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Serotonin reuptake inhibitors improve
muscle stem cell function and muscle
regeneration in male mice

Mylène Fefeu1,2,3, Michael Blatzer2, Anita Kneppers 4,11, David Briand 2,11,
Pierre Rocheteau2,11, Alexandre Haroche1, David Hardy 2,
Mélanie Juchet-Martin2, Anne Danckaert 5, François Coudoré6,
Abdulkarim Tutakhail 6, Corinne Huchet7, Aude Lafoux8, Rémi Mounier4,
Olivier Mir9, Raphaël Gaillard1,2,3,12 & Fabrice Chrétien 2,3,10,12

Serotonin reuptake inhibitor antidepressants such as fluoxetine are widely
used to treatmooddisorders. Themechanisms of action include an increase in
extracellular level of serotonin, neurogenesis, and growth of vessels in the
brain. We investigated whether fluoxetine could have broader peripheral
regenerative properties. Following prolonged administration of fluoxetine in
male mice, we showed that fluoxetine increases the number of muscle stem
cells and muscle angiogenesis, associated with positive changes in skeletal
muscle function. Fluoxetine also improved skeletal muscle regeneration after
single and multiples injuries with an increased muscle stem cells pool and
vessel density associated with reduced fibrotic lesions and inflammation. Mice
devoid of peripheral serotonin treated with fluoxetine did not exhibit bene-
ficial effects during muscle regeneration. Specifically, pharmacological, and
genetic inactivation of the 5-HT1B subtype serotonin receptor also abolished
the enhanced regenerative process induced by fluoxetine. We highlight here a
regenerative property of serotonin on skeletal muscle.

Since its approval four decades ago, fluoxetine (FLX), known as the
first selective serotonin reuptake inhibitor (SSRI)1, has become the
world’s most prescribed antidepressant2. Extensive research on neu-
rotransmission, in particular the transmission of serotonin (also
termed 5-hydroxytryptamine, 5-HT) in depressive disorders, has pro-
vided strong evidence on the mechanisms of action of FLX and other
antidepressants, beyond the initial increase in extracellular serotonin
levels that they induced3,4. Indeed, their antidepressant effects involve

an increase in hippocampal neurogenesis, neuronal survival5–8 sup-
ported by a concomitant and mandatory increase in cerebral
angiogenesis9,10.

In addition to its well-known neurotransmission activity, ser-
otonin is also described as a peripheral paracrine/autocrine hormone
involved in various non-neuronal physiological functions11. As a potent
mitogen, it can modulate tissue remodeling, and is released at the site
of tissue injury by platelets12,13. Using ad integrum skeletal muscle
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regeneration as a paradigm for regenerative medicine14, we tested in
mice whether FLX could have broader peripheral regenerative prop-
erties. We identified effects of FLX, accelerating muscle regeneration
after single as well as multiple muscle injuries by increasing muscle
stem cells (as known as satellite cells, SCs) without exhausting this
stem cell pool. In addition, FLX enhanced muscle repair with a coor-
dinated increase in vessel formation as well as a reduction in the
inflammatory response. Moreover, we demonstrated that FLX effects
were dependent of peripheral serotonin and that the 5-HT1B receptor
was amajormodulator of downstreamFLX action inmuscle stem cells.

Results
Fluoxetine increases muscle stem cells and vessels proliferation
with improved muscle function
To investigate the impact of FLX on skeletalmuscle stem cells, FLXwas
delivered per os at 18mg/kg daily for six weeks to Tg:Pax7-nGFPmice15,
in which the GFP reporter gene marks all SCs (Fig. 1a). Histological
(illustrated in Fig. 1b) and cytometric (illustrated in Supplementary
Fig. 1a) analysis revealed that the SCs count in the Tibialis anterior (TA)
increased by 60% to 80% with FLX treatment, respectively (Fig. 1c and
Supplementary Fig. 1b). Using Pax7 immunolabelling, these results
were also confirmed in the wild-type mouse strain C57Bl6 (Supple-
mentary Fig. 1c). Extensive histological analyses of the skeletal muscle
showednomorphological change neither in the fiber number nor their
area (Supplementary Fig. 1d, e). To quantify proliferation of SCs, BrdU
was delivered during prolonged FLX treatment for up to twelve weeks
and showed that 90% of the SCs (GFP + /BrdU+ ) proliferated by the
sixth week of FLX treatment and this effect was stable and sustained
until twelve weeks of FLX treatment (Supplementary Fig. 1f). A short
BrdU pulse 12 h before death demonstrated that most of the SCs were
dividing during the fourth and fifth week of FLX administration (Sup-
plementary Fig. 1g). After 6 weeks of FLX treatment, 4% of the SCs pool
were dividing (Pax7 + /Ki67+ positive cells), which was associated with
an increase in Cyclin D1 gene expression (Supplementary Fig. 1h–i). Of
note, at steady state, the increase in the SCs pool was not associated
with a change in protein expression of the differentiation regulatory
factor myogenin (Supplementary Fig. 1j).

Muscle capillaries participate to muscle stem cell niches
and angiogenesis is crucial to support SC survival and for an efficient
and coordinated muscle regeneration (angiogenesis/myogenesis
coupling)14. To investigate the effect of FLX on muscle vessels, we
delivered FLX to Flk1GFP/+ mice16 allowing the visualization of the
entire capillary network due to the GFP expression by endothelial
cells. After six weeks of treatment, FLX-treated mice exhibited a 44%
increase in their vessels number in TA sections (Fig. 1d, e). To confirm
this enhanced vascularization, we used CD31 as a marker for endo-
thelial cells. C57Bl6 mice that received FLX treatment for 6 weeks
also showed an increase in the vessels number in the TA and Soleus
muscle sections (Supplementary Fig. 1k–l). To confirm angiogenic
effects of FLX, we used an in vivo angiogenesis assay by sub-
cutaneously grafting Matrigel® plugs containingmyoblasts in C57Bl6
recipient mice17. Immunostaining of CD31 confirmed that vascular-
ization increased 2.9-fold in the plugs of the FLX-treated mice
compared to untreated controls (Fig. 1f, g). Neovessels in plugs
appeared morphologically normal and were functional as assessed
by the presence of a basal lamina and a lumen containing red blood
cells (Supplementary Fig. 1m).

Associated with the effects induced locally by FLX treatment in
skeletal muscle, we also observed changes in serum profiles of cyto-
kines, chemokines and growth factors, with a marked increase in the
circulating level of FGFb (Table 1).

Interestingly, a 6 weeks FLX treatment was also associated with
positive functional and physiological changes in skeletal muscle.
Assessed by an in vivo grip test, FLX-treated mice showed a 14%
increase in forelimb muscle strength compared to controls (Fig. 1h).

In addition, the physical performance of FLX-treated mice tested by
treadmill exercise was improved with an increased in maximal
aerobic velocity, distance traveled and exercise endurance (Fig. 1i
and Supplementary Fig. 1n–o). Moreover, mice treated by FLX
exhibited a metabolic change in muscle fiber typing, with an
enrichment of slow type I and fast type IIA and IIB fibers and a
decrease in type IIX fiber content in the TA muscle (Fig. 1j and Sup-
plementary Fig. 1p).

Taken together, these results suggest that chronic administration
of FLX has a stable and sustained effect promoting proliferation of
muscle stem cells and vessels associated with positive functional and
metabolic changes.

Fluoxetine accelerates muscle regeneration after injury in vivo
To investigate FLX´s regenerative capacity on skeletal muscles, we
delivered FLX for six weeks and then performed notexin-induced
injuries (phospholipase that induces a severe muscle necrosis) of
the TA muscle in Tg:Pax7-nGFP and C57BL6 mice18 (Fig. 2a). At four
days post injury, FLX-treated mice showed a 2.5-fold increase in the
number of SCs (Fig. 2b, c) with an increase in the levels of dividing cells
(Supplementary Fig. 2a, b), and more cells were differentiating based
on the differentiation regulatory factor myogenin immunolabelling
(Fig. 2d, e, Supplementary Fig. 2c, d). Comparing muscles fourteen
days post injury, we found a faster andmore complete regeneration in
FLX-treatedmicemarked by an increase in the fibers number probably
newly formed due to their smaller size associated with a massive
increase in regenerated fibers (i.e., 51% of centro-nucleated myofibers
(CNF) in the FLX group versus 39% of centro-nucleated fibers in the
control group) (Fig. 2f–h, Supplementary Fig. 2e, f). In addition, FLX-
treated mice showed milder inflammatory infiltrates, minimal calcium
deposits and lower endomysial collagen deposit fourteen days post
NTX (Supplementary Fig. 2g–l). Twenty-eight days post injury the
muscles were fully regenerated in both groups and appeared histolo-
gically similar to pre-injury (Supplementary Fig. 2m–o), except for
centro-located nuclei in virtually all myofibers indicating regenerated
fibers. Interestingly, the pool of SCs and the number of muscle capil-
laries were still significantly increased in FLX-treated animals after the
complete regeneration of the muscle (Supplementary Fig. 2p–s).

To investigate the functional effects of FLX during muscle
regeneration, we assessed in situ contractile parameters of TA muscle
fourteen days post injury. FLX-treated mice exhibited an increase in
the relative amplitudes of twitch and tetanos contractile responses by
22% and 27%, respectively (Fig. 2i, j).

To further examine the muscle regenerative capacity and SCs
behavior, we next performed three repetitive muscle injuries (Fig. 2k)
and found that the muscle efficiently regenerated without exhaustion
of the regenerative capacity over several injuries and especially SCs
counts (Fig. 2l, m).

Taken together, these results support that administration of FLX
accelerates muscle regeneration upon injury by inducing beneficial
effects on the threemain components involved in this process via (i) an
increase in the stem cells pool and their differentiation capacities
without their exhaustion, associated with (ii) an increase in muscle
vascularity as well as (iii) an overall decrease in the inflammatory
response. Importantly, this improvement in muscle regeneration by
FLX treatment is also associated with functional benefits on muscle
contractile performance.

