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Abstract

Introduction—Sigma-1 receptors (Sig-1Rs) are molecular chaperones that reside mainly in the 

endoplasmic reticulum (ER) but exist also in the proximity of the plasma membrane. Sig-1Rs are 

highly expressed in the CNS and are involved in many cellular processes including cell 

differentiation, neuritogenesis, microglia activation, protein quality control, calcium-mediated ER 

stress and ion channel modulation. Disturbance in any of the above cellular processes can 

accelerate the progression of many neurological disorders; therefore, the Sig-1R has been 

implicated in several neurological diseases.

Areas covered—This review broadly covers the functions of Sig-1Rs including several 

neurodegenerative disorders in humans and drug addiction-associated neurological disturbance in 

the case of HIV infection. We discuss how several Sig-1R ligands could be utilized in therapeutic 

approaches to treat those disorders.

Expert opinion—Emerging understanding of the cellular functions of this unique 

transmembrane chaperone may lead to the use of new agents or broaden the use of certain 

available ligands as therapeutic targets in those neurological disorders.
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1. Introduction

The sigma-1 receptor (Sig-1R) is a non-opioid type of receptor [1] that interacts with 

endogenous steroids. It was later identified as a ligand-responsive endoplasmic reticulum 
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(ER) chaperone residing specifically at the ER–mitochondrion interface referred to as the 

mitochondria-associated ER membrane (MAM) [2]. At the MAM, Sig-1Rs chaperone the 

activity of inositol 1,4,5-trisphosphate type 3 (IP3) receptors [2] and the IRE-1 ER stress 

sensor [3] and regulate such diverse processes as calcium signaling, lipid biosynthesis, Rac 

GTPase effector Tiam1 [4] and apoptosis (Figure 1). In addition, Sig-1Rs are known to 

protect cells from oxidative stress [5,6] and ER-mediated cellular stress, and are known to 

participate in the unfolded protein response (UPR). Interestingly, the Sig-1R not only exists 

in the MAM but also translocates via ligand stimulation to other parts of cells or neurons 

where Sig-1Rs can interact with and modulate the functions of several receptors, ion 

channels or kinases on the plasma membrane [7,8]. This property of the Sig-1R was 

designated as ‘inter-organelle signaling modulation’ [9]. The functions of Sig-1Rs thus 

relate to their actions locally at the MAM but also remotely at other parts of the cell or 

neuron.

In this review, we have highlighted the works that present the potential of Sig-1R ligands in 

ameliorating the progression of common neurological disorders. In particular, we are 

interested in how the Sig-1R is involved in the onset or progression of neuronal dysfunctions 

arising from motor neuron diseases (MNDs), neurodegenerative disorders particularly the 

Alzheimer’s disease (AD) and Parkinson’s disease (PD), psychiatric disorders and last, HIV-

associated neurodementia (HAND). We aim to examine these aspects individually and 

attempt to pinpoint what could be the most promising approaches for future therapeutic 

interventions.

2. Neurodegenerative disorders

2.1 Motor neuron diseases

MNDs are a group of progressive neurological disorders that are caused by deterioration of 

the nerve cells that control muscle movement. They affect 1 – 5 out of 100,000 people in the 

world and can be classified into sporadic or inherited types. To date, most of the MNDs still 

lack effective therapeutic strategies. Genetic alterations in a number of genes including the 

open reading frame C9orf72, superoxide dismutase 1 (SOD1), transactivating response 

element (TAR) DNA binding protein (TARDBP, also known as TDP-43), RNA-binding 

protein fused in sarcoma, valosin-containing protein, SQSTM1/p62 and Profilin1 have been 

linked to the genetic heterogeneity and etiological diversity in the pathogenesis of the 

familial MND and allied dementia [10].

Scientists have placed Sig-1Rs in the spotlight to address the onset and pathogenesis of 

motor neuron (MN)-related disorders. Two recent amyotrophic lateral sclerosis (ALS) 

review articles highlight the Sig-1R as one of the genes involved in the pathogenesis of ALS 

and bring out the concept that SIGMAR1 heterogeneity might be related to the pathogenesis 

of ALS [11,12]. A pioneer genetic study analyzing different ethnic groups reveals that 

SIGMAR1 mutations are linked to several familial MNDs. In 2010, Luty et al. [13] 

conducted a series of mutation screenings of candidate genes that cosegregate with the 

disease phenotype in the Australian-origin frontotemporal lobar degeneration (FTLD)-MND 

lineage (family Aus-14) and identified a nonpolymorphic mutation (c.672*51G > T) in the 

3′-untranslated region (UTR) of the SIGMAR1 gene. Their findings support that SIGMAR1 
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is a causative gene for familial FTLD-MND. Further, they found that the Sig-1R agonist 

opipramol had significant effects on TDP-43 localization. Changes in TDP-43 localization 

patterns by Sig-1R ligand treatments suggest that these compounds may have direct 

therapeutic potential for TDP-43 proteinopathies that are associated with FTLD-MND 

(Figure 1). In 2011, Al-Saif et al. [14] conducted homozygosity mapping and direct 

sequencing in an extended consanguinity family from Saudi Arabia and found a mutation at 

the E102Q locus in the SIGMAR1 gene that was accountable for the onsets of juvenile ALS. 

The E102Q-mutant Sig-1Rs showed aberrant membrane distribution patterns when 

compared to wild-type Sig-1Rs. A recent paper also found that overexpressing SIGMAR1 
gene-variant E102Q aggravates mitochondrial damages and leads to aberrant TDP-43 

localization [15]. The above three reports strengthen the argument that SIGMAR1 is 

associated with MNDs. Conversely, Belzil et al. [16] reported that variations in the 3′-UTR 

of the SIGMAR1 gene are not associated with FTLD-MND pathogenesis in the Caucasian 

cohort populations whom they screened. In this study, the authors sequenced the UTR 

coding regions of the SIGMAR1 gene in a targeted Caucasian population, of which 25 

individual familial ALS patients had a history of cognitive impairments. Surprisingly, they 

identified one variant (c.672* 43G > T) in the 3′-UTR of SIGMAR1 in one patient among 

the large populations, and the same variant was also identified in one individual out of the 

190 matched controls. Hence, the authors suggested that this variant is not the cause of ALS 

in this particular pedigree. Interestingly, 52% of affected individuals carried a 

hexanucleotide repeat expansion in C90RF72. Given the fact that both SIGMAR1 and 

C90RF72 are close to each other on chromosome 9p, the authors argued that the 3′-UTR 

SIGMAR1 variant identified by Luty et al. actually segregated with C90RF72 expansions; 

thus, further studies in different populations are warranted to support the assertion that 

SIGMAR1 gene is causative of ALS in certain pedigrees.

