
474

Schizophrenia Bulletin vol. 48 no. 2 pp. 474–484, 2022 
https://doi.org/10.1093/schbul/sbab137
Advance Access publication December 1, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf  of the Maryland Psychiatric Research Center.  
All rights reserved. For permissions, please email: journals.permissions@oup.com

Allosteric Modulation of the Sigma-1 Receptor Elicits Antipsychotic-like Effects

Jiali Chen1,3, Guangying Li1,3, Pingping Qin1, Jiaojiao Chen1, Na Ye1, John L. Waddington1,2, and Xuechu Zhen*,1

1Jiangsu Key Laboratory of Neuropsychiatric Diseases and College of Pharmaceutical Sciences, Soochow University, Suzhou, Jiangsu, 
China; 2School of Pharmacy and Biomolecular Sciences, RCSI University of Medicine and Health Sciences, Dublin, Ireland 3These 
authors contributed equally to this work.

* To whom correspondence should be addressed; Jiangsu Key Laboratory of Neuropsychiatric Diseases and College of Pharmaceutical 
Sciences, Soochow University, Suzhou, Jiangsu 215123, China; tel: +86 512 6588 0369, fax: +86 5126588 2089, e-mail: zhenxuechu@
suda.edu.cn

Allosteric modulation represents an important approach in 
drug discovery because of its advantages in safety and selec-
tivity. SOMCL-668 is the first selective and potent sigma-1 
receptor allosteric modulator, discovered in our laboratory. 
The present work investigates the potential therapeutic ef-
fects of SOMCL-668 on phencyclidine (PCP)-induced 
schizophrenia-related behavior in mice and further elucidates 
underlying mechanisms for its antipsychotic-like effects. 
SOMCL-668 not only attenuated acute PCP-induced hy-
peractivity and PPI disruption, but also ameliorated social 
deficits and cognitive impairment induced by chronic PCP 
treatment. Pretreatment with the selective sigma-1 receptor 
antagonist BD1047 blocked the effects of SOMCL-668, 
indicating sigma-1 receptor-mediated responses. This was 
confirmed using sigma-1 receptor knockout mice, in which 
SOMCL-668 failed to ameliorate PPI disruption and hyper-
activity induced by acute PCP and social deficits and cognitive 
impairment induced by chronic PCP treatment. Additionally, 
in vitro SOMCL-668 exerted positive modulation of sigma-1 
receptor agonist-induced intrinsic plasticity in brain slices re-
corded by patch-clamp. Furthermore, in vivo lower dose of 
SOMCL-668 exerted positive modulation of improvement 
in social deficits and cognitive impairment induced by the 
selective sigma-1 agonist PRE084. Also, SOMCL-668 re-
versed chronic PCP-induced down-regulation in expression 
of frontal cortical p-AKT/AKT, p-CREB/CREB and BDNF 
in wide-type but not sigma-1 knockout mice. Moreover, ad-
ministration of the PI3K/AKT inhibitor LY294002 abol-
ished amelioration by SOMCL-668 of chronic PCP-induced 
schizophrenia-related behaviors by inhibition of BDNF ex-
pression. The present data provide initial, proof-of-concept 
evidence that allosteric modulation of the sigma-1 receptor 
may be a novel approach for the treatment of psychotic illness.
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Introduction

Although current drugs for treating psychotic illness 
such as schizophrenia have efficacy in relieving positive 
symptoms, they show poor efficacy in treating negative 
symptoms and cognitive impairment.1,2 This still unmet 
need requires novel therapeutic approaches. The sigma-1 
receptor is a Ca2+-sensitive molecular chaperone residing 
on the mitochondrion-associated endoplasmic reticulum 
membrane (MAM), where these receptors bind with im-
munoglobulin protein (BIP) and are inactivated.3 Upon 
endoplasmic reticulum stress or ligand stimulation, the 
sigma-1 receptor dissociates from BIP and activated 
sigma-1 receptors then translocate to either the plasma 
membrane or other subcellular counterparts. There, they 
interact with membrane receptors such as G-protein 
coupled receptors (GPCRs), ion channels and other mol-
ecules to regulate their activity.4,5 Important functional 
roles for sigma-1 receptors in brain have been well docu-
mented and alterations in sigma-1 receptor function have 
been associated with various neurological and psychiatric 
disorders.6–8