Fluoxetine exerts cell autonomous on muscle stem cells by
requiring stimulation of the 5-HT1B receptor
To investigate the effects of FLX directly onmuscle stem cells, because
the serum contained relatively high levels of serotonin (5-HT) (Sup-
plementary Fig. 3a), we first studied in vitro the effects of 5-HT and
FLX on immortalized murine myoblasts (C2C12) due to their cell via-
bility in 5-HT-free medium (i.e, charcoal FBS). In addition, C2C12 cells
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expressed SERT, the 5-HT transporter, known to be the primary target
of FLX1 (Supplementary Fig. 3b). Two days post plating in 5-HT-free
medium, C2C12s exposed to exogenous 5-HT showed a 39.8% increase
in relative nuclei number compared to controls (Supplementary
Fig. 3c). Interestingly, C2C12s exposed only to FLX in 5-HT-free med-
ium showed a similar number of nuclei as controls, whereas the nuclei
number increased 1.5-fold after combined exposure to both of FLX and
exogenous 5-HT (Supplementary Fig. 3c). In addition, the effects of

5-HT on C2C12 cell division rates showed a typical dose-response
relationship (Supplementary Fig. 3d).

To identify the 5-HT’s mode of action on skeletal muscle, we
performed western blots for 5-HT receptors families 1 and 2 in TA
muscle from mice treated for six weeks with FLX or control. Although
5-HT2A receptor expression has been previously described in skeletal
muscle19, here we determined a 108-fold upregulation of 5-HT1B
receptor protein expression after FLX treatment (Fig. 3a) and
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confirmed this 5-HT1B receptor protein expression by C2C12s (Fig. 3b).
To confirm the involvement of 5-HT1B receptor in the cellular effects of
5-HT and FLX, we investigated the number of C2C12 nuclei exposed to
5-HT and FLX after pretreatment with specific 5-HT1B antagonists (i.e.,
SB216641 and GR127935). The increase in the number of C2C12 nuclei
following exposure to 5-HT or to FLX was abolished with both 5-HT1B

antagonists (Supplementary Fig. 3e, f) while it was maintained with a
specific 5-HT2A antagonist (i.e., MDL100907) as a control (Supple-
mentary Fig. 3f). To identify in depth the signaling pathways involved
by 5-HT1B receptor stimulation, we investigated the levels of cAMP,
known as themajor secondmessenger of this receptor20 and screened
the relative levels of phosphorylation of major protein kinases in
C2C12s. We showed that short exposure to 5-HT or FLX led to a
decrease in intracellular cAMP level, an effect abolished with 5-HT1B
antagonist (Supplementary Fig. 3g, h). After a short stimulation with 5-
HT, the most phosphorylated kinases were ERK2, PYK2 or p27 and the
least phosphorylated kinases were WNK1, Fgr or p53. These 5-HT-
induced changeswere also counteractedwhenC2C12swere previously
exposed to a 5-HT1B antagonist (Supplementary Fig. 3i).

Finally, we showed by RT-qPCR and western blot the specific
expression of 5-HT1B receptor in SCs (Fig. 3b and Supplementary
Fig. 3j) and we also confirmed the in vitro effects of FLX on FACS-
sorted SCs from Tg:Pax7nGFP mice. Indeed, SCs exposed to FLX over
time showed an increase in the relative number of nuclei compared to
controls (Supplementary Fig. 3k). At four days post plating, SCs
exposed to FLX showed an increased percentage of myoblasts
expressing Pax7/GFP and differentiating cells expressing myogenin
(Fig. 3c, d). At fourteen days post plating, the FLX condition was
associatedwith an increase in the fusion index, amarker of late stageof
myoblast differentiation and an increase in the number of SCs
expressing Pax7/GFP (Fig.3e, f). These effects were abolished by a
5-HT1B antagonist (Fig. 3c–f and Supplementary Fig. 3k). Ex vivo, we
also showed that exposure to 5-HT for four days promoted myogenin
expression by SCs cultivated from single fibers (Fig. 3g, h). Using cul-
ture of FACS-sorted SCs with serum from FLX-treated or control mice,
we observed by videomicroscopy that the first division of SCs occur-
red faster, and the division rate was higher with FLX serum (Fig. 3i, j).
Similar to the FLX effects described previously, SCs cultured in FLX
serum displayed an increased number of myogenin+ cells at four days
post plating and Pax7+ cells at fourteen days post plating (Fig. 3k, l).
These effects were also abolished by a 5-HT1B antagonist (Fig. 3i–l).

Taken together, these in vitro results suggest that fluoxetine
exerts autonomous effects on SCs by promoting activation with entry
into the cell cycle, proliferation, early and terminal differentiation and,
finally, the self-renewal of SCs. Moreover, FLX acts in a serotonin-
dependent manner on SCs and more specifically via the 5-HT1B
receptor, suggesting that FLX, byblocking SERT, induces an increase in
the level of extracellular 5-HT leading to an increased stimulation of
the 5-HT1B receptor.

The beneficial effects of fluoxetine on muscle regeneration
in vivo are also mediated by 5-HT1B receptor
To demonstrate the 5-HT-dependent effects of FLX on SCs in vivo, we
delivered FLX to Tryptophan Hydroxylase 1 knockout mice (TPH1–/–),
which lack serotonin in peripheral organs21. FLX-treated TPH1–/– mice
did not exhibit an increase in Pax7 + -SCs number on uninjured TA

Fig. 1 | Fluoxetine increases the proliferation of skeletal muscle stem cells, the
functional vascularization, and the muscle strength of the skeletal muscle.
a Schematic representation of fluoxetine (FLX) delivery. b Representative immu-
nostaining TA sections of control and FLX-treated mice; sections display GFP (SCs
marker, green), Laminin (extracellular matrix, white), Hoechst (nuclei, blue), the
arrows indicate SCs. Scale bars indicate 50 µm. cQuantification of the SCs number
by GFP immunostaining on TA sections from control and FLX-treated Tg:Pax7nGFP
mice (n = 11 mice per condition from 2 independent experiments, p =0.0014).
d Representative immunostaining TA sections of control and FLX-treated Flk1GFP/+

mice; sections display GFP (endothelial cells marker, green). Scale bars indicate
50 µm. e Quantification of the vessels number by GFP immunostaining on TA sec-
tions from control and FLX-treated Flk1GFP/+ mice (n = 5 mice per condition,
p =0.0079). f Representative immunostaining Matrigel® plugs sections of
control and FLX-treated C57Bl6 mice; sections display CD31+ cells (endothelial

cell marker, red), Desmin (myoblasts marker, green), Hoechst (nuclei, blue). Scale
bars indicate 50 µm. g Quantification of the vessels number by CD31 immunos-
taining on cross sections of Matrigel® plugs from control and FLX-treated recipient
mice (n = 6 mice per condition, p =0.0022). h In vivo forelimb grip strength of
control and FLX-treated C57Bl6 mice (n = 12 mice per condition from 2 indepen-
dent experiments, p =0.0068). i Maximal aerobic velocity (VO2 max in m/min)
determined by treadmill exercise of FLX-treated and control C57Bl6 mice (n = 10
mice per condition from 2 independent experiments, p =0.0391). j Quantification
of percent fiber typing by MyHC subtypes immunostaining on TA sections from
control and FLX-treated C57Bl6 mice (n = 5 mice per condition, p =0.0079,
p =0.0159, p =0.0317, p =0.0079, respectively). All values are represented as
median with interquartile range. All data analyses were performed with the two-
tailed Mann–Whitney test. *p ≤0.05, **p ≤0.01. Source data are provided as a
Source Data file.

Table 1 | Circulating levels of cytokines, chemokines, and
growth factors after prolonged fluoxetine treatment at
steady state

Cytokines
levels

Control (n = 9) Fluoxetine
(n = 9)

(pg/ml) Mean ± SEM Mean ± SEM % of
change

p

IL-1α 41 ± 8 35 ± 14 −15% NS

IL-1β 220 ± 66 217 ± 92 −1% NS

IL-2 0 ±0 0 ± 0 – –

IL-3 23 ± 5 30 ± 14 32% NS

IL-4 0 ±0 0 ± 0 – –

IL-5 0 ±0 0 ± 0 – –

IL-6 0 ±0 0 ± 0 – –

IL-9 0 ±0 0 ± 0 – –

IL-10 29 ± 8 33 ± 13 13% NS

IL-12(p40) 97 ± 18 126 ± 21 29% 0.019

IL-12(p70) 479 ± 140 469 ± 253 −2% NS

IL-13 400± 111 622 ± 166 55% 0.012

IL-17 0 ±0 0 ± 0 – –

Eotaxin 865 ± 220 1131 ± 490 30% NS

G-CSF 59 ± 20 57 ± 24 −4% NS

GM-CSF 145 ± 45 152 ± 30 4% NS

IFN-γ 13 ± 2 14 ± 3 11% NS

KC 0 ±0 0 ± 0 – –

MCP-1 0 ±0 0 ± 0 – –

MIP-1a 80 ± 21 90 ± 21 12% NS

MIP-1b 19 ± 5 21 ± 9 6% NS

RANTES 37 ± 14 26 ± 15 −27% NS

TNF-α 1983 ± 578 2095 ± 736 6% NS

FGF-b 70 ± 47 438 ± 123 421% 0.0087

MIG 368 ± 151 400± 154 8% NS

PDGF-β 1503 ± 975 1304 ± 1069 −13% NS

VEGF 16 ± 2 17 ± 8 8% NS

Multiplex Elisa (Luminex® assay) was performed on the serum of control and 6 weeks fluoxetine
(FLX)-treatedmice (n = 9 per condition). The values are represented as themean ± standard error
of mean (SEM) and the percentage of fold-change relative to control mice were also calculated.
In red are represented the percentage of fold-change increases compared to the control group
and in blue are represented the percentage of fold-change decreases compared to the control
group. Individual pv alues were determined with the two-tailed Mann–Whitney test.
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sections, unlike FLX-treated wild-type C57Bl6 mice (Supplementary
Fig. 4a). Of note, the untreated TPH1–/– mice didn’t show significant
change in the SCs number compared to the wild-type mice (Supple-
mentary Fig. 4a). At four days post injury, FLX-treated TPH1–/– mice
showed neither an increase in Pax7+ SCs (Fig. 4a) nor an increase in
myogenin+ differentiating cells (Fig. 4b) compared to FLX-treatedwild-
typemice. In addition, in these FLX-treated TPH1–/– mice, no reduction

of collagen deposits areas was observed fourteen days post injury
(Supplementary Fig. 4b).