Abnormal intracellular accumulations of misfolded proteins in the brain are pathological 

hallmarks of most neurodegenerative diseases. A growing body of evidence suggests that 

Sig-1R maintains protein quality by regulating protein degradation and stability [3,17]. In 

addition, various studies have shown that Sig-1R ligands exert ameliorating effects on 

proteinopathy-associated neurodegenerative diseases. Since ligand activation may promote 

and stabilize Sig-1R oligomers, thus conferring improved chaperone functionality to the 

Sig-1R [18] and attention has been focused on Sig-1R protein modifications and the 

resultant effects in ALS progression. Indeed, abnormal Sig-1R accumulation is found in the 

neuronal nuclear inclusions in many neurodegenerative diseases [13,19]. Sig-1R 

participation in the degradation of misfolded protein via the endoplasmic reticulum-

associated degradation machinery linked to the ubiquitin-mediated UPR indicates that 

Sig-1Rs may be part of the innate cellular responses to counteract the pathological 

mechanisms and promote survival in affected MNs.

High levels of Sig-1Rs are found in the MNs in the spinal cord and brainstem regions 

[20,21]. Remarkably, although the precursor MNs are known to be present in the spinal cord 

at early developmental stages, Sig-1R expression was not detectable in the MNs prior to 

E15, but was more intense at E18 [22]. Notably, synaptic cholinergic dysfunction and 

diminution in postsynaptic cholinergic-related structure was observed in parallel to early 

loss of Sig-1R immunoreactivity in lumbar MNs from the young ALS mice [23]. Behavioral 
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studies evaluating motor coordination using the rotarod performance test revealed that 

Sig-1R knockout (KO) mice stayed on for a shorter time than wild-type mice, implying that 

the Sig-1R plays a role in the motor behavior [21]. It was also found that Sig-1R agonist 

PRE-084 improved locomotor performance outcomes in the SOD1 (G93A) mouse model of 

ALS. PRE-084 administration also significantly preserved the MNs and neuromuscular 

connections in the lumbar spinal cord of the SOD1 transgenic mice [24]. These positive 

results suggested that Sig-1R ligands could be applied to prolong the lifespan in ALS 

patients. In fact, KO of Sig-1Rs exacerbates ALS progression in the SOD1 (G93A) ALS 

mouse model [25]. Similar results were obtained by Ono et al. [26] using the same ALS 

mouse model and the NSC34 cell line model. Although the Sig-1R agonist SA4503 did not 

delay the onset time of ALS, it suppressed the progression of ALS and significantly 

extended the lifespan of SOD1 (G93A) mice.

Several proteins have been found to exhibit proteinopathies in MND patients. Typically, 

these proteins have the propensity to form abnormal aggregates and inclusion bodies in the 

affected neurons. Sig-1Rs were found to abnormally redistribute in α-MN of ALS patients, 

form ubiquitinated aggregates that lead to UPR and interact with another ALS-8-associated 

ER protein, vesicle-associated membrane protein-associated protein B (VAPB). 

Additionally, overall Sig-1R levels were significantly reduced in the ALS patient samples 

[27]. The authors also confirmed our previous findings [4] that depletion of Sig-1R leads to 

increased oxidative stress and abnormal mitochondrial membrane potential, thus triggering 

cytochrome c release and elevated caspase-3 cleavages. Interestingly, pharmacological 

activation of Sig-1R using PRE-084 exerts a similar neuroprotective effect by reducing 

abnormal VAPB aggregates [27]. Another study confirmed that the Sig-1R is beneficial to 

MN survival and motor behavior via the modulation of astrocytosis and macrophage/

microglia activation [28]. Using a spontaneous MN degeneration wobbler mouse model that 

is not linked to SOD1 mutation, the authors discovered that chronic treatment of PRE-084 

enhanced brain-derived neurotrophic factor (BDNF)-mediated trophic support to improve 

MN survival and ameliorate ALS symptoms. However, one recent study reported that when 

attempting to combine the treatments of PRE-084 and a natural polyphenol resveratrol 

(RSV) in the ALS mouse model, the combinatory therapy approach did not show a 

synergistic effect [29]. The absence of a synergistic effect may be indicative of a common 

protective mechanism since RSV is known to suppress oxidative stress and protect cellular 

functions, which are also recognized as Sig-1R functions.

Taken together, the increasing evidence supports that Sig-1Rs are involved in the progression 

of several MNDs. The onset of some familial MNDs may be due to genetic mutations in 

SIGMAR1 causing inadequate MN function, and others may be related to the formation of 

certain proteinopathies due to the loss of Sig-1R function in aged MNs. Sig-1R ligands 

apparently display therapeutic potential to treat these disorders.

2.2 Alzheimer’s disease

AD is the most prevalent neurodegenerative disorder associated with dementia [30]. 

Although AD pathology is complex and its etiology remains inconclusive, hallmarks of 

human AD include progressive cognitive decline that follows chronic neuroinflammation 
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and the emergence of hyperphosphorylated Tau protein aggregates and amyloid β (Aβ) 

plaques [31,32]. It has been proposed that Sig-1Rs comprise part of the endogenous cellular 

defense against neurodegenerative disorders such as AD and parkinsonism [33,34]. Calcium 

signaling at the MAM, in particular, appears to play an important role in AD 

pathophysiology and the Sig-1R may be responsible for neuroprotective regulatory functions 

in this subcompartment [35]. Indeed, neuroimaging studies revealed that Sig-1Rs are present 

in lower density in brains from AD patients relative to the brains of healthy individuals [36]. 

