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SUMMARY

Depression is a debilitating condition with a pro-
found impact on quality of life for millions of people
worldwide. Physical exercise is used as a treatment
strategy for many patients, but the mechanisms
that underlie its beneficial effects remain unknown.
Here, we describe a mechanism by which skeletal
muscle PGC-1a1 induced by exercise training
changes kynurenine metabolism and protects from
stress-induced depression. Activation of the PGC-
121-PPARa/d pathway increases skeletal muscle
expression of kynurenine aminotransferases, thus
enhancing the conversion of kynurenine into kynur-
enic acid, a metabolite unable to cross the blood-
brain barrier. Reducing plasma kynurenine protects
the brain from stress-induced changes associated
with depression and renders skeletal muscle-spe-
cific PGC-1a1 transgenic mice resistant to depres-
sion induced by chronic mild stress or direct kynure-
nine administration. This study opens therapeutic
avenues for the treatment of depression by targeting
the PGC-1a1-PPAR axis in skeletal muscle, without
the need to cross the blood-brain barrier.

INTRODUCTION

The benefit of physical activity in depression is generally
accepted (Lawlor and Hopker, 2001; Melanie et al., 2012),
although the mechanisms that mediate these effects remain
largely unknown. It is also unclear which components of the
exercise program, such as skeletal muscle conditioning, cardio-
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vascular effects, or even psychosocial influences, are therapeu-
tic. PGC-1a. transcriptional coactivators are induced in skeletal
muscle by exercise (Baar et al., 2002; Ruas et al., 2012; Short
et al., 2003) and control many of the adaptations to physical
activity. In particular, PGC-1a1 is activated in skeletal muscle
by endurance-type activity and promotes mitochondrial bio-
genesis, fatty acid oxidation, angiogenesis, and resistance to
muscle atrophy (Arany, 2008). Transgenic murine models with
skeletal muscle-specific PGC-1a1 overexpression (mck-PGC-
1a1 mice) show many of the adaptations to endurance-type
training, without any exercise interventions (Lin et al., 2002).
The mck-PGC-1a1 model has been extensively studied and
has a lean, fatigue-resistant phenotype, with no differences at
baseline in locomotor activity (Choi et al., 2008).

Depression is a heterogeneous disorder, and the exact
neuronal mechanisms causing the disease are yet to be discov-
ered. However, recent work suggests it is accompanied by an
imbalance in glutamate transmission and/or decreased synaptic
plasticity (Gomez-Galan et al., 2013; Pittenger, 2013; Sanacora
et al., 2012).

The modulation of glutamate transmission and plasticity by
stress-induced neuroinflammatory pathways may constitute a
link between depression and chronic stress (Foy et al., 1987;
Liu et al., 2013; Yuen et al., 2012). In particular, the kynurenine
pathway of tryptophan degradation is activated by stress as
well as directly by inflammatory factors (Gibney et al., 2013;
Liu et al., 2013). This pathway accounts for 90% of peripheral
tryptophan metabolism and occurs mainly in the liver, kidney,
and immune cells (Miller and Schwarz, 2007). Levels of kynure-
nine (KYN) and its metabolites 3-hydroxykynurenine (3HK) and
kynurenic acid (KYNA) in patients are strongly correlated to
depression (Claes et al., 2011; Mdller and Schwarz, 2007). These
compounds have a plethora of effects that could contribute to
depression, including modulating neuronal cell death, glutamate
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transmission, and neuroinflammation (Myint and Kim, 2014;
Schwarcz et al., 2012). Approximately 60% of brain KYN comes
from the periphery because, as opposed to KYNA, it can readily
cross the blood-brain barrier (Fukui et al., 1991; Gal and Sher-
man, 1980). In the brain, KYN is metabolized to KYNA by astro-
cytes and to 3HK in microglia and macrophages (Schwarcz et al.,
2012).

Here, we show that modulation of skeletal muscle condition
through PGC-1a1 expression mediates resilience to stress-
induced depressive behavior. Together with PPAR«/d, PGC-1a.1
increases the expression of several kynurenine aminotrans-
ferases (KATs) in skeletal muscle. Importantly, this shifts periph-
eral metabolism of stress-induced and exogenous KYN into
KYNA, thereby protecting against stress-induced neurobiological
mechanisms of depression.

