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The sigma-1 receptor (Sig-1R) is a chaperone receptor that primarily resides at the
mitochondria-associated endoplasmic reticulum (ER) membrane (MAM) and acts as a
dynamic pluripotent modulator regulating cellular pathophysiological processes. Multiple
pharmacological studies have confirmed the beneficial effects of Sig-1R activation on
cellular calcium homeostasis, excitotoxicity modulation, reactive oxygen species (ROS)
clearance, and the structural and functional stability of the ER, mitochondria, and MAM.
The Sig-1R is expressed broadly in cells of the central nervous system (CNS) and has
been reported to be involved in various neurological disorders. Traumatic brain injury
(TBI)-induced secondary injury involves complex and interrelated pathophysiological
processes such as cellular apoptosis, glutamate excitotoxicity, inflammatory responses,
endoplasmic reticulum stress, oxidative stress, and mitochondrial dysfunction. Thus,
given the pluripotent modulation of the Sig-1R in diverse neurological disorders, we
hypothesized that the Sig-1R may affect a series of pathophysiology after TBI. This
review summarizes the current knowledge of the Sig-1R, its mechanistic role in various
pathophysiological processes of multiple CNS diseases, and its potential therapeutic
role in TBI.

Keywords: sigma-1 receptor, calcium homeostasis, endoplasmic reticulum stress, excitotoxicity, apoptosis,
inflammatory responses, traumatic brain injury

INTRODUCTION

The Sigma-1 receptor (Sig-1R) is a transmembrane protein containing 223 amino acids and
was cloned more than 20 years ago (Hanner et al., 1996). Structurally, the three-dimensional
structure of the Sig-1R was elusive for many years, but the crystal structure of the human Sig-
1R has been recently clarified (Schmidt et al., 2016). An examination of the molecular basis for
receptor oligomerization and ligand recognition revealed a trimeric architecture with a signal-pass
transmembrane topology in each protomer (Schmidt et al., 2016). The Sig-1R has been reported
to be expressed in several tissues, such as those of the central nervous system (CNS), retina, liver,
kidney, lung, and heart (Hayashi and Su, 2007; Bhuiyan and Fukunaga, 2011; Ellis et al., 2017).
Particularly, the Sig-1R is broadly expressed in cells of the CNS and is involved in the pathogenesis
of CNS diseases, including Alzheimer’s disease (AD; Lahmy et al., 2013), Huntington’s disease (HD;
Ryskamp D. et al., 2017), Parkinson’s disease (PD; Francardo et al., 2014) and amyotrophic lateral
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sclerosis (ALS; Ono et al., 2014). At the cellular level, the Sig-
1R is an endoplasmic reticulum (ER) chaperone protein that
mainly resides at the mitochondria-associated ER membrane
(MAM), a dynamic and multifunctional scaffold for enabling
crosstalk between the ER and mitochondria (Hayashi and Su,
2007; Sun et al., 2017). Under physiological conditions, the Sig-
1R binds with the chaperone-binding immunoglobulin protein
(BiP)/glucose-regulated protein 78 (GRP78) to form a complex at
the MAM. Intriguingly, upon the stimulation of agonists or stress,
the Sig-1R dissociates from the BiP and subsequently interacts
with type 3 inositol 1,4,5-trisphosphate receptor3 (IP3R3) or
translocates from the MAM to other cellular compartments such
as the plasma membrane, the ER membrane, and the nuclear
envelope (Hayashi and Su, 2007). Sig-1Rs are then able to
interact with various cellular interaction partners including ion
channels, receptors, and kinases (Su et al., 2010). In addition,
the Sig-1R can also translocate to the envelope of the nucleus
where it binds to the inner nuclear envelope protein emerin
and recruits several chromatin-remodeling factors to regulate
gene transcription (Tsai et al., 2015). Hence, owing to its
universal ligand recognition, specific cellular location, and multi-
site translocation profile, the Sig-1R is able to act as a pluripotent
modulator in diverse pathological conditions.

To date, Sig-1R involvement has been reported in multiple
pathophysiological processes, including calcium homeostasis,
ER stress, autophagy, excitotoxicity, mitochondrial dysfunction,
and reactive oxygen species (ROS) scavenging. The Sig-1R is
expressed in neurons, microglia, astrocytes, and oligodendrocytes
in the nervous system. Numerous lines of preclinical evidence
have demonstrated the Sig-1R exerts multiple neuroprotective
roles in neuronal apoptosis, neuronal excitotoxicity, motoneuron
degeneration, and neuroinflammation in various neurological
disorders. Among the many neurological disorders, traumatic
brain injury (TBI) is generally regarded as a major public health
problem. Due to its rising prevalence, wide-ranging risk factors,
and significant impacts on families and society, it has aroused
the attention of researchers, clinical and social service workers,
as well as government policymakers. Globally, more than 50
million individuals suffer from TBI each year, and it is predicted
that approximately half of the world’s population will experience
a TBI in their lifetime (Maas et al., 2017). TBI is recognized
as a leading cause of death among young adults and a major
cause of mortality and disability worldwide (Roozenbeek et al.,
2013; Quaglio et al., 2017). The vast expenditures in clinical
management of TBI patients and related socio-economic aspects
have placed a heavy burden on medical systems and society;
it is estimated that TBI costs $400 billion in global economy
losses annually (Maas et al., 2017). TBI is particularly challenging
because it is a highly heterogeneous injury and often results in
complicated pathogenesis (Bramlett and Dietrich, 2015).

While promising therapeutic approaches in preclinical studies
have been developed for TBI, no effective therapeutic approaches
have been successfully implemented to improve the prognosis
of patients (McConeghy et al., 2012; Diaz-Arrastia et al., 2014;
Gruenbaum et al., 2016). TBI comprises both initial primary
and delayed secondary brain injury, in which primary brain
injury causes irreversible and untreatable brain damage due to

the mechanical injury, whereas secondary brain injury refers
to further damage due to the injurious biochemical cascades
induced by primary injury (Lingsma et al., 2010). Secondary
brain injury involves cellular calcium homeostasis imbalance,
glutamate excitotoxicity, endoplasmic reticulum (ER) stress,
oxidative stress and mitochondrial dysfunction, apoptosis, and
neuroinflammation (Lingsma et al., 2010; Sande and West, 2010;
Nizamutdinov and Shapiro, 2017). As secondary brain injury
occurs just hours to days following TBI, the timely and effective
intervention of secondary injury at an early stage may effectively
improve the prognosis of TBI patients. Based on recent advances
in our understanding of pluripotent modulation of the Sig-
1R in multiple pathological alterations following various CNS
diseases, we propose that the Sig-1R may exert a critical effect
on pathophysiological processes of TBI. In this review, we briefly
summarize the recent advances in understanding of the Sig-1R
and its mechanism in diverse pathophysiological conditions. We
then discuss these emerging findings in the context of possible
interrelationships between Sig-1Rs and pathogenesis of TBI,
highlighting the Sig-1R as a potential therapeutic target for TBI.

SIGMA-1 RECEPTOR IS INVOLVED IN
MODULATION OF ENDOPLASMIC
RETICULUM STRESS

The endoplasmic reticulum (ER) is the largest tubular-reticular
organelle that spreads across the cell and plays a pluripotent
and critical role in eukaryotic cells, including the storage and
release of calcium, lipid synthesis, and intracellular signaling,
as well as synthesis, folding, maturation, and trafficking of
the cellular proteome (Rapoport, 2007; Phillips and Voeltz,
2016). Accumulation of misfolded and unfolded proteins in
the ER contributes to ER stress, which subsequently activates
the unfolded protein response (UPR), an adaptive process
linked to maintenance of cellular proteostasis (Walter and Ron,
2011). The UPR is a sophisticated response linked to protein
folding, and also participates in various physiological processes,
such as lipid metabolism, energy control, differentiation, and
inflammation (Rutkowski and Hegde, 2010; Wang and Kaufman,
2012). However, intense or prolonged ER stress in cells caused by
severe damage such as TBI results in excessive UPR and calcium
overload in mitochondria, triggering a series of cellular death
processes (Tabas and Ron, 2011; Wang and Kaufman, 2016). With
the ER stress or ligand stimulation, the Sig-1R dissociates from
the BiP to modulate three types of sensors of ER stress, protein
kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1α

(IRE1α), and activating transcription factor 6 (ATF6), to regulate
UPR signaling pathways (Figure 1).

Sigma-1 Receptor and Protein Kinase
RNA-Like Endoplasmic Reticulum
Kinase-Mediated Endoplasmic
Reticulum Stress
Protein kinase RNA-like ER kinase (PERK) is suppressed
by BiP under physiological conditions, whereas it activates
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FIGURE 1 | The role of sigma-1 receptor in regulating the unfolded protein response signaling. Upon the endoplasmic reticulum (ER) stress, three types of sensors of
ER stress: protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1α (IRE1α) and activating transcription factor 6 (ATF6) are evoked and triggers a
series of downstream signaling pathways that associated various pathophysiological processes including protein folding, lipid metabolism, energy control,
differentiation, inflammation and apoptosis. Upon the ER stress or agonist stimulation, sigma-1 receptor (Sig-1R) dissociates from binding immunoglobulin protein
(BiP) and immediately participates in regulating the unfolded protein response (UPR)-dependent signaling pathways.

from restriction of BiP and initiates actions of dimerization
and autophosphorylation upon ER stress. Activation of PERK
phosphorylates downstream eukaryotic translation initiator 2α

(eIF2α), which reduces protein synthesis and load on ER
to inhibit stress. However, phosphorylation of eIF2α (p-
eIF2α) also increases selective translation of mRNA activating
transcription factor 4 (ATF4), which enters into nuclear and
subsequently modulate genes expression involved in processes of
the antioxidant response, amino acid metabolism and autophagy
as well as apoptosis such as C/EBP-homologous protein (CHOP)
(Hetz et al., 2015). Recently, several findings have reported that
Sig-1R is involved in PERK/eIF2α/ATF4 pathway. Previous study
demonstrated that overexpression of Sig-1R inhibited protein
expression of p-PERK (Hayashi and Su, 2007). Under oxidative
stress, RGC-5 cells were treated with (+)-pentazocine, a Sig-1R
ligand, could significantly attenuate the mRNA expression level of
PERK, ATF4 and CHOP as well as cells apoptotic death (Ha et al.,
2011). In vivo stroke model, with using immunohistochemistry
assays, it was shown that after treatment of a novel Sig-1R

agonist, aniline derivative compound (Comp-AD) significantly
reduced the expression of PERK (Morihara et al., 2018). In
addition, recent study reported that Sig-1R agonist (PRE-084)
decreased the proteins expression of p-PERK, ATF4 and CHOP
at 3 days in bilateral common carotid artery occlusion (BCCAO)
mouse model, whereas these effects were suppressed by Sig-1R
antagonist (BD-1047) (Zhao et al., 2019). Meanwhile, proteins
expression of p-PERK, p-eIF2α ATF4 and CHOP, TUNEL-
positive cells and nuclear structural impairment in cortical
neurons were significantly increased at 3 days after reperfusion
in Sig-1R knockout (Sig-1R-KO)-BCCAO mice (Zhao et al.,
2019). Sig-1R was also transcriptionally increased through
PERK/eIF2α/ATF4 pathway due to there is an interaction
between ATF4 and 5′ flanking region of Sig-1R gene in ER
stress (Mitsuda et al., 2011). furthermore, it was found that a
selective serotonin inhibitor (SSRI), Fluvoxamine, upregulated
the expression of Sig-1R by directly increasing translation of
ATF4 without activation of PERK/eIF2α/ATF4 signaling pathway
(Omi et al., 2014). Thus, these findings above suggest that
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there is a close interrelationship between Sig-1R and PERK-
mediated ER stress.

Sigma-1 Receptor and Inositol-Requiring
Enzyme 1α-Mediated Endoplasmic
Reticulum Stress
The process of activating inositol-requiring enzyme 1α (IRE1α) is
similar to PERK, in which it also undergoes its dimerization and
trans-autophosphorylation. Activated IRE1α (p-IRE1α), owing to
its endoribonuclease activity, which splices the mRNA encoding
the transcription factor X-box binding protein 1 (XBP1) (Calfon
et al., 2002). Spliced XBP1 (XBP1s) enters into nuclear and
subsequently targets and favors the transcription of genes
related to promotion of protein folding, ER-assisted protein
degradation (ERAD), protein translocation and autophagy.
Paradoxically however, interaction between p-IRE1α and adaptor
proteins such as protein tumor necrosis factor (TNF) receptor-
associated factor 2(TRAF2) triggers activation of JUN-terminal
kinase (JNK) and apoptosis signal-regulating kinase 1 (ASK1)
pathway related to apoptosis (Lee et al., 2003; Wang and
Kaufman, 2016). IRE1α/XBP1s signaling is the most conserved
UPR pathway in mammals, owing to its multi-functions on
restoring ER proteostasis (Wang et al., 2014). In previous
immunoprecipitation and ER stress studies in vitro, it was
demonstrated that Sig-1R directly stabilized and folded structure
of IRE1α (Mori et al., 2013). It was found that overexpressed
Sig-1R in cardiomyocytes significantly increased the expression
of p-IRE1α and XBP1s and promoted XBP1s nuclear trafficking
under adaptive ER stress, whereas knockdown of Sig-1R inhibited
these processes (Alam et al., 2017). However, excessive activation
of p-IRE1α triggers a series of pro-apoptotic processes during
prolonged and severe ER stress probably related to increasing
expression of JNK and ASK1. It has been summarized that
using Sig-1R ligands efficiently reduced the mRNA and protein
expression of p-IRE1α suffering from prolonged and severe ER
stress following cerebral ischemia injury; meanwhile, expression
of p-IRE1α were significantly increased in (Sig-1R-KO)-BCCAO
mice (Morihara et al., 2018; Zhao et al., 2019). Moreover,
It has been reported that IRE1α/XBP1 signaling pathway
activated by Toll-like receptor 4(TLR4)led to inflammation
and innate immune responses (Martinon et al., 2010; Cho
et al., 2013). It was shown that Sig-1R reduced production of
inflammatory cytokine and mortality of mouse by inhibiting
the endonuclease activity of IRE1α without affecting on classical
inflammatory signaling pathway in a preclinical model of
sepsis (Rosen et al., 2019). A recent study reported that
fluvoxamine stimulation of Sig-1R attenuated ER stress primarily
through IRE1α signaling in activated cardiac fibroblasts (Qu
et al., 2021). Taking these findings together, we conjecture that
Sig-1R constitutively regulates both mechanisms of adaptive
response of the UPR (buffering the overload of misfolded
proteins and evoking protective downstream signaling pathways)
and excessive response of the UPR (triggering a series of
pro-apoptotic and pro-inflammatory programs) under diverse
pathophysiological conditions, all of which provide protective
effects against cell damage.

Sigma-1 Receptor and Activating
Transcription Factor 6-Mediated
Endoplasmic Reticulum Stress
Activating transcription factor 6 (ATF6) is a principal transducer
of adaptive UPR response for sensing accumulation of misfolded
proteins in ER (Adachi et al., 2008). Upon ER stress,
ATF6 is transferred to Golgi,where it is cleaved by Site-1
protease(S1P)and Site-2 protease (S2P), releasing its cytosolic
fragment (ATF6f). ATF6f is then transported into nuclear and
considered as a transcription factor, in which it facilitates
expression of genes related to counteraction of misfolded proteins
in ER such as ER-associated protein degradation (ERAD), BiP
and XBP1 (Bommiasamy et al., 2009). Studies have shown,
in which Sig-1R agonist reduced mRNA expression of ATF6
in RGC-5 cells exposed to oxidative stress (Ha et al., 2011),
and Sig-1R antagonist (NE-100) increased protein expression
of cleaved ATF6 (p50) under tunicamycin-induced ER stress
in HT22 cells (Ono et al., 2013). Furthermore, it was found
that Sig-1R overexpression suppressed ER stress-induced ATF6
expression in CHO cells (Hayashi and Su, 2007). Knockout of Sig-
1R contributed to an increase of expression of ATF6 after 1 year
in neural retina of mice (Ha et al., 2014). However, it was reported
in recent study that there was no change in ATF6 expression
in Comp-AD treated mice under ischemic conditions (Morihara
et al., 2018). During ER stress, ATF6 plays an important role
in facilitating protein folding, but why activating Sig-1R cannot
promote its expression and activity. Further explorations are
required in this regard.

Sigma-1 Receptor and Endoplasmic
Reticulum-Assisted Protein Degradation
It has been demonstrated that many signaling pathways
are involved in modulating the accumulation of misfolded
proteins in ER. In particular, ERAD through discarding and
retro-translating such misfolded proteins into cytosol for
ubiquitination, deglycosylation and proteolysis, operates as a
primary pathway toward ER proteostasis (Lilley and Ploegh,
2004; Hwang and Qi, 2018). Previous studies have reported
that Sig-1R regulates three UPR sensors and their downstream
pathways to influence the expression of ERAD. It was shown
that Sig-1R directly bound with Insig1 to form a complex which
regulates functions of ERAD and ERAD-mediated degradation of
the CGalT (Hayashi et al., 2012). The latest study manifested that
Sig-1R in brown adipocytes acted as a substrate of ERAD and a
vital regulator of Sel1l-Hrd1 ERAD-mediated ER-mitochondria
crosstalk, and mitochondrial dynamics (Zhou Z. et al., 2020).