Clinical trials using non-selective sigma-1 receptor 
agonists such as fluvoxamine have indicated lack of ef-
ficacy in treating positive symptoms in schizophrenia 
but suggested some effect on negative symptoms; 9–11 for 
more extended discussion see Supplementary material. 
Subsequently, it was reported that sigma-1 receptors in 
postmortem brain from schizophrenia patients were re-
duced12,13 and some, but not all, genetic studies have in-
dicated the sigma-1 receptor gene to be associated with 
schizophrenia.14 Moreover, accumulating preclinical 
evidence indicates involvement of sigma-1 receptors in 
schizophrenia-related processes. Animal studies indi-
cate non-selective and selective sigma-1 receptor agonists 
such as donepezil, fluvoxamine, pridopidine and SA4503 
ameliorate phencyclidine (PCP)-induced cognitive 
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impairment in mice.15–17 Mice with sigma-1 receptor 
knockout show alterations in expression of the dopamine 
transporter (DAT) and in phosphorylation of the gluta-
mate NMDA NR2B receptor.18 Also, sigma-1 receptors 
regulate dopaminergic neurotransmission by binding 
to DAT and to D1 and D2 dopamine receptors.19–21 
Moreover, sigma-1 receptor activation in hippocampal 
neurons not only promotes expression of NR2A, NR2B 
and PSD95, but also mediates transport of NMDAR to 
the cell surface, suggesting that sigma-1 receptors may 
play an important role in NMDAR-mediated learning 
and memory.22 As abnormal dopamine and glutamate 
transmission play key roles in the pathobiology of schiz-
ophrenia,23 targeting sigma-1 receptors may be a prom-
ising therapeutic approach.

Compared with orthodox agonists, allosteric modula-
tors exhibit advantages in term of safety, selectivity and 
controllability in pharmacological action.24 Allosteric 
sites are more variable than orthodox binding sites and 
can exert more precise regulation of the target protein, 
hence rational design of small molecule modulator 
drugs can provide more options for disease treatment.25,26 
Phenytoin allosterically modulates the sigma-1 receptor 
by transforming it from a low-affinity to a high-affinity 
state,27,28 though with poor selectivity and potency.29 We 
recently reported that SKF83959, an atypical D1R ago-
nist, is a potent sigma-1 receptor allosteric modulator,30 
and another allosteric modulator E1R was subsequently 
reported.31 Based on the structure of SKF83959, we then 
developed the potent, selective sigma-1 receptor allo-
steric modulator SOMCL-668.32 This shows no affinity 
for D1R and other neurotransmitter receptors33 but ex-
hibits selective allosteric regulation of sigma-1 receptor 
activity with 100-fold greater potency than phenytoin.32 
Here, we investigate the effects of SOMCL-668 in models 
of antipsychotic-like activity and associated cellular 
mechanisms.

Materials and Methods

Animals

All animal protocols were approved by the Animal Care 
and Use Committee of Soochow University and were in 
compliance with the Guidelines for the Care and Use of 
Laboratory Animals (Chinese National Research Council, 
2006) and ARRIVE guidelines 2.034 (Supplementary ma-
terial contains animal feeding conditions and access).

Drugs

SOMCL-668 was synthesized in the Laboratory of 
Medicinal Chemistry (Dr N.  Ye) at the College of 
Pharmaceutical Sciences, Soochow University, to a pu-
rity >98%, as described previously.31,32 PRE084, BD1047 
and LY294002 were purchased from MedChemExpress 
(New Jersey, USA). PCP was synthesized by the 

Shanghai Institute of Materia Medica, Chinese Academy 
of Sciences (Supplementary material contains details 
on drug treatment, doses and numbers of animals per 
group).

Behavioral Studies

Prepulse inhibition (PPI),35 locomotor activity,35,36 so-
cial interaction (SI)35,37 and novel object recognition 
(NOR)38 were conducted as previously described. (See 
Supplementary material for details).

Electrophysiological Studies

Acute slices were prepared in choline-based dissection 
buffer as previously described.39 Briefly, mice (2–3 weeks) 
were deeply anesthetized with 0.7% sodium pentobarbital 
(0.14  g/kg body weight). Brains were quickly removed 
into ice-cold (0–4°C) choline-based cutting solution. 
Whole-cell recordings of cortical L2/3 pyramidal neurons 
were made with a HEKA EPC-10 patch clamp amplifier 
(HEKA Instruments Inc., Lambrecht/Pfalz, Germany) as 
previously described.40 The drugs PRE084 and SOMCL-
668, alone and in combination, were perfused at 2.5μM 
and 5μM, respectively, based on previous reports41,42 (see 
Supplementary material for further details).