RESULTS

Skeletal Muscle-Specific PGC-141 Transgenic Mice Are
Resilient to Developing Chronic Mild Stress-Induced
Depression

To isolate the effects of skeletal muscle conditioning on depres-
sion, we subjected the mck-PGC-1a1 mice to a chronic mild
stress (CMS) protocol (Figure 1A). This protocol involves multiple,
daily, mild stressors at unpredictable time (Table S1 available on-
line) validated to induce depressive behavior (Willner, 2005). As
expected, after 5 weeks of CMS, wild-type (WT) mice displayed
depressive behavior as shown by increased immobility time in
forced swim tests (FST) (a measure of despair with good predic-
tive value for antidepressant effects) and decreased sucrose
consumption (a measure of anhedonia; Figure 1B), when
compared to nonstressed control animals. Strikingly, these
CMS effects were completely absent in the mck-PGC-1a1
mice (Figure 1B). Genotype had no effect on locomotor activity
or baseline sucrose preference (Figures S1A-S1C). Mck-PGC-
1a1 mice were not protected from all the effects of CMS and
showed decreases in body weight gain similar to WT after the
second week (Figure 1C).

To exclude any nonskeletal muscle transgene expression in
mck-PGC-1a1 mice, we determined exogenous and endoge-
nous PGC-1a1 levels in several tissues (Figure S1D). We de-
tected PGC-1a1 transgenic expression in skeletal muscle, a
small increase in the heart, but not in any of the other analyzed
tissues (Figure S1E).

Imbalances in glutamate transmission and decreased synap-
tic plasticity have been suggested as possible mechanisms of
depression (Duman and Aghajanian, 2012; Sanacora et al.,

2012). Accordingly, our analysis of synaptic proteins in WT
mice after CMS revealed reduced hippocampal expression
levels of proteins mediating synaptic plasticity: CamKllo. and
CamKIIB and ARC, as well as the AMPA receptor subunits
GluA1 and 2. Expression of the NMDA receptor subunit GIuN2B
remained unchanged whereas GIUN2A protein levels increased
after stress (Figures 1D-1F). In agreement with the behavioral
test results, none of these stress-induced changes occurred in
mck-PGC-1a1 mice (Figures 1D-1F). Similar gene expression
profiles were observed in other brain regions (Figures 1F and
S1F) known to be involved in depressive disorders (Femenia
et al., 2012). Neurotrophic factors also play a role in depression
(Anisman and Hayley, 2012; Duman and Monteggia, 2006). After
exposure to CMS, only WT mice showed decreased hippocam-
pal transcript levels for BDNF, GDNF, and VEGFA and B,
whereas no changes were observed in mck-PGC-1a.1 mice (Fig-
ure 2A). Nerve-growth factor (NGF) levels did not change in any
experimental group (Figure 2A).

Reduced astrocytic regulation of synaptic function has been
proposed to contribute to stress-induced depression (Gomez-
Galan et al.,, 2013; Rajkowska and Miguel-Hidalgo, 2007).
Consistent with earlier observations (Banasr et al., 2010),
CMS reduced the amount of glial fibrillary acidic protein
(GFAP) and excitatory amino acid transporter 1 (EAAT1) pro-
tein, but not EAAT2 protein abundance in WT mice (Figures
2B and 2C). Baseline GFAP transcript levels were higher in
hippocampi of mck-PGC-1a1 mice than in controls, but re-
mained unaffected by CMS (Figure 2B). Further supporting its
effect on glutamatergic transmission, CMS decreased the
mRNA levels of glutamine synthetase (GLNS) in the hippocam-
pus of WT mice, whereas we observed the opposite effect in
mck-PGC-1a1 mice after CMS (Figure 2D). When assessing
gene expression of astrocytic proteins in other brain regions,
a more complex picture emerged (Figure S2A), suggesting
that astrocyte response is a fine-tuned result of many signaling
pathways.

We next analyzed the expression of structural synaptic genes
known to be decreased in patients with depression (Kang et al.,
2012; Tochigi et al., 2008). After CMS, we observed a reduction
in the hippocampus and mPFC expression levels of calmodulin-
2, synapsin-3, and Rab3A, of WT mice (Rab4B and B-tubulin
were also decreased in mPFC), whereas these levels were un-
changed in mck-PGC-1a1 mice (Figures S2B and S2C). Collec-
tively, these results indicate that PGC-1a1 expression in skeletal
muscle protects synaptic transmission and plasticity from
stress-induced alterations, rendering mck-PGC-1a1 animals
resistant to developing depressive behavior.

