heavy chain could be
suppressed in geldanamycin-treated cells. Geldanamycin-
mediated inhibition of myogenic differentiation might be
explained, at least in part, through down-regulation of myo-
genic regulatory factors to produce a skeletal muscle-specific
expression pattern. Some possible mechanisms for this down-
regulation can be envisioned. One possibility is that MyoD
may be putative target protein for HSP90. HSP90 could rap-
idly convert MyoD from an inactive to an active conforma-
tion, whose conversion process involves a transient
interaction between HSP90 and MyoD [37]. This may be
supported by our observation that HSP90 protein was local-
ized in the nuclei of regenerating myofibers, which expresses
MyoD protein [38]. On the other hand, geldanamycin-induced
inhibition of HSP90 activity has little effect on interaction
between MyoD and HSP90, although the interaction of MyoD
with the cochaperone adaptor protein, Cdc37, is disrupted by
geldanamycin [8]. Thus, it is difficult to conclude that phar-
macological inhibition of HSP90 activity is directly involved
in decreased expression of MyoD observed in this study.
Another possibility is that pharmacological inhibition of
HSP90 activity indirectly influences on expression of myo-
genic regulatory factors. It has been reported that Akt activity
is closely linked to the expression of myogenic regulatory
factors. Targeted knockdown of Aktl leads to depletion of
MyoD and myogenin in C2C12 cells {39]. In addition, dom-
inant-negative Akt decreases transcriptional activity of
MyoD, and short hairpin RNA-mediated inhibition of Aktl
results in decreased myogenin promoter activity [40]. Thus,
down-regulation of myogenic regulatory factors observed in
geldanamycin-treated cells may be due to depletion of Akt
after induction of myogenic differentiation.
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Fig. 8 Temporal changes in expression of HSP90, MyoD, and
myogenin proteins during muscle degeneration/regeneration. a Tissues
" were isolated for immunoblot analysis at various time points [Control
(Ct), 12 h, 1, 2, 3, 5, 7, 14, or 28 days]. Line graphs represent the
temporal changes in the expression levels of each protein during
myogenic differentiation. GAPDH was used as a loading control. The
intensities of bands were measured and normalized to the maximum
value observed during muscle degeneration/regeneration. Because of
the extensive myofiber necrosis at early time points of muscle

Consistent with previous study [8], inhibition of HSP90
activity by geldanamycin resulted in progressive loss of
Akt protein after induction of myogenic differentiation,
likely through the ubiquitin proteasome pathway. Indeed,
proteasome inhibitor, lactacystin, partially protects Akt
protein from geldanamycin-mediated loss [41]. It has been
shown that geldanamycin causes newly synthesized Akt
protein to be degraded rapidly but has little effect on
mature Akt protein in C2C12 cells [8]. Thus, geldanamy-
cin-mediated depletion of Aktl observed in this study
appears to be due to the inability of the cells to mature
newly synthesized Aktl protein into a stable conformation.
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degeneration/regeneration, the amount of GAPDH was not equal
across all the time points, as expected. The data are the means & SD
(n = 3/time point). b HSP90 protein localization on day 5 and day 14
after muscle injury. The fixed tissues were stained with anti-HSP90
antibody, and nuclei were counterstained with Hoechst 33258.
Arrows indicate a nuclear localization of HSP90 protein in regener-
ating myofibers. All experiments were performed at least three times.
Scale bar = 50 um

In this study, the phosphorylation levels of Akt1%7

were increased maximally at 72 h and were decreased at
96 h after induction of myogenic differentiation in untreated
cells, whereas in geldanamycin-treated cells, reduced
phosphorylation levels of Akt1%°73 were continued. This
suggests that phosphorylation levels of Akt1573 may be
temporally regulated to sufficient to differentiate into
myoblasts and fuse to form myofibers. Aktl is phosphory-
lated at two key regulatory sites, Thr308 and Serd473, by
3-phosphoinositide-dependent kinase-1 (PDK1) [42] and by
mammalian target of rapamycin complex 2 (mTORC?2) [43],
respectively. Since Thr308 phosphorylation is necessary for
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activation of Aktl and Ser473 phosphorylation is only
required for maximal activity [44], alterations in PDK1/
mTORC2 activities could undoubtedly contribute to the
decline of Aktl activity observed in geldanamycin-treated
cells. Since PDK1 has been shown to be HSP90 client
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<« Fig. 9 Effects of geldanamycin treatment on muscle regeneration.

a Tissues were isolated for histochemical analysis 10 days after
initiation of muscle injury, fixed, sectioned, and then stained with
hematoxylin and eosin. Scale bar = 100 pum. b Histograms represent
the areas occupied by myofibers and non-myofibers, or FCSA. The
data are the means == SD of at least six independent experiments.
These were statistically significant differences compared to the
control (Ct): **P < 0.01. ¢ The expression levels of each protein
were determined by immunoblot analysis with anti-MyoD and anti-
myogenin antibodies. Histograms represent the relative changes in
expression of each protein at day 7 after induction of muscle injury.
Membranes were stained with IRDye to verify equal loading. The
intensities of bands were measured and normalized to the control
value. The data are the means & SD (n = 3)

protein [45], geldanamycin-mediated depletion of PDK1
may result in reduced phosphorylation levels of Akt]1 ™%,
However, it is unlikely that reduced phosphorylation levels
of Akt15*7® observed in this study may be due to reduced
mTORC?2 activity, since the essential mMTORC2 component,
rictor, which is required for phosphorylation of Ser473 in
cells [46], has not been reported to be HSP9O0 client protein.
In addition, Akt activity is also modulated through the reg-
ulation of dephosphorylation. Protein phosphatase 2A
(PP2A) has been proposed to be the most likely candidate for
regulating the rate of Akt dephosphorylation [47]. It has
been reported that HSP90 binding to Akt protects Akt pro-
tein from PP2A-mediated dephosphorylation, whereas
detachment of Akt from HSP90 promotes the PP2A-medi-
ated dephosphorylation of Akt [47]. Thus, reduced phos-
phorylation of Akt13°*7® observed in geldanamycin-treated
cells may be due to imbalance between phosphorylation and
dephosphorylation by mTORC2 and PP2A.