Western Blots

Tissues were homogenized and lysed with NP40 lysis 
buffer (Beyotime Biotechnology, Shanghai, China) sup-
plemented with 1 mM PMSF (Beyotime Biotechnology). 
An aliquot of 40–80  μg protein from each sample was 
separated with SDS-PAGE and transferred to a nitro-
cellulose membrane, which was then incubated with 5% 
non-fat milk for 1 h at room temperature. Expression of 
the sigma-1 receptor (1:500, Proteintech, 15168-1-AP), 
p-AKT (1:500, Cell Signaling Technology, CST4060), 
AKT (1:1000, Cell Signaling Technology, CST9272), 
p-CREB (1:500, Cell Signaling Technology, CST9198), 
CREB (1:1000, Cell Signaling Technology, CST9197), 
BDNF (1:200, Santa Cruz, SC-546,) and α-tubulin 
(1:10  000, Sigma-Aldrich, T6074) was measured using 
western blotting. Membranes were incubated with the 
respective secondary antibody (1:10 000, Sigma-Aldrich, 
Goat Anti Rabbit IgG A0545, Goat Anti Mouse IgG 
A3682) and visualized using a ChemiScope Mini system 
(Clinx Science, Shanghai, China). Blots were analyzed 
quantitatively using ImageJ software.

Statistical Analysis

GraphPad Prism 5 software was used for statistical anal-
ysis. Data are expressed as mean ± SEM. Differences 
between two groups were determined using Student’s 
t-test, with one-way or two-way ANOVA used to analyze 
more than two groups. On finding significant effects on 
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ANOVA, the Newman–Keuls test or Bonferroni test was 
used for post-hoc analyses, which were performed when 
there were no significant differences in variance. In all 
analyses P < .05 was considered statistically significant.

Results

SOMCL-668 Attenuates PPI Deficits and 
Hyperlocomotion in Acute PCP-treated Mice

Pretreatment with SOMCL-668 ameliorated PCP-
induced disruption of PPI at 83 and 87dB in a dose-
dependent manner (figure  1A, B) and attenuated 
PCP-induced hyperlocomotion (figure  1C). Similarly, 
administration of the selective sigma-1 receptor agonist 
PRE084 (1 mg/kg i.p.) also ameliorated PCP-induced dis-
ruption of PPI (figure 1B) and attenuated PCP-induced 
hyperlocomotion (figure  1C). Neither SOMCL-668 nor 
PRE084 given alone influenced baseline locomotor ac-
tivity (Supplementary figure S1A).

SOMCL-668 Improves Social Interaction Deficits and 
Cognitive Impairment in Chronic PCP-treated Mice

We next tested if  SOMCL-668 treatment influenced 
PCP-induced impairments in SI and NOR. As shown 
in figure  1D and E, while total SI time in PCP-treated 
mice was lower than in control mice, SOMCL-668 or 
PRE084 treatment for 1 week each dose-dependently in-
creased SI time in PCP-treated mice (figure 1E) but not 
in control mice (Supplementary figure S1B). Treatment 
with SOMCL-668 or PRE084 for 1 week also amelior-
ated PCP-induced impairment in NOR in terms of both 
exploration time (figure  1F) and discrimination index 
(figure 1G); neither SOMCL-668 nor PRE084 had any ef-
fect on NOR in control mice (Supplementary figure S1C 
and D). These results indicated that SOMCL-668 signif-
icantly ameliorates impairment in both cognition and SI 
induced by chronic PCP in mice.

Sigma-1 Receptor Is Involved in Amelioration by 
SOMCL-668 of PCP-induced Schizophrenia-related 
Behaviors

The selective sigma-1 antagonist BD1047 was used to 
clarify the role of the sigma-1 receptor in mediating 
the effect of SOMCL-668 (Supplementary figure S2A). 
As shown in figure S2B, %PPI induced by each of the 
three prepulse intensities in the PCP-treated group was 
smaller than those in the vehicle group and SOMCL-
668 treatment significantly ameliorated this disruption. 
Pretreatment with BD1047 attenuated the action of 
SOMCL-668 to ameliorate both disruption of PPI and 
induction of hyperactivity by acute PCP (Supplementary 
figure S2B and C), indicating that these effects of 
SOMCL-668 were dependent on the sigma-1 receptor. 
In support, we found that these ameliorative effects of 

SOMCL-668 on disruption of PPI and induction of hy-
peractivity by acute PCP were absent in sigma-1 knockout 
mice (figure 2A and B).