Moreover, there is emerging evidence that certain polymorphisms of the SIGMAR1 gene, 

especially when present alongside the known AD risk factor APOE4, are linked to the onset 

of AD neurodegeneration [37,38]. These findings suggest that Sig-1Rs prevent or mitigate 

AD pathology and therefore present as a promising therapeutic target.

Understanding the pathophysiology of AD is important for devising efficacious treatment 

strategies. Aβ plaque deposits, neurofibrillary tangles (NFTs) and neuroinflammation all 

play critical and perhaps interrelated roles in the progression of AD [39]. Aβ deposits in 

brain tissue have received the most attention in the investigation of AD onset and 

progression. Ab plaques are large aggregates of misfolded amyloid protein fragments of 

varying lengths. Aβ25–35 fragments are implicated in the pathophysiology of AD and 

possess multiple neurotoxic mechanisms including the disruption of calcium homeostasis, 

production of reactive oxygen species (ROS), hyperactivation of NMDA channels and 

promotion of proapoptotic signaling through the upregulation of Bax (Figure 1). Injections 

of Aβ25–35 fragments in mice and rats induce an increase in intracellular calcium 

concentrations, memory deficits, and AD-like pathology in brain tissue [40,41]. A selective 

Sig-1R agonist, afobazole, was reported to prevent Bax increase and promote calcium 

homeostasis in rat cortical neurons. Following incubation with Aβ25 – 35, however, this 

observation was not extended to the pan-selective Sig-1R agonist, 1,3-di-O-tolylguanidine 

(DTG) [40]. Another group reported that the high affinity Sig-1R agonists (+)-pentazocine 

(PTZ), SA4503 and PRE-084 each prevent Aβ25–35-induced memory impairments, as did 

specific neurosteroids that are known to interact with the Sig-1R such as 

dehydroepiandrosterone (DHEA) [41]. Pharmacologic stimulation of Sig-1Rs is also 

reported to alleviate oxidative stress and indeed, small interfering RNA (siRNA) knockdown 

or KO of Sig-1Rs results in elevated ROS in mouse or rat tissue; these effects have been 

shown to confer susceptibility to oxidative cytotoxicity in vitro [4,6,42]. Aβ1 – 42 fragments 

also increase the production of intracellular ROS, which has been shown to inhibit long-term 

potentiation (LTP) in rat hippocampal slices. PRE-084 rescues LTP suppression by Aβ 1 – 42 

in part by activation of the nuclear factor erythroid 2-related factor (Nrf2) redox signaling 

pathway; however, whether pharmacological stimulation of the Sig-1R is sufficient to 

overcome oxidative stress mediated by all pathogenic amyloid species involved in AD 

progression remains to be clarified [43]. It has been proposed that Sig-1Rs are able to signal 

through the Nrf2 transcriptional pathway, in light of the finding that (+)-PTZ treatment 

increases cellular mRNA of the housekeeping antioxidant proteins NQO1 and SOD1 [6].

NFTs are composed primarily of hyperphosphorylated Tau protein fragments in aggregates 

known as paired helical filaments (PHFs) [44]. Normal tau proteins stabilize the structure of 

microtubules in neurons; however, in disease models misfolded and cleaved tau fragments 

are unable to perform their regular function and promote the nucleation and accumulation of 
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PHFs on the surface of lysosomes, thereby blocking the lysosome-autophagy pathway [45]. 

Loss of Sig-1Rs in cell lines has recently been demonstrated to cause deficits in 

endolysosomal autophagy pathways; however, whether Sig-1R agonists could abrogate NFT 

accumulation in AD models remains to be addressed [46]. Moreover, PHFs are known to be 

heavily ubiquitinated; however, it is somewhat controversial whether or not normal tau 

proteins are substrates of the ubiquitin-proteasome pathway and it is unclear if proteasomal 

degradation participates in the cellular response against NFT accumulation [47–49]. The 

Sig-1R participates in the UPR and displays molecular chaperone activity, indicating that it 

may help to clear protein accumulations that mediate cellular stress [2,3,17,19]. Aβ25–35 

injection in mice was demonstrated to promote the aberrant hyperphosphorylation of tau 

proteins and the development of Aβ1 – 42 fragments in the hippocampus. These effects were 

dramatically attenuated by a mixed muscarinic/Sig-1R agonist, ANAVEX2–73 [50]. 

Donepezil is the most widely prescribed compound for AD and, although its proposed 

mechanism of action is acetylcholine esterase inhibition, it is also a potent Sig-1R agonist. 

One group reported that donepezil does indeed bind to Sig-1Rs in human male brains and 

that the agonist potentiates neural growth factor-mediated neurite outgrowth via the action of 

Sig-1Rs and IP3 receptors [51,52]. Thus, future investigations may emphasize ligand 

cocktails that stimulate an array of receptor types, with the Sig-1R among them, in order to 

modulate cellular response mechanisms.