Unexpectedly, we observed transient up-regulation of
MyoD and myogenin in geldanamycin-treated cells at 24 h
after induction of myogenic differentiation. However, Yun
et al. report that MyoD expression remains unchanged and
myogenin could not be detected in geldanamycin-treated
cells at 20 h after induction of myogenic differentiation.
This is in disagreement with our results. While it is difficult
to explain these contradictory data, one possibility may be
changes in Aktl activity in geldanamycin-treated cells. It is
interesting to note that short-term (30 min) treatment of
differentiating cells with geldanamycin does not cause any
decrease in Akt and increases the levels of Akt phosphor-
ylation at Ser*”® but not those at Thr308, which correlates
with an increased phosphorylation levels of glycogen
synthase kinase-3f [41]. Aktl activity correlates to MyoD
and myogenin expression during myogenic differentiation.
Thus, we hypothesized that activation of Aktl by phos-
phorylation at Ser*”® may occur immediately after C2C12
cells were treated with geldanamycin, resulting in inducing
MyoD and myogenin at the early stage of myogenic dif-
ferentiation. Another possibility is that geldanamycin can
have some side effects more or less independent of HSP90.
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However, as aforementioned, the concentration used in this
study is lower than that used in the previous study [§].
Thus, further study may be required to elucidate the effects
of geldanamycin on the expression of myogenic regulatory
factors at the early stage of myogenic differentiation.

A potentially important observation that emerged from
this study was that the phosphorylated levels of INK were
decreased when the C2C12 cells were treated with gel-
danamycin. This study is, to the best of our knowledge, the
first to deal with the potential regulation of JNK in C2C12
cells using geldanamycin. JNK has been involved in con-
trolling diverse cellular functions, including cell prolifer-
ation, differentiation, and survival [48]. Basal JNK activity
appears to be required for myogenic differentiation and cell
survival. Inhibition of JNK activities by JNK inhibitor II
drastically inhibits myogenic differentiation and increases
apoptotic nuclei in L6E9 cells [20]. Activation of JNK
is mediated by a MAP kinase module, MAPKKK
(MAP3K) - MAPKK (MAP2K) — MAPK through
sequential protein phosphorylation. The mixed-lineage
kinases (MLKs) function as MAP3K to activate the JNK
pathway [49]. MLK3 activates the JNK pathway through
phosphorylation and activation of MAPK kinase 4 (MKK4)
[50] and MKK?7 [51]. Thus, we hypothesized that sequen-
tial activation pathway may be partially impaired, resulting
in reduced phosphorylation levels of INK in geldanamycin-
treated cells. This hypothesis may be supported in part by
the observation that geldanamycin decreases the endoge-
nous level of MLK3 and abolishes TNF-mediated activa-
tion of MLK3 and JNK without affecting MKK4 and
MKK7 in vitro [16]. Thus, reduced phosphorylated JNK,
which is regulated possibly at the MAP3K level, may
contribute to geldanamycin-mediated inhibition of myo-
genic differentiation and cell survival.

We could fail to observe any changes in the phosphor-
ylation levels of ERK1/2 and p38MAPK in geldanamycin-
treated cells. The exact mechanism by which geldanamycin
has no effect on phosphorylation levels of p38MAPK and
ERK1/2 remains unclear. The response of MAPKs to gel-
danamycin appears to be different according to cell type.
Geldanamycin transiently activates ERK2 activity at 8-9 h
after treatment but does not JNK1 activity in neuroblastoma
cell line [21]. The phosphorylation levels of ERK1/2 remain
unchanged at 16 h after treatment in embryonic fibroblast
cell line [15]. Geldanamycin derivative, 17-AAG, also
reduces the phosphorylation levels of ERK1/2, p38MAPK,
and JNK at 24 h after treatment in colon cancer cell lines
[52]. These results indicate that the response of MAPKs to
geldanamycin may be cell-type specific, depending on the
dose and time of the treatment.

It has been demonstrated that the geldanamycin-treated
cells for 24 h undergo apoptosis using a marker for the initial
stage of apoptosis, cleaved poly(adenosine diphosphate—

ribose ribose) polymerase [8]. We also showed that apoptotic
nuclei were increased in geldanamycin-treated cells using a
relatively late marker, DNA fragmentation as assessed by
TUNEL. To gain insight into apoptotic response of C2C12
cells to geldanamycin, we focused on the Bcl-2 family, which
is the best-characterized protein family involved in the regu-
lation of apoptotic cell death, consisting of anti-apoptotic and
pro-apoptotic members. We observed decreased expression
levels of Bcl-2 protein but not those of Bax in the geldana-
mycin-treated cells. Bcl-2 localized in the mitochondrial
membrane prevents the apoptosis-associated release of cyto-
chrome ¢ [53, 54] and apoptosis-inducing factor (AIF) [55]
from the mitochondrial inter-membrane space into the cyto-
plasm. HSP90S has been shown to associate with Bcl-2 in
mast cells. Depletion of HSP90S with a siRNA or inhibition of
HSP90 with geldanamycin inhibits HSP90 interaction with
Bcl-2 [22]. Thus, geldanamycin may conduce to unbalanced
Bel-2/Bax ratio in C2C12 cells, resulting in release of cyto-
chrome c, caspase activation, and/or AIF, chromatin con-
densation, and DNA degradation, eventually leading to
apoptosis. We observed that the majority of TUNEL-positive
cells were mononuclear cells treated with geldanamycin.
When proliferating myoblasts are induced to differentiate by
deprivation of serum in the medium, a significant proportion
of cells escape from terminal differentiation. The undiffer-
entiated cells refer to as reserve cells [56]. It has been reported
that Bcl-2 is expressed at the high levels in the reserve cells
whereas itis expressed at very low levels in the myotubes [57],
suggesting that .Bcl-2 becomes the molecular marker of
reserve cells. Although the physiological role of Bcl-2
expressed in the reserve cells is not fully understood, Bcl-2-
positive cells resist apoptosis and are at an early stage of a
process leading from muscle progenitor cell to myotube [58].
Thus, reduced levels of Bcl-2 observed in this study may
reflect the loss of reserve cells, which would be eliminated
possibly through apoptosis-dependent pathway.