SIGMA-1 RECEPTOR EXERTS
PLURIPOTENT REGULATORY EFFECTS
ON MITOCHONDRIAL FUNCTION

The mitochondria is one of the fundamental organelles in cells,
related to critical functions in bioenergetics, metabolism, and
cell survival/death (Harbauer et al., 2014). Mitochondrial
dysfunction, as one of pathological hallmarks of TBI,
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is closely associated with neuronal necrosis, apoptosis,
neuroinflammation, and autophagy following brain injury
(Cheng et al., 2012). Strategies to maintain mitochondrial
integrity and functions are therefore pivotal therapeutic
targets for TBI. IP3R3s form a tripartite complex with outer
mitochondria membrane (OMM)-located protein mitochondrial
voltage-dependent anion-selective channel (VDAC) and glucose-
regulated protein 75 (GRP75) to connect the ER and the
mitochondria, thereby regulating calcium transfer from the
ER into the mitochondria (Szabadkai et al., 2006; Cardenas
et al., 2010). With ER stress or ligand stimulation, the Sig-1R
dissociates from the BiP and subsequently interact with IP3R3s
to guarantee activity and stability of this complex at the MAM
(Hayashi and Su, 2007). Recently, it has been suggested that the
Sig-1R not only clamps both the ER and mitochondria, but also
has pluripotent regulatory effects on mitochondrial integrity and
function (Figure 2).

Mitochondrial membrane potential (19m) is known to
be a key factor to reflect the mitochondrial integrity, and
dissipation of 19m concomitantly destroys the mitochondrial
integrity and induces cell apoptosis (Kadenbach et al., 2011).
In mouse-cultured hippocampal HT22 cells, the Sig-1R agonist
imipramine was observed to efficiently decrease tunicamycin-
induced impairment of 19m and cell death, whereas its effects
were blocked by NE-100, a selective Sig-1R antagonist (Ono et al.,
2012). Additionally, under oxygen- and glucose-deprived (OGD)
conditions, agonism or overexpression of the Sig-1R in retinal
ganglion cells (RGCs) significantly reduced the loss of 19m
and the increase of cytochrome c oxidase activity and caspase-
3/7 activity, while these effects were also blocked by Sig-1R
antagonists (Ellis et al., 2017).

It has been demonstrated that Bcl-2 protein family, which
form complexes of mitochondrial permeability transition pore
(MPTP) to regulate 19m and maintain mitochondrial integrity,
play a pivotal role in determining mitochondrial multiple
death signaling pathways (Kwong and Molkentin, 2015; Bock
and Tait, 2020). Under pathological conditions, both pro-
apoptotic proteins Bax and Bak activate from restriction
of pro-survival Bcl-2-like proteins, causing disruption of
mitochondrial outer membrane and then leading to the release
of cytochrome c and activation of caspase cascades (Youle
and Strasser, 2008; McArthur et al., 2018). In oligomeric
amyloid-β25−35 peptide (Aβ25−35)-injected mouse model of
AD, it was observed that administration of Sig-1R agonists
ANAVEX2-73 and PRE-084 not only inhibited Aβ25−35-induced
elevation of lipid peroxidation levels and Bax/Bcl-2 ratio, as
well as release of cytochrome c, all of which are related to
mitochondrial integrity, but also corrected Aβ25−35-induced
mitochondrial respiratory dysfunction and aberrant increase of
reactive oxygen species (ROS) and apoptosis (Lahmy et al.,
2014). Additionally, pretreatment with amyloid Aβ peptide in
Alzheimer’s disease model, Sig-1R agonist OZP002 significantly
lessened expression level of Bax in mouse hippocampus (Maurice
et al., 2019). Conversely, significant decrease of both Bcl-2
mRNA and protein expression levels were found in retinas
of Sig-1R KO mice (Ha et al., 2014). It was found that
knockdown of Sig-1R promoted cellular apoptosis through

down-regulating transcriptional expression of Bcl-2 via ROS/NF-
κB pathway (Meunier and Hayashi, 2010). Recent study has
also discovered that inhibition of Sig-1R could significantly
upregulate expression levels of pro-apoptotic proteins such
as Bax, Caspase-3 and Caspase-9 in BV-2 microglial cell
induced by Methamphetamine (Shen et al., 2016). Ras-related
C3 botulinum toxin substrate 1 (Rac1) as a member of
the Rho family small GTPases, is highly expressed in CNS
(Stankiewicz and Linseman, 2014). Rac1 involved in activation
of phagocyte-like NADPH oxidase (Nox2) (Hordijk, 2006), plays
critical role in neuronal migration, growth and morphogenesis
(Watabe-Uchida et al., 2006; Xu et al., 2019). Intriguingly,
it has been reported that interaction of mitochondrial Rac1
with Bcl-2 is implicated in generation of ROS, in which
inhibition of formation of Rac1/Bcl-2 ameliorates neuronal
oxidative stress damage following cerebral ischemia reperfusion
(Pan et al., 2018). Previous study discovered that Sig-1R was
involved in regulating hippocampal dendritic spine formation
via TIAM1-Rac1GTP signaling pathway (Tsai et al., 2009).
In further study with using immunoprecipitation techniques,
it was shown that Sig-1R not only directly interacted with
mitochondrial Rac1, but also assembled a complex with IP3R
and Bcl-2 in the brain mitochondria (Natsvlishvili et al.,
2015). Meanwhile, it was suggested in this study that Sig-
1R-mediated Rac1 signaling promoted production of mild
oxidative stress which is implicated in the regulation of
neuroplasticity, apoptosis and autophagy (Natsvlishvili et al.,
2015). Collectively, these findings above suggest that Sig-
1R may directly form a complex with IP3R, Bcl-2 and
Rac1, and Sig-1R ligands constitutively promote assembly
and activation of this complex, maintaining mitochondrial
integrity and regulating mitochondrial functions, as well as
promoting cell survival (Figure 2). Furthermore, it was
found that Sig-1R agonist SA4503 effectively rescued the
reduced mitochondria size and promoted the expression levels
of ER-mitochondria linkage proteins such as GRP75 and
Mfn2 in cultured cardiomyocytes exposed to angiotensin II
(Tagashira et al., 2013).

Dysfunction of mitochondria-induced overproduction of ROS
is the primary pathological hallmark of postinjury following
TBI (Abdul-Muneer et al., 2015). Increased accumulation of
ROS in the mitochondria contributes to the alteration of
various macromolecules including DNA, proteins and lipids as
well as impairment of mitochondrial electron transport chain
(Cornelius et al., 2013). Excessive generation of ROS derived
from mitochondria exacerbates secondary brain injury such as
aggravation of neuronal necrosis and apoptosis (Cheng et al.,
2012; Cornelius et al., 2013). In addition, a novel mitochondrial
ROS-dependent form of programmed cell death, ferroptosis, has
been reported recently to be involved in postinjury after TBI (Xie
B. S. et al., 2019). Recently, numerous correlative studies have
been suggested that Sig-1R directly participated in ameliorating
ROS-mitochondrial dysfunction-induced pathological oxidative
cell damage through regulating production of mitochondrial
ROS and transduction of ROS-induced downstream signaling
pathways. Previous study reported that pretreatment of Sig-1R
agonist SA4503 in primary cortical neuron cultures effectively
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FIGURE 2 | Molecular mechanisms of sigma-1 receptor in modulation of mitochondrial function and intracellular calcium homeostasis. Upon the ER stress or
agonist stimulation, sigma-1 receptor (Sig-1R) dissociates from binding immunoglobulin protein (BiP) and binds to type 3 inositol 1,4,5-trisphosphate receptor
(IP3R3), mainly resides at the mitochondria-associated membranes (MAMs). IP3R3s forms a tripartite complex with voltage-dependent anion-selective channel
(VDAC) and glucose-regulated protein 75 (GRP75) to connect the ER and the mitochondria. Sig-1R activation facilitates calcium transfer from endoplasmic reticulum
(ER) to mitochondria through IP3R3-GRP75-VDAC1 channel. Excessive ROS production promotes mitochondrial permeability transition pore (MPTP) opening,
leading to release of cytochrome c from mitochondria to cytosol. Sig-1R may directly form a complex with IP3R, Bcl-2 and Ras-related C3 botulinum toxin substrate
1 (Rac1). Furthermore, Sig-1R can translocate from MAMs to plasma membrane where it directly or indirectly modulates intracellular calcium homeostasis by
regulating activities of various plasma membrane elements including N-methyl-D-aspartate receptors (NMDARs), voltage-gated calcium channels (VGCCs),
acid-sensing ion channel a (ASIC1a) and stromal interaction molecules 1 (STIM1)/Orai1 complex.

protected neurons against H2O2-induced cell death (Tuerxun
et al., 2010). It was shown that the process which LPS-induced
retinal microglia release of inflammatory mediators and ROS,
is significantly suppressed by Sig-1R agonist (+) pentazocine,
however, these inhibitory effects were abolished by Sig-1R
antagonist BD1063 (Zhao et al., 2014). Similarly, pentazocine
was also demonstrated to protect human lens cell against
oxidative stress-induced apoptotic cell death (Wang et al., 2012).
In LPS-stimulated BV2 microglia, Sig-1R agonist SKF83959
significantly decreased the release of pro-inflammatory mediators
and production of ROS, and these effects were blocked in
the presence of Sig-1R antagonist (BD-1047 or BD-1063) (Wu
et al., 2015). In the mouse model of AD, it was reported
that Sig-1R agonist OZPOO2 significantly attenuated Aβ25−35-
induced hippocampal ROS increase (Maurice et al., 2019).

Furthermore, in vitro H2O2-induced ROS concentration model,
it was detected that Sig-1R directly interacted with brain
Zinc finger protein 179 (Znf179) and regulated its expression,
and overexpression of Znf179 exerted similar neuroprotective
effect to that of Sig-1R agonists on ROS-induced damage in
cells (Su et al., 2016). Paradoxically however, Sig-1R agonist
(+) pentazocine was reported to promote NADPH-dependent
production of ROS in the brain mitochondria (Natsvlishvili
et al., 2015). Furthermore, in rat chronic constriction injury
(CCI) model of neuropathic pain, Sig-1R agonist PRE-084
effectively potentiated the activation of Nox2 and production
of ROS in spinal cord, whereas these synergistic effects were
blocked by antagonists BD-1047 or apocynin (Choi et al.,
2013). One may wonder why Sig-1R exerts such dual effects
on regulating production of ROS, and a recent study well
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explains this question. By incubating mouse crude mitochondria
preparation, it was reported that Sig-1R agonists promoted
production of ROS and enhanced activity of Complex I
under physiological condition, whereas they also effectively
attenuate Aβ1−42-induced increase in ROS and counteracts the
effects that Aβ1−42-induced Complex I and IV dysfunctions
(Goguadze et al., 2019). This study makes it reasonable that
activation of Sig-1R in spinal cord promoted ROS production,
as moderated ROS concentration in spinal cord has been
reported to be critical for central sensitization against acute
and chronic nociception (Meeus et al., 2013). Inasmuch as
moderate ROS concentration is critical for regulating cellular
responses and functions under physiological conditions, whereas
under pathological conditions, excessive production of ROS
exhibits deleterious damage to cells, we speculate that Sig-
1R also plays Ying-Yang role in regulating production of
ROS, and specific mechanism of actions by which Sig-1R
acts as a ROS promotor or a scavenger is dependent on
given conditions. Overexpression of Sig-1R in COS-7 cells
were detected to effectively decrease the production of ROS
comparing to mock COS-7 cells (Pal et al., 2012). Further
investigation of this study revealed that activation of Sig-
1R promotes antioxidant protein peroxiredoxin 6 (Prdx6)
expression and activates Antioxidant Response Elements(ARE)to
increase mRNA expression of NADPH quinone oxidoreductase
1(NQO1) and superoxide dismutase (SOD) (Pal et al., 2012).
In addition, recent study found that in the primary retinal
Müller glial cells, in which increased ROS levels were measured
in retinal Müller cells that isolated from Sig-1R-KO mouse
compared to that from WT mouse accompanied with significant
decreases in expression of antioxidant proteins including
SOD1, NQO1, catalase (CAT), hemeoxygenase-1 (HMOX1),
glutathione-S-transferases (GST) and glutathione peroxidases
(GPX) (Wang et al., 2015). In response to the ROS concentration,
nuclear factor erythroid 2-related factor 2 (Nrf2) is freed from
restriction of Kelch like-ECH-associated protein 1 (KEAP1)
and subsequently transfers into nucleus where it directly binds
to ARE, triggering a series of transcriptional processes which
are responsible for encoding antioxidant proteins (Sies et al.,
2017). It was demonstrated that Sig-1R functionally regulated
ROS by modulating the pathway of Nrf2-KEAP1 and affinity
of Nrf2-ARE binding (Wang et al., 2015). A recent study
observed that in cultured astrocytes, addition of Sig-1R agonist
SA4503 protected them against LPS-induced production of
NO and ROS by upregulating expression of Nrf2 and HO-
1 (Wang and Zhao, 2019). Taking these findings together, we
conclude that under different pathophysiological conditions,
Sig-1R plays a pivotal role in regulation of mitochondrial
ROS concentration mainly through Nrf2-KEAP1 pathway.
Although it was reported that Sig-1R agonist PRE-084 reduced
nitrosative and oxidative stress after TBI (Dong et al., 2016),
the specific underlying mechanism by which Sig-1R combats
TBI-induced mitochondrial ROS accumulation remain to be
totally clarified. These lines of evidence above may provide
critical clues to the further investigation on pathophysiological
mechanism of action which Sig-1R regulates mitochondrial
ROS following TBI.

SIGMA-1 RECEPTOR SUPPRESSES
GLUTAMATE EXCITOTOXICITY BY
REGULATION OF
N-METHYL-D-ASPARTATE RECEPTOR
ACTIVITIES

Excitotoxicity as one of the essential hallmark pathological
events following secondary brain injury is a primary contributing
factor in neuronal death and acute cell swelling after TBI
(Park et al., 2008; Chamoun et al., 2010). Accumulation
of extracellular glutamate provokes two main glutamatergic
receptors on the synaptic terminal: (1) triggering rapid
influx of calcium into cytoplasm and (2) activating a series
of pro-apoptosis cascades (Park et al., 2008). These two
glutamatergic receptors are α-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid receptors (AMPARs) and N-methyl-D-
aspartate receptors (NMDARs; Meldrum, 2000). Both receptors
are glutamate-gated ion channels, in which AMPARs are
primarily involved in regulating Na+ influx that depolarizes
the postsynaptic neuron, whereas NMDARs are responsible for
the calcium influx that modulates cellular signal transduction
(Bell et al., 2009). The capacity of Sig-1R to modulate synaptic
transmission and plasticity in the brain has been well established
(Kourrich et al., 2012). Previous studies have shown that Sig-
1R regulated neuronal excitability and synaptic function mainly
by affecting NMDAR activities rather than AMPAR activities
(Fletcher et al., 1995; Bergeron et al., 1996; Snyder et al., 2016).

According to the localization of NMDARs at the synapse,
these receptors are mainly classified as synaptic NMDARs
and extrasynaptic NMDARs (Rao and Craig, 1997). Although
both are responsible for calcium transients that trigger a
variety of nuclear calcium-dependent signaling pathways,
they cause totally opposite biochemical processes and cellular
consequences. Furthermore, activation of synaptic NMDARs
implicated in upregulating the expression of extracellular
signal-regulated kinase 1/2 (ERK1/2), protein kinase B (Akt),
cAMP response element-binding protein (CREB), and brain-
derived neurotrophic factor (BDNF) exert positive physiological
effects on intense synaptic plasticity as well as neuronal
survival, development, and function. However, excessive
activation of extrasynaptic NMDARs contribute to CREB
shut-off, inactivation of Akt and ERK1/2, and activation of
pro-death transcription factor forkhead box protein O (FOXO),
subsequently leading to neuronal excitotoxicity and death
(Zhang et al., 2007; Hardingham and Bading, 2010; Lai et al.,
2014) (Figure 3). Meanwhile, it has been shown that a cell’s
fate may be not solely dependent on the degree of NMDAR
activation, but also on subcellular distribution of NMDARs at
the synapse and its subunit composition (Hardingham et al.,
2002; Parsons and Raymond, 2014). Recently, underlying
bidirectional effects of the Sig-1R on NMDARs have been
reported, in which activation of the Sig-1R may not only exert
positive effects on neuronal synaptic plasticity and neuronal
survival by potentiating functions of synaptic NMDARs, but
also alleviate neuronal excitotoxicity and death by negatively
regulating extrasynaptic NMDARs (Figure 3). One pioneering
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study on learning and memory disorders reported that the Sig-1R
agonist PRE-084 significantly ameliorated learning impairments
(Maurice et al., 1994). Further evidence has also confirmed this
correlation between the Sig-1R and neuronal synaptic plasticity
and survival, elucidating a mechanism by which positive effects
of several Sig-1R synthetic ligands such as SKF10047 (Zou et al.,
1998), (+)pentazocine (Martina et al., 2007), SA4503 (Maurice
and Privat, 1997; Zou et al., 2000), and PRE-084 (Pabba et al.,
2014) contribute to enhancement of neuronal synaptic plasticity
and ameliorate cognitive deficits.