Figure 1. Skeletal Muscle-Specific PGC-1a1 Transgenic Mice Are Resilient to Chronic Mild Stress-Induced Depressive Behavior
(A) A chronic mild stress (CMS) protocol was used to induce depressive behavior in wild-type (blue) and muscle-specific PGC-1a.1 transgenic mice (mck-PGC-

1a1, red).

(B) Immobility time in the forced swim test (left) and sucrose consumption normalized to body weight (right) shown for individual animals (n = 8-10).

(C) Body weight throughout the CMS treatment (n = 8-10).

(D) Analysis of gene expression in hippocampus by quantitative real-time PCR (qRT-PCR) (n = 4-6).

(E) Representative immunoblots and quantification of hippocampal protein levels normalized to loading controls. Proteins were loaded randomly by an exper-
imenter blinded to experimental conditions. Representative images come from the same gel and lines indicate they originate from different lanes (n = 5-8).

(F) Analysis of gene expression in medial prefrontal cortex (mPFC), cingulate cortex (Cing), amygdala (Amyg), and nucleus accumbens (N. Acc) by gRT-PCR (n =
4-6). Scale bars depict mean values expressed as percentage or fold change of wild-type nonstressed and error bars represent SEM, *p < 0.05.

See also Figure S1 and Tables S1, S2, and S3.
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Elevated Skeletal Muscle PGC-1a1 Expression Impacts
Central Inflammatory Responses to Chronic Mild Stress
Proinflammatory processes and their effects on astrocyte func-
tion (McNally et al., 2008) are important promoting factors in the
pathogenesis of stress-induced depressive disorders (Anisman
and Hayley, 2012; Gibb et al., 2011). Despite the anti-inflamma-
tory properties of PGC-1a1 in muscle (Eisele et al., 2013),
chronic exposure of mck-PGC-1a1 mice to unpredictable
stress increased skeletal muscle expression of the proinflam-
matory cytokines MCP-1 and TNFa (Figure 2E). This further in-
dicates that mck-PGC-1a1 mice do respond to stress, despite
their resilience to developing depressive behavior. Consistent
with this, we observed that CMS increased corticotrophin-
releasing hormone (CRH) expression (Deussing and Wurst,
2005; Lloyd and Nemeroff, 2011) in hypothalamus of mck-
PGC-1a1 transgenic mice, although to a lesser extent than in
WT mice (Figure 2F). WT mice (but not mck-PGC-1a1) re-
sponded to CMS with decreased hippocampus glucocorticoid
receptor expression (Froger et al., 2004), increased macro-
phage migration inhibitory factor levels (Figure 2G), and
increased levels of stress-induced inflammatory markers (Fig-
ures 2H and S2C). Expression of the anti-inflammatory cytokine
IL-10 was increased upon CMS in hippocampus of mck-PGC-
1a1 mice, whereas IL-4 expression was reduced in all groups
compared to WT controls (Figures 2l and S2D). IL-10 and IL-4
levels were unchanged in skeletal muscle (Figure S2E). Lastly,
expression of macrophage/microglia activity markers ionized
calcium-binding adaptor molecule (IBA1), cyclin-dependent ki-
nase 11b (CD11b), and macrophage inflammatory protein 1o
(MIP1a) was increased in hippocampus of WT mice after CMS
but reduced (or unchanged) in mck-PGC-1a1 mice under the
same conditions (Figure 2J). These results show that although
mck-PGC-1a1 mice are sensitive to stress, they are protected
from brain neuroinflammation.

PGC-1a1 Induces Expression of Kynurenine
Aminotransferases in Skeletal Muscle

To identify pathways that mediate the effects of skeletal muscle
PGC-1a1 on the central nervous system we analyzed gene
expression array data from in vivo and in vitro muscle PGC-
1a1 overexpression (Ruas et al., 2012). This bioinformatic anal-
ysis uncovered a putative role for PGC-1a1 in the control of
the kynurenine pathway of tryptophan degradation in skeletal
muscle (kynurenine pathway; Figures 3A, S3A, and S3B). Con-
version of tryptophan to KYN is emerging as a main mediator