Although HSP90 has been shown to be expressed in
regenerating myofibers, it remains unknown whether
HSP90 contributes to myogenesis in vivo. Given that
HSPI0 is involved in myogenic differentiation, expression
of myogenic regulatory factors and HSP90 would be reg-
ulated in a coordinated manner during muscle regeneration.
We showed that MyoD, myogenin, and HSP90 were
simultaneously up-regulated at day 5 after induction of
muscle injury. In addition, HSP90 was localized in nuclei
of newly formed myofibers (day 5) and still present in the
nuclei of regenerating myofibers at the later stage of
muscle regeneration (day 14). It has been demonstrated that
MyoD and myogenin are coexpressed in newly formed
myofibers and they persists in the nuclei of regenerating
myofibers for at least 2 weeks [38]. Thus, MyoD, myoge-
nin, and HSP90 may be coexpressed in the regenerating
myofibers. MyoD appears to induce terminal cell cycle
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arrest during myogenic differentiation by increasing the
expression of cyclin-dependent kinase inhibitor, p21VAFY
CIP1 [59]. The myogenic regulatory factors activate tran-
scription of muscle-specific genes by binding, upon het-
erodimerization with ubiquitous E proteins [60], the E-box
consensus sequence in skeletal muscle gene promoters and
enhancers [61]. Considering their role in myogenesis, ele-
vated levels of HSP90 in regenerating myofibers may
reflect an increased demand for its basal functions during

cell cycle growth arrest and/or the progressive expression

of the muscle phenotype.

It is likely that geldanamycin and 17-AAG may have
positive and negative effects on muscle regeneration in vivo.
Kayani et al. report that 17-AAG-mediated up-regulation of
HSP70 results in improved recovery of force generation in
skeletal muscles of old mice following lengthening con-
traction-induced damage [62]. Similar results have been
shown in HSP70 transgenic mice [63]. Indeed, HSP70
overexpression inhibits NF-«xB transcriptional activity [64],
which acts as a negative regulator of myogenic differentia-
tion [65]. On the other hand, we showed that pharmaco-
logical inhibition of HSP90 activity impaired muscle
regeneration with decreased expression levels of MyoD and
myogenin in vivo. Geldanamycin treatment resulted in the
decreased size of regenerating myofibers, which could par-
tially reflect the results from cultured cells. We cannot
exclude the possibility that geldanamycin may have unex-
pected and undesirable side effects more or less independent
of HSP90. Thus, we examined the toxic side effects of gel-
danamycin throughout experimental period. No pathologi-
cal symptoms were observed by visual inspection, and no
decreases in body weight were observed at a concentration
used in this study (data not shown). Thus, we believe that its
side effects are minimal. Besides myofiber regeneration,
pharmacological inhibition of HSP90 activity might have an
impact on neuromuscular junction (NMJ) formation, which
is also essential aspect of the muscle regeneration process
[30]. It has been reported that HSP90OS plays an important
role in NMJ formation in vivo by injecting 17-AAG intra-
peritoneally into embryos in utero at E14.5 [66], a time when
the NMJ starts to form [67]. Previous study and our results
indicate that HSP90 may be involved in myogenesis as well
as NMJ formation in vivo. Although geldanamycin and its
derivatives may have therapeutic benefit in the recovery
following muscle damage, they have also the potential
adverse effect on the viability of myogenic cells through
their ability to impair the function of multiple HSP90-
dependent signal pathways that are critical for cell differ-
entiation and survival.

In conclusion, pharmacological inhibition of HSP90
activity led to depletion of signal transduction proteins
whose are necessary for myogenic differentiation and cell
survival. As HSP90 has been found to be either
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overexpressed or constitutively more active in cancer cells
[68], HSP90 is an emerging target in cancer treatment due
to its important role in maintaining transformation and in
increasing the survival and growth of cancer cells [69].
17-AAG, which has similar antitumor activity to that of
geldanamycin with less toxicity [70], is currently being
tested in ongoing phase 1 and phase 2 clinical trials [71].
Our results suggest that geldanamycin showed inhibitory
effects on myogenesis in vivo and in vitro, which provides
information that myogenic cells were sensitive to HSP90
inhibition, depending on experimental conditions.
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Mood has a substantial impact on cognitive functions. Although studies have shown that the interac-
tion between mood and cognition is mediated by the prefrontal cortex (PFC), little is known about how
naturalistic mood in everyday life is associated with PFC activity during cognitive tasks. We investi-
gated whether inter-individual variation in perceived mood under current life situations (recent week)
is related to PFC activity during working memory (WM) tasks in healthy adults. Levels of positive and neg-
ative moods were quantified with the Profile of Mood States (POMS) questionnaire. PFC activities during
verbal and spatial WM tasks were measured by optical topography (OT), a non-invasive low-constraint
neuroimaging tool, to minimize experimental intervention in participants’ moods. Group-average analy-
sis showed significant activations in the bilateral dorsolateral PFC in both WM tasks. Correlation analysis
revealed that the participants reporting higher levels of negative moods showed lower levels of PFC
activity during the verbal WM task but not during the spatial WM task. This relationship was significant
even after controlling for possible confounding factors such as age, gender, and task performance. Our
results suggest that verbal WM is linked with naturalistic negative mood and that the PFC is involved in
the mood-cognition interaction in daily circumstances.
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1. Introduction