AD pathology may also be caused by chronic inflammation of the CNS [32]. AD patients 

have higher proinflammatory cytokines and a large population of either ‘primed’ microglia 

or bona fide active microglia in the M1 phenotype. Early neuroinflammation may be 

beneficial to the CNS since it can promote the phagocytosis of Aβ plaques and degenerated 

neurons. However, the reactivity of microglia appears to be poorly regulated, and in later 

stages of the disease these phagocytic cells accelerate the atrophy of brain areas through the 

mediation of synaptic and neuronal phagocytosis. The presence of Aβ plaques has been the 

traditional marker of AD; however, it is now under consideration that neuroinflammatory 

processes precede the arrival of amyloid deposits. Both microglia and astrocytes express 

abundant Sig-1R, and the pharmacological activation of Sig-1Rs was shown to modulate 

neuroimmune responses [53–55]. Indeed, we previously reported that KO of Sig-1R causes 

dramatic upregulation of several immune response proteins [5]. Sig-1R agonist DTG 

administration reduces the secretion of inflammatory cytokines including TNF-a, INF-γ and 

IL-10 and is able to suppress the release of cytotoxic ROS associated with activated 

microglia and macrophages (Figure 1) [55]. Activation of Sig-1Rs in primary rat microglia 

by DTG induced potent suppression of microglia activation through the inhibition of 

cytokine release, cytoskeletal rearrangement and migration. In agreement with other reports 

of Sig-1R mechanisms of regulation, DTG suppressed both short-and long-term intracellular 

calcium increases associated with activation of microglia [55]. It is, therefore, very 

interesting to understand how pharmacological stimulation of Sig-1Rs may prevent immune 

effector cell-mediated atrophy of the CNS; however, suppressing the innate immune system 

in early stages of AD may promote the accumulation of Ab deposits.

Although there are several potentially promising avenues for Sig-1R intervention in AD 

pathology, critical issues need to be further evaluated. Perhaps Sig-1R agonists can prevent 

Aβ25–35-mediated cell damage and exert beneficial immunomodulatory effects on CNS 
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phagocytes, though the long-term and total biological effects of immunomodulation are 

unknown in AD. Although the emerging data on Sig-1R ligand-based therapies in the 

treatment of AD are promising, it is unclear if molecules that exclusively target Sig-1Rs will 

be sufficient to overcome AD pathology and retard neurodegeneration. Further, if the cause 

of AD in specific cases is indeed linked to inheritance of defective SIG-MAR1 gene 

variants, it is also unclear if agonist-based treatment regimens would exert any observable 

effects on AD pathophysiology.

2.3 Parkinson’s disease

PD is second in prevalence only to AD among neurodegenerative disorders, with 

approximately three-quarters of parkinsonism reportedly due to neuronal proteinopathies 

[56]. The causes of familial and sporadic PD are still unclear; however, genetic, aging and 

environmental risk factors have been identified. As with many neurodegenerative disorders, 

oxidative stress, insoluble protein aggregations and neuroinflammation are reported to 

contribute to the pathogenesis of PD [57]. Parkinson’s pathobiology is classically 

characterized as the progressive loss of dopaminergic neurons in the substantia nigra leading 

to the hallmark tremors of the limbs and loss of motor control observed in clinical settings. 

More recently, our understanding of PD has expanded to include several nonmotor 

symptoms (NMSs) that often precede motor symptoms such as depression, autonomic 

dysfunction and cognitive decline [58]. These NMSs are linked to the emergence of Lewy 

bodies, inclusion bodies primarily composed of α-synuclein, in nerve cells [59]. A few early 

studies have investigated the role of Sig-1Rs in mouse models of PD: previously for the 

amelioration of dyskinesias associated with L-dopa treatment and more recently for their 

apparent neurorestorative and protective properties. Additionally, Sig-1R binding potential 

as evaluated by positron emission tomography is reduced in brain areas affected by PD 

pathology, thus emphasizing the potential role of Sig-1Rs [60].

Most pharmacological studies involving the Sig-1R in the context of PD have been focused 

on the alleviation of L-dopa-induced dyskinesias. The Sig-1R antagonist BMY-14802 

suppressed L-dopa induction of dyskinesias; however, it is unclear if this is due to 

nonspecific actions of the ligand [61]. Dextromethorphan, a Sig-1R agonist and NMDA 

receptor ligand was also able to suppress L-dopa-associated involuntary movements; 

however, NMDA antagonists were unable to block these effects, thereby indicating Sig-1R 

mechanisms are likely involved [62]. The paradigm of inhibiting Sig-1R function may not be 

the most advantageous strategy for treating PD. As described in this review, several 

neuroprotective functions of the Sig-1R have been thoroughly evaluated; compromising 

Sig-1Rs may potentiate neurodegeneration by sensitizing neurons to stressors present in PD 

such as protein accumulations and excitotoxicity. Indeed, siRNA knockdown of Sig-1Rs in 

Chinese hamster ovarian cells sensitized them to dopamine excitotoxicity and in vitro 
studies have demonstrated that Sig-1R ligands confer protection against glutamate 

excitotoxicity [42,63]. Ideally, future therapies would center on slowing or halting the 

pathogenesis of PD rather than alleviating symptoms associated with PD.

As mentioned, microglia and astrocytes express abundant Sig-1R, and pharmacological 

stimulation thereof has been shown to regulate the secretion of cytokines and other 
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biological factors. Neuroinflammation, as in AD, is recognized to play roles in the 

neurodegeneration associated with PD [57,64]. Pharmacological stimulation of the Sig-1R in 

order to evoke antiapoptotic and neuromodulatory effects is an attractive potential therapy 

design. The Sig-1R agonist PRE-084 was shown to promote the upregulation of BDNF and 

glial-derived neurotrophic factor both in the striatum and substantia nigra in a 6-

hydroxydopamine lesion mouse model of PD (Figure 1) [65]. These increases in nourishing 

brain factors were accompanied by suppression of microglial activation and increased nerve 

fiber density in the damaged brain regions relative to animals that received saline injections. 

Along with these neurobiological improvements, animals that received PRE-084 displayed 

improved forelimb use, indicating a neurorestorative role for the Sig-1R. These early 

findings point to an optimistic future for PD therapies but require further studies before any 

conclusions can be drawn.

PD shares specific pathophysiological hallmarks of AD. Specifically, neuroinflammation, 

oxidative stress, calcium dysregulation and apoptosis are all cellular processes that may be 

targeted by Sig-1R stimulation in order to prevent or slow neurodegeneration in PD. The 

role of the Sig-1R in removing pathological protein accumulations is not well defined; 

however, the importance of Sig-1Rs in both UPR and autophagy points to its potential for 

therapeutic intervention. Pharmacological manipulation of the Sig-1R to modulate any of 

these listed factors could be viable for developing future treatment strategies for PD.