In preliminary experiments, chronic administration of 
5 mg/kg BD1047 induced diarrhea and thus led to weight 
loss, whereas 2 mg/kg BD1047 treatment was well toler-
ated.43 At this lower dose, chronic BD1047 administered 
with SOMCL-668 attenuated the action of SOMCL-668 
to ameliorate chronic PCP-induced impairment in both 
SI and the discrimination index in NOR, but was without 
effect when given alone (Supplementary figure S2D–G). 
This indicated that these effects of SOMCL-668 were de-
pendent on the sigma-1 receptor.

On investigating these effects in sigma-1 receptor 
knockout mice, knockouts spent less time in basal SI than 
wild types, while basal NOR measures were unaltered 
(figure 2D). Nevertheless, we found that the ameliorative 
effects of SOMCL-668 on impairment in SI and NOR 
induced by chronic PCP were absent in sigma-1 knockout 
mice (figure  2C–E). This further confirmed that these 
ameliorative effects of SOMCL-668 were dependent on 
the sigma-1 receptor.

Positive Modulation of the Sigma-1 Receptor by 
SOMCL-668 in Brain Slices

Our previous studies have established that SOMCL-668 is 
a novel allosteric modulator of the sigma-1 receptor.31,43 To 
elucidate the role of allosteric modulation of the sigma-1 
receptor in SOMCL-668-induced effects, we first employed 
cortical brain slices. To determine if SOMCL-668 or PRE084 
regulates the excitability of cortical pyramidal neurons, we 
first measured the rheobase, i.e. the current necessary to 
evoke action potentials (APs). For these experiments, pyram-
idal neurons were held to a standardized membrane poten-
tial of 60 mV with stepwise current injection. Under these 
conditions, spontaneous APs were not observed. To measure 
rheobase, positive current steps of 0.5 s duration and amp-
litudes that varied in steps of 20 pA were applied until the 
pyramidal neurons fired at least one AP (Supplementary 
figure S3A). Using this protocol, we observed no signifi-
cant effects of either SOMCL-668 or PRE084 when given 
alone. Since allosteric modulation requires the presence of a 
sigma-1 receptor agonist, brain slice preparations, unlike the 
intact animal, may not have adequate endogenous sigma-1 
receptor stimulation to reveal an allosteric effect. Therefore, 
we additionally perfused SOMCL-668 in the presence of the 
selective agonist PRE084 in cortical slices and again did not 
detect a significant change in the rheobase current of pyram-
idal neurons (Supplementary figure S3A, B).

We next explored if the sigma-1 receptor is involved in 
modulation of intrinsic plasticity. We found that the number 
of evoked APs was increased by PRE084 treatment at an in-
jected current of 140 pA, without significant change in spike 
frequency adaption (figure 3A–C). Notably, SOMCL-668 in-
creased spike frequency adaption at an injected current of 360 
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Fig. 1.  Effects of SOMCL-668 on acute and chronic phencyclidine-induced schizophrenia-related behaviors. (A) Experimental outline 
of acute studies. (B) PPI (%) was assessed using a startle stimulus intensity of 120 dB and prepulse intensities of 76, 83 and 87 dB. (C) 
Representative specimen traces of locomotor activity and summary bar graph of distance traveled. (D) Experimental outline of chronic 
studies. Social interaction (E) is presented as interaction time (s) and novel object recognition is presented as exploration time (s) for the 
familiar and novel objects (F) and as discrimination index (G). Data are shown as mean ± SEM; n = 10–12 mice per group. Statistical 
analysis was by one-way ANOVA (C, E and G) and two-way ANOVA (B and F); * P < .05, ** P < .01, *** P < .001.
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pA (figure 3D–F). Moreover, co-application of SOMCL-668 
with PRE084 led to a leftward shift of the current–spike curve 
relative to PRE084 alone (figure 3G–I).