In everyday life, the way we think and act is substantially
affected by our mood, regardless of whether we recognize it or
not. Psychologists have long investigated the relationship between
mood and cognition, revealing that many cognitive functions are
actually modulated by mood (Mitchell and Phillips, 2007; Robinson
and Sahakian, 2009). An important cognitive function in the mood-
cognition interaction is working memory (WM), a mental process
well documented in both psychology and neuroscience (Baddeley,
2003). Behavioral studies have shown that performance on var-
ious cognitive tasks requiring WM (e.g., word span task, Tower
of London planning task) is affected by the participant’s mood
Mitchell and Phillips (2007). Psychopharmacological studies and
theoretical models have also suggested that mood and relevant

* Corresponding author. Tel.: +81 3 5454 6637; fax: +81 3 5454 4306.
#* Co-corresponding author. Tel.: +81 49 296 6111; fax: +81 49 296 5999.
E-mail addresses: cc097702@mail.ecc.u-tokyo.ac.jp, ryuta.aoki. mu@hitachi.com
(R. Aoki), hiroki.sato.ry@hitachi.com (H. Sato).

neurotransmitters (e.g., dopamine and serotonin) are linked with
WM performance (Ashby et al., 1999; Luciana et al., 1998).

Neuroimaging research has begun to elucidate the underlying
neural mechanisms of the mood-cognition interaction in WM. As
the prefrontal cortex (PFC) has been demonstrated to play a crucial
role in WM (Smith and Jonides, 1999; Smith et al., 1996), the effect
of mood on WM is likely mediated by the PFC function. Indeed, a
functional magnetic resonance imaging (fMRI) study showed that
activity in the dorsolateral PFC (DLPFC) during a WM task (numer-
ical N-back task) was reduced when the participants were exposed
to acute psychological stress (induced by viewing aversive movie
clips), which led to increased negative mood (Qin et al., 2009).
This finding is consistent with the results of other fMRI studies
showing that WM-related activity in the DLPFC is attenuated by
affective modulation using negative emotional stimuli (Anticevic
et al., 2010; Perlstein et al., 2002). These results provide valuable
insight into the role of the PFC in the interaction between mood
and WM.

However, experimentally induced mood may be different from
naturalistic mood in its relationship with cognition. Character-
istics of induced moods (e.g., intensity, duration, and whether

0168-0102/$ - see front matter © 2011 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi:10.1016/j.neures.2011.02.011
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Fig. 1. Task paradigm and experimental setting. (A) Schematic diagrams of verbal and spatial WM tasks. Participants were instructed to remember the target stimuli (S1)
and to report whether the character (verbal WM task) or location of a red square (spatial WM task) presented in the probe stimuli (S2) was identical to one of the items
in S1. (B) OT probe-holder worn by participant. A 3 x 11 probe array (17 light sources and 16 detectors) was positioned on the forehead. (C) Arrangement of measurement
positions (52 channels) in MNI space, which was estimated by means of probabilistic registration method (Singh et al., 2005).

the demand effect exists) depend on various methods of mood
induction procedures (Martin, 1990) and may differ qualitatively
from those of naturalistic moods. Indeed, a previous study demon-
strated thatinduced moods and naturalistic moods can occasionally
exert different, or even opposite, effects on certain aspects of
cognitive functions (Parrot and Sabini, 1990). To understand the
mood-cognition interaction more thoroughly, evidence from both
induced and naturalistic moods should be converged (Mayer et al.,
1995). Thus, the relationship between naturalistic mood and WM
is worth investigating in neuroimaging studies, in addition to pre-
vious research using affective modulation paradigms.

In this study, we investigated whether and how naturalistic
moods in healthy adults are associated with PFC activity dur-
ing WM tasks. We used individual differences (Kosslyn et al.,
2002), which enable exploring the relationship between mood
and brain activity without any explicit mood induction. Specifi-
cally, we tested whether inter-individual variations in the levels
of positive or negative moods are correlated with PFC activity
in response to the WM tasks. Participants’ naturalistic moods in
their current life (the last week) were assessed with the Profile
of Mood States (McNair et al., 1971; Yokoyama et al, 1990), a
self-report questionnaire used in previous studies that examined
the PFC role in the mood-cognition interaction (Canli et al., 2004;
Harrison et al., 2009). PFC activity during WM tasks was measured
with optical topography (OT), a non-invasive, low-constraint neu-
roimaging technique, to minimize the mood modulation due to the
experiment. OT enables measuring hemodynamic responses in the
cerebral cortex under near-natural situations (e.g., sitting position)
(Maki et al., 1995; Tsujimoto et al.,, 2004) and can tap into rela-
tionships between naturalistic mood and PFC activity (Suda et al.,
2009; Suda et al.,, 2008). We used two types of WM tasks (ver-
bal and spatial) that had an identical delayed-response paradigm,
a standard cognitive activation paradigm often used in the human

neuroimaging studies of WM (Smith and jonides, 1999; Smith et al,,
1996).

2. Materials and methods
2.1. Participants

Thirty-two healthy adults participated in the experiment after they provided
written informed consent. Their handedness was assessed with the Edinburgh
Handedness Inventory (Oldfield, 1971), and data from a female who demonstrated
left-handedness were excluded from the analysis. Data from two other females
were also excluded from the analysis because of their poor behavioral performance
(<50% correct responses for the spatial WM tasks). The remaining 29 participants
(12 females, 17 males, mean age =35.9 years, SD=7.7, and range =25-58, all right
handed) were included in the final analysis. The study was approved by the Ethics
Committee of Hitachi, Ltd.

2.2. Mood assessment

The participants’ naturalistic moods were assessed by means of a short form
of the Profile of Mood States (McNair et al., 1971), which has been translated and
validated for the Japanese general population (Yokoyama et al., 1990). McNair et al.
(1971) defined moods as mild, pervasive, and generalized affective states that are
perceived subjectively by individuals. The participants rated 30 mood-related adjec-
tives on a 5-point scale ranging from O (“not at all”) to 4 (“extremely”) on the basis
of how they had been feeling during the past week. While the POMS consists of six
identifiable mood factors (tension, depression, anger, vigor, fatigue, and confusion),
our study focused on the POMS positive mood score (the score of vigor subscale) and
the POMS negative mood score (the sum of the score for the other five subscales),
following a previous study (Canli et al., 2004).

