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A large body of evidence indicates that sigma-1 receptors (Sig-1R) are important drug
targets for a number of neuropsychiatric disorders. Sig-1Rs are enriched in central
nervous system (CNS). In addition to neurons, both cerebral microglia and astrocytes
express Sig-1Rs. Activation of Sig-1Rs is known to elicit potent neuroprotective
effects and promote neuronal survival via multiple mechanisms, including promoting
mitochondrial functions, decreasing oxidative stress and regulating neuroimmnological
functions. In this review article, we focus on the emerging role of Sig-1Rs in regulating
neuroinflammation and discuss the recent advances on the Sig-1R-modulating
neuroinflammation in the pathophysiology and therapy of neurodegenerative disorders.
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INTRODUCTION

The sigma-1 receptors (Sig-1Rs) are endoplasmic reticulum (ER) transmembrane proteins. They
exert chaperoning functions and modulate physio-pathological processes in the central nervous
system (CNS). As chaperone proteins, Sig-1Rs do not exhibit biological functions independent of
other protein partners. Sig-1Rs are expressed widely in brain cells, including neurons, astrocytes,
microglia and oligodendrocytes (Gundlach et al., 1986; Alonso et al., 2000; Hayashi and Su,
2003a,b, 2004; Gekker et al., 2006; Ruscher et al., 2011; Zhao et al., 2014). Numerous studies show
that Sig-1Rs promoted neuronal survival and restored neuronal functions in neurodegenerative
diseases via multiple mechanisms, including the modulation of calcium homeostasis and glutamate
activities, attenuation of reactive species production, modulation of ER and mitochondrial
functions, regulation of reactive gliosis and neuronal plasticity (Nguyen et al., 2015, 2017; Ruscher
and Wieloch, 2015). In addition to Sig-1R, sigma receptor sigma-2 (Sig-2R) has also been shown
to play an important role in neurological diseases (detailed to see the review from Guo and Zhen,
2015).

Neuroinflammation refers to the inflammatory responses mediated by microglial, astroglial
and endothelial cells in CNS. During neuroinflammation, microglia-mediated inflammatory
responses display dual effects depending on the activating signals (Hanisch and Kettenmann,
2007; Xiong et al., 2016). In one hand, microglial activation in response to tissue damage
or dysfunction leads to phagocytosis and the release of pro-inflammatory mediators. On
the other hand, microglia may promote an anti-inflammatory and regenerative milieu
depending on their polarization state (Patel et al., 2013). For instance, microglia undergo
prominent morphological changes along with various functional states, displaying either
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pro-inflammatory or anti-inflammatory functions following
cerebral ischemia. Therefore, activated microglia can be either
neurotoxic or neuroprotective to CNS. A large body of
studies suggests that targeting neuroinflammation represents a
therapeutic intervention for treating neurodegenerative diseases.
The fact that Sig-1Rs are expressed in glial cells suggests
Sig-1Rs as potential targets in treating CNS diseases with
neuroinflammation dysfunction. In this review article, we
review current findings about the effects of Sig-1Rs on
neuroinflammation in the major neurodegenerative diseases.

SIGMA-1 RECEPTORS AND ASTROCYTES

Astrocyte activation is considered as a key feature of
neuroinflammation. Depending on the insults, reactive
astrocytes proliferate and release exocytotic gliotransmitters,
pro-inflammatory cytokines as well as neurotropic factors such
as BDNF. Sig-1Rs are highly expressed in astrocytes (Ruscher
et al., 2011; Francardo et al., 2014). In primary rat astrocytes,
pretreatment of the Sig-1R antagonist BD1047 inhibits
methamphetamine-mediated upregulation of Sig-1R and
GFAP expression (Zhang et al., 2015a). Compared to WT
astrocytes, methamphetamine failed to increase the GFAP
expression in primary astrocytes isolated from Sig-1R KO
mice. Furthermore, in rat C6 glioma cells, a rat cell line
of astrocytic origin, methamphetamine induced nuclear
factor-κB (NF-κB) p65 translocation into the nucleus. The
effect was reversed by BD1047 (Zhang et al., 2015b). NF-κB
p65 signaling contributes to diverse pathological processes,
including neuroinflammation. In neuropathic mice, blockade
of Sig-1Rs by BD1047 prevents mechanical allodynia possibly
via inhibiting astrocyte activation induced by the chronic
constriction injury. Modulating p-p38 may be the underlying
mechanism (Moon et al., 2014). In a mouse model of motor
neuron degeneration, chronic treatment of Sig-1R agonist
PRE-084 also decreased reactive astrocytosis (Peviani et al.,
2014). In neuronal-glial mixed cultures isolated from the
Sig-1R KO mice, GFAP expression was enhanced compared
to that of WT (Weng et al., 2017). These results indicate
that Sig-1Rs modulate neuroinflammation. Meanwhile, in
response to inflammatory stress, glial cells may release BDNF
to ameliorate injury (Béjot et al., 2011; Zhang et al., 2012; Chen
et al., 2015). For instance, a novel Sig-1R agonist stimulated
BDNF release from rat primary cortical astrocytes (Malik et al.,
2015). Consistently, two metabolites of haloperidol (reduced
haloperidol) that act as functionally selective Sig-1R agonists
stimulate human astrocytes to secret BDNF. (Dalwadi et al.,
2017). In support, we recently found that SKF83959, a recent
identified Sig-1R allosteric modulator (Guo et al., 2013), elicited
rapidly antidepressant effects via stimulating BDNF production
(Wang et al., 2016).

SIGMA-1 RECEPTOR AND MICROGLIA

Microglia, the resident macrophages in the brain and spinal cord,
are the primary mediator of neuroinflammation and play both
beneficial and detrimental roles in neurodegenerative diseases.