To investigate whether FLX’s effects on muscle stem cells and
vessels are mediated by 5-HT1B receptor in wild-type C56Bl6 mice we
co-administered a selective 5-HT1B antagonist (GR127935) throughout
the six weeks of FLX treatment. In uninjured muscles, mice treated
with FLX and GR127935 did not show an increase in the number of SCs
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nor an increase in the number of vessels, unlike the FLX-treated mice
(Supplementary Fig. 4c, d).

To next determine the involvement of the 5-HT1B receptor in
mediating FLX’s effects on muscle regeneration, we administered the
5-HT1B antagonist GR127935 after six weeks of FLX treatment and
before the notexin-induced muscle injury (Fig. 4c). At four days post
injury, both increases in the number of SCs and differentiating cells
showed by FLX-treated mice were not observed in mice receiving FLX
and GR127935 (Fig. 4d, e). In addition, fourteen days post injury, the
mice receiving FLX and GR127935 did not exhibit the decrease in col-
lagen deposits area, the decrease in calcium deposit number and the
decrease in immune (Gr1+ and F4/80 + ) cells infiltration observed in
the FLX-treated mice (Supplementary Fig. 4e–h). As a specificity con-
trol, no abrogation of the FLX effects on muscle regeneration was
observed when mice were treated with a selective 5-HT2A antagonist
(MDL100907) and FLX (Supplementary Fig. 5a–g).

Finally, to unequivocally confirm the role of 5-HT1B receptor in
FLX effects, we used floxed tetracycline operator–5HT1B (tetO1B)
mice22 crossed with Pax7CreER(T2) mice23 to specifically and con-
ditionally eliminate 5-HT1B receptor from SCs (Supplementary Fig. 4i).
Pax7-CreER(T2)::tetO1B mice were treated with FLX and tamoxifen
(Fig. 4f). C57Bl/6 with tamoxifen and Pax7-CreER(T2)::tetO1B without
tamoxifen served as controls. In non-injured mice, the Pax7-
CreER(T2)::tetO1B mice treated by tamoxifen and FLX showed a sig-
nificant decrease in SCs number compared to the wild-type mice
treated by tamoxifen and FLX and the Pax7-CreER(T2)::tetO1B mice trea-
ted by FLX (Supplementary Fig. 4j). At four days post injury, we
observed no increase in the number of myogenin+ cells in the tamox-
ifen and FLX-treated Pax7-CreER(T2)::tetO1B (Fig. 4g). Collagen deposit
area were also unchanged fourteen days post injury in tamoxifen +
FLX-treated Pax7-CreER(T2)::tetO1Bmice (Fig. 4h).

In summary, these results demonstrate that the positive effects on
muscle regeneration induced by FLX treatment are 5HT-dependent and
are specifically mediated via the 5-HT1B receptor expressed on the SCs.

Discussion
Regenerative medicine is a broad field of translational research
including, in particular, activator molecules which can favorably
influence tissue self-repair processes24. Far from its original anti-
depressant effects1, we provide here a characterization of beneficial
actions of fluoxetine (FLX) on mouse muscle regeneration which
implement an impact on both muscle stem cells, vascularization and
inflammation leading to a faster muscle healing with limited fibrosis.
Importantly, this improvement muscle regeneration is also associated
with functional benefits of skeletal muscle. Remarkably, this study
establishes that satellite cells (SCs) are sensitive to the mitogenic
potential of peripheral serotonin (5-HT) and that FLX, as a modulator

of bioavailable serotonin levels1, positively influences the behavior of
SCs via the 5-HT1B receptor.

We demonstrate by multiple and complementary experimental
approaches that FLX promotes over time a controlled and sustained
proliferation of SCs at steady state. Interestingly, using a classical
model of muscle injury, we prove that FLX induces a faster, more
efficient, and still harmonious muscle regeneration. At the early
regeneration stages, FLX increases the number of Pax7+ andmyogenin
+ cells which are myogenic markers of activation/proliferation and
differentiation, respectively25 and, at later stages, FLX leads to a more
rapid increase in fiber number and more specifically of centro-
nucleated fibers, thus fully regenerated. More importantly, after mul-
tiple muscle injuries, FLX preserves the regenerative capacities of the
muscle with a persistently increased SC pool. These results show that
all the properties of SCs, namely self-renewal, proliferation, and dif-
ferentiation, are improved and remained functional during FLX treat-
ment. To our best knowledge, this is the first time that the beneficial
effects of the FDA-approved drug FLX on the behavior of muscle stem
cells have been demonstrated.

Taking advantage of complementary in vitro and in vivo approa-
ches, we demonstrate that FLX impacts primary SCs or immortalized
myoblasts by extracellular or peripheral 5-HT levels. In vitro we have
characterized this classic biphasic dose-response aspect of the pro-
liferative effects of 5-HT previously described in other cell types26–28.
Our results fully support the hypothesis of a serotoninergic identity of
skeletalmuscle in line with previous studies showing the expression of
5-HT system-related actors in myoblasts or muscle such as the syn-
thetic TPH1 enzyme29, the degradation monoamine oxidase enzyme30

or the SERT transporter31 associated with a 5-HT signal promoting
myoblasts differentiation29,32. Using the murine genetic model TPH1−/−

model constitutionally devoid of peripheral 5-HT, we illustrate that the
pool of SCs at steady state as well as their regenerative capacities are
preserved in the absence of peripheral 5-HT, whether systemic or
within a serotoninergic system, suggesting that this 5-HT booster sig-
nal is redundant for the development and maintenance of SCs. Fur-
thermore, the abolition of the pro-proliferative and pro-differentiating
effects of FLX on SCs post injury in TPH1−/− mice confirm the crucial
role of 5-HT in FLX’smode of action. In addition, the lack of FLX effects
onmuscle regeneration in TPH1−/− mice precludes the hypothesis of an
involvement of the typical actions of FLX targeting the central nervous
system inducing behavioral changes in mice including locomotor
activity33. Previously, using similar experimental approaches, the role
of serotonin, independent of its central effects, has been demon-
strated in the regulation of energy metabolism or the bone density
turnover34,35. Interestingly, the involvement of peripheral 5-HT within
serotoninergic microsystems in the positive or negative regulation of
stemcell behavior35–42 andmoregenerally in tissue regeneration12,13,43–45

Fig. 2 | Muscle regeneration after injuries is effectively improved by fluoxetine.
a Schematic representation of the notexin-induced TA injury model, fluoxetine
(FLX) administration and death time points.bQuantification of SCs number by GFP
immunostaining 4 days post injury on TA sections from control and FLX-treated
Tg:Pax7nGFP mice (n = 12 FLX and 13 control, 2 independent experiments,
p =0.0096). c Representative immunostaining TA sections of control and FLX-
treated mice 4 days post injury; sections display GFP (green), Laminin (white),
Hoechst (nuclei, blue), the arrows indicate SCs. d Quantification of differentiating
cells number by Myogenin immunostaining 4 days post injury on TA sections from
control and FLX-treated Tg:Pax7nGFP mice (n = 12 per condition, 2 independent
experiments, p <0.0001). e Representative immunostaining TA sections of control
and FLX-treated mice 4 days post injury; sections display Myogenin (green),
Laminin (white), Hoechst (nuclei, blue), the arrows indicate SCs. Scale bars indicate
50 µm. f Representative Hematoxylin and Eosin (HE)-stained TA sections of control
and FLX-treated mice 14 days post injury. g Quantification of the centro-nucleated
fibers (CNF) number 14 days post injury on TA sections from control and FLX-

treated C57Bl6 mice (n = 10 control and 11 FLX, 2 independent experiments,
p =0.0008). h Percentage of the collagen deposit area stained with Sirius Red
14 days post injury on TA sections from control and FLX-treated Tg:Pax7nGFPmice
(n = 14 per condition, 2 independent experiments, p <0.0001). Relative amplitudes
of in situ twitch i and tetanos at 20Hz. j Contractile responses of TA from control
and FLX-treated C57Bl6 mice (n = 5 FLX and 7 control, p =0.0303 and p =0.0177,
respectively). k Schematic representation of the three repetitive notexin-induced
TA injury model, FLX administration and death time points. l Quantification of the
SCs number by Pax7 immunostaining 28 days post the third notexin injury on TA
sections from control and FLX-treated C57Bl6 mice (n = 3 FLX and 5 control,
p =0.0357).m Representative HE-stained TA sections of FLX-treated mice 28 days
post the third notexin injury. All values are represented asmedianwith interquartile
range. All scale bars indicate 50 µm. All data analyses were performedwith the two-
tailed Mann–Whitney test. *p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001. Source
data are provided as a Source Data file.
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has been demonstrated in different organs, highlighting the high
therapeutic potential of its pharmacological modulation.

Remarkably, pharmacological inactivation or genetic conditional
inactivation models have shown that the FLX effects require stimula-
tion of the 5-HT1B receptor specifically expressed in SCs. We propose
as a mechanistic hypothesis underlying the cellular effects of FLX that
it, by blocking the SERT transporter, increases the bioavailability of
extracellular 5-HT allowing the reinforcement of the signal induced by

the activation of the 5-HT1B receptor leading to the decrease of
intracellular levels of cAMP and to the positive or negativemodulation
of different key protein kinases in the functioning of SCs. However,
further investigations are needed to decipher the downstream path-
ways regulated by 5-HT1B in SCs. Previous studies have reported an
increasing gradient of 5-HT2A expression in myoblasts undergoing
differentiation into myotubes with a metabolic role in glucose
transport19. However, in our study, the in vivo use of a 5-HT2A
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antagonist did not counteract the beneficial effects of FLX during
muscle regeneration ruling out its involvement. The mediation of the
5-HT signal through these numerous receptors is complex46. Thus,
several 5-HT receptors can be co-expressedwithin the same cell type in
order to regulate distinct functions47 and a sequential expression of
different receptors specific to different stages of the stem cell
maturation cascade has been reported in the brain or the bone
marrow38,48,49.

In other tissues, FLX similarly promotes the proliferation of
other progenitor cells after prolonged administration5–8,38. In our
study, we show an onset of response in the muscle marked by a
significant increase in BrdU+ SCs from the fourth week, whereas the
response of erythropoietic or neuronal progenitors were reported
earlier5–8,38. The cell-type specific response to the proliferative effects
of FLX could be explained by the sensitivity of cells to 5-HT signal as
well as by the frequency of stem cells turnover. On one hand, SCs
display a low turnover rate compared to other progenitor cells50. On
the other hand, contrary to the brain51 or the bone marrow37, our
results suggest that, the 5-HT signal is redundant in the functioning
of SCs. Furthermore, we show a plateau effect of FLX on the SCs pool
saturating at 90% of cumulative BrdU+ cells during prolonged treat-
ment, suggesting that 10% SCs seem insensitive to the FLX effects.
The population of SCs is known to be heterogenous, in particular
with committed myogenic progenitors and around of reserve stem
cells25,52. Interestingly, FLX positively impacts early neuronal pro-
genitors with no effect on neural stem cells5. Further studies are
needed to clarify whether the FLX effects differ depending on the
type of SCs.