2.3. WM tasks

The tasks were presented through software, the Platform of Stimuli and Tasks
(developed by Hitachi, ARL). Each participant performed two types of WM tasks
(verbal and spatial), which had an identical delayed-response paradigm (Fig. 1A). In
both tasks, each trial started with a 1500-ms presentation of the target stimuli (S1),
which was followed by a delay of 7000 ms. A probe stimulus (S2) was then presented
for 2000 ms or until the participant responded. The intervals between S2 onset and
the following S1 onset in the next trial were randomized from 16 to 24s. Only a
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fixation cross was presented during the interval and the delay period. In addition, a
visual cue (changing the color of the fixation cross) was presented for 500 ms prior
to trial onset. Auditory cues (1000 and 800 Hz pure tones of 100-ms duration) were
presented at the onsets of the visual cue and S2, respectively.

In the verbal WM task, four Japanese characters in Hiragana were presented
as S1, and a Japanese character in Katakana was presented as S2. The participants
were instructed to judge whether the character presented as S2 corresponded to
any of the characters in S1 and then to press the appropriate button. Because the
characters in S1 and S2 were presented in different Japanese morphograms (i.e.,
Hiragana/Katakana), participants were prompted to make their judgments based on
the phonetic information of the characters, not by their form. In the spatial WM
task, S1 was the location of four red squares out of eight locations, and S2 was the
location of a red square. The participants’ task was to assess if the location of the red

square presented as S2 was identical to any of the locations of the four red squares

presented in S1.

Each WM task had two additional conditions: Eriksen flanker tasks (Eriksen
and Eriksen, 1974) were embedded in the delay period as distracter stimuli. These
conditions were irrelevant to the purpose of the present study, so they were not
included in the analysis.

2.4. Procedure

Participants were seated in a comfortable chair in a dim, quiet room. Their moods
were assessed with a short form of the POMS questionnaire (Japanese version)
(Yokoyama et al, 1990) at the beginning of the experiment. Next, they received
computer-automated instructions that were followed by a brief practice session
to familiarize them with the tasks. Thereafter, OT measurements were conducted
while the participants performed the WM tasks. The tasks were organized into
two sessions, one for the verbal WM task and the other for the spatial WM task,
with a counterbalanced order across participants. Each session included five tri-
als of either one of the tasks, and the sessions were separated by a short break
(approximately 1 min). After the measurements, the participants completed a brief
questionnaire that assessed their feelings about the experiments, which included
subjective ratings of task difficulty on a 5-point scale, ranging from 1 (“not at all”) to
5 (“extremely”). The duration of the OT measurements was approximately 15 min,
and the whole experiment took about 45 min.

2.5. OT measurement

We used an OT system (ETG-4000, Hitachi Medical Corporation, Japan) equipped
with 17 near-infrared light sources and 16 detectors. The light sources consisted of
near-infrared continuous laser diodes with two wavelengths of 695 and 830 nm. The
transmitted light was detected every 100 ms with avalanche photodiodes located
30 mm from the sources. These optodes (i.e., sources and detectors) were arrayed in
a3 x 11 lattice pattern and embedded in a soft silicon holder that was placed on the
participant’s forehead (Fig. 1B). This configuration formed 52 measurement points
(defined as channels (Chs)), corresponding to each source-detector pair (Fig. 1C).
The average power of each light source was 2mW (for both wavelengths), and
the sources were modulated at different frequencies (1-10kHz) for wavelengths
and sources so that signals from different measurement points could be' discrimi-
nated.

To estimate the locations of the OT channels in the Montreal Neurological Insti-
tute (MNI) space and to generate 3-D topographical maps (Figs. 2 and 3), we used
the probabilistic registration method (Okamoto and Dan, 2005; Singh et al., 2005).
Prior to the experiment, we corrected the sample data for the three-dimensional
coordinates of the 33 optode locations and scalp landmarks (in accordance with the
international 10-20 system: Fp1, Fp2, Fz, T3, T4, C3, C4) for eight volunteers. The
data were recorded with a 3D-magnetic space digitizer (3D probe positioning unit
for OT system, EZT-DM101, Hitachi Medical Corporation, Japan).

2.6. Data analysis

Analyses were performed by means of plug-in-based analysis software, Platform
for Optical Topography Analysis Tools (developed by Hitachi, ARL; run on MATLAB,
The MathWorks, Inc., U.S.A.). First, we calculated the relative values of hemoglobin
concentration changes (Hb-signals for oxy-Hb and deoxy-Hb) for each channel on
the basis of the modified Beer-Lambert law, using light signals transmitted at the
two wavelengths. The time-continuous data of Hb-signals for each channel were
separated into task blocks, which were defined as a 25.5-s period starting from 1.0s
before S1 onset and ending 16.0s after S2 onset, each containing a WM task trial.
Next, blocks contaminated by motion artifacts were discarded. Although previous
OT studies have used various methods to detect motion artifacts, no established
method has been developed. Some studies used subjective methods based on visual
inspection (Minagawa-Kawai et al,, 2011), whereas others used objective methods
(Orihuela-Espina et al.,, 2010; Takizawa et al., 2008). In this study, we used a crite-
rion similar to (Pena et al., 2003): an oxy-Hb signal change larger than 0.4 mM mm
over two successive samples (during 200 ms) was defined as a motion artifact. We
found that this criterion effectively detected sharp noises (putatively unphysiolog-
ical signal changes) identified by a visual inspection in our data, while maintaining
the rejection rate at a low level (4.9%). The remaining data were baseline-corrected

by linear regression based on the least squares method by using the data for the first
1.0 the last 4.0 s of each block.