of stress-induced depression (Dantzer et al., 2008; Muller and
Schwarz, 2007). By examining the skeletal muscle expression
levels of rate limiting enzymes in the kynurenine pathway, we
found that exposure to CMS increased the expression of indole-
amine 2, 3-dioxygenase 1 and 2 (IDO1 and IDO2), tryptophan 2,
3-dioxygenase 1 and 2 (TDO1 and TDO2), and kynurenine 3-
monooxygenase (KMO) only in WT mice (Figures 3B and 3C).
Liver IDO1 expression was increased by CMS in WT mice, to
levels higher than those observed in skeletal muscle (Fig-
ure S3C). IDO and TDO levels were unchanged in mck-PGC-
1a1 skeletal muscle, which instead showed high expression of
kynurenine aminotransferases (KAT) 1, 3, and 4, further elevated
by CMS (Figures 3D and 3E). These enzymes catalyze the con-
version of KYN to KYNA (Han et al., 2010), an end metabolite
of this pathway that contrary to KYN cannot cross the blood-
brain barrier (BBB) (Fukui et al., 1991). KAT 2 could not be de-
tected in murine skeletal muscle (Figure 3D) and no changes in
liver KAT levels were observed (Figure S3C). Although PGC-
1a1 levels are slightly elevated in the heart of mck-PGC-1a1
mice, this did not affect cardiac KAT expression (Figure S3D).

Skeletal Muscle PGC-1a1 Enhances Peripheral
Metabolism of Kynurenine to Kynurenic Acid during
Chronic Mild Stress

Our results suggest that the mck-PGC-1a1 mice are better
equipped to metabolize circulating KYN produced in response
to CMS. Indeed, exposure to CMS elevated plasma KYN levels
in WT, but not in mck-PGC-1a1 mice (Figure 3F). Conversely,
only mck-PGC-1a1 mice exposed to CMS showed significantly
higher KYNA plasma levels (Figure 3F). Given that KYN crosses
the BBB and is rapidly converted to 3HK or KYNA (Fukui et al.,
1991; Schwarcz et al., 2012), we measured the levels of these
metabolites in the brain. 3HK levels were robustly increased in
brains of WT mice after CMS, while unaltered in mck-PGC-1a1
mice (Figure 3G). We observed no differences in brain KYNA
levels in any group (Figure 3G). Highlighting the importance of
shifting peripheral KYN to KYNA balance, we found a significant
correlation between plasma KYN and brain 3HK levels but not
with KYNA (Figure 3H). CMS responses increased the expres-
sion of enzymes of the kynurenine pathway in brains of WT
mice, whereas mck-PGC-1a1 mice were exempt from these
changes (Figure S3E). An increased breakdown of kynurenine
could lead to tryptophan depletion and result in decreased sero-
tonin levels, a proposed mechanism of depression. However, we
did not observe any reduction in tryptophan, serotonin, or its

Figure 2. Skeletal Muscle PGC-1a1 Expression Impacts Central Inflammatory Responses to CMS

(A and B) gRT-PCR gene expression analysis of (A) neurotrophic factors and (B) astrocytic proteins from hippocampus (n = 4-6).

(C) Representative immunoblots and quantification of hippocampal protein levels normalized to loading controls. Proteins were loaded randomly by an
experimenter blinded to experimental conditions. Representative images come from the same gel and lines indicate they originate from different lanes (n = 4-8).
(D) Glutamine synthetase (GLNS) mRNA levels in hippocampus (n = 4-6) determined by gRT-PCR.
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(

E) gRT-PCR analysis of gene expression for inflammatory cytokines in skeletal muscle (n = 4-6).

F) Corticotrophin-releasing hormone (CRH) gene expression levels in hypothalamus (n = 4-6).

G) Gene expression levels of glucocorticoid receptor (GR) and microphage migration inhibitory factor (MIF) in hippocampus (n = 4-6).
H and I) gqRT-PCR analysis of gene expression of (H) inflammatory and (l) anti-inflammatory cytokines from hippocampus (n = 4-6).

(J) Analysis of gene expression by qRT-PCR of macrophage/microglial markers from hippocampus (n = 4-6). Scale bars represent mean values and error bars

represent SEM. ns, nonsignificant. *p < 0.05.
See also Figure S2 and Tables S2 and S3.
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*p < 0.05.
See also Figure S3 and Tables S2 and S3.
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conditions (Figure S3F).