The studies above have mainly focused on the positive
effects of Sig-1R on NMDARs in the hippocampus, whose
function is related to memory, learning and cognition. However,
activation of Sig-1R has also been reported to exert a negative
effect on NMDARs in the central and peripheral nervous
systems, preventing glutamate excitotoxicity-induced neuronal
death. One study reported that Sig-1R ligands such as JO1784
and (+) pentazocine significantly inhibited NMDAR activities
and NMDAR-induced calcium influx in primary cultured rat
frontal cortical neurons (Hayashi et al., 1995). Specifically,
Sig-1R ligands ifenprodil or haloperidol effectively rescued
dopaminergic neurons in midbrain slice cultures that were
exposed to excessive NMDA from degeneration and death, and
Sig-1R selective agonist SKF10047 also significantly protected
dopaminergic neurons against NMDA excitotoxicity (Shimazu
et al., 2000). In addition, it was found that Sig-1R agonist
SKF10047 directly inhibited NMDAR response and attenuated
glutamate neurotoxicity, alleviating chemical ischemia-induced
neuronal death in vitro, whereas these neuroprotective effects
were not abolished by the Sig-1R antagonist (Kume et al.,
2002). NMDARs are also abundantly expressed on RGCs
(output neurons of the retina), and are largely distributed
at extrasynaptic areas of GCs (Zhang and Diamond, 2006).
It has been further demonstrated that NMDA or glutamate-
induced excessive activation of NMDARs contribute to RGC
excitotoxicity and death, and that the administration of Sig-1R
agonists significantly suppressed these pathological alterations,
implicating possible negative outcomes of Sig-1R activity on
extrasynaptic NMDARs (Dun et al., 2007; Zhang et al., 2011;
Zhao et al., 2016). These findings therefore indicate dual effects of
Sig-1Rs, in which Sig-1Rs may facilitate impairment of synaptic
NMDARs, which are related to neuronal synaptic plasticity
and survival, whereas in response to pathological nerve injury
events, Sig-1Rs possibly inhibit excessive extrasynaptic NMDAR
responses that determine neuronal excitotoxicity and death.

It is widely accepted that the bidirectional effects of the Sig-
1R on NMDARs may depend on the different pathophysiological
conditions and type-specific and function-specific neurons in the
CNS and peripheral nervous system (PNS). However, the specific
mechanism by which the Sig-1R exerts bidirectional effects on
NMDARs still remains to be clarified. It has long been known
that most of the NMDARs in the CNS are typically assembled
as di-heteromers of GluN1/GluN2A or GluN1/GluN2B, or
as a tri-heteromer of GluN1/GluN2A/GluN2B (Paoletti et al.,
2013; Parsons and Raymond, 2014). The concept that the
subunits GluN2A and GluN2B mainly exist on synaptic
and extrasynaptic regions, respectively, remains controversial.

Meanwhile, it has been suggested that differences in subunit
composition contribute to opposite pathophysiological events,
in which activation of GluN2A/synaptic NMDARs promote cell
survival, while agonism of GluN2B/extrasynaptic NMDARs lead
to cell death (Zhang et al., 2007; Hardingham and Bading, 2010;
Karpova et al., 2013; Parsons and Raymond, 2014) (Figure 3).
Interestingly, a recent study using an AFM imaging assay in
recombinant cells and proximity-ligation assay in vivo found
a direct interaction between the Sig-1R and NR1 subunit of
NMDARs (Balasuriya et al., 2013). Moreover, an in vivo study of
the rat hippocampus revealed that Sig-1R agonists significantly
promoted the expression of both the GluN2A and GluN2B
subunit of NMDARs, as well as the postsynaptic density protein
95 (PSD-95; Pabba et al., 2014). This study further demonstrated
that the Sig-1R directly binds to GluN2 subunits at the ER
and mediates delivery of the NMDAR/PSD-95 complex from
the ER to the plasma membrane (PM), and that these events
can be well promoted by Sig-1R agonists such as SKF-10047
and PRE-084 (Pabba et al., 2014). We therefore speculate
that the Sig-1R directly regulates the expression of NMDARs
and PSD-95, as well as performs as a chaperoning scaffold,
mediating the NMDAR shift from the ER compartment to the
PM surface. However, in study with using Co-IP experiments,
it was also found that Sig-1R agonists effectively disrupted the
interaction between GluN2B and PSD-95 (Pabba et al., 2014).
Since PSD-95 directly binds to both GluN2A and GluN2B and
mediates downstream signaling, decreasing interaction between
GluN2 and PSD-95 has been reported to attenuate excitotoxic
damage and cell death, without influencing synaptic NMDA
currents (Aarts et al., 2002). Taking these findings together,
we hypothesize that the Sig-1R may exert its bidirectional
effects by means of regulation of NMDAR subunit expression
and coordination of the shift between synaptic NMDARs
and extrasynaptic NMDARs on the postsynaptic surface. It
may also further influence the interaction between NMDARs
and membrane-associated guanylate kinases such as PSD-95
(Figure 3). Quantificational and permanent glutamate-induced
synaptic NMDAR activities are essential for the CNS to maintain
neuronal communication and long-term potentiation (LTP)
under physiological conditions, whereas following pathological
nerve injury such as TBI, the massive yet transient glutamate
spillover that contributes to overactivation of NMDARs leads
to extrasynaptic NMDAR-induced neuronal excitotoxity and
death (Parsons and Raymond, 2014). Interestingly, many clinical
trials and preclinical animal experiments have demonstrated
that pathologically accumulative glutamate outside the synapsis
triggers hyperactivation of the NMDARs (possibly extrasynaptic
NMDARs) only during the acute phase following TBI, leading
to a series of deleterious downstream signaling cascades and
neuronal death. Subsequently, functions of NMDARs mainly
related to synaptic NMDARs are gradually and persistently
attenuated in the subacute period of postinjury, further causing
detrimental outcomes such as cognitive deficits (Biegon et al.,
2004, 2018; Shohami and Biegon, 2014).

As activation of the Sig-1R has been reported to create
positive effects on synaptic NMDARs and negative effects
on extrasynaptic NMDARs, it may provide another insight
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FIGURE 3 | Sigma-1 receptor determines cell fate by modulation extrasynaptic NMDARs and synaptic NMDARs activities. The subunit GluN2A and GluN2B,
respectively, are mainly existed on synaptic and extrasynaptic regions. Both synaptic NMDARs and extrasynaptic NMDARs contribute to calcium transients which
trigger a series of nuclear calcium-dependent signaling pathways. They lead to totally opposing biochemical processes and cellular consequences, in which
activation of synaptic NMDARs promote cell survival by upregulation of the expression of extracellular signal-regulated kinase 1/2 (ERK1/2), protein kinase B (Akt),
cAMP response element-binding protein (CREB) and brain-derived neurotrophic factor (BDNF), whereas excessive activation of extrasynaptic NMDARs lead to cell
death by contribution to CREB shut-off, inactivation Akt and ERK1/2, and activation of pro-death transcription factor forkhead box protein O (FOXO). Agonism of
sigma-1 receptor not only promotes the synaptic NMDARs activities, but also inhibits extrasynaptic NMDARs activities.

into the Sig-1R therapeutic effect on glutamate excitotoxicity-
induced neuronal death during the acute and/or subacute period
following TBI. This is especially true since studies investigating
the Sig-1R in NMDARs following TBI are extremely limited,
and the specific mechanism by which the Sig-1R regulates
synaptic/extrasynaptic NMDARs in different periods following
TBI is also unknown.

SIGMA-1 RECEPTOR MODULATES THE
INTRACELLULAR CALCIUM
HOMEOSTASIS

Intracellular calcium homeostasis plays broad spectrum of roles
in modulating and maintaining functions such as neuronal
excitability, cell migration, cell metabolism, gene transcription
and cell survival/death (Berridge et al., 2000; Giorgi et al., 2018).

After TBI, excessive extracellular calcium influx and intracellular
ER calcium efflux contribute to ER stress, mitochondrial
dysfunction and cytosolic calcium overloaded, leading to
concomitant neuronal excitotoxicity and death (Weber, 2012;
Ruiz et al., 2018). A large number of findings has been
evidenced that Sig-1R played critical role in determining calcium
concentration and cell fate. In addition to modulation of
NMDARs activity, Sig-1R has also been reported to affect
intracellular calcium concentration through modulation of other
calcium transport channels or receptors (Figure 2).

Sigma-1 Receptor Regulates the
Voltage-Gated Calcium Channels
Activities
Voltage-gated calcium channels (VGCCs) have been
demonstrated to be broadly expressed in various excitable
cells such as neurons (Timmermann et al., 2002). In
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response to membrane depolarization, VGCCs serve as
transporters of extracellular calcium influx, transducers of
downstream calcium signaling, and molecular switches of
presynaptic neurotransmitter release (Atlas, 2013; Zamponi,
2016).Multifarious types of VGCCs play diverse and
characteristic roles in neurons according to their uniquely
subcellular localization, for example, most of L-type voltage-
gated calcium channels (L-VGCCs) are positioned at neuronal
cell bodies and dendrites, and predominantly regulate neuronal
plasticity and extracellular calcium entry, whereas N-type,
R-type and P/Q-type VDCCs are mainly involved in regulating
neurotransmitter release from presynaptic terminals (Yagami
et al., 2012). Recently, numerous studies have proposed that
inhibition of both L-VGCCs and N-VGCCs sufficiently rescued
excessive calcium influx-induced neuronal apoptosis and
cognitive dysfunction following TBI (Ercan et al., 2001; Lee
et al., 2004; Gibson et al., 2010; Shahlaie et al., 2010; Gurkoff
et al., 2013). It has been reported in previous findings that
Sig-1R was implicated in regulating the functions of multiple
subtypes of VGCCs (Church and Fletcher, 1995; Zhang and
Cuevas, 2002). Sig-1R agonists such as (+) pentazocine and DTG
[1,3-di-(2-tolyl) guanidine] could significantly dampen calcium
current of sensory neurons by directly inhibiting activation of
VGCCs, whereas the effect of Sig-1R agonists on inhibition of
VGCCs was abolished by Sig-1R antagonist BD1063 (Pan et al.,
2014). It was reported that in purified RGCs, stimulation of
Sig-1R by its both agonists [SKF10047 and (+)-pentazocine]
significantly attenuated calcium influx which was mediated
by KCl-induced activation of L-VGCCs, whereas the effect of
Sig-1R agonists on inhibition of calcium influx was blocked in
the presence of Sig-1R antagonist (BD-1047) (Mueller et al.,
2013). With using immunoprecipitation technique, a further
finding discovered that there was a direct protein-protein
interaction between Sig-1R and L-VGCCs, and Sig-1R agonist
SKF10047 could inhibit calcium currents in rat primary retinal
ganglion cell line-5(RCGs-5) (Tchedre et al., 2008).However, it
is contradictory that pregnenolone sulfate (PREGS) as an agonist
of Sig-1R facilitated activation of L-VGCCs and subsequent
increase of calcium currents in the CA1 neuronal synapses of
hippocampus, promoting the induction of presynaptic plasticity
and L-VGCCs-dependent LTP (long-term potentiation) (Sabeti
et al., 2007). Since L-VGCCs exert specific function in unique
region of neuron, we hypothesize that Sig-1R ligands may
also exert dual effects on L-VGCCs-mediated calcium influx
depending on neuronal regions. Beyond the suppressive
effect on L-VGCCs, Sig-1R has also been demonstrated to be
involved in regulating N-VGCCs. Previous study observed
that Sig-1R agonist igmesine was implicated in modulating
extracellular calcium influx by regulating the activities of both
L-VGCCs and N-VGCCs (Urani et al., 2002). It was also
reported that activation of Sig-1R by SKF10047 attenuated
4-AP-induced glutamate release in rat cerebral cortex nerve
terminals, and the inhibitory mechanism was associated with
decrease of calcium influx through N-VGCCs and P/Q-VGCCs
(Lu et al., 2012). In addition, application of Sig-1R agonist
SA4503 in primary cultures of hippocampal neurons effectively
promoted axon outgrowth which was mainly associated with

both L-VGCCs and N-VGCCs, and further investigation
of this study revealed that Sig-1R agonist SA4503 directly
regulated activities of both channels (Li et al., 2017). Recently,
using fluorescence resonance energy transfer (FRET) and co-
immunoprecipitation (Co-IP) assays, an in-depth experiment
identified the mechanism, by which Sig-1R inhibitory action
on N-VGCCs was established on the basis of constitutively
physical interaction between them; Sig-1R agonist promoted the
conformational alteration in the chaperone - channel complex
that depresses calcium influx through N-VGCCs (Zhang et al.,
2017). These findings above may provide a novel insight into
Sig-1R therapeutic effect on TBI, revealing that principally
negative modulation on both L-VGCCs and N-VGCCs by
Sig-1R ligands may protect neurons against immoderate
calcium influx-induced apoptosis and provide a neuroprotective
event following TBI.

Sigma-1 Receptor Regulates
Non-voltage-Gated Calcium Channels
Activities
Releasing calcium from ER to mitochondrial is an important
way to regulate intracellular calcium homeostasis and
mitochondrial metabolism, as well as ATP production and
apoptosis process (Giorgi et al., 2018). The primary channel
that participates in regulation of calcium transport between
ER and mitochondria at MAMs is IP3R3-GRP75-VDAC1
complex (Bartok et al., 2019; Figure 2). Upon the ER stress,
prolonged ER calcium depletion or ligand stimulation, Sig-1R
dissociates from BiP and subsequently binds to IP3Rs and
stabilizes them, effectively facilitating calcium transfer from
ER into mitochondrial (Cardenas et al., 2010; Figure 2).
It was shown that deficiency of Sig-1R significantly led to
abnormal intracellular calcium concentration through IP3R
when stimulated with bradykinin, whereas calcium was depleted
in the ER after stimulating cell with ionomycin, indicating
abnormal modulation of calcium transport in the absence of
Sig-1R (Prause et al., 2013).

In response to depletion of ER calcium store, ER membrane
calcium sensor stromal interaction molecules 1 (STIM1) initiates
oligomerization and then redistributes to the ER-PM contact
site, where it associates with Orai1 and provokes its channel
activity, ultimately activating mechanism of store-operated
calcium entry (SOCE) and restoring ER calcium homeostasis
(Prakriya and Lewis, 2015). It has been reported that Sig-
1R is involved in regulating the calcium influx through
SOCE pathway (Figure 2). Cocaine as an agonist of Sig-
1R, sufficiently inhibited SOCE in rat brain microvascular
endothelial cells, whereas its inhibitory effect was counteracted
by selective Sig-1R antagonist BD-1063 or NE-100 (Brailoiu
et al., 2016). It was discovered in further study that Sig-
1R could interact with STIM1 and inhibit it coupling to
Orai1, attenuating SOCE-mediated calcium influx. The Sig-1R
agonist, SKF10047, effectively lessened interplay between Sig-1R
and STIM1 and reduced intracellular calcium influx, whereas
deficiency of Sig-1R or using antagonist performed reversed
effects (Srivats et al., 2016).
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FIGURE 4 | Sigma-1 receptor acts as a pluripotent modulator in pathophysiology. The figure indicates a summary of the mechanism in main pathophysiological
processes in which sigma-1 receptor (Sig-1R) plays a key role. Numerous pharmacological studies have confirmed the positive effects of Sig-1R activation on
cellular calcium homeostasis, excitotoxicity, ER stress, mitochondrial function. More experiments and further investigations are urgently needed to advance our
understanding of Sig-1R and its specific role in traumatic brain injury.

Moreover, several findings have also shown that stimulation of
Sig-1R depressed activity of acid-sensing ion channel a (ASIC1a),
which successively activated downstream intracellular calcium
influx signaling (Herrera et al., 2008; Carnally et al., 2010).

Consequently, there may be a sophisticated and coordinated
mechanism by which Sig-1R exerts a direct or indirect control,
facilitatory or inhibitory effects on maintenance of intracellular
calcium homeostasis (Figure 2). The specific mechanisms of
correlation between Sig-1R and intracellular calcium homeostasis
is gradually discovered by increasing studies, and clarification of
these mechanisms may provide a promising therapeutic target
for treatment of intracellular calcium mobilization-induced
secondary brain injury after traumatic brain injury.

SIGMA-1 RECEPTOR PLAYS AN
IMPORTANT ROLE IN REGULATION OF
NEUROINFLAMMATION

Neuroinflammation primarily orchestrated by activated
microglia and astrocytes is well-established as a hallmark of
secondary brain insult after TBI and has been considered
a primary contributing factor in chronic brain damage
following TBI (Johnson et al., 2013; Karve et al., 2016). It
has been demonstrated in previous studies that the Sig-1R
is broadly expressed in microglia and astrocytes (Ruscher
et al., 2011; Francardo et al., 2014), and regulates these
two glia-mediated neuroinflammation in a variety of CNS
disease (Griesmaier et al., 2012; Francardo et al., 2014;
Peviani et al., 2014).

Sigma-1 Receptor Regulates
Astrocyte-Mediated Neuroinflammation
It has been found that pretreatment of the Sig-1R antagonist
BD-1047 suppresses methamphetamine-induced activation of
primary rat astrocytes and upregulation of Sig-1R expression
(Zhang et al., 2015). In addition, methamphetamine fails to
increase the GFAP expression in the primary astrocyte cultures

derived from Sig-1R KO mice (Zhang et al., 2015). In a mouse
model of motor neuron degeneration, chronic administration of
PRE-084 inhibited the pathological astrocytosis (Peviani et al.,
2014). A different study found that astrocytosis was enhanced
in neuron-astrocyte mixed cultures derived from Sig-1R KO
mice compared with WT mice (Weng et al., 2017), and iNOS
and TNFα expression levels were reduced by SA4503 treatment
(Wang and Zhao, 2019) in LPS-treated astrocytes.