To evaluate the PFC activity during the tasks, we determined the ‘activation
period’ as being 3.5 s starting 5.0's after S1 onset and ending on S2 onset (Fig. 2C).
The onset of the activation period (5.0 s after S1 onset) was determined by taking into
consideration the delay in hemodynamic changes from the neuronal activity. The
offset of the activation period (immediately before S1 onset) was selected to avoid
any confounding effects related to S2 presentation and the participant’s response
to the task. Because the activation period was entirely included in the 7.0-s WM-
delay period, we expected that Hb-signals during this period would reflect cortical
activity related to WM functions (i.e., encoding and maintenance) without it being
affected by activity related to visual stimulation due to S2 or by body movement
due to pressing buttons. Note that this time window was determined a priori and
that the results reported here were not changed when we selected a longer time
period (e.g., 5.0-s period starting 5.0s after S1 onset; See Supplementary Fig. S1).
The mean signal changes during the activation period, termed ‘activation values,
were calculated for both oxy-Hb and deoxy-Hb signals for each block. To assess the
statistical significance of Hb-signal changes for the tasks, we first averaged the acti-
vation values within participants then performed a t-test (one sample, one-tailed)
of the individual activation values against 0 across participants. For the between-
task comparison of the activation values, we used a paired t-test (two-tailed) across
participants.

To analyze the relationships of mood with task performance and PFC activity,
we calculated the correlations between the POMS scores and behavioral measures
or oxy-Hb signal changes for both WM tasks. We used Spearman’s rank correlation
because the relationships of subjective ratings with behavioral and neural measures
are not necessarily regarded as linear (Schroeter et al., 2004).

All of these statistical analyses were performed for each channel. Therefore,

- when creating the statistical parametric map consisting of 52 channels, we used the

false discovery rate (FDR) method to correct for multiple comparisons (Singh and
Dan, 2006) with a threshold of FDR (q) <0.05. Because FDR correction set a statis-
tical threshold for each analysis, uncorrected P-values at thresholds were different
across maps. Thus, the ranges of the statistical values (Student’s t and Spearman’s r,
together with the thresholds of the uncorrected P-values) for the significant chan-
nels are presented for each statistical parametric map. Note that P denotes the
uncorrected P-values for each channel and that g denotes the FDR for each map
throughout this paper.

3. Results
3.1. POMS scores and subjective ratings

The mean and standard deviation (SD) of the POMS positive
mood scores and negative mood scores were 8.76 +2.89 (ranging
from 5 to 16) and 24.8 4 14.5 (ranging from 3 to 56), respectively.
These results are comparable to those obtained for a large sam-
ple of healthy Japanese adults (Yokoyama et al., 1990). The scores
for male (9.18 & 3.38 for positive mood scores, 22.8 4 15.2 for nega-
tive mood scores) and female (8.17 4- 2.00 for positive mood scores,
27.64+13.5 for negative mood scores) participants were not sig-
nificantly different (P=0.556 for positive mood scores, P=0.370
for negative mood scores; Mann-Whitney U-test). The POMS posi-
tive mood scores and negative mood scores were not significantly
correlated (r=-0.28, P=0.136; Spearman’s rank correlation).

The subjective ratings of task difficulty were 2.62 +0.90 for
the verbal WM task and 2.93 4+ 1.13 for the spatial WM task. The
between-task difference was not significant (P=0.079, Wilcoxon
signed-rank test).

3.2. Behavioral performances

The mean reaction time (RT) for correct responses within
individual participants was calculated for each WM task. The
across-participants’ mean and SD for RT were 1380 + 239 ms for the
verbal WM task and 1475 + 270 ms for the spatial WM task. There
were no significant differences between tasks (t=-1.66, P=0.108,
two-tailed paired t-test).

The number of correct responses ranged from three to five
for both tasks, and the across-participants’ mean and SD were
4,72 40.59 for the verbal WM task and 4.31 + 0.66 for the spatial
WM task. Although this difference was relatively small (0.41), it
was statistically significant (P=0.018, Wilcoxon signed-rank test).
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Fig. 2. Hemodynamic changes during verbal and spatial WM tasks. (A) Activation t-maps of oxy-Hb signal increase. (B) Activation t-maps of deoxy-Hb signal decrease. The
Student’s t-value is indicated by a color scale for each channel. Channels with significant t-values are marked with circles (FDR g<0.05). (C) Time courses for Hb-signal
changes for representative channels (Chs 25 and 28 for right and left hemispheres, respectively). These time courses represent the grand average (with standard error bars)
across all participants. The time spans (green bars perpendicular to x-axis) indicate activation period (3.5-s duration). Small rectangles (gray) indicate stimuli presentation

time (S1, S2).

To determine whether participants’ moods were associated
with task performance, we calculated the correlation coefficients
(Spearman’s r) between the POMS scores and behavioral mea-
sures (accuracy and RT). A significant correlation was found only
in the relationship between the POMS negative mood scores
and RT for the verbal WM (r=-0.37, P=0.046), although this
relationship was no longer significant after controlling for partic-
ipants' age and gender (r=-0.29, P=0.141). No other significant
correlation was evident between the POMS scores and behav-
ioral measures (r=-0.26 to 0.20, P>0.174; see Supplementary
Table).

3.3. PFC activity during WM tasks

First, we examined the across-participants’ mean of the acti-
vation values for each WM task, without considering individual
differences in the mood scores.

For both tasks, significant increases in the oxy-HDb signals (FDR
q<0.05) were observed in a broad region of the PFC (Fig. 2A). For
the verbal WM task, the oxy-Hb signals increased for 39 channels
(t=1.97 to 6.55, P<0.030, g<0.05). Similarly, for the spatial WM
task, the oxy-Hb signals increased for 36 channels (t=2.10 to 6.52,
P<0.024, ¢<0.05).