Peripheral Kynurenine Administration Induces
Depressive Behavior in Wild-Type, but Not
mck-PGC-1a1, Mice

Our data suggest that stress-induced increases in plasma KYN
levels have central effects associated with depression. Indeed,
KYN plasma levels directly correlated with hippocampal gene
expression of proinflammatory markers MCP-1, TNFa, and IL-
1B (Figure S4A). We also found that plasma KYN levels inversely
correlate with the synaptic changes shown in Figure 1 (Figure 4A).
If mck-PGC-101 mice are protected from these pathological ef-

38 Cell 159, 33-45, September 25, 2014 ©2014 Elsevier Inc.

%o o5 1015 andthe concomitant elevation of plasma

Plasma KYN (uM) KYN levels (Figure 4F) were not observed

in mck-PGC-1a1 animals (Figures 4C

and 4F). Consistent with our hypothesis,

circulating KYNA levels were increased in mck-PGC-1a1 mice
after KYN administration (Figure 4F).

Skeletal Muscle-Specific PGC-1a Deletion Sensitizes to
KYN-Induced Depressive Behavior

To determine if PGC-1a1 is not only sufficient, but also required
for the conversion of KYN to KYNA in skeletal muscle, we next
analyzed mice with skeletal muscle-specific genetic deletion of
PGC-1a (hereafter MKO-PGC-1a) (Chinsomboon et al., 2009).
Loss of PGC-1a. expression in skeletal muscle resulted in
decreased KAT expression levels (Figures 5A and S5A). When
evaluated in sucrose consumption tests, MKO-PGC-1a mice
displayed anhedonic behavior even under control conditions
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(F) Plasma concentrations of KYN and KYNA
shown as box plots (n = 5-7). Scale bars represent
mean values and error bars represent SEM.
*p < 0.05.

See also Figure S4 and Table S3.

KYN levels even more than in treated WT
mice, accompanied by lower KYNA levels
(Figure 5G). We did not observe changes
in tryptophan or serotonin levels in the
MKO-PGC-1a1 mice (Figures S5C and
S5D). These findings indicate that acute
peripheral KYN administration can drive
changes in the brain similar to those
induced by CMS, which can be controlled
by modulating PGC-1a. levels in skeletal
muscle.

A PGC-1a1-PPARa/d Partnership
Regulates KAT Expression in
Myotubes

To determine if PGC-1a1 effects are
cell-autonomous we used primary myo-
tube cultures in gain- and loss-of-func-
tion experiments. Myotubes transduced
with recombinant adenovirus to overex-
press PGC-1a1 (Figure S6A) showed
higher KAT1, KAT3, and KAT4 mRNA
levels without significant effects on other
members of the pathway (Figures 6A
and S6B). In agreement with the results
obtained in vivo (Figure 5A), MKO-
PGC-1oc myotubes had decreased
KAT1, KAT3, and KAT4 gene expres-

compared to WT mice (Figures 5B and S5B). This behavior was
considerably worsened after exogenous KYN administration and
even more pronounced than in the corresponding WT mice (Fig-
ure 5C). As before, (Figures 4C—4E), KYN administration induced
hippocampal expression of proinflammatory and kynurenine
pathway genes in WT mice, but even more clearly in mice lacking
muscle PGC-1a (Figures 5D and 5E). The expression of synaptic
proteins, with the exception of ARC, was equally reduced in WT
and MKO-PGC-1a mice after KYN treatment (Figure 5F). Finally,
KYN administration to MKO-PGC-1a mice increased circulating

sion, which could be rescued by exogenous PGC-1a1 expres-
sion (Figure 6B).