Associatedwith these specific effects targeting SCs, FLX induces a
modification of the microenvironment of SCs with a coordinated
increase in vascularization and in circulating levels of growth factors
such as FGFb. The increased angiogenic capacities of FLX were con-
firmedby an in situ angiogenesis assay. Thus, FLX therefore enhances a
known bidirectional interaction promoting their respective prolifera-
tion between endothelial cells and SCs53. In addition, the beneficial
effects of FLX on the vascular niche reinforces the virtuous loop
induced by endothelial cells in the maintenance and functioning of
SCs54. Similarly in the brain, the FLX effects on neurogenesis also
involved mandatory crosstalk with endothelial cells9,55,56. Moreover,
the abolition of the FLX proangiogenic effects by a 5-HT1B antagonist
in muscle suggests that these effects are mediated by 5-HT. The 5-HT
involvement in angiogenesis has been extensively studied showing its
role in the proliferation and migration of endothelial cells or even
neovascularization by sprouting27,57 with participation in particular of
5-HT1B receptor expressed by endothelial cells57,58.

In support FLX also shows action on major players in muscle
regeneration, namely the immune system and connective tissue59.
Indeed, concomitantwith coordinated and accelerated regeneration, a
decrease in immune cell infiltration and collagen deposits are

observed in the muscle of mice treated with FLX, witnessing efficient
tissue healing. In addition, the FLX-induced decrease in immune cells
infiltration including macrophages was specifically abolished by a
systemic 5-HT1B antagonist. The role of macrophages in particular
their balance between pro-inflammatory M1 and pro-regenerative M2
phenotypes, is crucial during muscle regeneration59. Interestingly,
among the many 5-HT mediated immunomodulatory effects60, 5-HT
has been reported to modulate the polarization of macrophages pro-
moting maintenance of M2 status61. However, these effects were
mediated by 5-HT2B and 5-HT7 receptors expressed by macrophages
and further studies would be needed to clarify the role of 5-HT1B
receptor in the FLX effects on macrophages. Finally, in our study, the
antifibrotic effects of FLX were counteracted in the absence of per-
ipheral 5-HT or 5-HT1B activation in SCs and post injury collagen
deposition was similar between control or TPH1−/− groups. These
results contrast with previous studies showing the pro-fibrotic role of
5-HT mediated by 5-HT2B and TGFβ expressed by fibroblasts and
phenotypic improvement in TPH1−/− in a model of skin fibrosis62. Fur-
ther studies are therefore needed to clarify the interactions between
SCs expressing 5-HT1B receptor and fibroblasts expressing 5-HT2B
receptor in the regulation of fibrotic processes usually considered as
the substratum of symptoms in muscle diseases such as muscular
dystrophies.

The combined action of FLX on myogenesis, angiogenesis and
inflammation supporting harmoniousmuscle regeneration in an acute
injury model associated with functional benefits, makes it a worthy
therapeutic strategy for endogenous muscle diseases. Interestingly,
FLX has already been shown to have amajor positive impact onmuscle
strength, possibly dependent on peripheral serotonin63,64 and several
studies point to the potential effects of FLX in a model of chronic
muscle injury such as Duchenne muscular dystrophy65–67. Beyond
muscle our results point out that the effects of antidepressants on the
regeneration of other organs than the brainneed to be investigated. As
such, our work opens new perspectives to further study the role of
serotonin and 5-HT1B receptor on other stem cell types and to further
understand the role of antidepressants on stem cell behavior and their
therapeutic potential on regenerative medicine.

Methods
Mice and animal procedures
All procedures in this studywere approved by the AnimalCare andUse
committee at the Institut Pasteur (CETEA 2014-0040). For the
in situ experiments, all procedures were conducted in conformity
with European rules for animal experimentation (French Ethical
Committee APAFIS#33392-2021100416152925, November 19, 2021).
The report on animal experiments complied with the ARRIVE guide-
lines. Unless specified 6 weeks old male mice were used in this study
and different strains were used: the wild-type C57Bl/6RJ,
Tg:Pax7nGFP15, Flk1GFP/+ 16, TPH1−/−21, Pax7-CreER(T2)23 and tetO1B22. All the

Fig. 3 | Thepositive effects offluoxetineonthe stagesof in vitromyogenesis are
serotonin dependent and act through the 5-HT1B receptor. a Relative level of
protein expressions of various 5-HT receptors in TA muscle from control and
fluoxetine (FLX)-treated C57Bl6 mice (n = 5 per condition, p =0.0317).
b Representative western blot of the expressions of the targeted 5-HT1B receptor
protein and the housekeeping GAPDH protein in C2C12 and murine primary
myoblasts isolated by pre-platting from control mice (n = 3). Quantification of the
relative number of (c) GFP+ (%) and (d) myogenin+ (%) among SCs exposed to FLX,
FLX +GR127935 or GR127935 (5-HT1B antagonist) for 4 days (n = 7 per condition,
p =0.0011,p =0.0085,p =0.0027 for (d);p =0.0019,p =0.0294,p =0.0004 for (e),
respectively). Quantification of (e) the fusion index (%) and (f) the relative number
of GFP+ (%) among SCs exposed to FLX, FLX +GR127935 or GR127935 for 14 days
(n = 7 per condition, p =0.0007, p =0.0058, p =0.0002 for (f), p <0.0001 for (g),
respectively).gCell distribution (%) ofGFP+andmyogenin+ amongSCs fromsingle
fibers of Tg:Pax7nGFP mice exposed to 5-HT for 4 days (n = 4 per condition,

p =0.0473). h Representative immunostaining of SCs from single fiber at 4 days
post plating; sections display GFP (green), Myogenin (red), Hoechst (nuclei, blue),
the arrows indicate SCs. Scale bars indicate 20 µm. i First cell division and (j) cell
division rate assessed by live videomicroscopy from SCs plated for 5 days with
control serum, FLX serumor FLX serum+GR127935 (n = 4 per condition, p =0.0458,
p =0.0402 for (j); p =0.0230 for (k), respectively). k Quantification of the relative
number of myogenin+ (%) among SCs plated for 4 days with control serum, FLX
serum or FLX serum + GR127935 (n = 4 per condition, p =0.0881, p =0.0138).
l Quantification of the relative number of Pax7+ (%) among SCs plated for 14 days
with control serum, FLX serum or FLX serum+GR127935 (n = 4 per condition,
p =0.0261, p =0.0448). For figures (c)–(f) and (i)–(l), SCswere sortedby FACS from
Tg:Pax7nGFP mice. All values are represented as median with interquartile range.
The two-tailedMann–Whitney test for (a), the two-tailed Fisher’s test for (g) and the
Kruskal-Wallis test for (c)–(f), (i)–(l). *p ≤0.05, **p ≤0.01, ***p ≤0.001,
****p ≤0.0001. Source data are provided as a Source Data file.
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genotyping were performed by standard PCR methods. Mice were
housed on a 12:12 light/dark cycle in a pathogen free facility with
controlled temperature and humidity. Food and drink were given ad
libitum. All experiments included a control group, and there were no
exclusion criteria during the study. All animals were simultaneously
randomized to the different control or treatment groups without
considering any other variable. The animals were euthanized by

cervical dislocation, as approved by the Animal Care and Use com-
mittee at the Institut Pasteur.

Fluoxetine (Lilly, fluoxetine hydrochloride syrup 20mg/5mL or
Arrow, chloryhydrate fluoxetine syrup 20mg/5mL or Anawa Trading,
fluoxetine hydrochloride) was dissolved in the drinking water
and delivered per os at 18mg/Kg. Antagonists GR127935 (Potent
and selective 5-HT1B/1D antagonist, Tocris #1477) and MDL100907
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(Potent and selective 5-HT2A antagonist, Tocris #4173) were used at
4mg/Kg respectively and delivered in Azlet osmotic sub-cutaneous
pump (#2001D).

Thymidine analog Bromodesoxyuridine (BrdU, Sigma-Aldrich
#B5002) was used to assess cell proliferation at a concentration of
50mg/kg dissolved in 0.9%NaCl. For the short pulse chase labeling, the
mice received intraperitoneally BrdU 12 h and 4h before death. For the
cumulative assay BrdUwas delivered per os in the drinkingwater during
12 weeks throughout the course of fluoxetine or control condition.

For muscle injuries, mice were anesthetized with isoflurane, the
back limb was shaved and injected with a Hamilton syringe containing
10μl of notexin (LATOXAN #L8104) at 0.25mg/ml directly in the
Tibialis anterior (TA). We have chosen 4 days post-injury as it corre-
sponds to a significant expression of Myogenin; 14 days as it corre-
sponds to half regenerated muscle in normal conditions and 28 days
for fully regenerated muscle. In the serial injury experiments, notexin
was injected every 28 days and a subgroup of mice was sacrificed to
control for efficient regeneration.

To induce the Cre-mediated recombination, the Pax7-
CreER(T2)::tetO1B mice were given Tamoxifen food pellets (TAMOXIFEN
DIET TAM400/CreER, Harlan TD.55125) for 21 days or throughout FLX
administration.

In vivo force measurement
Agrip strengthmeter (UgoBasile ®, Italy), equippedwithDCA software
version and attached to a force transducer, measured the gripping
strength of forelimb. Eachmouse was placed over a base plate in front
of a grid. Five trials were conducted for each mouse alternatively.
Results are expressed as the result of tree peak forces (in g), normal-
ized to the body weight (in g). The experimental procedures were
repeated independently two times.