3. Roles of Sig-1R in neuropsychiatric disorders

The role of Sig-1R in the etiology and treatment of psychiatric conditions including 

schizophrenia, depression, anxiety, dementia and drug addiction has recently gained much 

interest.

Schizophrenia is a major disorder of the CNS with poorly understood etiology that is 

characterized by delusions, hallucinations, disorganized speech and behavior, in addition to a 

variety of other negative symptoms such as inexpressive faces, few gestures, general 

disinterest and inability to feel pleasure [66]. It has also been observed that schizophrenia 

has a heritability rate of 80%, demonstrating a large genetic role in disease transmission 

[67]. Recently, researchers have identified a specific Sig-1R polymorphism associated with 

individuals diagnosed with schizophrenia in a Japanese cohort. However, another study 

found no association between specific genetic polymorphisms and disease [68]. Therefore, a 

meta-analysis was performed and the Gln2Pro polymorphism in the SIG-MAR1 gene was 

found to confer a small but significantly elevated susceptibility to schizophrenia. Individuals 

with this polymorphism exhibited decreased prefrontal activity compared to Gln/Gln 

genotypes with or without a schizophrenia diagnosis, providing a potential mechanism for 

the increased disease prevalence found in the Gln2Pro population [66]. Characterizing the 

specific functional variations resulting from Sig-1R polymorphisms has presented a 

challenge. For example, the Sig-1R Gln2Pro polymorphism has been shown to have no 

effect on the Sig-1R binding potential of certain Sig-1R agonist [69]. Thus, the 

polymorphism is unlikely to be associated with Sig-1R–related treatment outcomes in this 

population. Further characterization of this polymorphism is essential to its legitimacy as a 

potential schizophrenia risk conferring mutation.
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Inasmuch as Sig-1R has shown to enhance the function of NMDA receptor [33,70,71], it is 

reasonable that Sig-1R has been speculated to relate to cognitive function. Indeed, recent 

evidences suggested a relation between Sig-1R and the cognitive aspect of schizophrenia 

[72]. In the case of certain compounds, agonist stimulation of the Sig-1R apparently 

enhanced cognitive function, while decreasing negative symptom severity [72]. Similar 

cognition findings have been replicated using the high-affinity Sig-1R ligand treatment in 

mice following the model of phencyclidine-treatment-induced cognitive deficits [73]. On the 

other hand, another study suggests otherwise [74].

Major depressive disorder (MDD) is one of the most prevalent conditions in the developed 

world with a lifetime prevalence of 16.2% [75]. Decreased cognitive function is one of the 

hallmarks of MDD and results in a mixture of physiological and behavioral changes. It has 

been increasingly suggested that chronic stress may result in neuroanatomical changes in the 

amygdala, hippocampus and prefrontal cortex, which are major emotional and cognitive 

control centers in the brain [76]. Sig-1R polymorphisms have also been associated with an 

elevated risk of MDD in a Japanese cohort [77]. Interestingly, the rs1800866 polymorphism 

only demonstrated an association with disease susceptibility, but not fluvoxamine or 

sertraline treatment efficacy, and is suggestive that rs1800866 plays a role in depression 

pathophysiology [77]. The role of Sig-1R in the etiology of depression is primarily thought 

to be related to its role in NMDA receptor modulation. Biochemically, Sig-1Rs binds IP3 

receptors on the ER. Altering Sig-1R activity results in perturbations of the cellular calcium 

homeostasis that is important to AMPA signal induction and subsequent NMDA stimulation. 

In animal studies, SA4503, a Sig-1R agonist, potentiated the antidepressant-like effect of 

amantadine, a NMDA receptor antagonist, in a forced swimming test [78]. SA4503 has also 

been shown to have Sig-1R–dependent antidepressant-like effects in a tail-suspension test 

[79]. The antidepressant-like effect of igmesine, a Sig-1R agonist, treatment was found to be 

dependent on intracellular calcium modulation, as L-type or N-type voltage-dependent 

calcium channel antagonist treatment negated its effect [80]. Fluvoxamine, a current 

selective serotonin reuptake inhibitor (SSRI) with, however, high affinity for Sig-1R, has 

also been shown to elevate Sig-1R plasma levels in patients with late–life MDD, although 

this increase of Sig-1Rs did not correlate with symptom improvement [81]. This 

demonstrates a double effect of fluvoxamine in the stimulation of Sig-1R, as both a direct 

agonist and the promotion of Sig-1R expression. However, the mechanism of increased 

Sig-1R expression requires further exploration. The therapeutic efficacy of some SSRIs may 

result from Sig-1R–dependent neural modulation [82]. The affinities of various SSRIs for 

the Sig-1R have been characterized and are as follows: fluvoxamine (Ki = 36 nM), sertraline 

(Ki = 57 nM), fluoxetine (Ki = 120 nM) and citalopram (Ki = 292 nM) [83]. However, large-

scale, double-blind, placebo-controlled studies across multiple countries on the effect of 

Sig-1R agonists fluoxetine and igmesine on MDD have yielded mixed results in the UK 

outpatient population [84]. DHEA treatment has also been known to alleviate some 

depressive symptoms in individuals with MDD. The efficacy of this neurosteroid treatment 

is increasingly thought to be due to stimulation of Sig-1R and subsequent enhancement of 

noradrenaline and serotonin neurotransmission, resulting in improved cognition [85]. Other 

researchers have demonstrated that the activity of DHEA is dependent on Sig-1R stimulation 

and subsequent synaptic changes via PKC and CaM kinase II [86]. In animal studies, it was 
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found that DHEAs and pregnenolone sulfate are released during the tail-suspension tests 

[87]. Exogenous treatment with either of these Sig-1R agonists confers antidepressant-like 

effects. Further, these researchers demonstrated that these benefits were Sig-1R–dependent 

as prophylactic treatment with either BD1047 or progesterone prevented the effect [87]. This 

further demonstrates that many psychoactive substances are partially dependent on the 

activity of Sig-1R signaling. Overall, the role of Sig-1R agonists in the treatment of 

depression is quite promising. Already, a variety of SSRI treatments have been shown to 

have partial efficacy via Sig-1R activation. Further, antidepressant therapies that confer 

Sig-1R activity seem to have the additional benefit of improved cognitive function. However, 

the mixed results in clinical trials may signify the heterogeneity of the disease in differing 

populations. As we further characterized the pathophysiology of depression, we may better 

identify deeper level of molecular mechanisms whereby Sig-1Rs participate in the biological 

process of the development of depression.