Sigma-1 Receptor Regulates
Microglia-Mediated Neuroinflammation
Microglia as the primary resident immune sentinels in the
CNS exert dual effects depending on their M1/M2 phenotype
during neuroinflammation (Gordon and Taylor, 2005; Hu
et al., 2015; Xiong et al., 2016; Li X. et al., 2020). Promoting
microglia transformations from the M2 to M1 phenotype is a
pivotal therapeutic target for amelioration of neuroinflammation
following TBI. In newborn mice, PRE-084 was found to
suppress microglia activation at the lesion site (Griesmaier
et al., 2012), and chronic PRE-084 treatment reduced microglial
immunoreactivity in the ventral horn of SOD1 mice (Mancuso
et al., 2012) in an ALS model. Similarly, in a mouse model
of Parkinsonism, it was demonstrated that chronic PRE-084
treatment effectively attenuated 6-hydroxydopamine lesion-
induced microglia activation in the striatum and substantia
nigra (Francardo et al., 2014). An in vitro study reported that
Sig-1R activation inhibited the migration and inflammatory
responses of microglia activated by LPS (Hall et al., 2009), and
Sig-1R agonist SKF83959 has also been found to suppress the
release of pro-inflammatory cytokine, such as TNF-α, IL-1β,
and iNOS from microglia activated by LPS (Wu et al., 2015).
A different study demonstrated that (+) pentazocine inhibited
LPS-evoked retinal microglia activation primarily through the
MAPK/ERK pathway (Zhao et al., 2014), and a mouse model
of spinal muscular atrophy found that PRE-084 administration
suppressed reactive gliosis and corrected the M1/M2 phenotype
imbalance (Cervero et al., 2018). Furthermore, administration
of PRE-084 after embolic stroke significantly suppresses release
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of pro-inflammatory factors and promoted secretion of anti-
inflammatory cytokines, such as IL-10 and IL-4 (Allahtavakoli
and Jarrott, 2011), and a recent mouse model of TBI showed that
PRE-084 successfully suppressed microglia activation, attenuated
brain edema, and improved neurological function after TBI
(Dong et al., 2016).

Collectively, these findings strongly indicate that the Sig-1R
may play a key role in the regulation of neuroinflammation in
various neurological disorders including TBI.

SIGMA-1 RECEPTOR PLAYS AN
IMPORTANT ROLE IN
NEURODEGENERATIVE DISEASES

Neurodegenerative diseases are described as disorders with
the gradual loss of the structure or function of the neurons,
including Alzheimer’s disease, Parkinson’s disease, Huntington
disease etc. (Soto and Pritzkow, 2018; Shetty et al., 2019; Xie
F. et al., 2019; Zhou H. et al., 2020). Patients after brain
trauma have long-term neurodegenerative related symptoms,
which seriously threatens the patient’s quality of life. Dysfunction
of mitochondria-associated-ER membrane and accumulation of
abnormal protein folding are major pathological mechanism
common to neurodegenerative diseases (Herrando-Grabulosa
et al., 2021). There are a lot of evidence that Sig-1R plays a key
role in multiple neurodegenerative diseases.

Sigma-1 Receptor in Alzheimer’s Disease
The main pathological features of AD include deposition
of neurofibrillary tangles of the abnormal tau protein and
Plaque deposition composed of β-amyloid (Aβ) peptides (Li
W. et al., 2020; Wong et al., 2020). Emerging evidence has
been demonstrated that Aβ is produced intracellular at MAMs
and affects the structure and function of ER, mitochondria and
MAMs (Schreiner et al., 2015). Sig-1R agonist Afobazole could
significantly prevented the increase of calcium induced by Aβ

(Behensky et al., 2013). The loss of Sig-1R was found in brains
and postmortem tissues of AD patients (Hedskog et al., 2013). As
mentioned above, Sig-1R agonism effectively protected neurons
against Aβ toxicity and ameliorate the learning and memory
deficits in AD mice. Knockout of Sig-1R significantly upregulate
the oxidative stress andexacerbates memory deficits in a mice
model of AD (Lahmy et al., 2014). In addition, certain genetic
combination of Sig-1R and apolipoprotein E (APOE) genotypes
synergistically increase the risk of AD (Huang et al., 2011). Recent
studies found that Sig-1R functionally interacts with presenilin
1 (PS1) and presenilin 2 (PS2) at MAMs, which are implicated
in AD (Ryskamp D. A. et al., 2019). It was reported that Sig-
1R agonist Predopidine maintains the ER calcium homeostasis
by reducing luminal calcium in cultured hippocampal neurons
conditional PS double-knockout mice (Ryskamp D. et al.,
2019). Loss of mushroom spines may be the anther underlying
pathogenesis of AD. Sig-1R agonists can promote neurogenesis
in the hippocampus (Ryskamp D. et al., 2019) and may reduce
memory impairment because they can stabilize mushroom
spines, which are the location of robust synaptic connections

that encode lasting information (Hayashi-Takagi et al., 2015). In
addition, Sig-1R agonists were found to reduce mushroom spines
loss in hippocampal cultures prepared from presenilin-1-M146V
knock-in (PS1-KI) mice (Ryskamp D. et al., 2019).

Sigma-1 Receptor in Parkinson’s
Disease
Parkinson’s disease (PD) is a progressing neurodegenerative
disorder characterized by motor dysfunction caused by selective
degeneration of dopaminergic neurons in the substantia nigra
pars compacta and abnormal accumulation of α-synuclein
protein called Lewy bodies (Xie F. et al., 2019; Gao et al., 2020;
Wang T. et al., 2020; Yang et al., 2020; Zhou H. et al., 2020).
Sig-1R is expressed in dopaminergic neurons and modulates
dopamine transporter conformation and cocaine binding (Hong
et al., 2017). The downregulation of Sig-1R was also detected
by PET studies in putamen of PD patients (Toyohara et al.,
2009). Similar to PD patients, Sig-1R KO mice also showed age-
related deficits in motor behavior and dopaminergic neurons
death and degeneration (Hong et al., 2017). Recent studies
have demonstrated that pharmacological stimulation of the Sig-
1R protect shows neuroprotective in PD models. In a mouse
model of PD, it was found that Sig-1R agonist PRE-084 for 5
consecutive weeks significantly restore the mice behaviors deficits
(Francardo et al., 2014). In a unilateral 6-hydroxydopamine (6-
OHDA) lesion model of parkinsonism in mice, it was found
that daily administration of a low dose pridopidine significantly
promotes mice behavior recovery and upregulates the expression
of BDNF, GDNF, and the phosphorylated ERK1/2 (Francardo
et al., 2019). In a 6-OHDA model of Parkinson’s disease, it was
demonstrated that administration of Sig-1R agonists afobazole or
PRE-084 over 2 weeks significantly restores the motor deficits
and inhibit decreases of dopamine in the 6-OHDA-lesioned
striatum, whereas these protective effects were blocked by
antagonists BD-1047 (Voronin et al., 2019; Kadnikov et al., 2020).
In a Dicer conditional knockout mouse model of Parkinson’s
disease, PRE-084 were found to attenuate the dopaminergic
neurons loss and behavioral abnormalities (Guo et al., 2020).
In a further investigation of pathological development of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
mouse model of PD, administration of PRE-084 significantly
rescued dopaminergic neurons loss by regulating mitophay
(Wang M. et al., 2020). A recent study revealed that concomitant
administration of a7 subtype of nicotinic acetylcholine receptor
(a7-nAChR) agonist and Sig-1R agonist exert neuroprotective
and anti-inflammatory effects in a 6-OHDA model of PD
(Vetel et al., 2021).

Sigma-1 Receptor in Huntington Disease
Huntington disease (HD) is a devastating autosomal dominant
caused by a repeat expansion in polyQ mutant huntingtin
protein (mHtt), resulting in progressively disabling motor and
cognitive deficits. Recent clinical trials have reported that Sig-
1R agonist Pridopidine has neuroprotective efficacy in treating
motor deficits of HD patients (Lundin et al., 2010; Huntington
Study Group, 2013; Reilmann et al., 2019). A recent PET
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study provided significant clarification that Pridopidine acts as a
selective Sig-1R agonist showing almost total Sig-1R occupancy
with negligible occupancy of the dopamine D2/D3 receptor
in HD patients (Grachev et al., 2021). Upregulation of Sig-1R
accompanied by dysregulation of ER calcium was detected both
HD mice and HD patients (Ryskamp D. et al., 2017). Large-
scale transcriptomic analysis of difference between YAC128 HD
mice and wild-type mice revealed that Pridopidine also has broad
neuroprotective efficacy in restoring transcriptomic disturbances
in the striatum, particularly involing synaptic transmission and
triggering neuroprotective pathways that are damaged in HD
(Kusko et al., 2018). In a vitro model of HD, it was found
that PRE-084 promotes cell survival and protects the neuronal
PC6.3 cells from deleterious effects induced by expression of
N-terminal mutant huntingtin proteins (Hyrskyluoto et al.,
2013). The Sig-1R as one of the ER chaperones, was found to be
involved in degradation of intranuclear inclusions via ER-related
degradation machinery in a vitro model of HD. In HD R6/2
mouse model, it was demonstrated that Pridopidine improves
motor function in pre-symptomatic and symptomatic HD mice
(Squitieri et al., 2015). In addition, Pridopidine significantly
reduced the size of mHtt aggregates in the striatal tissues
of R6/2 mice and exerted neuroprotective and anti-apoptotic
roles in R6/2 mice via regulation of neuroprotective molecules
expression (Squitieri et al., 2015). In a YAC128 cortico-striatal
co-culture model of HD, Sig-1R agonists Pridopidine and 3-PPP
were reported to prevent calcium dysregulation and synaptic
loss (Ryskamp D. et al., 2017). The role of Pridopidine in
striatal neurons is mediated by Sig-1R, including stabilizing ER
calcium levels, reducing synaptic store-operated calcium entry
and upregulating expression of the calcium regulating proteins
calbindin 1 and homer 1a. Furthermore, a recent study revealed
that Pridopidine rescues mitochondrial function by normalizing
mitochondrial complex activity and provides neuroprotective
effects in YAC128 HD mice (Naia et al., 2021).

All these findings above generalized from the current research
of neurodegenerative diseases reveal that Sig-1R may play a
key role in the protection of loss of the structure or function
of the neurons. The functions and mechanisms of Sig-1R in
neurodegeneration may provide insight into Sig-1R therapeutic
efficacy in TBI.

CONCLUSION AND FUTURE
PERSPECTIVE

It has been established over the past decades that the Sig-1R
acts as a ligand-operated chaperone protein that is primarily
located at the MAM. It is precisely because the Sig-1R has
versatile ligand affinity, a unique cellular location, and multi-
site translocation profile that it acts as a pluripotent modulator

in diverse pathological conditions. Recently, emerging evidence
suggests that the Sig-1R is involved in pathophysiology of various
CNS diseases and exerts multiple neuroprotective effects against
nerve damage in various disorders, including TBI. Secondary
brain injury-involved ER and oxidative stress, among others,
has emerged as a key point in the treatment of TBI. However,
a detailed molecular mechanistic account of the Sig-1R in the
context of secondary brain injury and pharmacological effects of
Sig-1R ligands on nerve injury events and neuroinflammation
following TBI is still elusive. Based on a large number of
preclinical studies on the neuroprotective effects of Sig-1R
in pathological alterations (Figure 4), we speculate that the
Sig-1R may be a potential therapeutic target for TBI and
pharmacological interventions of the Sig-1R may expand the
current narrow therapeutic window of TBI treatment. As
research on the roles of Sig-1Rs in TBI is still emerging, many
questions remain to be answered before clinical applications
can formally begin. For example, why Sig-1Rs can interact
with so many structurally diverse proteins and the specific
mechanism of the interaction are still unclear. Moreover, it
remains to be seen whether Sig-1Rs can interact with other
proteins or even organelles to regulate their function. Moreover,
while it is known that the Sig-1R can translocate from the
MAM to other organelles in response to agonists or stress,
it is not known how the Sig-1R acts as a located protein
at the MAM to achieve intracellular translocation. Finally,
although multiple pathophysiological functions of the Sig-1R
have been well established, the specific signal transduction
pathways and how they are affected by Sig-1R ligands are
still unclear. Further specifically, preclinical studies and clinical
trials on the pharmacological effects of Sig-1Rs are therefore
necessary in order to expand our current limited therapeutic view
of TBI treatment.

AUTHOR CONTRIBUTIONS

MS, FC, ZC, WY, and SY searched the biblography and drafted
the manuscript. MS prepared the figures. SY, JZ, and XC critically
revised the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (No. 81671902), and the Project of
Tianjin Applied Basic and Cutting-edge Technological Research
(No. 17JCYBJC25200), and by the Tianjin Health Care Elite
Prominent Young Doctor Development Program and the Young
and Middle-aged Backbone Innovative Talent Program.

REFERENCES
Aarts, M., Liu, Y., Liu, L., Besshoh, S., Arundine, M., Gurd, J. W., et al. (2002).

Treatment of ischemic brain damage by perturbing NMDA receptor- PSD-95
protein interactions. Science 298, 846–850. doi: 10.1126/science.1072873

Abdul-Muneer, P. M., Chandra, N., and Haorah, J. (2015). Interactions of oxidative
stress and neurovascular inflammation in the pathogenesis of traumatic brain
injury. Mol. Neurobiol. 51, 966–979. doi: 10.1007/s12035-014-8752-3

Adachi, Y., Yamamoto, K., Okada, T., Yoshida, H., Harada, A., and Mori, K.
(2008). ATF6 is a transcription factor specializing in the regulation of quality

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1126/science.1072873
https://doi.org/10.1007/s12035-014-8752-3
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-685201 September 27, 2021 Time: 16:0 # 14

Shi et al. Sigma-1 Receptor Therapeutic Target

control proteins in the endoplasmic reticulum. Cell Struct. Funct. 33, 75–89.
doi: 10.1247/csf.07044

Alam, S., Abdullah, C. S., Aishwarya, R., Orr, A. W., Traylor, J., Miriyala, S.,
et al. (2017). Sigmar1 regulates endoplasmic reticulum stress-induced C/EBP-
homologous protein expression in cardiomyocytes. Biosci. Rep. 37:4. doi: 10.
1042/BSR20170898

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

Atlas, D. (2013). The voltage-gated calcium channel functions as the molecular
switch of synaptic transmission. Annu. Rev. Biochem. 82, 607–635. doi: 10.1146/
annurev-biochem-080411-121438

Balasuriya, D., Stewart, A. P., and Edwardson, J. M. (2013). The sigma-1 receptor
interacts directly with GluN1 but not GluN2A in the GluN1/GluN2A NMDA
receptor. J. Neurosci. 33, 18219–18224. doi: 10.1523/JNEUROSCI.3360-13.
2013

Bartok, A., Weaver, D., Golenar, T., Nichtova, Z., Katona, M., Bansaghi, S., et al.
(2019). IP3 receptor isoforms differently regulate ER-mitochondrial contacts
and local calcium transfer. Nat. Commun. 10:3726. doi: 10.1038/s41467-019-
11646-3

Behensky, A. A., Yasny, I. E., Shuster, A. M., Seredenin, S. B., Petrov, A. V.,
and Cuevas, J. (2013). Afobazole activation of sigma-1 receptors modulates
neuronal responses to amyloid-beta25-35. J. Pharmacol. Exp. Ther. 347, 468–
477. doi: 10.1124/jpet.113.208330

Bell, J. D., Park, E., Ai, J., and Baker, A. J. (2009). PICK1-mediated GluR2
endocytosis contributes to cellular injury after neuronal trauma. Cell Death
Differ 16, 1665–1680. doi: 10.1038/cdd.2009.106

Bergeron, R., de Montigny, C., and Debonnel, G. (1996). Potentiation of neuronal
NMDA response induced by dehydroepiandrosterone and its suppression by
progesterone: effects mediated via sigma receptors. J. Neurosci. 16, 1193–1202.