Treadmill exercise
A 6-lane motorized treadmill for rodents (Ugo Basile®, Italy) equipped
with UB X-Pad version 1.0.01 software that automatically recorded the
animal’s distance, speed and running time was used for exercise. To
reduce their stress, the mice were habituated to treadmill exercise for
one week of adaptation (20min/day, 15m/min). To reach the indivi-
dual maximum aerobic running speed, the treadmill belt speed was
increased by 0.03m/s every 2min from 6m/min until exhaustion. The
treadmill was used to determine the physical performance of each
mouse: maximum aerobic velocity (VO2 max in m/min), time to
exhaustion inVO2max75% (VO2max 75% =VO2max×0.75) and running
distance in VO2max 75%. The experimental procedures were repeated
independently two times.

Contractile properties of TA muscle using sciatic nerve
stimulation
TA muscle force properties were analyzed by using in situ muscle
contraction measurements and nerve stimulation. Briefly, the sciatic

nerve was carefully isolated and TA injured muscle was dissected free
with its blood supply intact. The foot and the tibia of the mice were
fixed by two clamps, and the distal tendon of the TA muscle was
attached to a force transducer and positioned parallel to the tibia. Data
were collected and stored for analyses with Chart v4.2.3 (PowerLab 4/
25 ADInstrument, PHYMEP France). Throughout the experimental
procedure, the mice were kept on a heating pad to maintain normal
body temperature, and the muscles were continuously perfused with
Ringer solution. Stimulation electrodes were positioned at the level of
the sciatic nerve, and connected to a pulse generator with stimulation
characteristics of 0.2ms duration, 6 V stimulation amplitude. The
muscle was stretched before stimulation voltage was applied to pro-
duce the most powerful twitch contractions. After a 3-min pause,
twitch (0.2ms, 6 V) et tetanic (200-ms burst, 6 V, 20Hz) forces were
recorded. At the end of the experiments, TA muscles were rapidly
dissected and weighted. Twitch and tetanic forces were normalized in
grams per milligram of fresh TA muscles.

In vivo angiogenesis assay
Liquid Matrigel (10–16mg of protein/ml) was dissolved at 4 °C in cold
PBS at a final concentration equal to 1.0μg/ml and mixed with FACS-
sorted SCs from Tg:Pax7nGFP mice. Then, col Matrigel was injected
subcutaneously (0.5ml/mouse) with a cold syringe into the flank of
C57BL/6mice. The coldMatrigel that solidifies permits the penetration
of host cells and the formation of new blood vessels. Six weeks after
injection,micewere sacrificed andplugswereharvested,weighted and
embedded in Tissue Tec OCT (Sigma-Aldrich), snap-frozen by
immersion in liquid nitrogen-cooled isopentane and analyzed by
immunofluorescence or stained for H&E. Images were obtained on
Leica® TCS SPE DM 2500 microscope and LAS AF software (Leica®,
Germany). For Matrigel plug, blood vessel formation into the plug was
quantified in one section per plug, by counting the number of cells
per mm2.

Histological analysis
All histological analyses were performed in double blind and in the TA
unless specified and in double blind. The TA was carefully dissected
and snap frozen in liquid-nitrogen-cooled isopentane for a few min-
utes and stored at −80 °C prior to cryo-sectioning (10 µm sections).
Sections were kept at room temperature overnight before staining.
Sections were then rehydrated in PBS for 10minutes and fixed in 10%
formalin for 3minutes. The sections were then routinely stained with
hematoxylin and eosin (HE) using an automated stain machine or with
Sirius Red to assess the collagen deposit. Sections were then analyzed
using an automated Axioscan (Zeiss). For calcium deposits, their
number was quantified on HE-stained TA sections and expressed as a
number per section. For collagen deposit quantification, 10 different
images randomly taken per section and 3 sections minimum per
experimental group have been quantified using ImageJ software. We
converted the pictures in a binary image and then collected the pixel

Fig. 4 | The beneficial effects of fluoxetine are also mediated in vivo by 5-HT1B
receptor during muscle regeneration. a Quantification of the SCs number by
Pax7 immunostaining 4 days post injury on TA sections fromcontrol and fluoxetine
(FLX)-treated C57Bl6 and TPH1–/– mice (n = 6 mice per condition, p =0.0022).
b Quantification of the differentiating cells number by Myogenin immunostaining
4 days post injury on TA sections from control and FLX-treated C57Bl6 and TPH1–/–

mice (n = 5 mice per condition, p =0.0079). c Schematic representation of the
notexin-induced TA injury model, FLX and 5-HT1B antagonist (GR127935) admin-
istrations and death time points. d Quantification of the SCs number by Pax7
immunostaining 4 days post injury on TA sections from control, FLX and FLX +
GR127935 and GR127935-treated C57Bl6 mice (n = 13 FLX, 12 control, 7 FLX +
GR127935, 5 GR127935; 2 independent experiments, p =0.0025, p =0.0064,
p =0.0347, respectively). e Quantification of the differentiating cells number by
Myogenin immunostaining 4 days post injury on TA sections from control, FLX,

FLX +GR127935 and GR127935-treated C57Bl6 mice (n = 12 FLX, 12 control, 7
FLX +GR127935, 5 GR127935; 2 independent experiments, p =0.0002, p =0.0439,
p =0.0079, respectively). f Schematic representation of the notexin-induced TA
injury model, FLX and tamoxifen administrations and death time points.
g Quantification of the differentiating cells number by Myogenin immunostaining
4 days post injury on TA sections from C57Bl6 and Pax7-CreER(T2)::tetO1B mice
receiving the control, tamoxifen and/or FLX (n = 7 mice per condition, p =0.0022,
p =0.0012, respectively). h Percentage of the collagen deposit area stained with
Sirius Red 14 days post injury on TA sections from C57Bl6 and Pax7-CreER(T2)::tetO1B
mice receiving the control, tamoxifen and/or FLX (n = 5 mice per condition,
p =0.0079, p =0.0159, respectively). All values are represented as median with
interquartile range. The two-tailed Mann–Whitney test for (a), (b), (g) and the
Kruskal-Wallis test for (d), (e), (h). *p ≤0.05, **p ≤0.01, ***p ≤0.001. Source data
are provided as a Source Data file.
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values. The collagen deposit area was quantified on TA section stained
by Sirius Red among the total section area.

Immunostainings
Immunostaining was performed on cryosections fixed with 4% paraf-
ormaldehyde (PFA EMS#15710) in cold PBS, permeabilized with 0.5%
Triton X-100 20min at room temperature, washed, and blocked with
10% BSA (Sigma-Aldrich, #A1933) for 30min. Sections were incubated
with primary antibodies overnight at 4 °C (Supplementary Table 1) and
with Alexa-conjugated secondary antibodies 1/250 and Hoechst for
45minutes. For BrdU immunostaining the cells were treated with 2N
HCl after fixation for 20minutes at room temperature and neutralized
with 0.1M borate through 2 washes. The procedure was then identical
to other immunostainings. Sections were then analyzed using an
automated Axioscan (Zeiss) or Axio Observer Z1 (Zeiss).

Cell count, sorting, and culture
For satellite cell counting, only the tibialis anterior muscle was dis-
sected as previously described in cold DMEM-Glutamax (Gibco
#41965-039)68. TA Muscles were then chopped with small scissors and
put in a 50ml Falcon tube with collagenase 0.08% (Sigma-Aldrich,
#C51385), trypsin 0.08% (Sigma-Aldrich, #G6452) and DNAse 1UI/mL
(Roche, #04716728001) at 37 °C with gentle agitation. After 20min-
utes, the supernatant was collected in 20% serum placed on ice, and
the collagenase/trypsin solution was added to continue the digestion.
Once muscle is completely digested, the solution was filtrated using
40μm cell strainers and analyzed by FACS. Cells were labeled with
propidium Iodide 10 μg/ml (Sigma-Aldrich#P4170) to exclude dead
cells and displayed using the PE (Phycoerythrin, Red) channel on the
FACS profile. FACS analysis was done using a FACSaria (Beckman). All
analyses and quantitationwere performed using Summit v4.3 software
from DakoCytomation and FloJo software. The quantification of GFP+
cells by cytometry was performed on the entire TA muscle on two
biological replicates per condition of each independent experiment.

For the number of BrdU+ cells, GFP+ cells were FACS-sorted and
plated in a cytospinmachine (Cytospin4; Thermofisher), spun at 500 g
with low acceleration for 5min. The slide was dried off and cells were
fixed with 4%PFA. After immunostaining against BrdU, proliferating
cells were quantified on two biological replicates per condition and
were expressed as the percentage of BrdU+ -GFP+ among the SCs.

For satellite cell FACS-sorting, all the muscles of the hind limbs
from Tg:Pax7nGFP mice were dissected and digested as previously
described. Cells were labeled with propidium Iodide 10μg/ml to
exclude dead cells and displayed using the PE channel on the FACS
profile. Cell sorting was done with Aria III (BD Biosciences) and BD
FACSDIVA software (BD Biosciences). SCs were directly plated onto
96-well plate (PerkinElmer, #6005550) coated with Matrigel (150 ng/
ml, BD Biosciences#354234) at an initial density of 6000 cells per well.
SCs were cultured in 1:1 DMEM-Glutamax (Gibco, #41965-039):Ham’s
F-12-Glutamax (Gibco, #31765035) containing 20% serum FBS (Biowest
S1860) designated as the regular medium containing endogenous
5-HT and they were kept in an incubator (37 °C, 5% CO2). For some
in vitro experiments, serum was extracted from fluoxetine or control
treated C57Bl6 mice after 6 weeks by heart puncture followed by
centrifugation at 1500 g for 15min. The thus-obtained supernatant
replaced FBS in the culture medium; the rest of the medium was
unchanged. The drug used was Fluoxetine (Sigma-Aldrich, #F132) at
1 µM and GR127935 (potent and selective 5-HT1B/1D antagonist, Tocris
#1477/) at 0.1 µM. Then, cells were washed with PBS, fixed with 4% PFA
for 10min, stained according to immunofluorescence protocols.
Fourteen images per well were acquired using 10x/NA 0.3 air objective
on an Opera PhenixTM High-Content Imaging System (Perkin Elmer,
Germany). The images were transferred to the Columbus ConductorTM

software (Perkin Elmer Technologies) for data analysis.