PGC-1a coactivators interact with specific DNA-binding tran-
scription factors to exert their biological functions (Lin et al,,
2005). Analysis of genomic regions surrounding the KAT1,
KAT3, and KAT4 genes revealed an overrepresentation of direct
repeat 1 (DR1) sequences (Figure S6C). These elements are
recognized by PPARa and 3, well-known PGC-1a1 partners
that also increase in skeletal muscle with exercise (Arany,
2008; Schmitt et al., 2003; Wang et al., 2004). In accordance,
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mck-PGC-1a1 animals had increased skeletal muscle PPARa
and 3 expression, which was further enhanced by CMS (Fig-
ure S6D). Treatment of WT myotubes with a selective PPAR«
agonist increased KAT1, KAT3, and KAT4 expression, while a
selective PPARS agonist affected only KAT1 levels (Figure S6E).
PPAR ligand-mediated increase in KAT1 and KAT3 expression
was strictly dependent on PGC-1a1, whereas KAT4 was still
responsive to PPARg. activation even in MKO-PGC-1a. myotubes
(Figure S6E). Combining PGC-1a1 expression with PPARa. or
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crease in KAT gene expression (Fig-
ure 6C). Conversely, reducing PPARa
levels in myotubes resulted in decreased
KAT levels, whereas silencing PPARS
expression affected only KAT1 (Fig-
ure 6D). This was verified also in the
presence of overexpressed PGC-1al
(Figure 6D). By using in vivo chromatin
immunoprecipitation experiments we
could confirm that, in mck-PGC-1a1
skeletal muscle, PPAR«, PPARS, and
PGC-1a1 can be found associated with
discrete regulatory regions upstream of
the transcription start site of the KAT1,
KATS3, and KAT4 genes (Figure 6E). These
results suggest the PGC-1a1-PPARa/
d partnership is required for full effects
on KAT gene expression in skeletal mus-
cle in a cell-autonomous manner.
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Exercise Training Increases Murine
and Human KAT Expression in
Skeletal Muscle
To verify if the PGC-1a1-KAT-KYN
mechanism is part of the physiological
response to exercise training, we
analyzed WT mice after 8 weeks of free
wheel running. This exercise intervention resulted in a gene
expression profile that significantly overlapped with ectopic
PGC-1a1 expression in skeletal muscle (Figure 7A). Notably,
endurance exercise training increased skeletal muscle expres-
sion of KAT1, KAT3, and KAT4, decreased TDO1 and KMO
expression (Figures 7A and S7A), and increased plasma KYNA
levels (Figure 7B). Plasma KYNA levels directly correlated with
murine skeletal muscle gene expression of KAT1, KAT3, and
KAT4 (Figure S7B). We next determined the expression of
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KATs in human skeletal muscle before and after a 3-week
training program (Czepluch et al., 2011). Percutaneous biopsies
of the vastus lateralis skeletal muscle were obtained for each in-
dividual at baseline and 48 hr after the last training session. In
agreement with previous reports (Mahoney and Tarnopolsky,
2005; Ruas et al., 2012; Schmitt et al., 2003), 3 weeks of physical
exercise increased the expression of PGC-1a, PPARa«, and
PPARS in human skeletal muscle (Figure 7C). Notably, the
same individuals showed an increase in the expression levels

nurenine metabolism and protects from
stress-induced depression. This mecha-

nism is mediated by the actions of PGC-1a1 and the PPARa/

d transcription factors that together induce the expression of

KAT enzymes, thus shifting peripheral KYN to KYNA.
Peripheral tryptophan conversion to KYN under proinflamma-

tory and stress conditions is linked to neuroinflammation and
considered to contribute to the pathogenesis of depression
(Schwarcz et al., 2012). In this study, we observe a clear rela-
tionship between plasma KYN levels and expression of both in-
flammatory and synaptic proteins. Because KYNA, in contrast
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pairs endurance performance in forced
exercise tests (Handschin et al., 2007).

This could be a confounding factor for
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to KYN, does not pass the blood-brain barrier (Fukui et al.,
1991), increased peripheral conversion of KYN to KYNA
observed in the mck-PGC-1a1 mice should have a protective
effect on the brain. Indeed, while the CMS treatment increases
microglia and neuroinflammatory markers in WT mice, these
changes do not occur in mkc-PGC-1a1 mice. In addition, syn-
aptic proteins, as well as proteins mediating synaptic plasticity,
are reduced by CMS in WT but not in mck-PGC-1a1 mice.
However, this is not due to an overall protection from stress
or stress-induced inflammation, as stressed mck-PGC1a1
mice display weight loss, increased skeletal muscle inflamma-
tory markers, and higher CRH levels than unstressed trans-
genic mice.

The importance of the enhanced peripheral KYN breakdown is
illustrated by the fact that mck-PGC-1a1 mice are protected
from developing depressive behavior, even upon direct KYN
administration. Conversely, MKO-PGC-1a. mice display signs
of depressive behavior at baseline, which worsens with KYN
administration. The genetic loss of skeletal muscle PGC-1a. im-
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behavioral analysis relying on motor ac-

tivity such as forced swim tests, thus we

used only the sucrose consumption test.