Accumulating evidence suggests a dual role of microglia in
neurodegeneration diseases and recovery, which depends on
the functional phenotypes of the microglia (Hu et al., 2015;
Xiong et al., 2016; Lan et al., 2017; Ma et al., 2017; Deczkowska
et al., 2018). Microglia are typically classified into classic
M1 phenotypes and alternative M2 phenotypes although it
was challenged recently (Ransohoff, 2016). M1 polarized
microglia are traditionally considered as pro-inflammatory
and detrimental to the CNS, while M2 polarized microglia are
anti-inflammatory and protective to the CNS by promoting
neuronal repair and regeneration. Activation of microglial
cells contributes to pathological development in many
neurological diseases such as stroke, Alzheimer’s disease
(AD) and Parkinson’s disease (PD). Inhibition of M1 microglial
polarization and promotion of M2 polarization are considered
as an important approach for the drug discovery and therapy of
neurological and neurodegenerative disorders (Jin et al., 2014;
Zhang et al., 2017b). In the peripheral immune system,
Sig-1R activation potently suppresses the inflammatory
responses induced by a variety of stimuli (Bourrié et al.,
2002). The Sig-1R ligands SR31747A and SSR125329A enhanced
lipopolysaccharide (LPS)- or Staphylococcal enterotoxin
B (SEB)-induced serum release of the anti-inflammatory
cytokine interleukin-10 (IL-10), and concomitantly inhibited
the production of pro-inflammatory cytokine tumor necrosis
factor-α (TNF-α; Bourrie et al., 1995; Bourrié et al., 1996,
2002). In contrast, SR31747A induced a reduction in NO
and IL-10 release in LPS-stimulated RAW 264.7 macrophages
dose-dependently (Gannon et al., 2001). The contradictory
results suggest that peripheral macrophages may not be the
responding cells of the increased anti-inflammatory IL-10
production by SR31747A. Sig-1Rs are expressed in microglia
(Gekker et al., 2006) and mediate anti-inflammatory effects
in CNS. Evidence shows that Sig-1R may regulate microglia
polarization. Chao reported that pretreating BV-2 cells with
the Sig-1R antagonist BD1047 significantly reduced the
methamphetamine-induced increased the ratio of M1 marker
(iNOS) and M2 marker (Chao et al., 2017). An in vitro study
shows that Sig-1Rs stimulation suppressed the morphological,
migratory and the inflammatory responses of microglia to
LPS (Hall et al., 2009). Afobazole, a putative Sig-1R ligand,
suppresses microglial activation and migration in response
to ATP and UTP. These effects of afobazole were attenuated
by either Sig-1R or Sig-2R antagonists (Cuevas et al., 2011).
The strong evidence from treatment of Sig-1R knockout
mice with PRE-084 did not elicit anti-neuroinflammatory
effect (Francardo et al., 2014). Similarly, using LPS-stimulated
murine BV2 microglial cells, our recent report showed that
a potent allosteric Sig-1R modulator SKF83959 suppressed
the expression of the pro-inflammatory mediators, including
TNF-α, interleukin-1β (IL-1β) and inducible nitric oxide
synthase (iNOS), the release of NO and the generation of
reactive oxygen species (Wu et al., 2015). In particularly, the
anti-inflammatory effects of SKF83959 were blocked by selective
Sig-1R antagonists (BD1047 or BD1063), indicating a Sig-1R-
mediated event. Furthermore, we showed that the suppression
of microglia activation by SKF83959 was independent of either
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MAPK/ERK or IKK/IκB signaling pathways. The finding was
not consistent with the report that (+)-pentazocine, a Sig-1R
agonist, suppressed the microglia activation via inhibition
of LPS-induced MAPK/ERK pathway in retinal microglia
(Zhao et al., 2014). Moreover, (+)-pentazocine only at certain
doses (1 µM and 10 µM) reduced apoptotic cell death via
ERK1/2 pathway in BV2 microglia under hypoxia/reoxygenation
conditions (Heiss et al., 2016). This is interesting because it
suggests that allosteric modulator of Sig-1R modulate microglia-
mediated neuroinflammation via different mechanism from the
receptor agonist.

SIGMA-1 RECEPTORS AND STROKE

Stroke is a serious cerebrovascular disease that leads to
high morbidity and mortality worldwide. Unfortunately, the
effective stroke treatments are rather limited. In clinical,
thrombolytic therapy with tissue plasminogen activator (tPA)
is the only therapeutic intervention for ischemic stroke during
acute phase. However, the narrow therapeutic window of
tPA limited the clinical application of tPA. Thus, developing
effective therapies for stroke is urgent demand. Ischemic stroke,
the dominant subtype of stroke, is characteristic of focal
cerebral ischemia due to major cerebral arteries occlusion.
Reduction of regional cerebral blood supply and lack of oxygen
trigger inflammatory responses in consequent with irreversible
injury in the brain. Subsequently, reperfusion of brain with
delayed restoration of blood and oxygen induces more severe
inflammatory responses, which causes secondary injury to the
brain. Therefore, modulation of neuroinflammation after stroke
is a potential therapeutic intervention for cerebral ischemia.
Interestingly, increased Sig-1R expression in the penumbra
neuron followed the acute stroke was recently reported (Zhang
et al., 2017a).

Evidence suggests that Sig-1R ligands exert neuroprotective
effects against cerebral ischemia. Literatures indicate that
the neuroprotective effects against stroke conferred by the
activation of Sig-Rs can be attributed to the modulation
of inflammatory responses. For instance, cerebral ischemia
injury strongly enhanced the mRNA level and protein
expression of pro-inflammatory cytokines including monocyte
chemoattractant protein-1 (MCP-1) and IL-1β. Treatment
with Sig-1R agonist dimemorfan (at the onset of reperfusion)
significantly reduced the mRNA and protein expression of
MCP-1 and IL-1β, in accordance with inhibition of the NF-
κB signaling pathway (Shen et al., 2008). Consistently, in
the in vivo LPS-induced endotoxin shock model, treatment
with dimemorfan significantly decreased plasma TNF-α
concentrations, neutrophil infiltration and oxidative stress
induced by LPS in mice. These results suggest that the
anti-inflammatory action of dimemorfan contributes to
the protective effects of dimemorfan against LPS-induced
endotoxin shock in mice (Wang et al., 2008). Recently, it
was shown that treatment with Sig-1R agonist PRE-084 at
3 h and 24 h after the embolic stroke onset significantly
reduced infarct volumes and improved neurological deficits
by inhibiting pro-inflammatory cytokines and enhancing

anti-inflammatory cytokines, such as IL-10 and IL-4 following
cerebral ischemia (Allahtavakoli and Jarrott, 2011). In
agreement with this observation, Sig-1R activation affects
Iba1 expression in microglia/macrophages of the ischemic
hemisphere after experimental stroke (Ruscher et al.,
2012).

Interestingly, a recent report showing that administration
of a highly selective Sig-1R antagonist, SIRA (E-52862/MR309)
intracerebroventricularly or intravenously in the focal cerebral
ischemia model also significantly reduced the infarct sizes
and neurological deficits in mice following middle cerebral
artery occlusion (MCAO). The underlying mechanism of the
neuroprotective effects exerted by SIRA may be associated
with the significant reduction in metalloproteinase-9 (MMP-9)
expression, astrogliosis and microglial proliferation (Sánchez-
Blázquez et al., 2018). It will be very important to further study
how and why Sig-1R agonists and antagonists produced the
similar neuroprotective or neurorestorative effects in stroke.