Berridge, M. J., Lipp, P., and Bootman, M. D. (2000). The versatility and
universality of calcium signalling. Nat. Rev. Mol. Cell Biol. 1, 11–21. doi: 10.
1038/35036035

Bhuiyan, M. S., and Fukunaga, K. (2011). Targeting sigma-1 receptor signaling
by endogenous ligands for cardioprotection. Expert Opin Ther. Targets 15,
145–155. doi: 10.1517/14728222.2011.546350

Biegon, A., Fry, P. A., Paden, C. M., Alexandrovich, A., Tsenter, J., and Shohami, E.
(2004). Dynamic changes in N-methyl-D-aspartate receptors after closed head
injury in mice: Implications for treatment of neurological and cognitive deficits.
Proc. Natl. Acad. Sci. U S A 101, 5117–5122. doi: 10.1073/pnas.0305741101

Biegon, A., Liraz-Zaltsman, S., and Shohami, E. (2018). Stimulation of N-methyl-
D-aspartate receptors by exogenous and endogenous ligands improves
outcome of brain injury. Curr Opin Neurol 31, 687–692. doi: 10.1097/WCO.
0000000000000612

Bock, F. J., and Tait, S. W. G. (2020). Mitochondria as multifaceted regulators of cell
death. Nat. Rev. Mol. Cell Biol. 21, 85–100. doi: 10.1038/s41580-019-0173-8

Bommiasamy, H., Back, S. H., Fagone, P., Lee, K., Meshinchi, S., Vink, E., et al.
(2009). ATF6alpha induces XBP1-independent expansion of the endoplasmic
reticulum. J. Cell Sci. 122(Pt 10), 1626–1636. doi: 10.1242/jcs.045625

Brailoiu, G. C., Deliu, E., Console-Bram, L. M., Soboloff, J., Abood, M. E.,
Unterwald, E. M., et al. (2016). Cocaine inhibits store-operated Ca2+ entry
in brain microvascular endothelial cells: critical role for sigma-1 receptors.
Biochem. J. 473, 1–5. doi: 10.1042/BJ20150934

Bramlett, H. M., and Dietrich, W. D. (2015). Long-Term Consequences of
Traumatic Brain Injury: Current Status of Potential Mechanisms of Injury and
Neurological Outcomes. J Neurotrauma 32, 1834–1848. doi: 10.1089/neu.2014.
3352

Calfon, M., Zeng, H., Urano, F., Till, J. H., Hubbard, S. R., Harding, H. P., et al.
(2002). IRE1 couples endoplasmic reticulum load to secretory capacity by
processing the XBP-1 mRNA. Nature 415, 92–96. doi: 10.1038/415092a

Cardenas, C., Miller, R. A., Smith, I., Bui, T., Molgo, J., Muller, M., et al. (2010).
Essential regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+
transfer to mitochondria. Cell 142, 270–283. doi: 10.1016/j.cell.2010.06.007

Carnally, S. M., Johannessen, M., Henderson, R. M., Jackson, M. B., and
Edwardson, J. M. (2010). Demonstration of a direct interaction between sigma-
1 receptors and acid-sensing ion channels. Biophys. J. 98, 1182–1191. doi: 10.
1016/j.bpj.2009.12.4293

Cervero, C., Blasco, A., Tarabal, O., Casanovas, A., Piedrafita, L., Navarro, X.,
et al. (2018). Glial Activation and Central Synapse Loss, but Not Motoneuron
Degeneration, Are Prevented by the Sigma-1 Receptor Agonist PRE-084 in
the Smn2B/- Mouse Model of Spinal Muscular Atrophy. J. Neuropathol. Exp.
Neurol. 77, 577–597. doi: 10.1093/jnen/nly033

Chamoun, R., Suki, D., Gopinath, S. P., Goodman, J. C., and Robertson, C.
(2010). Role of extracellular glutamate measured by cerebral microdialysis in
severe traumatic brain injury. J. Neurosurg. 113, 564–570. doi: 10.3171/2009.12.
JNS09689

Cheng, G., Kong, R. H., Zhang, L. M., and Zhang, J. N. (2012). Mitochondria in
traumatic brain injury and mitochondrial-targeted multipotential therapeutic
strategies. Br. J. Pharmacol. 167, 699–719. doi: 10.1111/j.1476-5381.2012.
02025.x

Cho, J. A., Lee, A. H., Platzer, B., Cross, B. C. S., Gardner, B. M., De Luca, H.,
et al. (2013). The unfolded protein response element IRE1alpha senses bacterial
proteins invading the ER to activate RIG-I and innate immune signaling. Cell
Host Microbe 13, 558–569. doi: 10.1016/j.chom.2013.03.011

Choi, S. R., Roh, D. H., Yoon, S. Y., Kang, S. Y., Moon, J. Y., Kwon, S. G.,
et al. (2013). Spinal sigma-1 receptors activate NADPH oxidase 2 leading to
the induction of pain hypersensitivity in mice and mechanical allodynia in
neuropathic rats. Pharmacol. Res. 74, 56–67. doi: 10.1016/j.phrs.2013.05.004

Church, J., and Fletcher, E. J. (1995). Blockade by sigma site ligands of high voltage-
activated Ca2+ channels in rat and mouse cultured hippocampal pyramidal
neurones. Br. J. Pharmacol. 116, 2801–2810. doi: 10.1111/j.1476-5381.1995.
tb15929.x

Cornelius, C., Crupi, R., Calabrese, V., Graziano, A., Milone, P., Pennisi, G., et al.
(2013). Traumatic brain injury: oxidative stress and neuroprotection. Antioxid.
Redox Signal 19, 836–853. doi: 10.1089/ars.2012.4981

Diaz-Arrastia, R., Kochanek, P. M., Bergold, P., Kenney, K., Marx, C. E., Grimes,
C. J., et al. (2014). Pharmacotherapy of traumatic brain injury: state of
the science and the road forward: report of the Department of Defense
Neurotrauma Pharmacology Workgroup. J. Neurotrauma 31, 135–158. doi:
10.1089/neu.2013.3019

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

Dun, Y., Thangaraju, M., Prasad, P., Ganapathy, V., and Smith, S. B. (2007).
Prevention of excitotoxicity in primary retinal ganglion cells by (+)-
pentazocine, a sigma receptor-1 specific ligand. Invest. Ophthalmol. Vis. Sci. 48,
4785–4794. doi: 10.1167/iovs.07-0343

Ellis, D. Z., Li, L., Park, Y., He, S., Mueller, B., and Yorio, T. (2017). Sigma-1
Receptor Regulates Mitochondrial Function in Glucose- and Oxygen-Deprived
Retinal Ganglion Cells. Invest. Ophthalmol. Vis. Sci. 58, 2755–2764. doi: 10.
1167/iovs.16-19199

Ercan, M., Inci, S., Kilinc, K., Palaoglu, S., and Aypar, U. (2001).
Nimodipine attenuates lipid peroxidation during the acute phase of
head trauma in rats. Neurosurg. Rev. 24, 127–130. doi: 10.1007/pl0001
2396

Fletcher, E. J., Church, J., Abdel-Hamid, K., and MacDonald, J. F. (1995). Blockade
by sigma site ligands of N-methyl-D-aspartate-evoked responses in rat and
mouse cultured hippocampal pyramidal neurones. Br. J. Pharmacol. 116, 2791–
2800. doi: 10.1111/j.1476-5381.1995.tb15928.x

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(Pt 7), 1998–2014. doi: 10.1093/
brain/awu107

Francardo, V., Geva, M., Bez, F., Denis, Q., Steiner, L., Hayden, M. R., et al. (2019).
Pridopidine Induces Functional Neurorestoration Via the Sigma-1 Receptor
in a Mouse Model of Parkinson’s Disease. Neurotherapeutics 16, 465–479. doi:
10.1007/s13311-018-00699-9

Gao, X., Huang, Z., Feng, C., Guan, C., Li, R., Xie, H., et al. (2020). Multimodal
analysis of gene expression from postmortem brains and blood identifies
synaptic vesicle trafficking genes to be associated with Parkinson’s disease. Brief
Bioinform. 2020:244. doi: 10.1093/bib/bbaa244

Gibson, C. J., Meyer, R. C., and Hamm, R. J. (2010). Traumatic brain injury and
the effects of diazepam, diltiazem, and MK-801 on GABA-A receptor subunit
expression in rat hippocampus. J. Biomed. Sci. 17:38. doi: 10.1186/1423-0127-
17-38

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1247/csf.07044
https://doi.org/10.1042/BSR20170898
https://doi.org/10.1042/BSR20170898
https://doi.org/10.1016/j.brainresbull.2011.03.019
https://doi.org/10.1146/annurev-biochem-080411-121438
https://doi.org/10.1146/annurev-biochem-080411-121438
https://doi.org/10.1523/JNEUROSCI.3360-13.2013
https://doi.org/10.1523/JNEUROSCI.3360-13.2013
https://doi.org/10.1038/s41467-019-11646-3
https://doi.org/10.1038/s41467-019-11646-3
https://doi.org/10.1124/jpet.113.208330
https://doi.org/10.1038/cdd.2009.106
https://doi.org/10.1038/35036035
https://doi.org/10.1038/35036035
https://doi.org/10.1517/14728222.2011.546350
https://doi.org/10.1073/pnas.0305741101
https://doi.org/10.1097/WCO.0000000000000612
https://doi.org/10.1097/WCO.0000000000000612
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.1242/jcs.045625
https://doi.org/10.1042/BJ20150934
https://doi.org/10.1089/neu.2014.3352
https://doi.org/10.1089/neu.2014.3352
https://doi.org/10.1038/415092a
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1016/j.bpj.2009.12.4293
https://doi.org/10.1016/j.bpj.2009.12.4293
https://doi.org/10.1093/jnen/nly033
https://doi.org/10.3171/2009.12.JNS09689
https://doi.org/10.3171/2009.12.JNS09689
https://doi.org/10.1111/j.1476-5381.2012.02025.x
https://doi.org/10.1111/j.1476-5381.2012.02025.x
https://doi.org/10.1016/j.chom.2013.03.011
https://doi.org/10.1016/j.phrs.2013.05.004
https://doi.org/10.1111/j.1476-5381.1995.tb15929.x
https://doi.org/10.1111/j.1476-5381.1995.tb15929.x
https://doi.org/10.1089/ars.2012.4981
https://doi.org/10.1089/neu.2013.3019
https://doi.org/10.1089/neu.2013.3019
https://doi.org/10.1007/s10571-015-0244-0
https://doi.org/10.1167/iovs.07-0343
https://doi.org/10.1167/iovs.16-19199
https://doi.org/10.1167/iovs.16-19199
https://doi.org/10.1007/pl00012396
https://doi.org/10.1007/pl00012396
https://doi.org/10.1111/j.1476-5381.1995.tb15928.x
https://doi.org/10.1093/brain/awu107
https://doi.org/10.1093/brain/awu107
https://doi.org/10.1007/s13311-018-00699-9
https://doi.org/10.1007/s13311-018-00699-9
https://doi.org/10.1093/bib/bbaa244
https://doi.org/10.1186/1423-0127-17-38
https://doi.org/10.1186/1423-0127-17-38
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-685201 September 27, 2021 Time: 16:0 # 15

Shi et al. Sigma-1 Receptor Therapeutic Target

Giorgi, C., Marchi, S., and Pinton, P. (2018). The machineries, regulation and
cellular functions of mitochondrial calcium. Nat. Rev. Mol. Cell Biol. 19,
713–730. doi: 10.1038/s41580-018-0052-8

Goguadze, N., Zhuravliova, E., Morin, D., Mikeladze, D., and Maurice, T. (2019).
Sigma-1 Receptor Agonists Induce Oxidative Stress in Mitochondria and
Enhance Complex I Activity in Physiological Condition but Protect Against
Pathological Oxidative Stress. Neurotox Res. 35, 1–18. doi: 10.1007/s12640-017-
9838-2

Gordon, S., and Taylor, P. R. (2005). Monocyte and macrophage heterogeneity. Nat.
Rev. Immunol. 5, 953–964. doi: 10.1038/nri1733

Grachev, I. D., Meyer, P. M., Becker, G. A., Bronzel, M., Marsteller, D., Pastino, G.,
et al. (2021). Sigma-1 and dopamine D2/D3 receptor occupancy of pridopidine
in healthy volunteers and patients with Huntington disease: a [(18)F] fluspidine
and [(18)F] fallypride PET study. Eur. J. Nucl. Med. Mol. Imaging 48, 1103–
1115. doi: 10.1007/s00259-020-05030-3

Griesmaier, E., Posod, A., Gross, M., Neubauer, V., Wegleiter, K., Hermann, M.,
et al. (2012). Neuroprotective effects of the sigma-1 receptor ligand PRE-084
against excitotoxic perinatal brain injury in newborn mice. Exp. Neurol. 237,
388–395. doi: 10.1016/j.expneurol.2012.06.030

Gruenbaum, S. E., Zlotnik, A., Gruenbaum, B. F., Hersey, D., and Bilotta, F. (2016).
Pharmacologic Neuroprotection for Functional Outcomes After Traumatic
Brain Injury: A Systematic Review of the Clinical Literature. CNS Drugs 30,
791–806. doi: 10.1007/s40263-016-0355-2

Guo, C. H., Cao, T., Zheng, L. T., Waddington, J. L., and Zhen, X. C. (2020).
Development and characterization of an inducible Dicer conditional knockout
mouse model of Parkinson’s disease: validation of the antiparkinsonian effects
of a sigma-1 receptor agonist and dihydromyricetin. Acta Pharmacol. Sin. 41,
499–507. doi: 10.1038/s41401-020-0379-5

Gurkoff, G., Shahlaie, K., Lyeth, B., and Berman, R. (2013). Voltage-gated calcium
channel antagonists and traumatic brain injury. Pharmaceuticals 6, 788–812.
doi: 10.3390/ph6070788

Ha, Y., Dun, Y., Thangaraju, M., Duplantier, J., Dong, Z., Liu, K., et al.
(2011). Sigma receptor 1 modulates endoplasmic reticulum stress in retinal
neurons. Invest. Ophthalmol. Vis. Sci. 52, 527–540. doi: 10.1167/iovs.10-
5731

Ha, Y., Shanmugam, A. K., Markand, S., Zorrilla, E., Ganapathy, V., and Smith,
S. B. (2014). Sigma receptor 1 modulates ER stress and Bcl2 in murine retina.
Cell Tissue Res. 356, 15–27. doi: 10.1007/s00441-013-1774-8

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

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
sigma1-binding site. Proc. Natl. Acad. Sci. U S A 93, 8072–8077. doi: 10.1073/
pnas.93.15.8072

Harbauer, A. B., Zahedi, R. P., Sickmann, A., Pfanner, N., and Meisinger, C.
(2014). The protein import machinery of mitochondria-a regulatory hub in
metabolism, stress, and disease. Cell Metab. 19, 357–372. doi: 10.1016/j.cmet.
2014.01.010

Hardingham, G. E., and Bading, H. (2010). Synaptic versus extrasynaptic NMDA
receptor signalling: implications for neurodegenerative disorders. Nat. Rev.
Neurosci. 11, 682–696. doi: 10.1038/nrn2911

Hardingham, G. E., Fukunaga, Y., and Bading, H. (2002). Extrasynaptic NMDARs
oppose synaptic NMDARs by triggering CREB shut-off and cell death pathways.
Nat. Neurosci. 5, 405–414. doi: 10.1038/nn835

Hayashi, T., Hayashi, E., Fujimoto, M., Sprong, H., and Su, T. P. (2012). The
lifetime of UDP-galactose:ceramide galactosyltransferase is controlled by a
distinct endoplasmic reticulum-associated degradation (ERAD) regulated by
sigma-1 receptor chaperones. J. Biol. Chem. 287, 43156–43169. doi: 10.1074/
jbc.M112.380444

Hayashi, T., Kagaya, A., Takebayashi, M., Shimizu, M., Uchitomi, Y., Motohashi,
N., et al. (1995). Modulation by sigma ligands of intracellular free Ca++
mobilization by N-methyl-D-aspartate in primary culture of rat frontal cortical
neurons. J. Pharmacol. Exp. Ther. 275, 207–214.