We next asked whether this was also the case in sigma-1 
receptor knockout mice. The PRE084-induced increase 
in AP spike observed in wild-type mice was abolished in 
sigma-1 receptor knockout mice (Supplementary figure 
S3C). In addition, sigma-1 receptor knockout mice fired 
an average of 9 APs compared to 12 APs from neurons in 
wild types (Supplementary figure S3D). Taken together, it 
appears that the sigma-1 receptor is involved in modula-
tion of neuronal firing and that SOMCL-668 exerts pos-
itive allosteric modulation on intrinsic plasticity induced 
by a sigma-1 receptor agonist.

Positive Modulation of the Sigma-1 Receptor by 
SOMCL-668 in Ameliorating PCP-induced Behavioral 
Abnormalities

We further investigated allosteric modulation by 
SOMCL-668 in terms of its interaction with a selective 

sigma-1 receptor agonist in vivo, using a lower dose of 
SOMCL-668 (2.5  mg/kg) that alone did not affect im-
pairment in SI or NOR induced by chronic PCP adminis-
tration (figure 3J–M). 2.5 mg/kg SOMCL-668 + 1 mg/kg 
PRE084 induced greater improvement in SI and NOR as 
compared to PRE084 alone (figure 3K–M), implicating 
positive modulation of the sigma-1 receptor by SOMCL-
668 in vivo.

SOMCL-668 regulation of the AKT–CREB–BDNF 
pathway in relation to amelioration of PCP-induced im-
pairment in social behavior and cognition

Down-regulation of brain-derived neurotrophic factor 
(BDNF) is known to be involved in the pathophysiology 
of schizophrenia and may be a potential biomarker.44–46 
We and others have reported that activation of the 
sigma-1 receptor promotes production of BDNF.47–49 
Thus, we speculated that the antipsychotic-like effects 
of SOMCL-668 may be attributed to its regulation of 
BDNF. Chronic PCP treatment indeed decreased frontal 
cortical expression of BDNF and this decrease was 

Fig. 2.  SOMCL-668 fails to improve phencyclidine-induced schizophrenia-related behaviors in sigma-1 receptor knockout mice. (A) PPI 
(%) was assessed using a startle stimulus intensity of 120 dB and prepulse intensities of 76, 83 and 87 dB. (B) Representative specimen 
traces of locomotor activity and summary bar graph of distance traveled. Social interaction (C) is presented as interaction time (s) and 
novel object recognition is presented as exploration time (s) for the familiar and novel objects (D) and as discrimination index (E). Data 
are shown as mean ± SEM; n = 10–12 mice per group. Statistical analysis was by two-way ANOVA; * P < .05, ** P < .01, *** P < .001.
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Fig. 3.  SOMCL-668 positively modulates the effect of PRE084 both in vitro and in vivo. (A) Representative traces of intrinsic 
excitability and spike frequency adaption. (B) Spike frequencies elicited at 140 pA and 360 pA, with or without bath application 
of PRE084. (C) Complete plot of spike frequency against step current (pA) with or without bath application of PRE084. (D) 
Representative traces of intrinsic excitability and spike frequency adaption for action potentials. (E) Spike frequencies elicited at 220 
pA and 360 pA, with or without bath application of SOMCL-668. (F) Complete plot of spike frequency against step current (pA) 
with or without bath application of SOMCL-668. (G) Representative traces of intrinsic excitability and spike frequency adaption for 
action potentials. (H) Spike frequencies elicited at 180 pA and 360 pA, with or without bath application of PRE084 + SOMCL-668. 
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ameliorated by SOMCL-668 (figure 4A), indicating that 
SOMCL-668 regulates BDNF expression in vivo.

We next examined AKT/CREB phosphorylation, 
upstream signaling molecules in BDNF production, 
and found that SOMCL-668 treatment also amelior-
ated chronic PCP-induced decreases in expression of 
p-AKT and p-CREB. However, SOMCL-668 failed 
to alter p-AKT, p-CREB and BDNF expression in 
sigma-1 receptor knockout mice (figure  4B). These 
findings are consistent with the comparable behav-
ioral effects (figure  2C–E) and indicate a sigma-1 
receptor-dependent effect.

To further elucidate the role AKT/CREB/BDNF 
pathway, we employed LY294002 to inhibit PI3K/AKT-
mediated expression of BDNF (figure 4J, K). Amelioration 
by SOMCL-668 of chronic PCP-induced social and cog-
nitive deficits was absent when LY294002 was adminis-
tered (figure 4G–I). Notably, LY294002 given alone also 
induced both social and cognitive deficits similar to those 
induced by chronic PCP administration, further sup-
porting a role for the AKT–CREB–BDNF pathway in 
PCP-induced schizophrenia-related behaviors in mice.