SIGMA-1 RECEPTORS AND TRAUMATIC
BRAIN INJURY (TBI)

Similar to stroke, acute brain injury following trauma can also
lead to long-term neurological deficits. Recently, a study used the
controlled cortical impact (CCI) model and demonstrated that
the Sig-1R selective agonist PRE-084 played a beneficial role in
traumatic brain injury (TBI) by reducing microglia activation,
nitrosative and oxidative stress to proteins (Dong et al.,
2016). In this report, they administered PRE-084 systemically
to mice 15 min after TBI injury and then assessed brain
edema and behavior biochemical measurements in animals
following 28 days after TBI. PRE-084 significantly decreased
brain edema and attenuated neurologic deficits. One of the
mechanisms underlying the neuroprotective effects of PRE-084
against TBI may be the suppression of microglia activation as
indicated by decreased Iba1 immunoreactivity. However, further
investigation is needed to examine whether the concomitant
application of Sig-1 R antagonists block the neuroprotective
effects of PRE-084 and distinguish polarization status of the
microglia/macrophages.

SIGMA-1 RECEPTORS AND PARKINSON’S
DISEASE

The neuroprotective and neurorestorative effects of the Sig-1R
agonists have also been reported in experimental model of
PD. The important functional roles of Sig-1R in PD has
been reported before (Mishina et al., 2005; Paquette et al.,
2009; Mori et al., 2012; Hong et al., 2015). A recent study
reported the potential antiparkinsonian effect of Sig-1R agonist.
Chronic treatment of PRE-084 improves motor impairment
in the 6-hydroxydopamine (6-OHDA)-lesioned mouse PD
model. A significant reduction of the number of CD68-positive
microglia and macrophages was detected in PRE-084-treated
mice (Francardo et al., 2014). These finding suggest that
Sig-1R activation-induced reduction in neuroinflammation may
account for the functional recovery in PDmodel. In addition, the
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potential beneficial effects of Sig-1R ligands in levodopa-induced
dyskinesia in PD patient and experimental animals have been
also reported (Paquette et al., 2009; Fox et al., 2017). This data
indicated that modulation of Sig-1R may be a potential new drug
target for PD therapy.

SIGMA-1 RECEPTORS AND
AMYOTROPHIC LATERAL SCLEROSIS

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative
disease which is characterized by progressive loss of motor
neurons in the spinal cord and brain (Boillée et al., 2006).
Intracellular accumulations of mutant, misfolded proteins are
major pathological hallmarks of ALS and related disorders. A
landmark discovery in 1993 reported that the mutations in
superoxide dismutase 1 (SOD1) account for 20% of the inherited
ALS cases (Rosen et al., 1993). ALS is also recognized as a non-cell
autonomous disease. The motor neurons expressing mutant
SOD1 induce the initial disease onset and early progression
but do not contribute to later disease progression. Interestingly,
microglia or astrocytes expressing mutant SOD1 exacerbate
disease progression after onset without influence on initial timing
of disease onset (Ilieva et al., 2009).

In the CNS, Sig-1Rs are highly expressed in motor neurons
(Mavlyutov et al., 2010). ALS-causative mutation (E102Q)
of Sig-1R has been found in juvenile ALS (Al-Saif et al.,
2011). Expression of mutant sig-1R-E102Q in neuro2A cells
reduces mitochondrial ATP production, disrupts mitochondrial
structure and aggravates ER stress-induced neuronal death
(Fukunaga et al., 2015). Since mitochondrial dependent signaling
controls innate and adaptive immune responses, mitochondrial
dysfunction in glial cells likely at least in part regulates
neuroinflammation. Sig-1R accumulations were also observed
in enlarged C-terminals and ER structures of alpha motor
neurons of ALS patients and also in SOD1 transgenic mice
(Prause et al., 2013). Knockout the Sig-1R in the SOD1∗G93A
mouse ALS model reduces the longevity of the mice, suggesting
the lack of Sig-1R exacerbates the pathological progression of
ALS (Mavlyutov et al., 2013). Meanwhile, administration of the
Sig-1R agonist PRE-084 was shown to slow the progression
of ALS in SOD1∗G93A mouse ALS model and significantly
reduced microglial marker Iba1-1 immunoreactivity in the
spinal cord, but did not affect astroglial reactivity (Mancuso
et al., 2012). Moreover, co-administration with the Sig-1R
antagonist BD1036 reverse the reduction in microglial reactivity
induced by PRE-084 in the SOD1 mice. In another study using
the wobbler mouse model of motor neuron disease, chronic
treatment with PRE-084 displayed beneficial effects on motor
performance and improved motor neuron survival, suggesting
that PRE-084 may not only confer the neuroprotective effects
against SOD1 mutation (Peviani et al., 2014). This observes
were also supported with other studies (Ono et al., 2014;
Tagashira et al., 2014), indicating that Sig-1R function is not
only involved in the pathological development but also a
promising drug target for the ALS treatment. Moreover, chronic
treatment with PRE-084 SOD1 mutation mice increased the
expression of another macrophage/microglial marker CD11b.

Especially, the numbers of cells positive for M2 phenotype
marker CD206 significantly increased in the white matter
of PRE-084-treated mice, in concomitant with the increased
microglia and macrophage marker CD68 immunoreactivity
(Peviani et al., 2014). This indicated that regulation of the
microglia/macrophage polarization may be involved in the
neurorestorative effect of Sig-1R activation in ALS. Indicating
modulation of microglia activation may also contribute to
the beneficial effects of Sig-1R agonist in the treatment
of ALS.

SIGMA-1 RECEPTORS AND OTHER
NEURODEGENERATIVE DISEASES

In addition, Sig-1Rs have also been widely indicated in AD,
multiple sclerosis (MS) and Huntington diseases. Recently,
a novel selective allosteric sigma-1 receptor agonist AF710B
was reported to revert the cognitive deficits possibly via
neuroinflammation suppression in APP transgenic AD rats
(Hall et al., 2018). An earlier in vitro study also demonstrated
Afobazole, a mixed Sig-1R/Sig-2R agonist, decreased microglial
activation in rat primary microglia exposed to Aβ25–35 (Behensky
et al., 2013). Experimental autoimmune encephalomyelitis
(EAE) model of MS is characterized with inflammation and
demyelination in the CNS. Oxombre et al. (2015) show that
a novel Sig-1R agonist confers protection by decreasing the
magnitude of inflammation in EAE.