Even so, we cannot exclude that the ef-

fect on sucrose consumption elicited by

the KYN injections is due to sickness
behavior rather than anhedonia per se

(Dantzer et al., 2008). Nevertheless, this

does not affect the conclusion that

PGC-1a1-mediated regulation of skeletal

muscle KAT levels and the consequent

breaking down of KYN prevents a central
response.

_ Diabetic and/or obese mice and hu-
mans have reduced PGC-1a levels in
skeletal muscle, which has been sug-
gested to lead or contribute to metabolic

disease. In line with this, the link between insulin resistance,

inflammation, and the kynurenine pathway is an emerging theme
in recent literature (Oxenkrug, 2013). This is particularly evident
in the context of aging (also associated with reduced muscle

PGC-1a expression) (Johnson et al., 2013). Our results imply

that dysregulation in the PGC-1a/kynurenine pathway could

contribute to the increased risk for depression in type 2 diabetes

patients (Roy and Lloyd, 2012; Stuart and Baune, 2012).

In general, the stress-induced molecular signature we observe
in the brains of WT mice was not seen in mck-PGC-1a1 mice.
The fact that the levels of astrocytic proteins EAAT1 and GFAP
are affected by CMS supports the role of astrocytes in mediating
stress-induced depression (Bajramovi¢ et al., 2000; Banasr
et al.,, 2010; Bechtholt-Gompf et al., 2010; Czéh et al., 2006).
Of note, some of the molecular pathways analyzed are already
changed in brains of mck-PGC-1a1 mice at baseline, even
without the CMS challenge. This suggests that other, not yet
identified, signaling pathway(s) from skeletal muscle to brain
might be active in mck-PGC-1a1 mice.




Skeletal muscle can act as an endocrine organ, secreting
diverse myokines in a context-dependent manner (Brandt and
Pedersen, 2010). One such myokine under PGC-1a1 control is
cleaved from FNDC5 and secreted as Irisin, shown to impact ad-
ipose tissue function and systemic energy expenditure (Bostrom
etal., 2012). It has been recently reported that peripheral FNDC5
delivery by viral vectors has a neuroprotective effect mediated
by increased neuronal BDNF expression (Wrann et al., 2013).
As previously reported, we observed that CMS induces a reduc-
tion in BDNF expression in WT mice (Gibney et al., 2013; Smith
et al., 1995). However, BDNF levels remained unchanged in
mck-PGC-1a1 mice, indicating that the FNDC5/BDNF pathway
is unlikely to be a major component in the protection against
stress-induced depression.

The use of PGC-1a genetic models allowed us to isolate skel-
etal muscle conditioning from other exercise components. The
relevance of the proposed mechanism is supported by the fact
that aerobic exercise training interventions in mice and humans
induced skeletal muscle PGC-1a, PPARa/3, and KAT expres-
sion. It will be interesting to expand this study design to a larger
cohort of human volunteers, to include also patients with depres-
sion. The exercise training protocol used in this study was suffi-
cient to increase plasma KYNA levels in rodents. In agreement
with this, human plasma KYNA levels have been reported to in-
crease after extensive endurance exercise (Lewis et al., 2010).

Depression is one of the world’s leading causes of disease
burden and time lived with disability (Whiteford et al., 2013)
and current antidepressant treatments are insufficient (Mc-
Clintock et al., 2011). By inducing exercise-mimetic changes
specifically in skeletal muscle we have identified a mechanism
that reduces the detrimental effects of stress and enhances
the resilience to depression. Our work suggests that there is
great therapeutic potential in targeting the PGC-1a1-PPARo/3-
KAT-Kynurenine pathway in depressive disorders (Schwarcz
et al., 2012; Wu et al., 2014) thus harnessing one of the many
beneficial effects of exercise training (Liu et al., 2013).

EXPERIMENTAL PROCEDURES
Please see the Extended Experimental Procedures for additional details.

Animal Experimentation
Mck-PGC-1a and MKO-PGC-1a animals (all on C57BL/6J background), a kind
gift from Dr. Bruce Spiegelman (Harvard Medical School, Boston, MA), have
been previously described (Chinsomboon et al., 2009; Lin et al., 2002). All ex-
periments and protocols were approved by the regional animal ethics commit-
tee of Northern Stockholm.

Chronic Mild Stress

Male mice (8- to 10-week-old at the start of experiments) were subjected to
stressors several times a day, applied at different time points to avoid habitu-
ation (Table S1). Behavioral testing was carried out 24 hr or more after the last
stressor to evaluate depressive-like behavior.