Discussion

The sigma-1 receptor located in MAM is a Ca2+-sensitive 
molecular chaperone that can regulate a variety of neu-
rotransmitter systems. There is increasing evidence that 
the sigma-1 receptor is involved in the pathobiology 
neuropsychiatric diseases such as schizophrenia and de-
pression.6 Moreover, modulation of the sigma-1 receptor 
appears to contribute to the therapeutic actions of var-
ious drugs such as selective serotonin reuptake inhibi-
tors (SSRIs), donepezil and neurosteroids.43 Alteration 
in brain sigma-1 receptor expression in schizophrenia 
patients has been reported.12,13 Early studies showed that 
non-selective sigma-1 receptor agonists such as fluoxetine 
ameliorated PCP-induced cognitive impairment.7 In the 
present study, we took advantage of the newly developed, 
selective sigma-1 receptor allosteric modulator SOMCL-
66832 to investigate a potential antipsychotic-like effect.

We found that SOMCL-668 ameliorated both acute 
PCP-induced PPI deficiency and hyperlocomotor ac-
tivity and chronic PCP-induced social deficits and cog-
nitive impairment (figure  1). Furthermore, these effects 
of SOMCL-668 were confirmed to be mediated via the 
sigma-1 receptor, since they were reversed by pretreat-
ment with BD1047, a selective sigma-1 receptor antag-
onist (figure S2), and were absent in sigma-1 receptor 
knockout mice (figure  2). Additionally, SOMCL-668 

positively modulated both intrinsic neuronal plasticity in 
brain slices (figure 4A–I) and sigma-1 agonist-facilitated 
amelioration of social and cognitive deficits following 
chronic PCP treatment (figure  4J–M), indicating 
SOMCL-668 indeed acts functionally as an allosteric 
modulator. Taken together, the present data reveal, for 
the first time, that allosteric modulation of the sigma-1 re-
ceptor elicits antipsychotic-like effects on schizophrenia-
related behaviors.

Allosteric modulation, a focus point in contemporary 
drug discovery, is a process by which a molecule induces 
a conformational or dynamic change in a targeted pro-
tein by binding to a site other than the orthosteric pocket 
and thereby regulates the function of that protein; as al-
losteric modulators do not compete with endogenous/ex-
ogenous ligands at the orthosteric site, they thus provide 
an alternative approach for functional modulation of re-
ceptors/enzymes.44,45 They have the potential to achieve 
the same efficacy as, and to reduce the adverse effects 
of, orthosteric ligand,46 and to delay the development of 
drug resistance.47,48 In addition, compared to the highly 
conserved orthosteric pocket, the diverse structure of al-
losteric sites broadens approaches for designing different 
small molecules for achieving precise functional regula-
tion of a targeted protein, thus providing an improved 
strategy for drug discovery.25,26

We have reported the first potent sigma-1 receptor al-
losteric modulator SKF83959,30 a long-recognized do-
pamine D1 receptor agonist,49 and have subsequently 
developed a selective sigma-1 receptor allosteric mod-
ulator SOMCL-668 without binding affinity to D1 and 
other neurotransmitter receptors.32 The present data re-
veal that allosteric modulation of the sigma-1 receptor 
produced a potent antipsychotic-like effect in acute and 
chronic PCP-treated animals. Given the advantages of 
allosteric modulation, these findings may illuminate a 
promising novel approach to drug discovery and devel-
opment for psychotic disorders such as schizophrenia.

Brain-derived neurotrophic factor (BDNF) functions 
via receptors enriched in the nervous system.50,51 BDNF 
regulates neuronal survival, growth, differentiation and 
neuronal plasticity. Alterations in BDNF function have 
been closely associated with neuropsychiatric disorders, 
including schizophrenia,52,53 and decreased BDNF in the 
brain of schizophrenia patients may serve as a potential 
biomarker.53–55 Activation of the sigma-1 receptor can 
promote BDNF expression,56–58 and we have previously 
reported that SOMCL-668 induces BDNF expression 
in experimental animals.42 The present data demonstrate 
that SOMCL-668 treatment reverses decreased prefrontal 