SIGMA-1 RECEPTORS IN HUMAN BRAIN

Using in situ hybridization, Kitaichi et al. (2000) reports that the
Sig-1R genes express in the mouse, guinea pig and human brain,

FIGURE 1 | Schematic model showing the potential roles of Sigma-1
Receptors (Sig-1Rs) in neuroinflammation. Sig-1Rs are expressed widely in
brain cells, including neurons, astrocytes, microglia and oligodendrocytes.
Sig-1R activation promotes the M2 microglial repair/regenerative phenotype,
and inhibits the M1 microglial phenotype and the astrocytic response to
inflammatory stimuli.
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with the distribution mainly in hippocampus, hypothalamus and
most cortical areas. Since 1996, Sig-1R have been cloned in
human and several other species (Hanner et al., 1996; Kekuda
et al., 1996; Pan et al., 1998; Seth et al., 1998). Correlation
between increased risk of diseases and Sig-1R gene mutation
polymorphism has also been reported. For example, TT-P gene
mutation of Sig-1R is found to be a risk factor against AD
(Fehér et al., 2012). However, to confirm the result, a larger
sample size of clinical study is necessary. To date, a few Sig-1R
agonists (SA4503 and ANAVEX2-73) have entered clinical trials
of neurodegenerative disorders (Lahmy et al., 2013; Urfer et al.,
2014). All those efforts may provide a potential new avenue for
neurodegenerative disease treatment.

CONCLUSION

Sig-1R is widely expressed in CNS. Altered Sig-1R expression
and functions are associated with the pathophysiology of a
number of neurological diseases. Sig-1R plays an essential role
in glial functional regulation. Numerous studies have been
shown that Sig-1R has a profound effect on neuroinflammation
and consequently neuroprotection (Figure 1). As a result,

Sig-1R may be a potential drug target particularly for the
neuroinflammation-associated diseases such as ALS, stroke, PD
and AD. For the future perspectives, development of specific and
high selective Sig-1R or Sig-2R ligands is needed. Meanwhile,
considering the complex of Sig-1R or Sig-2R functions and
enrichment in distribution, allosteric modulator of Sig-1R may
provide unique advantage in term of the drug development
since allosteric modulation is known to have significant better
selectivity with less unwanted effects.

AUTHOR CONTRIBUTIONS

JJ and JC wrote the manuscript draft. CW and XZ revised and
edited the manuscript.

FUNDING

This work was supported by Grants from the National Science
Foundation of China (81773702, 81571124); grants from the
Priority Academic Program Development of the Jiangsu Higher
Education Institutes (PAPD) and the Jiangsu key laboratory
grant (BM2013003).

REFERENCES

Allahtavakoli, M., and Jarrott, B. (2011). Sigma-1 receptor ligand PRE-084
reduced infarct volume, neurological deficits, pro-inflammatory cytokines and
enhanced anti-inflammatory cytokines after embolic stroke in rats. Brain Res.
Bull. 85, 219–224. doi: 10.1016/j.brainresbull.2011.03.019

Alonso, G., Phan, V., Guillemain, I., Saunier, M., Legrand, A., Anoal, M., et al.
(2000). Immunocytochemical localization of the sigma1 receptor in the adult
rat central nervous system. Neuroscience 97, 155–170. doi: 10.1016/s0306-
4522(00)00014-2

Al-Saif, A., Al-Mohanna, F., and Bohlega, S. (2011). A mutation in sigma-1
receptor causes juvenile amyotrophic lateral sclerosis. Ann. Neurol. 70,
913–919. doi: 10.1002/ana.22534

Behensky, A. A., Yasny, I. E., Shuster, A. M., Seredenin, S. B., Petrov, A. V.,
and Cuevas, J. (2013). Stimulation of sigma receptors with afobazole blocks
activation of microglia and reduces toxicity caused by amyloid-β25–35.
J. Pharmacol. Exp. Ther. 347, 458–467. doi: 10.1124/jpet.113.208348

Béjot, Y., Prigent-Tessier, A., Cachia, C., Giroud, M., Mossiat, C., Bertrand, N.,
et al. (2011). Time-dependent contribution of non neuronal cells to BDNF
production after ischemic stroke in rats. Neurochem. Int. 58, 102–111.
doi: 10.1016/j.neuint.2010.10.019

Boillée, S., Vande Velde, C., and Cleveland, D. W. (2006). ALS: a disease of motor
neurons and their nonneuronal neighbors. Neuron 52, 39–59. doi: 10.1016/j.
neuron.2006.09.018

Bourrié, B., Benoît, J. M., Derocq, J. M., Esclangon, M., Thomas, C., Le Fur, G.,
et al. (1996). A sigma ligand, SR 31747A, potently modulates staphylococcal
enterotoxin B-induced cytokine production in mice. Immunology 88, 389–393.
doi: 10.1046/j.1365-2567.1996.d01-657.x

Bourrie, B., Bouaboula, M., Benoit, J. M., Derocq, J. M., Esclangon, M., Le Fur, G.,
et al. (1995). Enhancement of endotoxin-induced interleukin-10 production by
SR 31747A, a sigma ligand. Eur. J. Immunol. 25, 2882–2887. doi: 10.1002/eji.
1830251026

Bourrié, B., Bribes, E., De Nys, N., Esclangon, M., Garcia, L., Galiegue, S.,
et al. (2002). SSR125329A, a high affinity sigma receptor ligand with
potent anti-inflammatory properties. Eur. J. Pharmacol. 456, 123–131.
doi: 10.1016/s0014-2999(02)02646-8

Chao, J., Zhang, Y., Du, L., Zhou, R., Wu, X., Shen, K., et al. (2017).
Molecular mechanisms underlying the involvement of the sigma-1 receptor
in methamphetamine-mediated microglial polarization. Sci. Rep. 7:11540.
doi: 10.1038/s41598-017-11065-8

Chen, Y., Zhang, J., and Deng, M. (2015). Furin mediates brain-derived
neurotrophic factor upregulation in cultured rat astrocytes exposed to oxygen-
glucose deprivation. J. Neurosci. Res. 93, 189–194. doi: 10.1002/jnr.23455

Cuevas, J., Rodriguez, A., Behensky, A., and Katnik, C. (2011). Afobazole
modulates microglial function via activation of both sigma-1 and sigma-2
receptors. J. Pharmacol. Exp. Ther. 339, 161–172. doi: 10.1124/jpet.111.182816

Dalwadi, D. A., Kim, S., and Schetz, J. A. (2017). Activation of the sigma-1 receptor
by haloperidol metabolites facilitates brain-derived neurotrophic factor
secretion from human astroglia. Neurochem. Int. 105, 21–31. doi: 10.1016/j.
neuint.2017.02.003

Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and
Amit, I. (2018). Disease-associated microglia: a universal immune sensor of
neurodegeneration. Cell 173, 1073–1081. doi: 10.1016/j.cell.2018.05.003

Dong, H., Ma, Y., Ren, Z., Xu, B., Zhang, Y., Chen, J., et al. (2016). Sigma-
1 receptor modulates neuroinflammation after traumatic brain injury. Cell.
Mol. Neurobiol. 36, 639–645. doi: 10.1007/s10571-015-0244-0