Reductions in neural plasticity and dendritic spine density have been implicated in both 

schizophrenia and depression [88]. We have previously shown that Sig-1R plays an 

important role in growth factor-induced neurite outgrowth [89]. Further, Sig-1R knockdown 

neurons exhibit a reduction in dendritic density and plasticity [4]. The expression of BDNF 

largely mediates the development and maintenance of dendritic spines. Antidepressant 

treatments are known to induce BDNF formation and subsequent dendritic spine 

development. This is important therapeutically, as BDNF KO mice demonstrated reduced 

response to fluoxetine, a Sig-1R agonist (Figure 1) [90]. BDNF-induced neuritogenesis is an 

important therapeutic target of Sig-1R agonist treatments that warrants further exploration.

4. Sig-1R in drug addiction and HAND

It is well established that the neuropharmacological effects of certain drugs are mediated via 

Sig-1R. For instance, the early activation of the Sig-1R is integral in establishing the 

rewarding effects of cocaine in conditioned place preference studies [91]. In another 

behavioral model, Sig-1R activity was found to positively correlate with the development of 

cocaine-induced locomotor sensitization [92]. More recently, dynamic interactions between 

Sig-1Rs and voltage-gate potassium channels (Kv)1.2 potassium channels have been 

demonstrated to shape cocaine-induced behavioral and neuronal responses [8]. Interestingly, 

the Sig-1R–Kv1.2 interaction intensifies during cocaine withdrawal, suggesting that 

disruption of this complex may be an avenue in the treatment of cocaine addiction. 

Application of Sig-1R antagonists as well as antisense oligodeoxynucleotides were effective 

in reducing the severity and duration of cocaine-induced convulsions [93], suggesting a role 

of Sig-1Rs in mediating certain side effects of cocaine. Sig-1Rs also interact directly with 

methamphetamine, not only enhancing the locomotor response to methamphetamine but also 

enhancing the behavioral response [94]. However, methamphetamine-induced behavior and 

rewarding effects were attenuated on co-application of SSRIs, including fluoxetine and 

fluvoxamine [95]. These SSRIs are known to possess Sig-1R agonist activity. This would, 

therefore, suggest that the Sig-1R reduces the effects of methamphetamine administration. 

Thus, there is an apparent discrepancy in Sig-1R’s role in mediating methamphetamine 

response.
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In addition to methamphetamine and cocaine, Sig-1Rs have been implicated in alcohol 

abuse. Mice that received Sig-1R antagonists decreased their alcohol intake, whereas those 

receiving the Sig-1R agonists increased ethanol consumption [96]. Sig-1Rs have also been 

shown to modulate ethanol-induced neuroplasticity and therefore alter behavioral responses 

to alcohol consumption [97]. Taken together, these results suggest the Sig-1R as a potential 

therapeutic target in disrupting the underlying pathological mechanism by which drug abuse 

functions.

Drug abuse has been intricately tied to HIV infection and associated neurological 

disturbance, since the beginning of the AIDS epidemic. HAND is a well-known 

complication of HIV infection in ~ 10 – 24% of those who acquire the infection [98]. The 

pathogenesis by which HIV induces encephalopathy includes infection of the microglia and 

macrophages that enter the CNS. Subsequently, the immune system is activated and 

neurotoxins are released, resulting in destruction of the brain parenchyma. HAND can also 

present as dementia, in which basic daily functions of living are impaired. Studies have 

shown that the Sig-1R agonist 4-phenyl-1-(4-phenylbutyl) piperidine reduces HIV protein 

gp120-induced neurotoxicity via regulation of B-cell lymphoma2 expression; thus, Sig-1R 

agonists may be applied to slow progression of HAND in drug abuse patient populations 

[99].

Pathologically, HAND can be visualized as disruption of the blood–brain barrier, astrocyte 

activation and aberrant neuronal anatomy [100]. The advent of highly active antiretroviral 

therapy (HAART) has improved the longevity of those infected with HIV and has reduced 

the incidence of opportunistic infections. However, the incidence of HAND has actually 

increased in those patients who are using cocaine while receiving HAART. Abuse of cocaine 

has been associated with increased seroprevalence and progression of HIV [101]. These 

observations led to the hope that therapeutic targets against the Sig-1R can reduce the 

progression of cocaine-mediated HAND. Although a Sig-1R target would not prevent the 

physiological process by which HAND functions, it would delay neurological destruction in 

cocaine abusers, and thus prolong the asymptomatic phase of the disease.

Cocaine-induced upregulation of HIV-1 expression involves Sig-1R [54]. Further, cocaine 

potentiates HIV-associated monocyte adhesion and migration via upregulation of adhesion 

molecules which in turn involves activation of Sig-1R [100]. Specifically, in response to 

cocaine, Sig-1R translocates from MAM to the plasma membrane to interact with and 

activate c-Src and platelet-derived growth factor receptor in sequence which eventually lead 

to the transcription of the chemokine monocyte chemoattractant protein-1 (MCP-1) and 

activated leukocyte adhesion molecule (ALCAM) (Figure 1). Both MCP-1 and ALCAM are 

instrumental in enhancing neuronal inflammation [102]. Application of a Sig-1R antagonist 

BD1047 has been shown to decrease cocaine-induced MCP-1 expression. Thus, Sig-1R is 

intimately related to the activation of neural inflammation and thus the application of a 

Sig-1R antagonist could serve as a therapeutic measure in slowing the progression of disease 

in HIV-infected cocaine users [103].
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5. Conclusion

An increasing number of reports demonstrate that Sig-1R ligands exert therapeutic functions 

(Table 1); still, the nature of each ligand and the pathogenesis of the diseases they are 

deployed against may determine the therapy efficacies. Thorough characterizations of the 

Sig-1R agonists and antagonists will help answer the role of Sig-1Rs in the benefits of 

treating certain neurological disorders. Additionally, future studies determining the treatment 

timeline and strategizing potential combinatory targets are necessary for achieving a better 

therapeutic efficacy.