For the isolation of SCs from the Pax7-CreER(T2)::tetO1B mice, we
used the five-step pre-platting as previously described69. Briefly, all
muscles of the hind limbs of mice were dissected. After enzymatic
digestion as previously described, the solution was seeded onto
gelatin-coated 6-well plates. After incubation, the supernatant con-
tainingnon-adherent cellswas transferred to anewgelatin-coatedwell.
The incubation times for each of the 5 stages respectively were 1 h, 2 h,
18 h, 24 h and 24 h. In the 4th and 5th pre-platting steps, adherent cells
were transferred to new gelatin-coated wells for 1 h. Next the super-
natant containing non-adherent SCs was transferred to flasks coated
with Matrigel®. They were cultured for 3 days in 1:1 DMEM-Gluta-
max:Ham’s F-12-Glutamax containing 20% serum FBS and kept in an
incubator (37 °C, 5% CO2). The cells were then collected in RIPA buffer
to protein extraction.

C2C12 cells between the 2nd and the 10th passage were main-
tained in a monolayer in DMEM-Glutamax (Gibco #41965-039) sup-
plemented with 10% FBS (Biowest S1860) and kept in an incubator
(37 °C, 5% CO2). For the proliferation assay, the cells were plated in 96-
well plates (PerkinElmer, #6005550) at an initial density of 2000 cells
per well and cultured in the regular medium with 10% FBS for 24 h.
Then serotonin starvation was induced for 24 h by washing cells with
PBS and replacing medium with 90% DMEM-Glutamax and 10% char-
coal stripped FBS (Thermo, #A3382101). At 48 h post plating, C2C12
cells were exposed to different drugs for 24 and 48 h with medium
changed every day. The drugs used were Fluoxetine (Sigma-Aldrich,
#F132) at 1 µM, Serotonin (Sigma-Aldrich, #H9523) at 1 µM except for
the increasing doses and the association of Fluoxetine1 µM+ serotonin
0.1 µM, SB216641 (selective 5-HT1B antagonist, Tocris #1242) at 0.1 µM,
GR127935 (potent and selective 5-HT1B/1D antagonist, Tocris #1477/)
at 0.1 µM,MDL100907 (potent and selective 5-HT2A antagonist, Tocris
#4173) at 0.1 µM. All the drugs used were dissolved in the water. For
antagonist drugs, cells were pre-treated with specific antagonists for
30min and then exposed to 5-HT or FLX combined with the antago-
nists for 24 h (two biological replicates per condition). Then, cells were
washed with PBS, fixed with 4% PFA for 10min and stained with
Hoescht for 30min, and were imaged using the 10x/NA 0.3 air objec-
tive on anOperaPhenixTMHigh-Content Imaging System (Perkin Elmer,
Germany). The experimental procedureswere repeated independently
three times.

Live video microscopy
FACS-sorted SCswereplated overnight on a 24-well glass bottomplate
(P24G-0- 10-F; MatTek) coated with matrigel and placed in an incu-
bator in the previously described medium. The plate was then incu-
bated at 37 °C, 5% CO2 (Zeiss, Pecon). A Zeiss Observer.Z1 connected
with a LCI PlnN 10×/0.8W phaseII objective and AxioCam camera
piloted with AxioVision was used. Cells (two biological replicates per
condition) were filmed for up to 5 days, and images were taken every
30min with brightfield and phase filters and MozaiX 3×3 (Zeiss). Raw
data were transformed and presented as a video.

Preparation and immunostaining of single muscle fibers
Extensor digitorum Longus muscles were carefully dissected and
digested with 0.1% collagenase (Sigma-Aldrich, #C0130) for 1 h at
37 °C. The muscles were then flushed to separate single fibers. Fibers
were then transferred one by one into a dish using serum-coated
Pasteur pipettes. Cells were cultured in medium contained 40%
DMEM-Glutamax with 1X Penicillin-streptomycin (Gibco), 40%
MCDB201 (Sigma, #M6770), and 20% FBS and serotonin was used at 1
μmol for 4 days. Then, single fibers were fixed with 2% PFA in PBS at
room temperature and immunostained in a 100-ml volume in 2-ml
Eppendorf tubes. Images were acquired using a spinning disk confocal
microscope (Cell Voyager - CV1000, Yokogawa®, Japan) with a 10x/NA
0.9 UPLSAPO objective.
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cAMP detection and Proteome profiler array
As previously described, C2C12 cells were plated on a 6-well plate at an
initial density of 200,000 cells per well and cultured in the regular
mediumwith 10% FBS for 24 h. Then serotonin starvation was induced
for 24 h by washing cells with PBS and replacing medium with 90%
DMEM-Glutamax and 10% charcoal stripped FBS. At 48 h post plating,
C2C12 cells were exposed to different drugs for 30min. The
drugs used were Fluoxetine at 1 µM, Serotonin at 1 µM, GR127935 at
0.1 µM. For antagonist drugs, cells were pre-treated with specific
antagonists for 30min and then exposed to 5-HT combined with the
antagonists for 30minutes. cAMP was quantified using a cAMP ELISA
Detection Kit (GenScript, #L00460) and the relative levels of protein
phosphorylation was determined using a human phospho-kinase array
kit (R&D, #ARY003B) as per the manufacturer’s instructions, respec-
tively. The experimental procedures were repeated independently
three times.

5-HT dosage
Serawere centrifuged at 12,000G for 5min at4 °Cand the supernatant
was collected. Samples were diluted to 1/10 in an ascorbate solution
and then analyzed for 5-HT dosage using the high-performance liquid
chromatography technique based on an ESA Coulochem III detector.
The liquid phase (pH = 3.0) consisted of a solution of 75mM of
NaH2PO4, 25 μm EDTA, 1.7mM of octanesulfonic acid and triethyla-
mine in acetonitrile water (100 μl / L).

Image analysis
All fiber parameters of each muscle section were performed auto-
matically using the high-content analysis,MuscleJ70, in ImageJ software
environment. For diameter, area and number of fibers, as well as
number of centro-nucleated fibers, sections were immunostainedwith
Laminin and Hoescht independently of the centro or peripheral loca-
tion of the nucleus. The quantification of SCs and differentiating cells
by immunofluorescence was expressed as number of cells per mm2,
when done in vivo. The total number of cells was counted and divided
by the size (inmm2) of the tissue. SCswere quantified on section either
after GFP or Pax7 immunostaining (specified in figure legends) on the
entire section. At least 7 sections per muscle were quantified at dif-
ferent levels of the muscle. For the distribution of Pax7, Ki67 or myo-
genin markers within myogenic cells in vivo, after quantification of
positive cells for each marker over the entire muscle section and
reported per mm2, the percentage of Pax7 + /Ki67+ or Ki67- cells was
calculated by dividing the number of Pax7 + /Ki67+ cells and the
Pax7 + /Ki67- cells respectively by the total number of Pax7+ cells; the
percentage of Pax7 + /myogenin- and Pax7-/myogenin+ cells was cal-
culated by dividing the number of Pax7 + /myogenin- cells and Pax7-/
myogenin+ cells respectively by the total number of myogenic cells
(i.e. the sum of the numbers of Pax7 + /myogenin+ and Pax7-/myo-
genin+ cells). Analysis of this distribution was carried out on two bio-
logical replicates of a single experiment. The quantification of vessels
by immunofluorescence was expressed as number of cells per mm2 or
per fiber, when done in vivo. Vessels were quantified on section either
after GFP or CD31 immunostaining (specified in figure legends) on the
entire section. The quantification of immune cells (i.e., F4/80 or Gr1)
was expressed as a percentage of infiltration area relative to the entire
tissue section. The fiber typing distribution was performed auto-
matically on the entire section.

Morphological analysis of cultured cells (i.e., SCs or C2C12s) was
performed using Columbus Conductor™ software (Perkin Elmer
Technologies). Cells touching the edges of the image were excluded.
Columbus image analysis modules were used for feature extraction by
well to assess the number of nuclei (detected by Hoechst stain), their
surface area, roundness, and to measure the intensity within the
nucleus of the immunofluorescence signal depending on the antibody
used (Supplementary Table 1). The plasma membrane was detected

with CellMask green staining to assess the number of nuclei per cell
using the appropriate integrated image analysismodules. The number
of nuclei was divided by the average number of nuclei in the control
wells and the normalized data was analyzed as the percentage of
nuclei. The nuclear intensity of each immunofluorescence was mea-
sured to define a threshold of positivity for each signal and then the
percentage of immunofluorescence positive nuclei was calculated
from the total number of nuclei detected in eachwell. The fusion index
was calculated as the ratio of the number of nuclei in multinucleated
cells ( ≥ 2 nuclei per cell) to the total number of nuclei per well.

Western blot
Tissue samples were lysed with cold Ripa buffer (Sigma-Aldrich,
#R0278) in Lysing Matrix Z tubes (MP Biomedicals, #116979010) and
processed at 4.0m/sec for 30 s with the FastPrep-24 instrument (MP
Biomedicals, #116004500). Cell lysateswere prepared bywashingwith
cold PBS followed by incubation on ice for 1 h RIPA buffer with 1X
complete protease inhibitor cocktail (Roche, #11873580001). To
remove particulates, tissue and cell lysates were centrifuged at
14,000 × g for 15min at 4 °C and the supernatant was collected. The
protein suspensions were quantified using a Pierce BCA Protein Assay
kit (Thermo, #23227) and the 96-well plates were read on GloMax®
Discover (Promega) at 570 nm. 25μg of proteins per sample were
separated by electrophoresis on 10% SDS (Sigma-Aldrich, #L3771)−12%
Acrylamide (Sigma-Aldrich, #A9099) gel and then transferred to a
nitrocellulose membrane (PerkinElmer, #NBA083G001EA). The mem-
branes were blocked with 5% BSA (Sigma-Aldrich, #A1933) in TBS (PBS
with 0.1% Tween 20X (Sigma-Aldrich, #P9416)) for 1 h and then incu-
bated with primary antibodies (Supplementary Table 2) overnight at
4 °C. After washed with TBS, the membranes were incubated with
horseradish peroxidase (HRP) conjugated antibodies (Supplementary
Table 2) for 45min. Bound antibody complexes were visualized by
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo sci-
entific, #34095). The exposed membranes were imaged using Gbox
imaging system from Syngene (Cambridge, UK). The levels of GAPDH
housekeeping protein expression were used for the normalisation of
each target protein level.