Hayashi, T., and Su, T. P. (2007). Sigma-1 receptor chaperones at the ER-
mitochondrion interface regulate Ca(2+) signaling and cell survival. Cell 131,
596–610. doi: 10.1016/j.cell.2007.08.036

Hayashi-Takagi, A., Yagishita, S., Nakamura, M., Shirai, F., Wu, Y. I., Loshbaugh,
A. L., et al. (2015). Labelling and optical erasure of synaptic memory traces in
the motor cortex. Nature 525, 333–338. doi: 10.1038/nature15257

Hedskog, L., Pinho, C. M., Filadi, R., Ronnback, A., Hertwig, L., Wiehager, B.,
et al. (2013). Modulation of the endoplasmic reticulum-mitochondria interface
in Alzheimer’s disease and related models. Proc. Natl. Acad. Sci. U S A 110,
7916–7921. doi: 10.1073/pnas.1300677110

Herrando-Grabulosa, M., Gaja-Capdevila, N., Vela, J. M., and Navarro, X. (2021).
Sigma 1 receptor as a therapeutic target for amyotrophic lateral sclerosis. Br. J.
Pharmacol. 178, 1336–1352. doi: 10.1111/bph.15224

Herrera, Y., Katnik, C., Rodriguez, J. D., Hall, A. A., Willing, A., Pennypacker,
K. R., et al. (2008). sigma-1 receptor modulation of acid-sensing ion
channel a (ASIC1a) and ASIC1a-induced Ca2+ influx in rat cortical neurons.
J. Pharmacol. Exp. Ther. 327, 491–502. doi: 10.1124/jpet.108.143974

Hetz, C., Chevet, E., and Oakes, S. A. (2015). Proteostasis control by the unfolded
protein response. Nat. Cell Biol. 17, 829–838. doi: 10.1038/ncb3184

Hong, W. C., Yano, H., Hiranita, T., Chin, F. T., McCurdy, C. R., Su, T. P., et al.
(2017). The sigma-1 receptor modulates dopamine transporter conformation
and cocaine binding and may thereby potentiate cocaine self-administration in
rats. J. Biol. Chem. 292, 11250–11261. doi: 10.1074/jbc.M116.774075

Hordijk, P. L. (2006). Regulation of NADPH oxidases: the role of Rac proteins. Circ.
Res. 98, 453–462. doi: 10.1161/01.RES.0000204727.46710.5e

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

Huang, Y., Zheng, L., Halliday, G., Dobson-Stone, C., Wang, Y., Tang, H. D.,
et al. (2011). Genetic polymorphisms in sigma-1 receptor and apolipoprotein
E interact to influence the severity of Alzheimer’s disease. Curr. Alzheimer Res.
8, 765–770. doi: 10.2174/156720511797633232

Huntington Study Group, H. I. (2013). A randomized, double-blind, placebo-
controlled trial of pridopidine in Huntington’s disease. Mov. Disord 28, 1407–
1415. doi: 10.1002/mds.25362

Hwang, J., and Qi, L. (2018). Quality Control in the Endoplasmic Reticulum:
Crosstalk between ERAD and UPR pathways. Trends Biochem. Sci. 43, 593–605.
doi: 10.1016/j.tibs.2018.06.005

Hyrskyluoto, A., Pulli, I., Tornqvist, K., Ho, T. H., Korhonen, L., and Lindholm,
D. (2013). Sigma-1 receptor agonist PRE084 is protective against mutant
huntingtin-induced cell degeneration: involvement of calpastatin and the NF-
kappaB pathway. Cell Death Dis. 4:e646. doi: 10.1038/cddis.2013.170

Johnson, V. E., Stewart, J. E., Begbie, F. D., Trojanowski, J. Q., Smith, D. H.,
and Stewart, W. (2013). Inflammation and white matter degeneration persist
for years after a single traumatic brain injury. Brain 136(Pt 1), 28–42. doi:
10.1093/brain/aws322

Kadenbach, B., Ramzan, R., Moosdorf, R., and Vogt, S. (2011). The role of
mitochondrial membrane potential in ischemic heart failure. Mitochondrion 11,
700–706. doi: 10.1016/j.mito.2011.06.001

Kadnikov, I. A., Verbovaya, E. R., Voronkov, D. N., Voronin, M. V., and
Seredenin, S. B. (2020). Deferred Administration of Afobazole Induces
Sigma1R-Dependent Restoration of Striatal Dopamine Content in a Mouse
Model of Parkinson’s Disease. Int. J. Mol. Sci. 21:20. doi: 10.3390/ijms21207620

Karpova, A., Mikhaylova, M., Bera, S., Bar, J., Reddy, P. P., Behnisch, T., et al.
(2013). Encoding and transducing the synaptic or extrasynaptic origin of
NMDA receptor signals to the nucleus. Cell 152, 1119–1133. doi: 10.1016/j.cell.
2013.02.002

Karve, I. P., Taylor, J. M., and Crack, P. J. (2016). The contribution of astrocytes
and microglia to traumatic brain injury. Br. J. Pharmacol. 173, 692–702. doi:
10.1111/bph.13125

Kourrich, S., Su, T. P., Fujimoto, M., and Bonci, A. (2012). The sigma-1 receptor:
roles in neuronal plasticity and disease. Trends Neurosci. 35, 762–771. doi:
10.1016/j.tins.2012.09.007

Kume, T., Nishikawa, H., Taguchi, R., Hashino, A., Katsuki, H., Kaneko, S., et al.
(2002). Antagonism of NMDA receptors by sigma receptor ligands attenuates
chemical ischemia-induced neuronal death in vitro. Eur. J. Pharmacol. 455,
91–100. doi: 10.1016/s0014-2999(02)02582-7

Kusko, R., Dreymann, J., Ross, J., Cha, Y., Escalante-Chong, R., Garcia-Miralles,
M., et al. (2018). Large-scale transcriptomic analysis reveals that pridopidine
reverses aberrant gene expression and activates neuroprotective pathways in the

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1038/s41580-018-0052-8
https://doi.org/10.1007/s12640-017-9838-2
https://doi.org/10.1007/s12640-017-9838-2
https://doi.org/10.1038/nri1733
https://doi.org/10.1007/s00259-020-05030-3
https://doi.org/10.1016/j.expneurol.2012.06.030
https://doi.org/10.1007/s40263-016-0355-2
https://doi.org/10.1038/s41401-020-0379-5
https://doi.org/10.3390/ph6070788
https://doi.org/10.1167/iovs.10-5731
https://doi.org/10.1167/iovs.10-5731
https://doi.org/10.1007/s00441-013-1774-8
https://doi.org/10.1002/glia.20802
https://doi.org/10.1073/pnas.93.15.8072
https://doi.org/10.1073/pnas.93.15.8072
https://doi.org/10.1016/j.cmet.2014.01.010
https://doi.org/10.1016/j.cmet.2014.01.010
https://doi.org/10.1038/nrn2911
https://doi.org/10.1038/nn835
https://doi.org/10.1074/jbc.M112.380444
https://doi.org/10.1074/jbc.M112.380444
https://doi.org/10.1016/j.cell.2007.08.036
https://doi.org/10.1038/nature15257
https://doi.org/10.1073/pnas.1300677110
https://doi.org/10.1111/bph.15224
https://doi.org/10.1124/jpet.108.143974
https://doi.org/10.1038/ncb3184
https://doi.org/10.1074/jbc.M116.774075
https://doi.org/10.1161/01.RES.0000204727.46710.5e
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.2174/156720511797633232
https://doi.org/10.1002/mds.25362
https://doi.org/10.1016/j.tibs.2018.06.005
https://doi.org/10.1038/cddis.2013.170
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1016/j.mito.2011.06.001
https://doi.org/10.3390/ijms21207620
https://doi.org/10.1016/j.cell.2013.02.002
https://doi.org/10.1016/j.cell.2013.02.002
https://doi.org/10.1111/bph.13125
https://doi.org/10.1111/bph.13125
https://doi.org/10.1016/j.tins.2012.09.007
https://doi.org/10.1016/j.tins.2012.09.007
https://doi.org/10.1016/s0014-2999(02)02582-7
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-685201 September 27, 2021 Time: 16:0 # 16

Shi et al. Sigma-1 Receptor Therapeutic Target

YAC128 HD mouse. Mol. Neurodegener. 13:25. doi: 10.1186/s13024-018-0259-
3

Kwong, J. Q., and Molkentin, J. D. (2015). Physiological and pathological roles
of the mitochondrial permeability transition pore in the heart. Cell Metab. 21,
206–214. doi: 10.1016/j.cmet.2014.12.001

Lahmy, V., Long, R., Morin, D., Villard, V., and Maurice, T. (2014).
Mitochondrial protection by the mixed muscarinic/sigma1 ligand ANAVEX2-
73, a tetrahydrofuran derivative, in Abeta25-35 peptide-injected mice, a
nontransgenic Alzheimer’s disease model. Front. Cell Neurosci. 8:463. doi: 10.
3389/fncel.2014.00463

Lahmy, V., Meunier, J., Malmstrom, S., Naert, G., Givalois, L., Kim, S. H.,
et al. (2013). Blockade of Tau hyperphosphorylation and Abeta(1)(-)(4)(2)
generation by the aminotetrahydrofuran derivative ANAVEX2-73, a mixed
muscarinic and sigma(1) receptor agonist, in a nontransgenic mouse model
of Alzheimer’s disease. Neuropsychopharmacology 38, 1706–1723. doi: 10.1038/
npp.2013.70

Lai, T. W., Zhang, S., and Wang, Y. T. (2014). Excitotoxicity and stroke: identifying
novel targets for neuroprotection. Prog. Neurobiol. 115, 157–188. doi: 10.1016/
j.pneurobio.2013.11.006

Lee, A. H., Iwakoshi, N. N., and Glimcher, L. H. (2003). XBP-1 regulates a subset
of endoplasmic reticulum resident chaperone genes in the unfolded protein
response. Mol. Cell Biol. 23, 7448–7459. doi: 10.1128/mcb.23.21.7448-7459.
2003

Lee, L. L., Galo, E., Lyeth, B. G., Muizelaar, J. P., and Berman, R. F. (2004).
Neuroprotection in the rat lateral fluid percussion model of traumatic brain
injury by SNX-185, an N-type voltage-gated calcium channel blocker. Exp.
Neurol. 190, 70–78. doi: 10.1016/j.expneurol.2004.07.003

Li, D., Zhang, S. Z., Yao, Y. H., Xiang, Y., Ma, X. Y., Wei, X. L., et al. (2017).
Sigma-1 receptor agonist increases axon outgrowth of hippocampal neurons
via voltage-gated calcium ions channels. CNS Neurosci. Ther. 23, 930–939.
doi: 10.1111/cns.12768

Li, W., Kui, L., Demetrios, T., Gong, X., and Tang, M. (2020). A Glimmer of Hope:
Maintain Mitochondrial Homeostasis to Mitigate Alzheimer’s Disease. Aging
Dis. 11, 1260–1275. doi: 10.14336/AD.2020.0105

Li, X., Liao, Y., Dong, Y., Li, S., Wang, F., Wu, R., et al. (2020). Mib2 Deficiency
Inhibits Microglial Activation and Alleviates Ischemia-Induced Brain Injury.
Aging Dis. 11, 523–535. doi: 10.14336/AD.2019.0807

Lilley, B. N., and Ploegh, H. L. (2004). A membrane protein required for
dislocation of misfolded proteins from the ER. Nature 429, 834–840. doi: 10.
1038/nature02592

Lingsma, H. F., Roozenbeek, B., Steyerberg, E. W., Murray, G. D., and Maas,
A. I. (2010). Early prognosis in traumatic brain injury: from prophecies to
predictions. Lancet Neurol. 9, 543–554. doi: 10.1016/S1474-4422(10)70065-X

Lu, C. W., Lin, T. Y., Wang, C. C., and Wang, S. J. (2012). sigma-1 Receptor
agonist SKF10047 inhibits glutamate release in rat cerebral cortex nerve
endings. J. Pharmacol. Exp. Ther. 341, 532–542. doi: 10.1124/jpet.111.19
1189

Lundin, A., Dietrichs, E., Haghighi, S., Goller, M. L., Heiberg, A., Loutfi, G., et al.
(2010). Efficacy and safety of the dopaminergic stabilizer Pridopidine (ACR16)
in patients with Huntington’s disease. Clin. Neuropharmacol. 33, 260–264. doi:
10.1097/WNF.0b013e3181ebb285

Maas, A. I. R., Menon, D. K., Adelson, P. D., Andelic, N., Bell, M. J., Belli, A., et al.
(2017). Traumatic brain injury: integrated approaches to improve prevention,
clinical care, and research. Lancet Neurol. 16, 987–1048. doi: 10.1016/S1474-
4422(17)30371-X

Mancuso, R., Olivan, 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

Martina, M., Turcotte, M. E., Halman, S., and Bergeron, R. (2007). The sigma-1
receptor modulates NMDA receptor synaptic transmission and plasticity via
SK channels in rat hippocampus. J. Physiol. 578(Pt 1), 143–157. doi: 10.1113/
jphysiol.2006.116178

Martinon, F., Chen, X., Lee, A. H., and Glimcher, L. H. (2010). TLR activation of the
transcription factor XBP1 regulates innate immune responses in macrophages.
Nat. Immunol. 11, 411–418. doi: 10.1038/ni.1857

Maurice, T., and Privat, A. (1997). SA4503, a novel cognitive enhancer with sigma1
receptor agonist properties, facilitates NMDA receptor-dependent learning in
mice. Eur. J. Pharmacol. 328, 9–18. doi: 10.1016/s0014-2999(97)83020-8

Maurice, T., Su, T. P., Parish, D. W., Nabeshima, T., and Privat, A. (1994). PRE-084,
a sigma selective PCP derivative, attenuates MK-801-induced impairment of
learning in mice. Pharmacol. Biochem. Behav. 49, 859–869. doi: 10.1016/0091-
3057(94)90235-6

Maurice, T., Volle, J. N., Strehaiano, M., Crouzier, L., Pereira, C., Kaloyanov, N.,
et al. (2019). Neuroprotection in non-transgenic and transgenic mouse models
of Alzheimer’s disease by positive modulation of sigma1 receptors. Pharmacol.
Res. 144, 315–330. doi: 10.1016/j.phrs.2019.04.026

McArthur, K., Whitehead, L. W., Heddleston, J. M., Li, L., Padman, B. S., Oorschot,
V., et al. (2018). BAK/BAX macropores facilitate mitochondrial herniation and
mtDNA efflux during apoptosis. Science 359:6378. doi: 10.1126/science.aao6047

McConeghy, K. W., Hatton, J., Hughes, L., and Cook, A. M. (2012). A review of
neuroprotection pharmacology and therapies in patients with acute traumatic
brain injury. CNS Drugs 26, 613–636. doi: 10.2165/11634020-000000000-00000

Meeus, M., Nijs, J., Hermans, L., Goubert, D., and Calders, P. (2013). The role
of mitochondrial dysfunctions due to oxidative and nitrosative stress in the
chronic pain or chronic fatigue syndromes and fibromyalgia patients: peripheral
and central mechanisms as therapeutic targets? Expert Opin. Ther. Targets 17,
1081–1089. doi: 10.1517/14728222.2013.818657

Meldrum, B. S. (2000). Glutamate as a neurotransmitter in the brain: review of
physiology and pathology. J. Nutr. 130(4S Suppl.), 1007S–1015S. doi: 10.1093/
jn/130.4.1007S

Meunier, J., and Hayashi, T. (2010). Sigma-1 receptors regulate Bcl-2 expression by
reactive oxygen species-dependent transcriptional regulation of nuclear factor
kappaB. J. Pharmacol. Exp. Ther. 332, 388–397. doi: 10.1124/jpet.109.160960

Mitsuda, T., Omi, T., Tanimukai, H., Sakagami, Y., Tagami, S., Okochi, M., et al.
(2011). Sigma-1Rs are upregulated via PERK/eIF2alpha/ATF4 pathway and
execute protective function in ER stress. Biochem. Biophys. Res. Commun. 415,
519–525. doi: 10.1016/j.bbrc.2011.10.113

Mori, T., Hayashi, T., Hayashi, E., and Su, T. P. (2013). Sigma-1 receptor chaperone
at the ER-mitochondrion interface mediates the mitochondrion-ER-nucleus
signaling for cellular survival. PLoS One 8:e76941. doi: 10.1371/journal.pone.
0076941

Morihara, R., Yamashita, T., Liu, X., Nakano, Y., Fukui, Y., Sato, K., et al. (2018).
Protective effect of a novel sigma-1 receptor agonist is associated with reduced
endoplasmic reticulum stress in stroke male mice. J. Neurosci. Res. 96, 1707–
1716. doi: 10.1002/jnr.24270

Mueller, B. H. II, Park, Y., Daudt, D. R. III, Ma, H. Y., Akopova, I., Stankowska,
D. L., et al. (2013). Sigma-1 receptor stimulation attenuates calcium influx
through activated L-type Voltage Gated Calcium Channels in purified retinal
ganglion cells. Exp. Eye Res. 107, 21–31. doi: 10.1016/j.exer.2012.11.002

Naia, L., Ly, P., Mota, S. I., Lopes, C., Maranga, C., Coelho, P., et al. (2021). The
Sigma-1 Receptor Mediates Pridopidine Rescue of Mitochondrial Function in
Huntington Disease Models. Neurotherapeutics 2021:9. doi: 10.1007/s13311-
021-01022-9

Natsvlishvili, N., Goguadze, N., Zhuravliova, E., and Mikeladze, D. (2015). Sigma-1
receptor directly interacts with Rac1-GTPase in the brain mitochondria. BMC
Biochem. 16:11. doi: 10.1186/s12858-015-0040-y

Nizamutdinov, D., and Shapiro, L. A. (2017). Overview of Traumatic Brain Injury:
An Immunological Context. Brain Sci. 7:1. doi: 10.3390/brainsci7010011

Omi, T., Tanimukai, H., Kanayama, D., Sakagami, Y., Tagami, S., Okochi, M., et al.
(2014). Fluvoxamine alleviates ER stress via induction of Sigma-1 receptor. Cell
Death Dis. 5:e1332. doi: 10.1038/cddis.2014.301

Ono, Y., Shimazawa, M., Ishisaka, M., Oyagi, A., Tsuruma, K., and Hara, H. (2012).
Imipramine protects mouse hippocampus against tunicamycin-induced cell
death. Eur. J. Pharmacol. 696, 83–88. doi: 10.1016/j.ejphar.2012.09.037

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

Ono, Y., Tanaka, H., Tsuruma, K., Shimazawa, M., and Hara, H. (2013). A sigma-
1 receptor antagonist (NE-100) prevents tunicamycin-induced cell death via
GRP78 induction in hippocampal cells. Biochem. Biophys. Res. Commun. 434,
904–909. doi: 10.1016/j.bbrc.2013.04.055

Pabba, M., Wong, A. Y., Ahlskog, N., Hristova, E., Biscaro, D., Nassrallah, W.,
et al. (2014). NMDA receptors are upregulated and trafficked to the plasma
membrane after sigma-1 receptor activation in the rat hippocampus. J. Neurosci.
34, 11325–11338. doi: 10.1523/JNEUROSCI.0458-14.2014