Fehér, A., Juhász, A., László, A., Kálmán, J. Jr., Pákáski, M., Kálmán, J., et al. (2012).
Association between a variant of the sigma-1 receptor gene and Alzheimer’s
disease. Neurosci. Lett. 517, 136–139. doi: 10.1016/j.neulet.2012.04.046

Fox, S. H., Metman, L. V., Nutt, J. G., Brodsky, M., Factor, S. A., Lang, A. E.,
et al. (2017). Trial of dextromethorphan/quinidine to treat levodopa-induced
dyskinesia in Parkinson’s disease.Mov. Disord. 32, 893–903. doi: 10.1002/mds.
26976

Francardo, V., Bez, F., Wieloch, T., Nissbrandt, H., Ruscher, K., and
Cenci, M. A. (2014). Pharmacological stimulation of sigma-1 receptors has
neurorestorative effects in experimental parkinsonism. Brain 137, 1998–2014.
doi: 10.1093/brain/awu107

Fukunaga, K., Shinoda, Y., and Tagashira, H. (2015). The role of SIGMAR1 gene
mutation and mitochondrial dysfunction in amyotrophic lateral sclerosis.
J. Pharmacol. Sci. 127, 36–41. doi: 10.1016/j.jphs.2014.12.012

Gannon, C. J., Malone, D. L., and Napolitano, L. M. (2001). Reduction
of IL-10 and nitric oxide synthesis by SR31747A (sigma ligand) in
RAW murine macrophages. Surg. Infect. 2, 267–272; discussion 273.
doi: 10.1089/10962960152813304

Gekker, G., Hu, S., Sheng, W. S., Rock, R. B., Lokensgard, J. R., and Peterson, P. K.
(2006). Cocaine-induced HIV-1 expression in microglia involves sigma-1
receptors and transforming growth factor-β1. Int. Immunopharmacol. 6,
1029–1033. doi: 10.1016/j.intimp.2005.12.005

Gundlach, A. L., Largent, B. L., and Snyder, S. H. (1986). Autoradiographic
localization of sigma receptor binding sites in guinea pig and rat central nervous

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 September 2018 | Volume 12 | Article 314

https://doi.org/10.1016/j.brainresbull.2011.03.019
https://doi.org/10.1016/s0306-4522(00)00014-2
https://doi.org/10.1016/s0306-4522(00)00014-2
https://doi.org/10.1002/ana.22534
https://doi.org/10.1124/jpet.113.208348
https://doi.org/10.1016/j.neuint.2010.10.019
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1046/j.1365-2567.1996.d01-657.x
https://doi.org/10.1002/eji.1830251026
https://doi.org/10.1002/eji.1830251026
https://doi.org/10.1016/s0014-2999(02)02646-8
https://doi.org/10.1038/s41598-017-11065-8
https://doi.org/10.1002/jnr.23455
https://doi.org/10.1124/jpet.111.182816
https://doi.org/10.1016/j.neuint.2017.02.003
https://doi.org/10.1016/j.neuint.2017.02.003
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1007/s10571-015-0244-0
https://doi.org/10.1016/j.neulet.2012.04.046
https://doi.org/10.1002/mds.26976
https://doi.org/10.1002/mds.26976
https://doi.org/10.1093/brain/awu107
https://doi.org/10.1016/j.jphs.2014.12.012
https://doi.org/10.1089/10962960152813304
https://doi.org/10.1016/j.intimp.2005.12.005
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Jia et al. Sigma-1 Receptor-Modulated Neuroinflammation in Neurological Diseases

system with (+)3H-3–(3-hydroxyphenyl)-N-(1-propyl)piperidine. J. Neurosci.
6, 1757–1770. doi: 10.1523/jneurosci.06-06-01757.1986

Guo, L., Zhao, J., Jin, G., Zhao, B., Wang, G., Zhang, A., et al. (2013). SKF83959 is a
potent allosteric modulator of sigma-1 receptor.Mol. Pharmacol. 83, 577–586.
doi: 10.1124/mol.112.083840

Guo, L., and Zhen, X. (2015). Sigma-2 receptor ligands: neurobiological
effects. Curr. Med. Chem. 22, 989–1003. doi: 10.2174/09298673226661501141
63607

Hall, A. A., Herrera, Y., Ajmo, C. T. Jr., Cuevas, J., and Pennypacker, K. R. (2009).
Sigma receptors suppress multiple aspects of microglial activation. Glia 57,
744–754. doi: 10.1002/glia.20802

Hall, H., Iulita, M. F., Gubert, P., Flores Aguilar, L., Ducatenzeiler, A., Fisher, A.,
et al. (2018). AF710B, an M1/sigma-1 receptor agonist with long-lasting
disease-modifying properties in a transgenic rat model of Alzheimer’s disease.
Alzheimers Dement. 14, 811–823. doi: 10.1016/j.jalz.2017.11.009

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: active sensor and versatile
effector cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387–1394.
doi: 10.1038/nn1997

Hanner, M., Moebius, F. F., Flandorfer, A., Knaus, H. G., Striessnig, J.,
Kempner, E., et al. (1996). Purification, molecular cloning and expression of
the mammalian σ1-binding site. Proc. Natl. Acad. Sci. U S A 93, 8072–8077.
doi: 10.1073/pnas.93.15.8072

Hayashi, T., and Su, T. P. (2003a). Intracellular dynamics of σ-1 receptors (σ1
binding sites) in NG108–15 cells. J. Pharmacol. Exp. Ther. 306, 726–733.
doi: 10.1124/jpet.103.051292

Hayashi, T., and Su, T. P. (2003b). σ-1 receptors (σ1 binding sites) form raft-like
microdomains and target lipid droplets on the endoplasmic reticulum: roles in
endoplasmic reticulum lipid compartmentalization and export. J. Pharmacol.
Exp. Ther. 306, 718–725. doi: 10.1124/jpet.103.051284

Hayashi, T., and Su, T. P. (2004). Sigma-1 receptors at galactosylceramide-
enriched lipid microdomains regulate oligodendrocyte differentiation. Proc.
Natl. Acad. Sci. U S A 101, 14949–14954. doi: 10.1073/pnas.0402890101

Heiss, K., Vanella, L., Murabito, P., Prezzavento, O., Marrazzo, A., Castruccio
Castracani, C., et al. (2016). (+)-Pentazocine reduces oxidative stress and
apoptosis in microglia following hypoxia/reoxygenation injury. Neurosci. Lett.
626, 142–148. doi: 10.1016/j.neulet.2016.05.025