Decreases in the deoxy-Hb signals were observed in a more
localized region (Fig. 2B). For the verbal WM task, significant deoxy-
Hb signal decreases were observed for five channels (Chs 25, 28,
18, 4, and 7; t=-5.17 to —3.03, P<0.003, ¢<0.05), two for the
right hemisphere (Chs 4 and 25), and three for the left hemisphere
(Chs 7, 18, and 28). The deoxy-Hb signal decreases for the spa-
tial WM task were not significant at the FDR-corrected threshold.
However, for reference, we found considerable decreases in the

deoxy-Hb signals for the five channels (Chs 25, 18, 4, 8, and 28;
=-2.82 to —1.71, P<0.05 but ¢>0.05), two for the right hemi-
sphere (Chs 4 and 25), and three for the left hemisphere (Chs 8, 18,
and 28).
A comparison of the activation values between the verbal and
spatial WM tasks revealed no significant differences in either the
oxy-Hb signal increases or the deoxy-Hb signal decreases (q > 0.05).

3.4. Temporal characteristics of oxy-Hb signal change

We analyzed the temporal characteristics of the oxy-Hb sig-
nal change based on the grand-averaged time course (Fig. 2C).
For the channels where the oxy-Hb signal increases were sig-
nificant during the activation period, the time courses for the
oxy-Hb signal change had two peaks. The first (and the maxi-
mum) peak was observed during the delay period, and the second,
more modest peak was observed after S2 was presented. We cal-
culated the peak latency for the first peak, which was defined as
the duration from S1 onset to the time the oxy-Hb signal reached
a maximal value, and averaged this across channels with a sig-
nificant oxy-Hb signal increase for both WM tasks. The mean of
the peak latency was 7.81+0.90s for the verbal WM task and
7.61-:1.08 s for the spatial WM task. The difference between tasks
was not significant (t=1.82, df=35, P=0.077, two-tailed paired t-
test).

3.5. Correlation of POMS score with PFC activity
Next, to examine how the participants’ moods were associated

with the PFC activity during each WM task, we analyzed the cor-
relation (Spearman’s rank correlation) between the POMS scores
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Fig. 3. Correlation between POMS scores and oxy-Hb signals. (A) Correlation r-maps showing relationship between POMS positive mood scores and oxy-Hb signal increase.
(B) Correlation r-maps showing relationship between POMS negative mood scores and oxy-Hb signal increase. Left pairs: verbal WM task, right pairs: spatial WM task. The
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Red: correlation with POMS positive mood score, blue: correlation with POMS negative mood score.

and the activation values. We used only the oxy-Hb signal change
because the deoxy-Hb signals did not show clear changes compared
to the oxy-Hb signals (as described before).

For the verbal WM task, the oxy-Hb signal changes during
the task tended to be positively correlated with the POMS pos-
itive mood scores (median r-value=0.15, ranging from —-0.21 to
0.40), whereas negatively correlated with the POMS negative mood
scores (median r-value = —0.39, ranging from —0.62 to 0.16) (Fig. 3).
We found statistically significant negative correlations between
the POMS negative mood scores and the oxy-Hb signal changes
for 19 channels (r=-0.62 to —0.44, P=0.0006 to 0.017, g<0.05)
(Fig. 3B). Notably, the partial correlation analysis showed that a sig-
nificant correlation remained in a specific channel (Ch 28; r=-0.62,
P=0.0009, q<0.05) even when the participants’ age, gender, and
task performance (accuracy and RT) were controlled for. In addi-
tion, the correlation coefficients for the male (n=17) and female
(n=12) participants were not significantly different in this channel
(r=-0.49 for males, r=—0.53 for females; P=0.913, Fisher's Z-test).
The correlation plot for Ch 28 is shown in Fig. 4.

For the spatial WM task, the oxy-Hb signal changes during the
task did not significantly correlate with either the POMS positive
mood scores (r=-0.20 to 0.30, P> 0.116, g > 0.05) or negative mood
scores (r=-0.37 t0 0.21, P>0.056, g > 0.05).

We also examined the correlations between task performance
(accuracy and RT) and the oxy-Hb signal changes. Although there
was a weak trend that higher accuracy was associated with a
larger oxy-Hb increase in the frontopolar region for both verbal and
spatial WM tasks (r<0.35), no significant relationship was found
(Supplementary Fig. S2).

4. Discussion

We measured the PFC activity during verbal and spatial WM
tasks under low-constraint, near-natural conditions by using OT,

Ch28
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Fig. 4. Scatter plot showing relationship between POMS negative mood scores and
PFC activity during verbal WM task in Ch 28. The negative correlation between the
POMS scores and PFC activity was significant (FDR g < 0.05) in this channel, even after
controlling for age, gender, and task performance. The blue circles indicate male
participants, and the red diamonds indicate female participants. r: Spearman’s rank
correlation coefficient, P: uncorrected value. (For interpretation of the color infor-
mation in this figure legend, the reader is referred to the web version of the article.)
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to investigate the relationships between naturalistic mood and PFC
activity. The results revealed statistically significant negative corre-
lations between the POMS negative mood scores and PFC activity
during the verbal WM task, whereas the opposite tendency was
found for the POMS positive mood scores. However, the PFC activ-
ity during the task was not significantly correlated with either the
POMS positive or negative mood scores for the spatial WM task.
Our results indicate that even a normal range of mood variation
in healthy individuals is associated with PFC activity during a WM
task, suggesting a mood-cognition interaction under everyday cir-
cumstances manifested in PFC activity.