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1186/s13024-018-0259-3
https://doi.org/10.1186/s13024-018-0259-3
https://doi.org/10.1016/j.cmet.2014.12.001
https://doi.org/10.3389/fncel.2014.00463
https://doi.org/10.3389/fncel.2014.00463
https://doi.org/10.1038/npp.2013.70
https://doi.org/10.1038/npp.2013.70
https://doi.org/10.1016/j.pneurobio.2013.11.006
https://doi.org/10.1016/j.pneurobio.2013.11.006
https://doi.org/10.1128/mcb.23.21.7448-7459.2003
https://doi.org/10.1128/mcb.23.21.7448-7459.2003
https://doi.org/10.1016/j.expneurol.2004.07.003
https://doi.org/10.1111/cns.12768
https://doi.org/10.14336/AD.2020.0105
https://doi.org/10.14336/AD.2019.0807
https://doi.org/10.1038/nature02592
https://doi.org/10.1038/nature02592
https://doi.org/10.1016/S1474-4422(10)70065-X
https://doi.org/10.1124/jpet.111.191189
https://doi.org/10.1124/jpet.111.191189
https://doi.org/10.1097/WNF.0b013e3181ebb285
https://doi.org/10.1097/WNF.0b013e3181ebb285
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1007/s13311-012-0140-y
https://doi.org/10.1113/jphysiol.2006.116178
https://doi.org/10.1113/jphysiol.2006.116178
https://doi.org/10.1038/ni.1857
https://doi.org/10.1016/s0014-2999(97)83020-8
https://doi.org/10.1016/0091-3057(94)90235-6
https://doi.org/10.1016/0091-3057(94)90235-6
https://doi.org/10.1016/j.phrs.2019.04.026
https://doi.org/10.1126/science.aao6047
https://doi.org/10.2165/11634020-000000000-00000
https://doi.org/10.1517/14728222.2013.818657
https://doi.org/10.1093/jn/130.4.1007S
https://doi.org/10.1093/jn/130.4.1007S
https://doi.org/10.1124/jpet.109.160960
https://doi.org/10.1016/j.bbrc.2011.10.113
https://doi.org/10.1371/journal.pone.0076941
https://doi.org/10.1371/journal.pone.0076941
https://doi.org/10.1002/jnr.24270
https://doi.org/10.1016/j.exer.2012.11.002
https://doi.org/10.1007/s13311-021-01022-9
https://doi.org/10.1007/s13311-021-01022-9
https://doi.org/10.1186/s12858-015-0040-y
https://doi.org/10.3390/brainsci7010011
https://doi.org/10.1038/cddis.2014.301
https://doi.org/10.1016/j.ejphar.2012.09.037
https://doi.org/10.1016/j.neulet.2013.12.005
https://doi.org/10.1016/j.bbrc.2013.04.055
https://doi.org/10.1523/JNEUROSCI.0458-14.2014
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-685201 September 27, 2021 Time: 16:0 # 17

Shi et al. Sigma-1 Receptor Therapeutic Target

Pal, A., Fontanilla, D., Gopalakrishnan, A., Chae, Y. K., Markley, J. L., and Ruoho,
A. E. (2012). The sigma-1 receptor protects against cellular oxidative stress
and activates antioxidant response elements. Eur. J. Pharmacol. 682, 12–20.
doi: 10.1016/j.ejphar.2012.01.030

Pan, B., Guo, Y., Kwok, W. M., Hogan, Q., and Wu, H. E. (2014). Sigma-1 receptor
antagonism restores injury-induced decrease of voltage-gated Ca2+ current in
sensory neurons. J. Pharmacol. Exp. Ther. 350, 290–300. doi: 10.1124/jpet.114.
214320

Pan, Y., Wang, N., Xia, P., Wang, E., Guo, Q., and Ye, Z. (2018). Inhibition of Rac1
ameliorates neuronal oxidative stress damage via reducing Bcl-2/Rac1 complex
formation in mitochondria through PI3K/Akt/mTOR pathway. Exp. Neurol.
300, 149–166. doi: 10.1016/j.expneurol.2017.10.030

Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diversity:
impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14, 383–400. doi: 10.1038/nrn3504

Park, E., Bell, J. D., and Baker, A. J. (2008). Traumatic brain injury: can the
consequences be stopped? CMAJ 178, 1163–1170. doi: 10.1503/cmaj.080282

Parsons, M. P., and Raymond, L. A. (2014). Extrasynaptic NMDA receptor
involvement in central nervous system disorders. Neuron 82, 279–293. doi:
10.1016/j.neuron.2014.03.030

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

Phillips, M. J., and Voeltz, G. K. (2016). Structure and function of ER membrane
contact sites with other organelles. Nat. Rev. Mol. Cell Biol. 17, 69–82. doi:
10.1038/nrm.2015.8

Prakriya, M., and Lewis, R. S. (2015). Store-Operated Calcium Channels. Physiol.
Rev. 95, 1383–1436. doi: 10.1152/physrev.00020.2014

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

Qu, J., Li, M., Li, D., Xin, Y., Li, J., Lei, S., et al. (2021). Stimulation of Sigma-1
Receptor Protects against Cardiac Fibrosis by Alleviating IRE1 Pathway and
Autophagy Impairment. Oxid. Med. Cell Longev. 2021:8836818. doi: 10.1155/
2021/8836818

Quaglio, G., Gallucci, M., Brand, H., Dawood, A., and Cobello, F. (2017).
Traumatic brain injury: a priority for public health policy. Lancet Neurol. 16,
951–952. doi: 10.1016/S1474-4422(17)30370-8

Rao, A., and Craig, A. M. (1997). Activity regulates the synaptic localization of the
NMDA receptor in hippocampal neurons. Neuron 19, 801–812. doi: 10.1016/
s0896-6273(00)80962-9

Rapoport, T. A. (2007). Protein translocation across the eukaryotic endoplasmic
reticulum and bacterial plasma membranes. Nature 450, 663–669. doi: 10.1038/
nature06384

Reilmann, R., McGarry, A., Grachev, I. D., Savola, J. M., Borowsky, B., Eyal, E.,
et al. (2019). Safety and efficacy of pridopidine in patients with Huntington’s
disease (PRIDE-HD): a phase 2, randomised, placebo-controlled, multicentre,
dose-ranging study. Lancet Neurol. 18, 165–176. doi: 10.1016/S1474-4422(18)
30391-0

Roozenbeek, B., Maas, A. I., and Menon, D. K. (2013). Changing patterns in the
epidemiology of traumatic brain injury. Nat. Rev. Neurol. 9, 231–236. doi:
10.1038/nrneurol.2013.22

Rosen, D. A., Seki, S. M., Fernandez-Castaneda, A., Beiter, R. M., Eccles, J. D.,
Woodfolk, J. A., et al. (2019). Modulation of the sigma-1 receptor-IRE1 pathway
is beneficial in preclinical models of inflammation and sepsis. Sci. Transl. Med.
11:478. doi: 10.1126/scitranslmed.aau5266

Ruiz, A., Alberdi, E., and Matute, C. (2018). Mitochondrial Division Inhibitor
1 (mdivi-1) Protects Neurons against Excitotoxicity through the Modulation
of Mitochondrial Function and Intracellular Ca(2+) Signaling. Front. Mol.
Neurosci. 11:3. doi: 10.3389/fnmol.2018.00003

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(Pt 3), 732–746. doi: 10.1093/brain/awq367

Rutkowski, D. T., and Hegde, R. S. (2010). Regulation of basal cellular physiology
by the homeostatic unfolded protein response. J. Cell Biol. 189, 783–794. doi:
10.1083/jcb.201003138

Ryskamp, D., Wu, J., Geva, M., Kusko, R., Grossman, I., Hayden, M., et al. (2017).
The sigma-1 receptor mediates the beneficial effects of pridopidine in a mouse
model of Huntington disease. Neurobiol. Dis. 97(Pt A), 46–59. doi: 10.1016/j.
nbd.2016.10.006

Ryskamp, D., Wu, L., Wu, J., Kim, D., Rammes, G., Geva, M., et al. (2019).
Pridopidine stabilizes mushroom spines in mouse models of Alzheimer’s disease
by acting on the sigma-1 receptor. Neurobiol. Dis. 124, 489–504. doi: 10.1016/j.
nbd.2018.12.022

Ryskamp, D. A., Korban, S., Zhemkov, V., Kraskovskaya, N., and Bezprozvanny,
I. (2019). Neuronal Sigma-1 Receptors: Signaling Functions and Protective
Roles in Neurodegenerative Diseases. Front. Neurosci. 13:862. doi: 10.3389/
fnins.2019.00862

Sabeti, J., Nelson, T. E., Purdy, R. H., and Gruol, D. L. (2007). Steroid pregnenolone
sulfate enhances NMDA-receptor-independent long-term potentiation at
hippocampal CA1 synapses: role for L-type calcium channels and sigma-
receptors. Hippocampus 17, 349–369. doi: 10.1002/hipo.20273

Sande, A., and West, C. (2010). Traumatic brain injury: a review of
pathophysiology and management. J. Vet. Emerg. Crit. Care 20, 177–190. doi:
10.1111/j.1476-4431.2010.00527.x

Schmidt, H. R., Zheng, S., Gurpinar, E., Koehl, A., Manglik, A., and Kruse, A. C.
(2016). Crystal structure of the human sigma1 receptor. Nature 532, 527–530.
doi: 10.1038/nature17391

Schreiner, B., Hedskog, L., Wiehager, B., and Ankarcrona, M. (2015). Amyloid-
beta peptides are generated in mitochondria-associated endoplasmic reticulum
membranes. J. Alzheimers Dis. 43, 369–374. doi: 10.3233/JAD-132543

Shahlaie, K., Lyeth, B. G., Gurkoff, G. G., Muizelaar, J. P., and Berman, R. F. (2010).
Neuroprotective effects of selective N-type VGCC blockade on stretch-injury-
induced calcium dynamics in cortical neurons. J. Neurotrauma 27, 175–187.
doi: 10.1089/neu.2009.1003

Shen, K., Zhang, Y., Lv, X., Chen, X., Zhou, R., Nguyen, L. K., et al.
(2016). Molecular Mechanisms Involving Sigma-1 Receptor in Cell Apoptosis
of BV-2 Microglial Cells Induced by Methamphetamine. CNS Neurol.
Disord Drug Targets 15, 857–865. doi: 10.2174/187152731566616051812
2816

Shetty, A. K., Upadhya, R., Madhu, L. N., and Kodali, M. (2019). Novel
Insights on Systemic and Brain Aging, Stroke, Amyotrophic Lateral Sclerosis,
and Alzheimer’s Disease. Aging Dis. 10, 470–482. doi: 10.14336/AD.2019.
0330

Shimazu, S., Katsuki, H., Takenaka, C., Tomita, M., Kume, T., Kaneko, S., et al.
(2000). sigma receptor ligands attenuate N-methyl-D-aspartate cytotoxicity in
dopaminergic neurons of mesencephalic slice cultures. Eur. J. Pharmacol. 388,
139–146. doi: 10.1016/s0014-2999(99)00852-3

Shohami, E., and Biegon, A. (2014). Novel approach to the role of NMDA receptors
in traumatic brain injury. CNS Neurol. Disord Drug Targets 13, 567–573. doi:
10.2174/18715273113126660196

Sies, H., Berndt, C., and Jones, D. P. (2017). Oxidative Stress. Annu. Rev. Biochem.
86, 715–748. doi: 10.1146/annurev-biochem-061516-045037

Snyder, M. A., McCann, K., Lalande, M. J., Thivierge, J. P., and Bergeron, R.
(2016). Sigma receptor type 1 knockout mice show a mild deficit in plasticity
but no significant change in synaptic transmission in the CA1 region of the
hippocampus. J. Neurochem. 138, 700–709. doi: 10.1111/jnc.13695

Soto, C., and Pritzkow, S. (2018). Protein misfolding, aggregation, and
conformational strains in neurodegenerative diseases. Nat. Neurosci. 21, 1332–
1340. doi: 10.1038/s41593-018-0235-9

Squitieri, F., Di Pardo, A., Favellato, M., Amico, E., Maglione, V., and Frati, L.
(2015). Pridopidine, a dopamine stabilizer, improves motor performance and
shows neuroprotective effects in Huntington disease R6/2 mouse model. J. Cell
Mol. Med. 19, 2540–2548. doi: 10.1111/jcmm.12604

Srivats, S., Balasuriya, D., Pasche, M., Vistal, G., Edwardson, J. M., Taylor, C. W.,
et al. (2016). Sigma1 receptors inhibit store-operated Ca2+ entry by attenuating
coupling of STIM1 to Orai1. J. Cell Biol. 213, 65–79. doi: 10.1083/jcb.201506022

Stankiewicz, T. R., and Linseman, D. A. (2014). Rho family GTPases: key players in
neuronal development, neuronal survival, and neurodegeneration. Front. Cell
Neurosci. 8:314. doi: 10.3389/fncel.2014.00314

Su, T. C., Lin, S. H., Lee, P. T., Yeh, S. H., Hsieh, T. H., Chou, S. Y., et al.
(2016). The sigma-1 receptor-zinc finger protein 179 pathway protects against
hydrogen peroxide-induced cell injury. Neuropharmacology 105, 1–9. doi: 10.
1016/j.neuropharm.2016.01.015

Frontiers in Cellular Neuroscience | www.frontiersin.org 17 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1016/j.ejphar.2012.01.030
https://doi.org/10.1124/jpet.114.214320
https://doi.org/10.1124/jpet.114.214320
https://doi.org/10.1016/j.expneurol.2017.10.030
https://doi.org/10.1038/nrn3504
https://doi.org/10.1503/cmaj.080282
https://doi.org/10.1016/j.neuron.2014.03.030
https://doi.org/10.1016/j.neuron.2014.03.030
https://doi.org/10.1016/j.nbd.2013.10.010
https://doi.org/10.1038/nrm.2015.8
https://doi.org/10.1038/nrm.2015.8
https://doi.org/10.1152/physrev.00020.2014
https://doi.org/10.1093/hmg/ddt008
https://doi.org/10.1155/2021/8836818
https://doi.org/10.1155/2021/8836818
https://doi.org/10.1016/S1474-4422(17)30370-8
https://doi.org/10.1016/s0896-6273(00)80962-9
https://doi.org/10.1016/s0896-6273(00)80962-9
https://doi.org/10.1038/nature06384
https://doi.org/10.1038/nature06384
https://doi.org/10.1016/S1474-4422(18)30391-0
https://doi.org/10.1016/S1474-4422(18)30391-0
https://doi.org/10.1038/nrneurol.2013.22
https://doi.org/10.1038/nrneurol.2013.22
https://doi.org/10.1126/scitranslmed.aau5266
https://doi.org/10.3389/fnmol.2018.00003
https://doi.org/10.1093/brain/awq367
https://doi.org/10.1083/jcb.201003138
https://doi.org/10.1083/jcb.201003138
https://doi.org/10.1016/j.nbd.2016.10.006
https://doi.org/10.1016/j.nbd.2016.10.006
https://doi.org/10.1016/j.nbd.2018.12.022
https://doi.org/10.1016/j.nbd.2018.12.022
https://doi.org/10.3389/fnins.2019.00862
https://doi.org/10.3389/fnins.2019.00862
https://doi.org/10.1002/hipo.20273
https://doi.org/10.1111/j.1476-4431.2010.00527.x
https://doi.org/10.1111/j.1476-4431.2010.00527.x
https://doi.org/10.1038/nature17391
https://doi.org/10.3233/JAD-132543
https://doi.org/10.1089/neu.2009.1003
https://doi.org/10.2174/1871527315666160518122816
https://doi.org/10.2174/1871527315666160518122816
https://doi.org/10.14336/AD.2019.0330
https://doi.org/10.14336/AD.2019.0330
https://doi.org/10.1016/s0014-2999(99)00852-3
https://doi.org/10.2174/18715273113126660196
https://doi.org/10.2174/18715273113126660196
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1111/jnc.13695
https://doi.org/10.1038/s41593-018-0235-9
https://doi.org/10.1111/jcmm.12604
https://doi.org/10.1083/jcb.201506022
https://doi.org/10.3389/fncel.2014.00314
https://doi.org/10.1016/j.neuropharm.2016.01.015
https://doi.org/10.1016/j.neuropharm.2016.01.015
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-685201 September 27, 2021 Time: 16:0 # 18

Shi et al. Sigma-1 Receptor Therapeutic Target

Su, T. P., Hayashi, T., Maurice, T., Buch, S., and Ruoho, A. E. (2010). The
sigma-1 receptor chaperone as an inter-organelle signaling modulator. Trends
Pharmacol. Sci. 31, 557–566. doi: 10.1016/j.tips.2010.08.007

Sun, D., Chen, X., Gu, G., Wang, J., and Zhang, J. (2017). Potential Roles of
Mitochondria-Associated ER Membranes (MAMs) in Traumatic Brain Injury.
Cell Mol. Neurobiol. 37, 1349–1357. doi: 10.1007/s10571-017-0484-2

Szabadkai, G., Bianchi, K., Varnai, P., De Stefani, D., Wieckowski, M. R., Cavagna,
D., et al. (2006). Chaperone-mediated coupling of endoplasmic reticulum and
mitochondrial Ca2+ channels. J. Cell Biol. 175, 901–911. doi: 10.1083/jcb.
200608073

Tabas, I., and Ron, D. (2011). Integrating the mechanisms of apoptosis induced
by endoplasmic reticulum stress. Nat. Cell Biol. 13, 184–190. doi: 10.1038/
ncb0311-184

Tagashira, H., Zhang, C., Lu, Y. M., Hasegawa, H., Kanai, H., Han, F., et al. (2013).
Stimulation of sigma1-receptor restores abnormal mitochondrial Ca(2)(+)
mobilization and ATP production following cardiac hypertrophy. Biochim.
Biophys. Acta 1830, 3082–3094. doi: 10.1016/j.bbagen.2012.12.029

