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Schizophrenia (SCZ) has been associated with serotonergic 
and endocannabinoid systems dysregulation, but difficulty 
in obtaining in vivo neurological tissue has limited its explo-
ration. We investigated CB1R-5-HT2AR heteromer expres-
sion and functionality via intracellular pERK and cAMP 
quantification in olfactory neuroepithelium (ON) cells of 
SCZ patients non-cannabis users (SCZ/nc), and evaluated 
whether cannabis modulated these parameters in patients 
using cannabis (SCZ/c). Results were compared vs healthy 
controls non-cannabis users (HC/nc) and healthy con-
trols cannabis users (HC/c). Further, antipsychotic effects 
on heteromer signaling were tested in vitro in HC/nc and 
HC/c. Results indicated that heteromer expression was en-
hanced in both SCZ groups vs HC/nc. Additionally, pooling 
all 4 groups together, heteromer expression correlated with 
worse attentional performance and more neurological soft 
signs (NSS), indicating that these changes may be useful 
markers for neurocognitive impairment. Remarkably, the 
previously reported signaling properties of CB1R-5-HT2AR 
heteromers in ON cells were absent, specifically in SCZ/
nc treated with clozapine. These findings were mimicked in 
cells from HC/nc exposed to clozapine, suggesting a major 
role of this antipsychotic in altering the quaternary struc-
ture of the CB1R-5-HT2AR heteromer in SCZ/nc patients. 
In contrast, cells from SCZ/c showed enhanced heteromer 

functionality similar to HC/c. Our data highlight a molec-
ular marker of the interaction between antipsychotic med-
ication and cannabis use in SCZ with relevance for future 
studies evaluating its association with specific neuropsychi-
atric alterations.

Key words:   schizophrenia/antipsychotics/cognition/can
nabis/human olfactory neuroepithelium

Introduction

Schizophrenia (SCZ) is a complex mental disorder 
that causes substantial clinical, familial, and economic 
burden.1,2 Despite advances in preclinical, neuroimaging 
and genetic research, clear links between etiology, path-
ophysiology and biological processes, and their relation-
ship to specific behavioral or cognitive symptoms remain 
unidentified.3–6 This is due to remarkable heterogeneity in 
the clinical presentation, potentially involving diverse be-
havioral and cognitive phenotypes, and to the challenge 
of obtaining viable neurological tissue for the study of 
underlying neurophysiological processes, among other 
factors. Recently, the study of the olfactory neuroepithe-
lium (ON) has emerged as a promising tool to help unveil 
molecular processes involved in some neuropsychiatric 
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disorders, including SCZ.7–12 The human ON is a spe-
cialized epithelial tissue that lies on the roof of the nasal 
cavity,13 and is relatively easy to collect, can proliferate in 
vitro and differentiate into multiple cell types, including 
neurons and glia.14

Dysregulations in serotoninergic and endocannabinoid 
systems have been related to SCZ. Hence, polymorphisms 
in genes coding for serotonin type 2A receptors 
(5-HT2AR) have been associated with a risk for SCZ.15 
Importantly, these receptors also mediate the action 
of  atypical antipsychotics,16 and antipsychotic-related 
differential dysregulations in 5-HT2AR expression have 
been found in postmortem brains of  SCZ.17 Additionally, 
cannabinoid type 1 receptors (CB1R) binding alter-
ations have also been described in postmortem studies 
of  SCZ patients.18,19 Further pointing to the potential 
relevance of  these 2 receptors for SCZ, 2,5-dimethoxy-4-
iodoamphetamine (DOI) induces a characteristic hallu-
cinogen response in rodents, attributed to activation of 
5-HT2AR, which is increased by endocannabinoids.20,21 
Moreover, studies have shown relevant associations be-
tween cannabis use and several behavioral, functional 
and neurocognitive alterations in SCZ,22–26 but the un-
derlying molecular mechanisms of  these interactions 
are unknown. Recently, our group demonstrated that 
5-HT2AR and CB1R form heteromers in the brain of 
mice, where they specifically mediate the memory im-
pairment induced by delta9-tetrahydrocannabinol 
(THC), the main psychoactive constituent of  cannabis.27 
Additionally, we revealed the presence of  functional 
CB1R-5-HT2AR heteromers (CB1R-5-HT2AR-HET) in 
ON cells of  human cannabis users and control subjects, 
showing a significant negative correlation between its 
expression levels and attention and working memory 
performance.9 Therefore, a potential functional interac-
tion between CB1R and 5-HT2AR could mediate some 
behavioral and/or cognitive symptoms in SCZ patients. 
However, the presence and functionality of  this CB1R-
5-HT2AR-HET in patients with SCZ remains to be 
examined.