Hong, J., Sha, S., Zhou, L., Wang, C., Yin, J., and Chen, L. (2015). Sigma-1 receptor
deficiency reduces MPTP-induced parkinsonism and death of dopaminergic
neurons. Cell Death Dis. 6:e1832. doi: 10.1038/cddis.2015.194

Hu, X., Leak, R. K., Shi, Y., Suenaga, J., Gao, Y., Zheng, P., et al. (2015). Microglial
and macrophage polarization-new prospects for brain repair. Nat. Rev. Neurol.
11, 56–64. doi: 10.1038/nrneurol.2014.207

Ilieva, H., Polymenidou, M., and Cleveland, D. W. (2009). Non-cell autonomous
toxicity in neurodegenerative disorders: ALS and beyond. J. Cell Biol. 187,
761–772. doi: 10.1083/jcb.200908164

Jin, Q., Cheng, J., Liu, Y., Wu, J., Wang, X., Wei, S., et al. (2014). Improvement
of functional recovery by chronic metformin treatment is associated with
enhanced alternative activation of microglia/macrophages and increased
angiogenesis and neurogenesis following experimental stroke. Brain Behav.
Immun. 40, 131–142. doi: 10.1016/j.bbi.2014.03.003

Kekuda, R., Prasad, P. D., Fei, Y. J., Leibach, F. H., and Ganapathy, V. (1996).
Cloning and functional expression of the human type 1 sigma receptor
(hSigmaR1). Biochem. Biophys. Res. Commun. 229, 553–558. doi: 10.1006/bbrc.
1996.1842

Kitaichi, K., Chabot, J. G., Moebius, F. F., Flandorfer, A., Glossmann, H.,
and Quirion, R. (2000). Expression of the purported σ1 (σ1) receptor in
the mammalian brain and its possible relevance in deficits induced by
antagonism of the NMDA receptor complex as revealed using an antisense
strategy. J. Chem. Neuroanat. 20, 375–387. doi: 10.1016/s0891-0618(00)
00106-x

Lahmy, V., Meunier, J., Malmström, S., Naert, G., Givalois, L., Kim, S. H., et al.
(2013). Blockade of Tau hyperphosphorylation and Aβ1–42 generation by the
aminotetrahydrofuran derivative ANAVEX2–73, a mixed muscarinic and σ1
receptor agonist, in a nontransgenic mouse model of Alzheimer’s disease.
Neuropsychopharmacology 38, 1706–1723. doi: 10.1038/npp.2013.70

Lan, X., Han, X., Li, Q., Yang, Q.W., andWang, J. (2017).Modulators of microglial
activation and polarization after intracerebral haemorrhage. Nat. Rev. Neurol.
13, 420–433. doi: 10.1038/nrneurol.2017.69

Ma, Y., Wang, J., Wang, Y., and Yang, G. Y. (2017). The biphasic function of
microglia in ischemic stroke. Prog. Neurobiol. 157, 247–272. doi: 10.1016/j.
pneurobio.2016.01.005

Malik, M., Rangel-Barajas, C., Sumien, N., Su, C., Singh, M., Chen, Z., et al. (2015).
The effects of sigma (σ1) receptor-selective ligands on muscarinic receptor
antagonist-induced cognitive deficits inmice. Br. J. Pharmacol. 172, 2519–2531.
doi: 10.1111/bph.13076

Mancuso, R., Oliván, S., Rando, A., Casas, C., Osta, R., and Navarro, X.
(2012). Sigma-1R agonist improves motor function and motoneuron survival
in ALS mice. Neurotherapeutics 9, 814–826. doi: 10.1007/s13311-012-
0140-y

Mavlyutov, T. A., Epstein, M. L., Andersen, K. A., Ziskind-Conhaim, L., and
Ruoho, A. E. (2010). The sigma-1 receptor is enriched in postsynaptic sites
of C-terminals in mouse motoneurons. An anatomical and behavioral study.
Neuroscience 167, 247–255. doi: 10.1016/j.neuroscience.2010.02.022

Mavlyutov, T. A., Epstein, M. L., Verbny, Y. I., Huerta, M. S., Zaitoun, I.,
Ziskind-Conhaim, L., et al. (2013). Lack of sigma-1 receptor exacerbates ALS
progression in mice. Neuroscience 240, 129–134. doi: 10.1016/j.neuroscience.
2013.02.035

Mishina, M., Ishiwata, K., Ishii, K., Kitamura, S., Kimura, Y., Kawamura, K., et al.
(2005). Function of σ1 receptors in Parkinson’s disease. Acta Neurol. Scand.
112, 103–107. doi: 10.1111/j.1600-0404.2005.00432.x

Moon, J. Y., Roh, D. H., Yoon, S. Y., Choi, S. R., Kwon, S. G., Choi, H. S., et al.
(2014). σ1 receptors activate astrocytes via p38MAPK phosphorylation leading
to the development of mechanical allodynia in a mouse model of neuropathic
pain. Br. J. Pharmacol. 171, 5881–5897. doi: 10.1111/bph.12893

Mori, T., Hayashi, T., and Su, T. P. (2012). Compromising σ-1 receptors at
the endoplasmic reticulum render cytotoxicity to physiologically relevant
concentrations of dopamine in a nuclear factor-κB/Bcl-2-dependent
mechanism: potential relevance to Parkinson’s disease. J. Pharmacol. Exp.
Ther. 341, 663–671. doi: 10.1124/jpet.111.190868

Nguyen, L., Lucke-Wold, B. P., Mookerjee, S., Kaushal, N., and Matsumoto, R. R.
(2017). Sigma-1 receptors and neurodegenerative diseases: towards a
hypothesis of sigma-1 receptors as amplifiers of neurodegeneration and
neuroprotection. Adv. Exp. Med. Biol. 964, 133–152. doi: 10.1007/978-3-319-
50174-1_10

Nguyen, L., Lucke-Wold, B. P., Mookerjee, S. A., Cavendish, J. Z., Robson, M. J.,
Scandinaro, A. L., et al. (2015). Role of sigma-1 receptors in neurodegenerative
diseases. J. Pharmacol. Sci. 127, 17–29. doi: 10.1016/j.jphs.2014.12.005

Ono, Y., Tanaka, H., Takata, M., Nagahara, Y., Noda, Y., Tsuruma, K., et al.
(2014). SA4503, a sigma-1 receptor agonist, suppresses motor neuron damage
in in vitro and in vivo amyotrophic lateral sclerosis models. Neurosci. Lett. 559,
174–178. doi: 10.1016/j.neulet.2013.12.005

Oxombre, B., Lee-Chang, C., Duhamel, A., Toussaint, M., Giroux, M., Donnier-
Marechal, M., et al. (2015). High-affinity σ1 protein agonist reduces clinical
and pathological signs of experimental autoimmune encephalomyelitis. Br.
J. Pharmacol. 172, 1769–1782. doi: 10.1111/bph.13037