Tchedre, K. T., Huang, R. Q., Dibas, A., Krishnamoorthy, R. R., Dillon, G. H., and
Yorio, T. (2008). Sigma-1 receptor regulation of voltage-gated calcium channels
involves a direct interaction. Invest. Ophthalmol. Vis. Sci. 49, 4993–5002. doi:
10.1167/iovs.08-1867

Timmermann, D. B., Westenbroek, R. E., Schousboe, A., and Catterall,
W. A. (2002). Distribution of high-voltage-activated calcium channels in
cultured gamma-aminobutyric acidergic neurons from mouse cerebral cortex.
J. Neurosci. Res. 67, 48–61. doi: 10.1002/jnr.10074

Toyohara, J., Sakata, M., and Ishiwata, K. (2009). Imaging of sigma1 receptors in
the human brain using PET and [11C]SA4503. Cent. Nerv. Syst. Agents Med.
Chem. 9, 190–196. doi: 10.2174/1871524910909030190

Tsai, S. Y., Chuang, J. Y., Tsai, M. S., Wang, X. F., Xi, Z. X., Hung, J. J., et al.
(2015). Sigma-1 receptor mediates cocaine-induced transcriptional regulation
by recruiting chromatin-remodeling factors at the nuclear envelope. Proc. Natl.
Acad. Sci. U S A 112, E6562–E6570. doi: 10.1073/pnas.1518894112

Tsai, S. Y., Hayashi, T., Harvey, B. K., Wang, Y., Wu, W. W., Shen, R. F., et al.
(2009). Sigma-1 receptors regulate hippocampal dendritic spine formation via
a free radical-sensitive mechanism involving Rac1xGTP pathway. Proc. Natl.
Acad. Sci. U S A 106, 22468–22473. doi: 10.1073/pnas.0909089106

Tuerxun, T., Numakawa, T., Adachi, N., Kumamaru, E., Kitazawa, H., Kudo, M.,
et al. (2010). SA4503, a sigma-1 receptor agonist, prevents cultured cortical
neurons from oxidative stress-induced cell death via suppression of MAPK
pathway activation and glutamate receptor expression. Neurosci. Lett. 469,
303–308. doi: 10.1016/j.neulet.2009.12.013

Urani, A., Romieu, P., Portales-Casamar, E., Roman, F. J., and Maurice, T. (2002).
The antidepressant-like effect induced by the sigma(1) (sigma(1)) receptor
agonist igmesine involves modulation of intracellular calcium mobilization.
Psychopharmacology 163, 26–35. doi: 10.1007/s00213-002-1150-y

Vetel, S., Foucault-Fruchard, L., Tronel, C., Buron, F., Vergote, J., Bodard, S., et al.
(2021). Neuroprotective and anti-inflammatory effects of a therapy combining
agonists of nicotinic alpha7 and sigma1 receptors in a rat model of Parkinson’s
disease. Neural. Regen. Res. 16, 1099–1104. doi: 10.4103/1673-5374.300451

Voronin, M. V., Kadnikov, I. A., Voronkov, D. N., and Seredenin, S. B. (2019).
Chaperone Sigma1R mediates the neuroprotective action of afobazole in the
6-OHDA model of Parkinson’s disease. Sci. Rep. 9:17020. doi: 10.1038/s41598-
019-53413-w

Walter, P., and Ron, D. (2011). The unfolded protein response: from stress
pathway to homeostatic regulation. Science 334, 1081–1086. doi: 10.1126/
science.1209038

Wang, J., Shanmugam, A., Markand, S., Zorrilla, E., Ganapathy, V., and Smith,
S. B. (2015). Sigma 1 receptor regulates the oxidative stress response in primary
retinal Muller glial cells via NRF2 signaling and system xc(-), the Na(+)-
independent glutamate-cystine exchanger. Free Radic Biol. Med. 86, 25–36.
doi: 10.1016/j.freeradbiomed.2015.04.009

Wang, L., Eldred, J. A., Sidaway, P., Sanderson, J., Smith, A. J., Bowater, R. P., et al.
(2012). Sigma 1 receptor stimulation protects against oxidative damage through
suppression of the ER stress responses in the human lens. Mech. Ageing Dev.
133, 665–674. doi: 10.1016/j.mad.2012.09.005

Wang, M., and Kaufman, R. J. (2016). Protein misfolding in the endoplasmic
reticulum as a conduit to human disease. Nature 529, 326–335. doi: 10.1038/
nature17041

Wang, M., Wan, C., He, T., Han, C., Zhu, K., Waddington, J. L., et al. (2020). Sigma-
1 receptor regulates mitophagy in dopaminergic neurons and contributes
to dopaminergic protection. Neuropharmacology 2020:108360. doi: 10.1016/j.
neuropharm.2020.108360

Wang, S., and Kaufman, R. J. (2012). The impact of the unfolded protein response
on human disease. J. Cell Biol. 197, 857–867. doi: 10.1083/jcb.201110131

Wang, T., Yuan, F., Chen, Z., Zhu, S., Chang, Z., Yang, W., et al. (2020). Vascular,
inflammatory and metabolic risk factors in relation to dementia in Parkinson’s
disease patients with type 2 diabetes mellitus. Aging 12, 15682–15704. doi:
10.18632/aging.103776

Wang, Y., and Zhao, C. S. (2019). Sigma-1 receptor activation ameliorates LPS-
induced NO production and ROS formation through the Nrf2/HO-1 signaling
pathway in cultured astrocytes. Neurosci. Lett. 711:134387. doi: 10.1016/j.neulet.
2019.134387

Wang, Z. V., Deng, Y., Gao, N., Pedrozo, Z., Li, D. L., Morales, C. R., et al.
(2014). Spliced X-box binding protein 1 couples the unfolded protein response
to hexosamine biosynthetic pathway. Cell 156, 1179–1192. doi: 10.1016/j.cell.
2014.01.014

Watabe-Uchida, M., Govek, E. E., and Van Aelst, L. (2006). Regulators of Rho
GTPases in neuronal development. J. Neurosci. 26, 10633–10635. doi: 10.1523/
JNEUROSCI.4084-06.2006

Weber, J. T. (2012). Altered calcium signaling following traumatic brain injury.
Front. Pharmacol. 3:60. doi: 10.3389/fphar.2012.00060

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

Wong, K. Y., Roy, J., Fung, M. L., Heng, B. C., Zhang, C., and Lim, L. W. (2020).
Relationships between Mitochondrial Dysfunction and Neurotransmission
Failure in Alzheimer’s Disease. Aging Dis. 11, 1291–1316. doi: 10.14336/AD.
2019.1125

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

Xie, B. S., Wang, Y. Q., Lin, Y., Mao, Q., Feng, J. F., Gao, G. Y., et al. (2019).
Inhibition of ferroptosis attenuates tissue damage and improves long-term
outcomes after traumatic brain injury in mice. CNS Neurosci. Ther. 25, 465–475.
doi: 10.1111/cns.13069

Xie, F., Gao, X., Yang, W., Chang, Z., Yang, X., Wei, X., et al. (2019). Advances
in the Research of Risk Factors and Prodromal Biomarkers of Parkinson’s
Disease. ACS Chem. Neurosci. 10, 973–990. doi: 10.1021/acschemneuro.8b0
0520

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

Xu, Z., Chen, Y., and Chen, Y. (2019). Spatiotemporal Regulation of Rho GTPases
in Neuronal Migration. Cells 8:6. doi: 10.3390/cells8060568

Yagami, T., Kohma, H., and Yamamoto, Y. (2012). L-type voltage-dependent
calcium channels as therapeutic targets for neurodegenerative diseases. Curr.
Med. Chem. 19, 4816–4827. doi: 10.2174/092986712803341430

Yang, W., Chang, Z., Que, R., Weng, G., Deng, B., Wang, T., et al. (2020). Contra-
Directional Expression of Plasma Superoxide Dismutase with Lipoprotein
Cholesterol and High-Sensitivity C-reactive Protein as Important Markers of
Parkinson’s Disease Severity. Front. Aging Neurosci. 12:53. doi: 10.3389/fnagi.
2020.00053

Youle, R. J., and Strasser, A. (2008). The BCL-2 protein family: opposing activities
that mediate cell death. Nat. Rev. Mol. Cell Biol. 9, 47–59. doi: 10.1038/nrm2308

Zamponi, G. W. (2016). Targeting voltage-gated calcium channels in neurological
and psychiatric diseases. Nat. Rev. Drug Discov. 15, 19–34. doi: 10.1038/nrd.
2015.5

Zhang, H., and Cuevas, J. (2002). Sigma receptors inhibit high-voltage-
activated calcium channels in rat sympathetic and parasympathetic neurons.
J. Neurophysiol. 87, 2867–2879. doi: 10.1152/jn.2002.87.6.2867

Zhang, J., and Diamond, J. S. (2006). Distinct perisynaptic and synaptic localization
of NMDA and AMPA receptors on ganglion cells in rat retina. J. Comp. Neurol.
498, 810–820. doi: 10.1002/cne.21089

Zhang, K., Zhao, Z., Lan, L., Wei, X., Wang, L., Liu, X., et al. (2017). Sigma-
1 Receptor Plays a Negative Modulation on N-type Calcium Channel. Front.
Pharmacol. 8:302. doi: 10.3389/fphar.2017.00302

Frontiers in Cellular Neuroscience | www.frontiersin.org 18 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1016/j.tips.2010.08.007
https://doi.org/10.1007/s10571-017-0484-2
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1038/ncb0311-184
https://doi.org/10.1038/ncb0311-184
https://doi.org/10.1016/j.bbagen.2012.12.029
https://doi.org/10.1167/iovs.08-1867
https://doi.org/10.1167/iovs.08-1867
https://doi.org/10.1002/jnr.10074
https://doi.org/10.2174/1871524910909030190
https://doi.org/10.1073/pnas.1518894112
https://doi.org/10.1073/pnas.0909089106
https://doi.org/10.1016/j.neulet.2009.12.013
https://doi.org/10.1007/s00213-002-1150-y
https://doi.org/10.4103/1673-5374.300451
https://doi.org/10.1038/s41598-019-53413-w
https://doi.org/10.1038/s41598-019-53413-w
https://doi.org/10.1126/science.1209038
https://doi.org/10.1126/science.1209038
https://doi.org/10.1016/j.freeradbiomed.2015.04.009
https://doi.org/10.1016/j.mad.2012.09.005
https://doi.org/10.1038/nature17041
https://doi.org/10.1038/nature17041
https://doi.org/10.1016/j.neuropharm.2020.108360
https://doi.org/10.1016/j.neuropharm.2020.108360
https://doi.org/10.1083/jcb.201110131
https://doi.org/10.18632/aging.103776
https://doi.org/10.18632/aging.103776
https://doi.org/10.1016/j.neulet.2019.134387
https://doi.org/10.1016/j.neulet.2019.134387
https://doi.org/10.1016/j.cell.2014.01.014
https://doi.org/10.1016/j.cell.2014.01.014
https://doi.org/10.1523/JNEUROSCI.4084-06.2006
https://doi.org/10.1523/JNEUROSCI.4084-06.2006
https://doi.org/10.3389/fphar.2012.00060
https://doi.org/10.1155/2017/4582135
https://doi.org/10.14336/AD.2019.1125
https://doi.org/10.14336/AD.2019.1125
https://doi.org/10.1111/jnc.13182
https://doi.org/10.1111/cns.13069
https://doi.org/10.1021/acschemneuro.8b00520
https://doi.org/10.1021/acschemneuro.8b00520
https://doi.org/10.1016/j.pneurobio.2016.05.001
https://doi.org/10.3390/cells8060568
https://doi.org/10.2174/092986712803341430
https://doi.org/10.3389/fnagi.2020.00053
https://doi.org/10.3389/fnagi.2020.00053
https://doi.org/10.1038/nrm2308
https://doi.org/10.1038/nrd.2015.5
https://doi.org/10.1038/nrd.2015.5
https://doi.org/10.1152/jn.2002.87.6.2867
https://doi.org/10.1002/cne.21089
https://doi.org/10.3389/fphar.2017.00302
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-685201 September 27, 2021 Time: 16:0 # 19

Shi et al. Sigma-1 Receptor Therapeutic Target

Zhang, S. J., Steijaert, M. N., Lau, D., Schutz, G., Delucinge-Vivier, C., Descombes,
P., et al. (2007). Decoding NMDA receptor signaling: identification of genomic
programs specifying neuronal survival and death. Neuron 53, 549–562. doi:
10.1016/j.neuron.2007.01.025

Zhang, X. J., Liu, L. L., Jiang, S. X., Zhong, Y. M., and Yang, X. L. (2011). Activation
of the zeta receptor 1 suppresses NMDA responses in rat retinal ganglion cells.
Neuroscience 177, 12–22. doi: 10.1016/j.neuroscience.2010.12.064

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

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

Zhao, J., Mysona, B. A., Qureshi, A., Kim, L., Fields, T., Gonsalvez, G. B., et al.
(2016). (+)-Pentazocine Reduces NMDA-Induced Murine Retinal Ganglion
Cell Death Through a sigmaR1-Dependent Mechanism. Invest. Ophthalmol.
Vis. Sci. 57, 453–461. doi: 10.1167/iovs.15-18565

Zhao, X., Zhu, L., Liu, D., Chi, T., Ji, X., Liu, P., et al. (2019). Sigma-1 receptor
protects against endoplasmic reticulum stress-mediated apoptosis in mice with
cerebral ischemia/reperfusion injury. Apoptosis 24, 157–167. doi: 10.1007/
s10495-018-1495-2

Zhou, H., Li, S., Li, C., Yang, X., Li, H., Zhong, H., et al. (2020). Oxyphylla A
Promotes Degradation of alpha-Synuclein for Neuroprotection via Activation
of Immunoproteasome. Aging Dis. 11, 559–574. doi: 10.14336/AD.2019.0612

Zhou, Z., Torres, M., Sha, H., Halbrook, C. J., Van den Bergh, F., Reinert,
R. B., et al. (2020). Endoplasmic reticulum-associated degradation regulates

mitochondrial dynamics in brown adipocytes. Science 368, 54–60. doi: 10.1126/
science.aay2494

Zou, L. B., Yamada, K., and Nabeshima, T. (1998). Sigma receptor ligands
(+)-SKF10,047 and SA4503 improve dizocilpine-induced spatial memory
deficits in rats. Eur. J. Pharmacol. 355, 1–10. doi: 10.1016/s0014-2999(98)00
464-6

Zou, L. B., Yamada, K., Sasa, M., Nakata, Y., and Nabeshima, T. (2000). Effects
of sigma(1) receptor agonist SA4503 and neuroactive steroids on performance
in a radial arm maze task in rats. Neuropharmacology 39, 1617–1627. doi:
10.1016/s0028-3908(99)00228-2

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Shi, Chen, Chen, Yang, Yue, Zhang and Chen. 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 19 September 2021 | Volume 15 | Article 685201

https://doi.org/10.1016/j.neuron.2007.01.025
https://doi.org/10.1016/j.neuron.2007.01.025
https://doi.org/10.1016/j.neuroscience.2010.12.064
https://doi.org/10.1186/s12974-015-0250-7
https://doi.org/10.1186/s12974-015-0250-7
https://doi.org/10.1167/iovs.13-12823
https://doi.org/10.1167/iovs.13-12823
https://doi.org/10.1167/iovs.15-18565
https://doi.org/10.1007/s10495-018-1495-2
https://doi.org/10.1007/s10495-018-1495-2
https://doi.org/10.14336/AD.2019.0612
https://doi.org/10.1126/science.aay2494
https://doi.org/10.1126/science.aay2494
https://doi.org/10.1016/s0014-2999(98)00464-6
https://doi.org/10.1016/s0014-2999(98)00464-6
https://doi.org/10.1016/s0028-3908(99)00228-2
https://doi.org/10.1016/s0028-3908(99)00228-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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: A Potential Therapeutic Target for Traumatic Brain Injury
	Introduction
	Sigma-1 Receptor Is Involved in Modulation of Endoplasmic Reticulum Stress
	Sigma-1 Receptor and Protein Kinase RNA-Like Endoplasmic Reticulum Kinase-Mediated Endoplasmic Reticulum Stress
	Sigma-1 Receptor and Inositol-Requiring Enzyme 1-Mediated Endoplasmic Reticulum Stress
	Sigma-1 Receptor and Activating Transcription Factor 6-Mediated Endoplasmic Reticulum Stress
	Sigma-1 Receptor and Endoplasmic Reticulum-Assisted Protein Degradation

	Sigma-1 Receptor Exerts Pluripotent Regulatory Effects on Mitochondrial Function
	Sigma-1 Receptor Suppresses Glutamate Excitotoxicity by Regulation of N-Methyl-d-Aspartate Receptor Activities
	Sigma-1 Receptor Modulates the Intracellular Calcium Homeostasis
	Sigma-1 Receptor Regulates the Voltage-Gated Calcium Channels Activities
	Sigma-1 Receptor Regulates Non-voltage-Gated Calcium Channels Activities

	Sigma-1 Receptor Plays an Important Role in Regulation of Neuroinflammation
	Sigma-1 Receptor Regulates Astrocyte-Mediated Neuroinflammation
	Sigma-1 Receptor Regulates Microglia-Mediated Neuroinflammation

	Sigma-1 Receptor Plays an Important Role in Neurodegenerative Diseases
	Sigma-1 Receptor in Alzheimer's Disease
	Sigma-1 Receptor in Parkinson's Disease
	Sigma-1 Receptor in Huntington Disease

	Conclusion and Future Perspective
	Author Contributions
	Funding
	References