RT-qPCR
Total RNA was isolated from SCs using the RNAeasy Micro kit (Qia-
gen). The total RNA was reverse transcribed using Superscript® III
Reverse transcriptase (Invitrogen). Real-time quantitative PCR was
performed using Power Sybr Green PCR Master Mix (Applied Bio-
systems) and the rate of dye incorporation was monitored using the
StepOneTMPlus RealTime PCR system (Applied Biosystems). At least
three biological replicates were used for each condition. Data were
analysed by StepOne Plus RT PCR software v2.1 and Microsoft excel.
GAPDH transcript levels were used for the normalisation of each
target (=ΔCT). RT-qPCR CT values were analysed using the 2−(ΔΔCt)

method to calculate the fold expression. The primers used were lis-
ted Supplementary Table 3.

Luminex® (multiplex immunoassay)
As previously described, serum was extracted from fluoxetine or
control treated animals after 6 weeks by heart puncture followed by
centrifugation at 1500 × g for 15min (n = 9 per condition). Then,
supernatant was processed for analysis of Luminex® multiple cytokine
and chemokine (Bio-Plex ProTM Mouse Cytokine Standard 23-Plex,
Group I and Standard 9-Plex, Group II).

Statistics
Statistical analysis was performed using GraphPad Prism software
version 9 using appropriate tests after being assessed for non-normal
distribution: the non-parametric two-tailed Mann-Whitney test for
comparing two groups, the non-parametric Kruskal-Wallis test for
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comparing more than two groups, the non-parametric two-tailed
Wilcoxon test for comparing to a theorical value such as statistical
analysis of fold change, or Fisher’s two-sided contingency test for the
distribution of the percentage of cells, and a minimum of 95% con-
fidence interval for significance; p values indicated on figures are <
0.05 (*), < 0.01(**), < 0.001 (***), < 0.0001 (****), ns: not significant.
Unless specified, quantitative data were represented by median and
interquartile range.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
article and its supplementary information files. The uncropped gel or
blot figures and original data underlying Figs. 1–4 and Supplementary
Figs. 1–5 are provided in a source data file. Further information and
requests for data, resources and reagents should be directed to and
will be fulfilled by the corresponding authors upon request. Source
data are provided with this paper.

References
1. Wong, D. T., Horng, J. S., Bymaster, F. P., Hauser, K. L. &Molloy, B. B.

A selective inhibitor of serotonin uptake: Lilly 110140, 3-(p-Tri-
fluoromethylphenoxy)-n-methyl-3-phenylpropylamine. Life Sci. 15,
471–479 (1974).

2. Wong, D. T., Perry, K. W. & Bymaster, F. P. Case history: the dis-
covery of fluoxetine hydrochloride (Prozac). Nat. Rev. Drug Discov.
4, 764–774 (2005).

3. Fritze, S., Spanagel, R. & Noori, H. R. Adaptive dynamics of the 5-HT
systems following chronic administration of selective serotonin
reuptake inhibitors: a meta-analysis. J. Neurochem. 142, 747–755
(2017).

4. Bäckman, J., Alling, C., Alsén, M., Regnéll, G. & Träskman-Bendz, L.
Changes of cerebrospinal fluid monoamine metabolites during
long-term antidepressant treatment. Eur. Neuropsychopharmacol.
10, 341–349 (2000).

5. Encinas, J. M., Vaahtokari, A. & Enikolopov, G. Fluoxetine targets
early progenitor cells in the adult brain. Proc. Natl. Acad. Sci. 103,
8233–8238 (2006).

6. Malberg, J. E., Eisch, A. J., Nestler, E. J. & Duman, R. S. Chronic
antidepressant treatment increases neurogenesis in adult rat hip-
pocampus. J. Neurosci. 20, 9104–9110 (2000).

7. Santarelli, L. et al. Requirement of hippocampal neurogenesis for
the behavioral effects of antidepressants. Science (1979) 301,
805–809 (2003).

8. Wang, J. W., David, D. J., Monckton, J. E., Battaglia, F. & Hen, R.
Chronic fluoxetine stimulates maturation and synaptic plasticity of
adult-born hippocampal granule cells. J. Neurosci. 28,
1374–1384 (2008).

9. Warner-Schmidt, J. L. & Duman, R. S. VEGF is an essential mediator
of the neurogenic and behavioral actions of antidepressants. Proc.
Natl Acad. Sci. 104, 4647–4652 (2007).

10. Lee, J. S. et al. Induction of neuronal vascular endothelial growth
factor expression by cAMP in thedentategyrus of the hippocampus
is required for antidepressant-like behaviors. J. Neurosci. 29,
8493–8505 (2009).

11. Amireault, P., Sibon, D. & Coîté, F. Life without peripheral serotonin:
Insights from tryptophan hydroxylase 1 knockout mice reveal the
existence of paracrine/autocrine serotonergic networks. ACS
Chem. Neurosci. 4, 64–71 (2013).

12. Lesurtel, M. Platelet-derived serotonin mediates liver regeneration.
Science (1979) 312, 104–107 (2006).

13. Baudry, A. et al. Essential roles of dopamine and serotonin in tooth
repair: Functional interplay between odontogenic stem cells and
platelets. Stem Cells 33, 2586–2595 (2015).

14. Gayraud-Morel, B., Chrétien, F. & Tajbakhsh, S. Skeletal muscle as a
paradigm for regenerative biology and medicine. Regenerative
Med. 4, 293–319 (2009).

15. Sambasivan, R. et al. Distinct regulatory cascades govern extrao-
cular and pharyngeal arch muscle progenitor cell fates. Dev. Cell
16, 810–821 (2009).

16. Ema, M., Takahashi, S. & Rossant, J. Deletion of the selection cas-
sette, but not cis-acting elements, in targeted Flk1-lacZ allele
reveals Flk1 expression in multipotent mesodermal progenitors.
Blood 107, 111–117 (2006).

17. Malinda, K. M. In vivo matrigel migration and angiogenesis assay.
Methods Mol. Biol. 467, 287–294 (2009).

18. Hardy, D. et al. Comparative Study of Injury Models for Studying
Muscle Regeneration in Mice. PLOS ONE 11, e0147198 (2016).

19. Hajduch, E. et al. Serotonin (5-hydroxytryptamine), a novel reg-
ulator of glucose transport in rat skeletalmuscle. J. Biol. Chem.274,
13563–13568 (1999).

20. Barnes, N. M. et al. International union of basic and clinical phar-
macology. Cx. Classification of receptors for 5-hydroxytryptamine;
pharmacology and function. Pharmacol. Rev. 73, 310–520 (2021).

21. Cote, F. et al. Disruption of the nonneuronal tph1 gene demon-
strates the importance of peripheral serotonin in cardiac function.
Proc. Natl Acad. Sci. 100, 13525–13530 (2003).

22. Nautiyal, K. M. et al. Distinct circuits underlie the effects of 5-HT1B
receptors on aggression and impulsivity. Neuron 86, 813–827
(2015).

23. Mourikis, P. et al. A critical requirement for notch signaling in
maintenance of the quiescent skeletalmuscle stem cell state. Stem
Cells 30, 243–252 (2012).

24. Mason, C. & Dunnill, P. A brief definition of regenerative medicine.
Regenerative Med. 3, 1–5 (2008).

25. Yin, H., Price, F. & Rudnicki,M. A. Satellite cells and themuscle stem
cell niche. Physiol. Rev. 93, 23–67 (2013).

26. Pakala, R., Willerson, J. T. & Benedict, C. R. Effect of serotonin,
thromboxane A2, and specific receptor antagonists on vascular
smoothmuscle cell proliferation.Circulation96, 2280–2286 (1997).

27. Pakala, R. & Benedict, C. R. Effect of serotonin and thromboxane A2
on endothelial cell proliferation: Effect of specific receptor
antagonists. J. Lab. Clin. Med. 131, 527–537 (1998).

28. Balasubramanian, S. & Paulose, C. S. Induction of DNA synthesis in
primary cultures of rat hepatocytes by serotonin: Possible involve-
ment of serotonin S2 receptor. Hepatology 27, 62–66 (1998).

29. Chandran, S. et al. Effects of serotonin on skeletal muscle growth.
BMC Proc. 6, O3 (2012).

30. Manoli, I. et al. Monoamine oxidase‐A is a major target gene for
glucocorticoids in human skeletal muscle cells. FASEB J. 19,
1359–1361 (2005).

31. Al-Zoairy, R. et al. Serotonin improves glucose metabolism by
Serotonylationof the small GTPaseRab4 in L6skeletalmuscle cells.
Diabetol. Metab. Syndr. 9, 1–9 (2017).

32. Guillet-Deniau, I., Burnol, A. F. & Girard, J. Identification and
localization of a skeletal muscle secrotonin 5-HT2A receptor
coupled to the Jak/STAT pathway. J. Biol. Chem. 272,
14825–14829 (1997).

33. Popa, D. et al. A longitudinal study of 5-HT outflow during chronic
fluoxetine treatment using a new technique of chronic micro-
dialysis in a highly emotional mouse strain. Eur. J. Pharmacol. 628,
83–90 (2010).

34. Crane, J. D. et al. Inhibiting peripheral serotonin synthesis reduces
obesity and metabolic dysfunction by promoting brown adipose
tissue thermogenesis. Nat. Med. 21, 166–172 (2015).

Article https://doi.org/10.1038/s41467-024-50220-4

Nature Communications |         (2024) 15:6457 13



35. Yadav, V. K. et al. Lrp5 controls bone formation by inhibiting ser-
otonin synthesis in the duodenum: an entero-bone endocrine axis.
Cell 135, 825–837 (2009).

36. Yang, M. et al. Promoting effects of serotonin on hematopoiesis:
ex vivo expansion of cord blood CD34 + stem/progenitor cells,
proliferation of bonemarrow stromal cells, and antiapoptosis. Stem
Cells 25, 1800–1806 (2007).

37. Amireault, P. et al. Ineffective erythropoiesis with reduced red
blood cell survival in serotonin-deficient mice. Proc. Natl Acad. Sci.
108, 13141–13146 (2011).

38. Sibon, D. et al. Enhanced renewal of erythroid progenitors in mye-
lodysplastic anemia by peripheral serotonin. Cell Rep. 26,
3246–3256.e4 (2019).

39. Yang,M., Srikiatkhachorn, A., Anthony, M. & Chong, B. H. Serotonin
stimulates megakaryocytopoiesis via the 5-HT2receptor. Blood
Coagul. Fibrinolysis 7, 127–133 (1996).

40. Ye, J. Y. et al. Serotonin enhances megakaryopoiesis and propla-
telet formation via p-Erk1/2 and F-actin reorganization. Stem Cells
32, 2973–2982 (2014).