4.1. PFC activity induced by WM tasks

We observed a significant oxy-Hb signal increase in the PFC
region in response to both verbal and spatial WM tasks. We did
not observe a clear deoxy-Hb signal decrease comparable to the
oxy-Hb signal increase, probably due to the lower signal to noise
ratio. The decrease in the deoxy-Hb signal was significant only for
the verbal WM task, but a similar spatial pattern was observed for
the spatial WM task (Fig. 2B). An oxy-Hb signal increase accompa-
nied by a deoxy-Hb signal decrease is considered to be a typical
pattern of a hemodynamic response elicited by neuronal activ-
ity often observed in OT measurements (Herrmann et al., 2007;
Sato et al., 2005, 1999). This pattern was found in the bilateral
dorsolateral PFC, as identified by the probabilistic registration
method (Okamoto and Dan, 2005; Singh et al., 2005). Therefore,
we regarded these areas as activation foci responsible for WM
functions. These results are consistent with those from previous
research with other modalities (such as fMRI and PET), which have
demonstrated DLPFC activation in response to performance of WM
tasks (Gray et al., 2002; Smith and Jonides, 1999). Previous OT stud-
ies have also reported DLPFC activation during WM tasks (Hoshi
et al., 2003; Tsujimoto et al., 2004). In particular, Tsujimoto et al.
(2004), using the same delayed-response paradigm for the spatial
WM task in our study, found that the oxy-Hb signal increase dur-
ing the delay period was indeed WM-load dependent (two items vs.
four items). This finding also supports that the PFCactivity observed
in our study can be regarded as WM related.

The PFC activity in response to the WM tasks was similar across
the tasks not only in the spatial activation pattern (Fig. 2A and B)
but also in the temporal characteristics (Fig. 2C), as shown by the
analysis on peak latency. Although some previous studies found lat-
erality in the PFC activity between verbal and spatial WM (Smith
and Jonides, 1999; Smith et al., 1996) (i.e., relatively right domi-
nantactivation in spatial WM and left dominant activation in verbal
WM), we did not observe significant differences in PFC activity
between the tasks. One reason for this might be that we used a
small number of trials for each condition, resulting in less sensitiv-
ity to differences in cortical responses between tasks. Whether OT
can detect the lateralized PFC activity related to WM functions is a
future issue to be investigated.

4.2. Relationship between negative mood and PFC activity
associated with WM

We found a significant negative correlation between the
POMS negative mood scores and the oxy-Hb signal increases—
participants with higher levels of negative moods showed lower
levels of PFC activity specifically during the verbal WM task. Of
importance, this relationship was not explained by potential con-
founding factors such as age, gender, or task performance (ie.,
accuracy and RT), as determined by partial correlation analysis. Par-
ticularly, the significant resultin the partial correlation analysis was
obtained in a channel located in the left DLPFC (Ch 28), where the
WNM-related activity (characterized by both the significant increase

in the oxy-Hb signal and the significant decrease in the deoxy-Hb
signal) was observed in the group-average analysis. Our results are
consistent with the previous fMRI study by Qin et al. (2009), who
reported that an induced negative mood attenuated DLPFC activity
duringa verbal WM task (numerical N-back task). The present study
suggests that not only an induced negative mood but also a natural-
istic negative mood is associated with PFC activity related to verbal
WM function. Our results extend previous neuroimaging findings
regarding the mood-cognition interaction to broader context under
everyday circumstances: subjective moods during recent life situa~
tions are reflected in PFC activity responsive to cognitive tasks. The
use of a low-constraint, less-stressful neuroimaging tool as well
as a relatively short measurement time might have enabled us to
probe the relationship between naturalistic mood and PFC activity
sensitively.

We did not observe a significant association between perfor-
mance (accuracy or RT) and mood scores or OT signals. Thus, it is
unclear whether lower levels of PFC activity in participants report-
ing higher levels of negative moods indicate impoverished PFC
reactivity to verbal WM or greater processing efficiency for ver-
bal WM. However, we emphasize that our results are in line with
previous OT studies showing that PFC activity during verbal flu-
ency tasks is decreased in people who have higher levels of fatigue
and sleepiness, apart from task performance (i.e., the effect of
task performance on PFC activity was adjusted by multiple regres-
sion) (Suda et al., 2009, 2008). Collectively, these results including
ours suggest that decreased PFC activity is a neural marker of
higher negative mood (or lower motivation to engage in cognitive
tasks), which could be more sensitive than behavioral measures. A
more reliable relationship between behavioral measures and mood
scores or PFC activity might be obtained if we increase the number
of trials or use more difficult cognitive tasks.

One of the advantages of our study compared to the previous
OT studies showing negative associations between PFC activity and
levels of fatigue and sleepiness (Suda et al., 2009; Suda et al., 2008)
is the use of a simple cognitive task, well described in the previous
neuroimaging studies and requiring minimum motor responses.
While verbal fluency tasks are useful tools for clinical research
(Kameyama et al., 2006; Suto et al., 2004; Takizawa et al., 2008),
these tasks involve many cognitive processes (e.g., word genera-
tion, verbal WM, and cognitive flexibility), making it difficult to
characterize what aspects of cognitive processes are indeed rel-
evant to decreased PFC activity associated with negative moods.
Our study provides clearer evidence that the PFC is involved in the
interaction between naturalistic mood and verbal WM.

We found a significant correlation between mood and PFC
activity only for the verbal WM task but not for the spatial WM
task. This result could imply that the relationship between mood
and PFC activity differs across cognitive functions. Interestingly,
some studies have reported that positive and negative moods
are differently linked with verbal and spatial cognitive functions
(Bartolic et al., 1999; Papousek et al., 2009). In these studies, per-
formances on verbal fluency tasks were relatively worse than those
on non-verbal (figural) fluency tasks in negative (dysphoric or
withdrawal-related) moods, but opposite in positive (euphoric or
approach-related) moods. These results are consistent with our
results that showed the negative correlation between negative
mood and PFC activity (as well as the trend of positive correla-
tion between positive mood and PFC activity) if we interpret that
higher PFC activity corresponds to better cognitive function (see
Supplementary Fig. S2). Other studies using WM tasks also showed
that verbal and spatial WM functions are selectively associated with
experimentally induced positive or negative moods (Gray, 2001;
Gray et al., 2002; Shackman et al., 2006). Considering these studies,
our results suggest a specific interaction between negative mood
and verbal WM under everyday circumstances,