(I) Complete plot of spike frequency against step current (pA) with or without bath application of PRE084 + SOMCL-668. (J) 
Experimental outline of behavioral study. Social interaction (K) is presented as interaction time (s) and novel object recognition is 
presented as exploration time (s) for the familiar and novel objects (L) and as discrimination index (M). Data are shown as mean ± SEM; 
n = 16–18 cells from 3–4 mice in electrophysiological tests and n = 10–12 mice in behavioral tests. Statistical analysis was by two-way 
ANOVA (C, F, I and L), one-way ANOVA (K and M) and Student’s paired t-test (B, E and H); * P < .05, ** P < .01, *** P < .001.
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BDNF expression induced by chronic PCP (figure 4A–E), 
which parallels improved social interaction and cognitive 
function (figure 1).

The AKT/CREB pathway is known to be a critical 
modulator of BNDF and alterations in AKT/CREB 

activation have been implicated in the pathobiology of 
schizophrenia.59,60 For example, some risk genes for schiz-
ophrenia have been shown to regulate the AKT signaling 
pathway.60 The D2R, a key therapeutic target of currently 
available antipsychotic drugs, also regulates the AKT 

Fig. 4.  Effects of SOMCL-668 on AKT–CREB–BDNF pathway in chronic PCP-treated mice. (A) Expression of BDNF in WT treated 
with Veh, PCP and SOMCL-668 + PCP. (B–E) Representative immunoblots (B) and ratios of p-AKT/AKT (C), p-CREB/CREB (D) and 
BDNF (E) in WT and S1R-/- mice treated with PCP, SOMCL-668 and SOMCL-668 + PCP. (F) Experimental outline of chronic studies. 
Social interaction (G) is presented as interaction time (s) and novel object recognition is presented as exploration time (s) for the familiar 
and novel objects (H) and as discrimination index (I). (J, K) Representative immunoblots (J) and quantitation (K) of BDNF levels from 
prefrontal cortex after the behavioral studies in (I). Data are shown as mean ± SEM; n = 6 mice per group (A–E), n = 14–16 mice per 
group (G–I) and n = 4 mice in each group (J, K). Statistical analysis was by two-way ANOVA; * P < .05, ** P < .01, *** P < .001.
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signaling pathway.61 CREB is known to be one of the 
downstream effectors of AKT and intracerebral injection 
of AAV9/CREB-S133D (phosphorylation mutation), to 
decrease activation of CREB, also attenuated MK801-
induced schizophrenia-related behavior and upregulated 
brain BDNF expression in mice.62 It may not be sur-
prising that BDNF genes are targets of the CREB family, 
as phosphorylated CREB binds to specific sequences in 
the BDNF promoter and regulates its transcription.63

The present data reveal that activation of the sigma-1 
receptor by the allosteric modulator SOMCL-668 in vivo 
stimulated the prefrontal AKT–CREB–BDNF signaling 
pathway, while this effect of SOMCL-668 was absent in 
sigma-1 receptor knockout mice (figure 4A–E). This in-
dicates that sigma-1 receptors mediate SOMCL-668 stim-
ulation of AKT–CREB–BDNF signaling cascades, in 
parallel with improving PCP-induced disruption of social 
and cognitive function (figure 2). Application of the selec-
tive PI3K/AKT inhibitor LY294002, to block production 
of BDNF, attenuated the ameliorative effects of SOMCL-
668 on chronic PCP-induced schizophrenia-related 
behaviors (figure 4F–K), further indicating that the sigma-
1-mediated AKT–CREB–BDNF pathway may contribute 
to the antipsychotic-like effects of SOMCL-668.

In summary, in this study we provide the first ex-
perimental data that the sigma-1 receptor allosteric 
modulator SOMCL-668 ameliorates not only acute PCP-
induced hyperactivity and disruption of PPI but also 
chronic PCP-induced social and cognitive impairment. 
Moreover, we further reveal that the signaling mechanism 
for these SOMCL-668-mediated effects may be attributed 
to modulation of the AKT–CREB–BDNF pathway. The 
present data may indicate a novel approach for drug dis-
covery in relation to psychotic disorders such as schizo-
phrenia. Nevertheless, though the present data involved 
both acute and chronic PCP, the most widely applied an-
imal models of psychotic illness and antipsychotic-like 
activity, studies with additional models may further in-
form on this putative therapeutic role and possible ad-
verse effects of sigma-1 allosteric modulators.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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