6. Expert opinion

The relatively recent finding that the Sig-1R is a ligand-operated ER chaperone has sparked 

several investigations into molecule-based therapies for diverse neurological disorders. 

Despite the promising results from many of these studies, mechanisms by which the Sig-1R 

ligands in question elicit their effects need to be totally clarified. Nevertheless, the potential 

for Sig-1R pharmacological stimulation to impede neurodegeneration or, in more exciting 

studies, the regeneration of neurons lost to neurodegenerative pathophysiology warrant 

further study. Moreover, there are an increasing number of reports that identify mutations in 

the SIGMAR1 gene that are associated with disease.

In order to develop efficacious treatment strategies for these neurodegenerative diseases, we 

must first understand how and why these diseases manifest. Without this key piece of the 

puzzle, even our most intelligent therapeutic approaches will continue to only address a 

portion of the issue; however, it becomes increasingly clear that the pathology of diseases 

such as AD, PD and MNDs involve widespread nervous system dysfunction. Interestingly, 

Sig-1Rs have been reported to attenuate several of the pathological hallmarks shared by 

many neurodegenerative disorders, that is, inflammation (microglia activation), protein 

accumulations and oxidative stress to varying degrees in cellular and in vivo models. These 

broadly therapeutic effects certainly qualify the Sig-1R as a target in future therapies and are 

especially enticing when one begins to consider the possibility of additive or synergistic 

drug effects. Indeed, until we elucidate the root causes of these neurological disorders, 

perhaps ligand cocktail therapies may be an avenue to devise treatment strategies that are as 

sophisticated as the disease processes they attempt to combat.

The findings that implicate SIGMAR1 polymorphisms that cosegregate or associate with 

neurological disease point to another interesting direction for Sig-1R research. If defective 

copies of SIGMAR1 cause or potentiate the emergence of disease, further investigation into 

the role of Sig-1R in disease may highlight crucial cellular defense pathways. Further, if 

specific mutations in SIGMAR1 are indeed causative and critical in certain incidences of 

disease, perhaps future gene therapies to compensate for these mutations would be able to 

reduce the pathophysiology of neurological disorders. The idea of gene therapy is 

particularly interesting, because in the case of disease resulting from mutation, 

pharmacological stimulation of the mutated protein may have little or no effect.
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So far, Sig-1R agonist-based therapies exert the most pronounced effects in already 

deteriorating systems; however, there are no convincing findings that these same agonists 

prevent the onset of neurological disease. Not only does this highlight the complex etiology 

of neurological disorders, it may also be indicative that the Sig-1R plays only a subsidiary 

role in mitigating stress that can be covered by other ER chaperones. Thus, combining 

Sig-1R with other non-Sig-1R-mediated effects is a potential direction, in which multiple 

treatments may compensate for the shortages within. It would also be helpful to investigate 

the best stage to introduce Sig-1R stimulation in various pathological conditions to 

maximize their potential therapeutic efficacies. Perhaps the weakest link in the Sig-1R 

studies is the lack of a primary mechanism through which the agonists/antagonists are 

working since many of the ligands also have affinity to other targets. In general, activation of 

Sig-1Rs exerts neuroprotective effects in neurons but tends to poise adverse effects in 

activated glial cells. This may explain why agonists are beneficial in certain conditions, 

whereas antagonists are preferred in other cases. Therefore, care needs to be taken when 

strategizing therapeutic treatments. Moreover, agonist stimulation of Sig-1Rs is reported to 

mitigate cognitive deficits after the onset of many of the diseases covered in this review; 

however, Sig-1R agonists do not appear to enhance cognitive abilities when no deficits are 

present. Although this observation is likely unrelated to the disease pathologies themselves, 

it provides perspective into another possible therapeutic use for targeting Sig-1Rs.

The UPR has recently received much attention in many diseases including the 

neurodegenerative diseases. Since the discovery of Sig-1R as an ER chaperone and its role 

in participating in protein quality control, attention has been focused on this function and 

diseases related to its disruption. Accumulating evidence demonstrated that loss function of 

Sig-1R leads to imbalanced ROS [2,3,104,105], suggesting the following perturbed UPR and 

ER overload responses that are exacerbated by ER stress. Failure of UPR and the 

consequence of dysregulated autophagy and mitophagy are often claimed in AD, PD and 

MNDs [106,107]. Thus, Sig-1R modulation upstream of the UPR may be an early event to 

catch in future approaches. This gives the impression that Sig-1R stimulation would then be 

only beneficial when cells are faced with stress loads that overwhelm their endogenous 

management abilities. Further elucidation of disease causes may provide insight into how 

and when to stimulate Sig-1Rs, perhaps along with other ligands that activate other receptors 

for cooperative effects.
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Highlights

• Inter-organelle signaling and associated modulation may play important roles 

in neurodegenerative diseases and psychiatric disorders.

• The ER-mitochondrion interface is critical in these diseases and may serve as 

a “hub” for integrating the signaling events locally and remotely.

• The sigma-1 receptor chaperone at the ER-mitochondrion interface 

participates in the signaling modulation locally, but also remotely by acting as 

a messenger between this interface and other parts of neurons, thereby 

potentially influencing the cause or disease processing of these neuronal 

disorders.
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Figure 1. Sig-1R functions in the brain and the potential therapeutic benefits provided by the 
ligands are shown
Sig-1Rs physically interact with BiP under resting state conditions. On stimulation, Sig-1Rs 

disassociate from BiP and interact with several client proteins to exert chaperone activity, 

regulate calcium homeostasis and maintain mitochondrial activity. Sig-1R ligands promote 

neural plasticity via secretion of neural trophic factors or stabilization of the cytoskeletal 

networks. In the event of cellular stress, Sig-1Rs activate signaling pathways that increase 

the transcription of ER chaperones and antioxidant enzymes. Ligand stimulation also 

alleviates protein aggregations as well as neuroinflammation.