Exercise Training
C57BL/6J male mice (9 weeks) were single housed with or without access to a
running wheel for 8 weeks. Only mice that had run more than 4 km/night were
selected for subsequent experiments.

Vastus lateralis skeletal muscle biopsies were obtained from healthy volun-
teers as previously described (Barres et al., 2012). Muscle biopsies were
obtained before training and 48 hr after the last exercise training session (Cze-

pluch et al., 2011). All participants provided written informed consent and all
protocols were approved by the Karolinska Institutet Ethics Committee (Cze-
pluch et al., 2011).

Behavior

Forced Swim Test

Each mouse was placed in a cylinder containing 15 cm water for 15 min. After
24 hr, the animals were placed again in the cylinder and the duration of immo-
bility (including movements to keep afloat, but not active swimming) was
scored for a 5 min period.

Sucrose Consumption Test

Mice were individually housed, deprived of food for 6 hr, and water for 12 hr
before the test, and then given access to 1% sucrose solution during 1 hr.
The amount consumed was normalized to body weight. For L-Kynurenine
treatments, 2 mg/kg of L-KYN (Sigma-Aldrich) or saline were injected intraper-
itoneally. Sucrose consumption was assessed 2 hr after injection.

Cell Culture

Primary myoblast cultures and adenovirus expressing PGC-1a1 or GFP (green
fluorescent protein) have been previously described (Ruas et al., 2012). Fully
differentiated myotubes were treated overnight with 1 uM CP775146 (PPARa
agonist), or GW0742 (PPAR3 agonist) (Tocris bioscience). Myoblasts were
transfected with siRNA for PPARa and PPARS and then differentiated.

Western Blot

Brain tissue samples were sonicated in RIPA-buffer with protease inhibitors.
Muscle tissue was lysed in Isol-RNA lysis reagent (5 Prime). All primary anti-
bodies used are listed in Table S2.

Chromatin Imnmunoprecipitation
Chromatin immunoprecipitation (ChIP) experiments were performed as previ-
ously described (Ruas et al., 2012) with some modifications.

Gene Expression Analysis

Total RNA was isolated using Isol-RNA Lysis Reagent (5 PRIME). Quantitative
real-time PCR was performed and analysis of gene expression was performed
using the AACt method. Primer sequences are listed in Table S3.

High-Performance Liquid Chromatography

Briefly, brain-tissue homogenate or plasma was analyzed for KYN, KYNA, and
3-HK levels using an isocratic reversed-phase high-performance liquid chro-
matography (HPLC) system.

Liquid Chromatography and Mass Spectrometry

Brain-tissue homogenate and plasma were prepared by ultracentrifugation
and solid extraction and used for tryptophan and serotonin analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

Statistical Analysis

Data are expressed as average + SD for in vitro and + SEM for in vivo exper-
iments. Statistical analyses were performed using GraphPad Prism 6. Un-
paired Student’s t test was used when two groups were compared, and
one-way ANOVA followed by a protected Fisher’s least significance difference
(LSD) test for post hoc comparisons was used to compare multiple groups.
Statistical significance was defined as p < 0.05. Correlations were calculated
by Spearman rank correlation.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven
figures, and three tables and can be found with this article at http://dx.doi.org/
10.1016/j.cell.2014.07.051.
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During the preparation of Figure 1 in the article above, we inadvertently included lines separating the lanes in the western blot shown
in Figure 1E. In that panel, the Vinculin control for ARC should not display separating lines, as all samples were loaded on consecutive
lanes. We would like to clarify that the legends of Figures 1 and 2 should have indicated that the separating lines demarcate bands
that come from nonconsecutive lanes of the same gel. Finally, in the legend of Figure 1, we did not mention that the Vinculin loading
control for ARC and CamKlla shown in Figure 1E is the same, as these proteins were detected in the same membrane. The errors do
not in any way affect the results or interpretation of the figure. We apologize for any confusion that these errors may have caused.
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“MG-spec” as “TGEM-spec.” In addition, in Figure S2, the base of the log scale for analyzing data of replicate ChIP-seq peaks
should have been presented in the same way as what is depicted in Figure 2A. These mistakes do not affect the results in the paper
or the interpretation of the data. The corrected version of Figure 2 appears below, and Figures 2 and S2 have both been corrected
online. We apologize for any confusion that these errors may have caused.
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