Antipsychotics are the cornerstone of successful acute 
treatment and relapse prevention in SCZ.28–31 They are clas-
sified as typical, such as haloperidol (HAL), and atypical, 
such as clozapine (CLZ), olanzapine (OLZ), aripiprazole 
(ARP), or risperidone (RIS), among others. Although 
cognitive impairment is a core feature of SCZ,32 and is 
present across the course of the illness,33,34 specific anti-
psychotic effects on molecular markers of neurocognition 
have not been fully characterized.35,36 The 5-HT2AR plays 
an important role in both the therapeutic and side-effect 
profile of antipsychotics.16 Interestingly, recent preclinical 
studies have demonstrated that chronic treatment with 
atypical, but not with typical antipsychotics induces a 
5-HT2AR-dependent increase of HDAC2 epigenetic func-
tion via NF-κB, which leads to cognitive dysfunction.37 
Moreover, in HEK 293 cells expressing the D2R-5-HT1AR 

heterodimer, exposure to CLZ or ARP potentiated the 
functionality of this heteromer via an increase in ERK 
activation.38 Therefore, it would be relevant to under-
stand whether different types of antipsychotics could 
differentially modulate the functionality of the CB1R-5-
HT2AR-HET in ON cells.

Based on the above literature, we tested the following 
hypotheses: 1)  SCZ patients would show alterations in 
the formation/functionality of CB1R-5-HT2AR-HET in 
ON cells, which could be associated to alterations in clin-
ical, functional and cognitive variables; 2) Cannabis use 
in SCZ patients would modulate changes in heteromer 
functionality, and 3) Exposure to different types of anti-
psychotics could have differential effects on CB1R-5-
HT2AR-HET signaling.

Methods and Materials

Study Design and Subjects

A cross-sectional study was conducted in SCZ patients 
non-cannabis users (SCZ/nc) and cannabis users (SCZ/c), 
and in healthy controls non-cannabis users (HC/nc) and 
cannabis users (HC/c). Before nasal exfoliation, subjects 
underwent a complete physical exam, and medical, psy-
chiatric, sociodemographic, family history data were 
collected, and neuropsychological assessments were per-
formed, as previously described.9 The complete medical 
records and type/dose of the antipsychotic treatment 
received in the last 6  months, and other psychophar-
macological treatments were collected. The study was 
approved by the local institutional ethics committee 
(CEIC-PSMAR). Details about recruitment, inclusion/
exclusion criteria, and clinical and functional assessments 
are detailed in supplementary information.

Neuropsychological Assessment

Attention and working memory performance were evalu-
ated using the spatial span direct recall and the spatial 
span inverse recall tests, respectively, using the Cambridge 
Neuropsychological Test Automated Battery (CANTAB 
2017), as was social and emotional cognition. The digit 
span direct recall and the digit span inverse recall were 
appraised with WAIS-III39 tests. Measures of span length 
were used for the analysis. Executive functions were 
evaluated with the semantic verbal fluency test,40 and pre-
morbid intelligence estimation with the vocabulary test 
(WAIS-III).39