41. Chabbi-Achengli, Y. et al. Decreased osteoclastogenesis in
serotonin-deficient mice. Proc. Natl. Acad. Sci. USA 109,
2567–2572 (2012).

42. Yadav, V. K. et al. A serotonin-dependent mechanism explains the
leptin regulation of bone mass, appetite, and energy expenditure.
Cell 138, 976–989 (2009).

43. Sadiq, A. et al. The role of serotonin during skin healing in post-
thermal injury. Int. J. Mol. Sci. 19, 1–20 (2018).

44. Furrer, K. et al. Serotonin reverts age-related capillarization and
failure of regeneration in the liver through a VEGF-dependent
pathway. Proc. Natl Acad. Sci. 108, 2945–2950 (2011).

45. Coman, T. et al. Serotonin targeting using commonantidepressants
induces rapid recovery of cytopenia. Blood 134, 3715–3715 (2019).

46. Raymond, J. R. et al. Multiplicity of mechanisms of serotonin
receptor signal transduction. Pharmacol. Ther. 92, 179–212
(2001).

47. Azmitia, E. C. Modern views on an ancient chemical: Serotonin
effects on cell proliferation, maturation, and apoptosis. in Brain
Research Bulletin vol. 56 413–424 (Brain Res Bull, 2001).

48. Launay, J. M. et al. Serotonin 5-HT 2B receptors are required for
bone-marrow contribution to pulmonary arterial hypertension.
Blood 119, 1772–1780 (2012).

49. Kellermann, O., Loric, S., Maroteaux, L. & Launay, J. M. Sequential
onset of three 5-HT receptors during the 5-hydroxytryptaminergic
differentiation of the murine 1C11 cell line. Br. J. Pharmacol. 118,
1161–1170 (1996).

50. Tomasetti, C. & Vogelstein, B. Variation in cancer risk among tissues
can be explained by the number of stem cell divisions. Science
(1979) 347, 78–81 (2015).

51. Savelieva, K. V. et al. Genetic disruption of both tryptophan
hydroxylase genes dramatically reduces serotonin and affects
behavior in models sensitive to antidepressants. PLoS ONE
3, (2008).

52. Kuang, S., Kuroda, K., Le Grand, F. & Rudnicki, M. A. Asymmetric
Self-Renewal and Commitment of Satellite Stem Cells in Muscle.
Cell 129, 999–1010 (2007).

53. Abou-Khalil, R., Mounier, R. & Chazaud, B. Regulation of myogenic
stem cell behavior by vessel cells: The “ménage à trois” of satellite
cells, periendothelial cells and endothelial cells. Cell Cycle 9,
892–896 (2010).

54. Chiristov, C. et al. Muscle satellite cells and endothelial cells: Close
neighbors and privileged partners. Mol. Biol. Cell 18, 1397–1409
(2007).

55. Greene, J., Banasr, M., Lee, B., Warner-Schmidt, J. & Duman, R. S.
Vascular endothelial growth factor signaling is required for the
behavioral actions of antidepressant treatment: Pharmacological

and cellular characterization. Neuropsychopharmacology 34,
2459–2468 (2009).

56. Fournier, N. M., Lee, B., Banasr, M., Elsayed, M. & Duman, R. S.
Vascular endothelial growth factor regulates adult hippocampal
cell proliferation through MEK/ERK- and PI3K/Akt-dependent sig-
naling. Neuropharmacology 63, 642–652 (2012).

57. Machida, T., Iizuka, K. & Hirafuji, M. 5-hydroxytryptamine and its
receptors in systemic vascular walls. Biol. Pharm. Bull. 36,
1416–1419 (2013).

58. Iwabayashi, M. et al. Role of serotonin in angiogenesis: Induction
of angiogenesis by sarpogrelate via endothelial 5-HT1B/Akt/
eNOS pathway in diabetic mice. Atherosclerosis 220, 337–342
(2012).

59. Tidball, J. G. Regulation of muscle growth and regeneration by the
immune system. Nat. Rev. Immunol. 17, 165–178 (2017).

60. Arreola, R. et al. Immunomodulatory effects mediated by
serotonin. J. Immunol. Res. 354957 https://doi.org/10.1155/2015/
354957 (2015).

61. de las Casas-Engel, M. et al. Serotonin Skews Human Macrophage
Polarization through HTR 2B and HTR 7. J. Immunol. 190,
2301–2310 (2013).

62. Dees, C. et al. Platelet-derived serotonin links vascular disease and
tissue fibrosis. J. Exp. Med. 208, 961–972 (2011).

63. Tutakhail, A., Nazari, Q. A., Khabil, S., Gardier, A. & Coudore, F.
Muscular and mitochondrial effects of long-term fluoxetine treat-
ment in mice, combined with physical endurance exercise on
treadmill. Life Sci. 232, 116508 (2019).

64. Falabrègue, M. et al. Lack of skeletal muscle serotonin impairs
physical performance. Int. J. Tryptophan Res. 14 https://doi.org/10.
1177/11786469211003109 (2021).

65. Carre-Pierrat, M. et al. Pre-clinical study of 21 approved drugs in the
mdx mouse. Neuromuscul. Disord. 21, 313–327 (2011).

66. Carre-Pierrat, M. et al. Blocking of striated muscle degeneration by
serotonin in C. elegans. J. Muscle Res. Cell Motil. 27,
253–258 (2006).

67. Waugh, T. A. et al. Fluoxetine prevents dystrophic changes in a
zebrafish model of duchenne muscular dystrophy. Hum. Mol.
Genet. 23, 4651–4662 (2014).

68. Latil, M. et al. Skeletal muscle stem cells adopt a dormant cell state
post mortem and retain regenerative capacity. Nat. Commun. 3,
1–12 (2012).

69. Goetsch, K. P., Snyman, C., Myburgh, K. H. & Niesler, C. U. Simul-
taneous isolation of enriched myoblasts and fibroblasts for migra-
tion analysis within a novel co-culture assay. Biotechniques 58,
25–32 (2015).

70. Mayeuf-Louchart, A. et al. MuscleJ: A high-content analysis method
to study skeletal muscle with a new Fiji tool. Skelet. Muscle 8,
1–11 (2018).

Acknowledgements
We thank Johan Bedel, Rémy Dailleux, Marie Nguele, Cédric Thépenier,
Aurélie Trignol (Institut Pasteur, France), Sophie Hüe and Mathieu Sur-
enaud (Hôpital Henri Mondor, France), Indira David and Denis David
(Université Paris Saclay, France), and Jacques Callebert and Jean-Marie
Launay (Hôpital Lariboisière, France) for their scientific and technical
help. The authors also thank Francine Coté and Olivier Hermine (Institut
Imagine, Paris, France) who kindly provided the TPH1−/− mice, Katherine
Nautiyal (Columbia University, New York, USA) who kindly provided the
tetO1B mice and Barbara Gayraud-Morel (Institut Pasteur, Paris, France)
who kindly provided the Pax7-CreER(T2) mice. The authors also thank the
histology, PFC and PBI platforms of the Institut Pasteur for their technical
supports. UTechS PBI/C2RT is part of the France BioImaging infra-
structure supported by the French National Research Agency (ANR-10-
INSB-04-01, “Investments for the future”) and is supportedbyConseil de
la Region Ile-de-France (Domaine d’Intérêt Majeur DIM1HEALTH) and

Article https://doi.org/10.1038/s41467-024-50220-4

Nature Communications |         (2024) 15:6457 14

https://doi.org/10.1155/2015/354957
https://doi.org/10.1155/2015/354957
https://doi.org/10.1177/11786469211003109
https://doi.org/10.1177/11786469211003109


Fondation Française pour la Recherche Médicale (Program Grands
Equipements). Thisworkwasfinancially supportedbyAFM-Téléthonand
by the Fondation des Gueules Cassées received by FCh.

Author contributions
M.F., M.B., P.R. conceived, planned, and carried out the experiments,
analyzed thedata,wrote themanuscriptwith input fromall authors. D.B.,
M.J.M., A.D., A.H., D.H., A.T., F.C., C.H., A.L., A.K., R.M. participated in
conception and carried out the experiments. A.D., O.M. revised the
manuscript. R.G., F.C.h. designed and supervised the research and
revised the manuscript.

Competing interests
R.G. has received compensation as a member of the scientific advisory
board of Janssen, Lundbeck, Novartis, Roche, SOBI, Takeda. He has
served as a consultant and/or a speaker for Astra Zeneca, Boehringer-
Ingelheim, Pierre Fabre, Eli Lilly, Lundbeck, LVMH, MAPREG, Novartis,
Otsuka, Pileje, SANOFI, Servier and received compensation, and he has
received research support from Servier. He is a board member of the
Regstem company. O.M. has received consultancy fees from Astra-
Zeneca, Blueprint Medicines, Boehringer-Ingelheim, Bristol-Myers
Squibb, Eli Lilly, Ipsen, Merck Sharpe & Dohme, Pfizer, Roche, Servier,
and Vifor Pharma. O.M. is an employee and shareholder of Amgen since
Feb 1st, 2022. FCh is a board member of the Regstem company. The
remaining authors have nothing to disclose.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50220-4.

Correspondence and requests for materials should be addressed to
Raphaël. Gaillard or Fabrice Chrétien.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-50220-4

Nature Communications |         (2024) 15:6457 15

https://doi.org/10.1038/s41467-024-50220-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Serotonin reuptake inhibitors improve muscle stem cell function and muscle regeneration in male mice
	Results
	Fluoxetine increases muscle stem cells and vessels proliferation with improved muscle function
	Fluoxetine accelerates muscle regeneration after injury in vivo
	Fluoxetine exerts cell autonomous on muscle stem cells by requiring stimulation of the 5-HT1B receptor
	The beneficial effects of fluoxetine on muscle regeneration in vivo are also mediated by 5-HT1B receptor

	Discussion
	Methods
	Mice and animal procedures
	In vivo force measurement
	Treadmill exercise
	Contractile properties of TA muscle using sciatic nerve stimulation
	In vivo angiogenesis assay
	Histological analysis
	Immunostainings
	Cell count, sorting, and culture
	Live video microscopy
	Preparation and immunostaining of single muscle fibers
	cAMP detection and Proteome profiler array
	5-HT dosage
	Image analysis
	Western blot
	RT-qPCR
	Luminex® (multiplex immunoassay)
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