Pan, Y. X., Mei, J., Xu, J., Wan, B. L., Zuckerman, A., and Pasternak, G. W.
(1998). Cloning and characterization of a mouse σ1 receptor. J. Neurochem.
70, 2279–2285. doi: 10.1046/j.1471-4159.1998.70062279.x

Paquette, M. A., Foley, K., Brudney, E. G., Meshul, C. K., Johnson, S. W.,
and Berger, S. P. (2009). The sigma-1 antagonist BMY-14802 inhibits L-
DOPA-induced abnormal involuntary movements by aWAY-100635-sensitive
mechanism. Psychopharmacology 204, 743–754. doi: 10.1007/s00213-009-
1505-8

Patel, A. R., Ritzel, R., McCullough, L. D., and Liu, F. (2013). Microglia and
ischemic stroke: a double-edged sword. Int. J. Physiol. Pathophysiol. Pharmacol.
5, 73–90.

Peviani, M., Salvaneschi, E., Bontempi, L., Petese, A., Manzo, A., Rossi, D., et al.
(2014). Neuroprotective effects of the Sigma-1 receptor (S1R) agonist PRE-
084, in a mouse model of motor neuron disease not linked to SOD1 mutation.
Neurobiol. Dis. 62, 218–232. doi: 10.1016/j.nbd.2013.10.010

Prause, J., Goswami, A., Katona, I., Roos, A., Schnizler, M., Bushuven, E., et al.
(2013). Altered localization, abnormal modification and loss of function of
Sigma receptor-1 in amyotrophic lateral sclerosis. Hum. Mol. Genet. 22,
1581–1600. doi: 10.1093/hmg/ddt008

Ransohoff, R. M. (2016). A polarizing question: do M1 and M2 microglia exist?
Nat. Neurosci. 19, 987–991. doi: 10.1038/nn.4338

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 September 2018 | Volume 12 | Article 314

https://doi.org/10.1523/jneurosci.06-06-01757.1986
https://doi.org/10.1124/mol.112.083840
https://doi.org/10.2174/0929867322666150114163607
https://doi.org/10.2174/0929867322666150114163607
https://doi.org/10.1002/glia.20802
https://doi.org/10.1016/j.jalz.2017.11.009
https://doi.org/10.1038/nn1997
https://doi.org/10.1073/pnas.93.15.8072
https://doi.org/10.1124/jpet.103.051292
https://doi.org/10.1124/jpet.103.051284
https://doi.org/10.1073/pnas.0402890101
https://doi.org/10.1016/j.neulet.2016.05.025
https://doi.org/10.1038/cddis.2015.194
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1083/jcb.200908164
https://doi.org/10.1016/j.bbi.2014.03.003
https://doi.org/10.1006/bbrc.1996.1842
https://doi.org/10.1006/bbrc.1996.1842
https://doi.org/10.1016/s0891-0618(00)00106-x
https://doi.org/10.1016/s0891-0618(00)00106-x
https://doi.org/10.1038/npp.2013.70
https://doi.org/10.1038/nrneurol.2017.69
https://doi.org/10.1016/j.pneurobio.2016.01.005
https://doi.org/10.1016/j.pneurobio.2016.01.005
https://doi.org/10.1111/bph.13076
https://doi.org/10.1007/s13311-012-0140-y
https://doi.org/10.1007/s13311-012-0140-y
https://doi.org/10.1016/j.neuroscience.2010.02.022
https://doi.org/10.1016/j.neuroscience.2013.02.035
https://doi.org/10.1016/j.neuroscience.2013.02.035
https://doi.org/10.1111/j.1600-0404.2005.00432.x
https://doi.org/10.1111/bph.12893
https://doi.org/10.1124/jpet.111.190868
https://doi.org/10.1007/978-3-319-50174-1_10
https://doi.org/10.1007/978-3-319-50174-1_10
https://doi.org/10.1016/j.jphs.2014.12.005
https://doi.org/10.1016/j.neulet.2013.12.005
https://doi.org/10.1111/bph.13037
https://doi.org/10.1046/j.1471-4159.1998.70062279.x
https://doi.org/10.1007/s00213-009-1505-8
https://doi.org/10.1007/s00213-009-1505-8
https://doi.org/10.1016/j.nbd.2013.10.010
https://doi.org/10.1093/hmg/ddt008
https://doi.org/10.1038/nn.4338
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Jia et al. Sigma-1 Receptor-Modulated Neuroinflammation in Neurological Diseases

Rosen, D. R., Siddique, T., Patterson, D., Figlewicz, D. A., Sapp, P.,
Hentati, A., et al. (1993). Mutations in Cu/Zn superoxide dismutase gene
are associated with familial amyotrophic lateral sclerosis. Nature 362, 59–62.
doi: 10.1038/362059a0

Ruscher, K., Inácio, A. R., Valind, K., Rowshan Ravan, A., Kuric, E.,
and Wieloch, T. (2012). Effects of the sigma-1 receptor agonist
1–(3,4-dimethoxyphenethyl)-4–(3-phenylpropyl)-piperazine dihydro-chloride
on inflammation after stroke. PLoS One 7:e45118. doi: 10.1371/journal.pone.
0045118

Ruscher, K., Shamloo, M., Rickhag, M., Ladunga, I., Soriano, L., Gisselsson, L.,
et al. (2011). The sigma-1 receptor enhances brain plasticity and
functional recovery after experimental stroke. Brain 134, 732–746.
doi: 10.1093/brain/awq367

Ruscher, K., and Wieloch, T. (2015). The involvement of the sigma-1 receptor
in neurodegeneration and neurorestoration. J. Pharmacol. Sci. 127, 30–35.
doi: 10.1016/j.jphs.2014.11.011

Sánchez-Blázquez, P., Pozo-Rodrigálvarez, A., Merlos, M., and Garzón, J. (2018).
The Sigma-1 receptor antagonist, S1RA, reduces stroke damage, ameliorates
post-stroke neurological deficits and suppresses the overexpression of MMP-9.
Mol. Neurobiol. 55, 4940–4951. doi: 10.1007/s12035-017-0697-x

Seth, P., Fei, Y.-J., Li, H. W., Huang, W., Leibach, F. H., and Ganapathy, V.
(1998). Cloning and functional characterization of a sigma receptor from
rat brain. J. Neurochem. 70, 922–931. doi: 10.1046/j.1471-4159.1998.700
30922.x