ALCAM: Activated leukocyte adhesion molecule; BDNF: Brain-derived neurotrophic 

factor; BiP: Binding immunoglobulin protein; ER: Endoplasmic reticulum; GDNF: Glial-

derived neurotrophic factor; IRE-1: Inositol-requiring enzyme 1; MAM: Mitochondria-

associated ER membrane; MCP-1: Monocyte chemoattractant protein-1; NQO1: NAD(P)H 

dehydrogenase, quinone 1; Nrf2: Nuclear factor erythroid 2-related factor; PDGF: Platelet-

derived growth factor; ROS: Reactive oxygen species Sig-1R: Sigma-1 receptor; SOD1: 

Superoxide dismutase 1; XBP-1: X-box binding protein 1.

Tsai et al. Page 22

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tsai et al. Page 23

Table 1

Summary of the Sig-1R ligands in therapeutic potentials.

Sig-1R ligand Function Diseases Cellular mechanisms Therapeutic effects

AC915 Antagonist FTLD-MND Decrease TDP-43 
localization [13]

Afobazole Agonist AD Decrease Bax [40] Reduce 
AB25–35-mediated increases 
in intracellular Ca2+ and NO 
[40]

AZ66 Drug addiction Diminish the 
stimulatory effect of 
methamphetamine 
and reduce 
behavioral 
sensitization [94]

BD1008 Antagonist Cocaine-induced 
convulsions and lethality

Antagonism of Sig-1R [93]

BD1047 Antagonist Cocaine-mediated HAND Decrease NF-κB activated 
monocyte chemoattractant 
protein-1 [103]

BMY-14802 Antagonist PD Suppresses L-Dopa-
induced dyskinesia 
[61]

Citalopram Uncharacterized Depression SSRI [82]

Dehydroepiandrosterone Agonist Depression Induces LTP via CaM 
Kinase II and PKC 
activation [86]

Schizophrenia Improve PCP-
induced cognitive 
deficits [73]

Dextromethorphan Agonist PD Suppresses L-Dopa-
induced dyskinesia 
[62]

Dimemorfan Agonist AD Attenuates AB25–35-induced 
memory impairment [108]

Donepezil Agonist AD Blocks the suppressive 
action of AB1–42 fragments 
on LTP [43]

Blocks AB25–35-induced 
memory impairment [109]

Schizophrenia Improve PCP-
induced cognitive 
deficits in mice 
[110]

E-5842 Antagonist Schizophrenia Reduces tardive 
dyskinesia [111]

Fluvoxamine Agonist Depression Increase plasma levels of 
Sig-1R [82]

Schizophrenia Improves cognitive 
functions [82]

Improves cognitive 
functions [72,73]

Fluoxetine Agonist Depression SSRI [82]

Haloperidol Antagonist FTLD-MND Regulate TDP-43 
localization [13]
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Sig-1R ligand Function Diseases Cellular mechanisms Therapeutic effects

Igmesine Agonist Depression Intracellular Ca2+ 

modulation [80]

Opipramol Agonist FTLD-MND Regulate TDP-43 
localization [13]

Panamesine (EMD57445) Antagonist Schizophrenia Improves positive 
symptoms of 
schizophrenia [112]

(+)-Pentazocine Agonist AD Prevent AB 25–35-induced 
memory impairment [41]

4-phenyl-1-(4-phenylbutyl) piperidine Agonist HIV Change B-cell lymphoma 2 
expression [99]

Pregnenolone sulfate Agonist AD Blocks AB25–35-mediated 
loss of hippocampal 
pyramidal cells [113]

Depression Induces LTP via CaM 
Kinase II and PKC 
activation [86]

(+/−)PPCC Uncharacterized Depression Cognitive 
improvements 
following 
cholinergic depletion 
[114]

PRE-O84 Agonist Huntington’s Disease Calpastatin and NF-κB 
[115]

ALS Induce clearance of mutant 
vesicle-associated membrane 
protein-associated protein B 
aggregates [27]

Preserve MN and 
neuromuscular connections 
in the lumbar spinal cord 
[24]

Promote the phosphorylation 
of Akt and ERK-½ [26]

AD Reduce reactive astrocytes in 
wobbler mice [28]

Block suppressive action of 
AB1–42 fragments on LTP 
[43]

PD Partial restoration of nerve 
fiber density in 6-OHDA 
lesions along with 
upregulation of brain-
derived neurotrophic factor 
and glial derived 
neurotrophic factor [65]

Schizophrenia Reverse NMDA 
antagonist 
dizocilpine’s effect 
[116]

SA4503 Agonist AD Prevent AB 25–35-induced 
memory impairment [41]

ALS Preserve MN functions [26]

Schizophrenia Reverse NMDA antagonist 
dizocilpine’s effect [116]

Improve PCP-
induced cognitive 
deficits [73]

Depression Potentiate NMDA antagonist 
amantadine effect [78]
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Sig-1R ligand Function Diseases Cellular mechanisms Therapeutic effects

Sertraline Antagonist Depression Antagonizing Sig-1R [117] SSRI [82]

6-OHDA: 6-hydroxydopamine; AB: Amyloid b; AD: Alzheimer’s disease; ALS: Amyotrophic lateral sclerosis; FTLD: Frontotemporal lobar 
degeneration; HAND: HIV-associated neurodementia; LTP: Long-term potentiation; MN: Motor neuron; MND: Motor neuron disease; NO: Nitric 
oxide; PCP: Phencyclidine; PD: Parkinson’s disease; Sig-1R: Sigma-1 receptor; SSRI: Selective serotonin reuptake inhibitor; TDP: Transactivating 
response element DNA binding protein.
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