Shen, Y. C., Wang, Y. H., Chou, Y. C., Liou, K. T., Yen, J. C., Wang, W. Y.,
et al. (2008). Dimemorfan protects rats against ischemic stroke through
activation of sigma-1 receptor-mediated mechanisms by decreasing glutamate
accumulation. J. Neurochem. 104, 558–572. doi: 10.1111/j.1471-4159.2007.
05058.x

Tagashira, H., Shinoda, Y., Shioda, N., and Fukunaga, K. (2014). Methyl
pyruvate rescues mitochondrial damage caused by SIGMAR1 mutation related
to amyotrophic lateral sclerosis. Biochim. Biophys. Acta 1840, 3320–3334.
doi: 10.1016/j.bbagen.2014.08.012

Urfer, R., Moebius, H. J., Skoloudik, D., Santamarina, E., Sato, W., Mita, S., et al.
(2014). Phase II trial of the Sigma-1 receptor agonist cutamesine (SA4503)
for recovery enhancement after acute ischemic stroke. Stroke 45, 3304–3310.
doi: 10.1161/STROKEAHA.114.005835

Wang, Y., Guo, L., Jiang, H. F., Zheng, L. T., Zhang, A., and Zhen, X. C. (2016).
Allosteric modulation of Sigma-1 receptors elicits rapid antidepressant activity.
CNS Neurosci. Ther. 22, 368–377. doi: 10.1111/cns.12502

Wang, Y. H., Shen, Y. C., Liao, J. F., Lee, C. H., Chou, C. Y., Liou, K. T.,
et al. (2008). Anti-inflammatory effects of dimemorfan on inflammatory cells
and LPS-induced endotoxin shock in mice. Br. J. Pharmacol. 154, 1327–1338.
doi: 10.1038/bjp.2008.202

Weng, T. Y., Hung, D. T., Su, T. P., and Tsai, S. A. (2017). Loss of Sigma-1 receptor
chaperone promotes astrocytosis and enhances the Nrf2 antioxidant defense.
Oxid. Med. Cell. Longev. 2017:4582135. doi: 10.1155/2017/4582135

Wu, Z., Li, L., Zheng, L. T., Xu, Z., Guo, L., and Zhen, X. (2015). Allosteric
modulation of sigma-1 receptors by SKF83959 inhibits microglia-mediated
inflammation. J. Neurochem. 134, 904–914. doi: 10.1111/jnc.13182

Xiong, X. Y., Liu, L., and Yang, Q. W. (2016). Functions and mechanisms of
microglia/macrophages in neuroinflammation and neurogenesis after stroke.
Prog. Neurobiol. 142, 23–44. doi: 10.1016/j.pneurobio.2016.05.001

Zhang, F., Lu, Y. F., Wu, Q., Liu, J., and Shi, J. S. (2012). Resveratrol promotes
neurotrophic factor release from astroglia. Exp. Biol. Med. 237, 943–948.
doi: 10.1258/ebm.2012.012044

Zhang, X., Wu, F., Jiao, Y., Tang, T., Yang, L., Lu, C., et al. (2017a). An increase of
Sigma-1 receptor in the penumbra neuron after acute ischemic stroke. J. Stroke
Cerebrovasc. Dis. 26, 1981–1987. doi: 10.1016/j.jstrokecerebrovasdis.2017.
06.013

Zhang, M., Wu, X., Xu, Y., He, M., Yang, J., Li, J., et al. (2017b). The cystathionine
beta-synthase/hydrogen sulfide pathway contributes to microglia-mediated
neuroinflammation following cerebral ischemia. Brain Behav. Immun. 66,
332–346. doi: 10.1016/j.bbi.2017.07.156

Zhang, Y., Lv, X., Bai, Y., Zhu, X., Wu, X., Chao, J., et al. (2015a). Involvement
of sigma-1 receptor in astrocyte activation induced by methamphetamine
via up-regulation of its own expression. J. Neuroinflammation 12:29.
doi: 10.1186/s12974-015-0250-7

Zhang, Y., Zhu, T., Zhang, X., Chao, J., Hu, G., and Yao, H. (2015b). Role
of high-mobility group box 1 in methamphetamine-induced activation and
migration of astrocytes. J. Neuroinflammation 12:156. doi: 10.1186/s12974-015-
0374-9

Zhao, J., Ha, Y., Liou, G. I., Gonsalvez, G. B., Smith, S. B., and Bollinger, K. E.
(2014). Sigma receptor ligand, (+)-pentazocine, suppresses inflammatory
responses of retinal microglia. Invest. Ophthalmol. Vis. Sci. 55, 3375–3384.
doi: 10.1167/iovs.13-12823

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Jia, Cheng, Wang and Zhen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 September 2018 | Volume 12 | Article 314

https://doi.org/10.1038/362059a0
https://doi.org/10.1371/journal.pone.0045118
https://doi.org/10.1371/journal.pone.0045118
https://doi.org/10.1093/brain/awq367
https://doi.org/10.1016/j.jphs.2014.11.011
https://doi.org/10.1007/s12035-017-0697-x
https://doi.org/10.1046/j.1471-4159.1998.70030922.x
https://doi.org/10.1046/j.1471-4159.1998.70030922.x
https://doi.org/10.1111/j.1471-4159.2007.05058.x
https://doi.org/10.1111/j.1471-4159.2007.05058.x
https://doi.org/10.1016/j.bbagen.2014.08.012
https://doi.org/10.1161/STROKEAHA.114.005835
https://doi.org/10.1111/cns.12502
https://doi.org/10.1038/bjp.2008.202
https://doi.org/10.1155/2017/4582135
https://doi.org/10.1111/jnc.13182
https://doi.org/10.1016/j.pneurobio.2016.05.001
https://doi.org/10.1258/ebm.2012.012044
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.013
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.013
https://doi.org/10.1016/j.bbi.2017.07.156
https://doi.org/10.1186/s12974-015-0250-7
https://doi.org/10.1186/s12974-015-0374-9
https://doi.org/10.1186/s12974-015-0374-9
https://doi.org/10.1167/iovs.13-12823
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Sigma-1 Receptor-Modulated Neuroinflammation in Neurological Diseases
	INTRODUCTION
	SIGMA-1 RECEPTORS AND ASTROCYTES
	SIGMA-1 RECEPTOR AND MICROGLIA
	SIGMA-1 RECEPTORS AND STROKE
	SIGMA-1 RECEPTORS AND TRAUMATIC BRAIN INJURY (TBI)
	SIGMA-1 RECEPTORS AND PARKINSON'S DISEASE
	SIGMA-1 RECEPTORS AND AMYOTROPHIC LATERAL SCLEROSIS
	SIGMA-1 RECEPTORS AND OTHER NEURODEGENERATIVE DISEASES
	SIGMA-1 RECEPTORS IN HUMAN BRAIN
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