Quantification of Cannabis Consumption in Plasma

To estimate the quantity of cannabis consumed in can-
nabis users, we measured the plasma concentrations of 
THC, its initial psychoactive metabolite (11-hydroxy-
THC; 11-OHTHC), and its main non-psychoactive me-
tabolite (11-nor-9-carboxy-Δ-9-THC; THC-COOH). An 
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extraction protocol from Waters Corporation was fol-
lowed with some modifications, as previously reported.9

ON Cell Culture and Biochemical and 
Molecular Assays

Primary cultures were grown for 3–4 weeks in Dulbecco’s 
Modified Eagle Medium/Ham F-12 (DMEM/F12) con-
taining 10% FBS, 2% glutamine and 1% streptomycin-
penicillin with 10% FBS at 37°C and 5% CO2, as 
previously described,9 before passaging into flasks. 
Biochemical and functional assays were carried at pas-
sage 4 to ensure that no major epigenetic changes took 
place in our cell cultures.41 ON cells in monolayer culture 
show various differentiation stages according to their 
morphological characteristics.9,42–44 Thus, they can be 
considered as immature olfactory neurons. The expres-
sion of CB1R-5-HT2AR-HET was determined using the 
proximity ligation assay (PLA), and heteromer signaling 
was determined through adenylate cyclase (cAMP) and 
the ERK1/2 phosphorylation pathway (pERK) to eval-
uate cross-talk and cross-antagonism following treatment 
with CB1 and 5-HT2A receptor agonists and antagonists, 
as previously described.9

In vitro Pharmacological Study

To model the effects of chronic administration of anti-
psychotics and their modulation by cannabis use, we 
exposed ON cells from HC/nc and HC/c in vitro to 3 anti-
psychotics with different molecular conformations acting 
at the 5-HT2AR: ARP, HAL, and CLZ (Sigma Aldrich, 
Madrid, Spain) for 12 days, and then determined CB1R-
5-HT2AR-HET signaling via cAMP production and 
pERK activation, as previously described.9 Details of the 
experimental procedure are explained in supplementary 
information.

Computational Models of Ligand-5-HT2AR Complexes

CLZ, HAL, and ARP were docked into the structures of 
5-HT2AR in complex with the homologous RIS (PDB id 
6A93) or zotepine (6A94) ligands,45 and THC was docked 
into CB1R in complex with the homologous AM11542 li-
gand (5XRA).46 These structures were used to build CB1R-
5-HT2AR-HET via transmembrane (TM) helices 5&6 
using the structure of the µ-opioid receptor (4DKL).47

Statistical Analyses

Normality of continuous variables was tested with a 
Shaphiro-Wilk W test. Continuous variables that were 
not normally distributed were analyzed with the Kruskal–
Wallis test. Categorical variables were analyzed using 
Chi-Square tests, followed by pair-wise post-hoc and/or 
the false discovery rate (FDR) correction, as appropriate. 
For neuropsychological data, an adjusted regression 

model considering tobacco use (present/absent) as a fixed 
factor was performed. Correlation analyses were per-
formed using Spearman test. The cAMP and pERK data 
were analyzed with 2-way repeated-measures ANOVAs 
(group as between-subjects factor and cell treatment as 
within-subjects factor), followed by the LSD post-hoc 
test. Data were analyzed with the PASW Statistics v.18, 
and JMP software v.14. All statistical tests were 2-sides 
with α = .05.

Results

Demographic and clinical data are shown in table 1 and 
supplementary table 1. Groups did not differ in age, sex, 
history of nasal trauma, surgery or rhinitis. Body mass 
index was significantly higher in SCZ/nc than HC/nc, and 
the percentage of tobacco users was significantly lower in 
HC/nc than in HC/c and SCZ/c. Socioeconomic status 
was significantly lower in SCZ/nc than HC/nc, but not 
after correction for multiple testing. Both SCZ groups 
had significantly lower functionality scores vs HC/nc 
and HC/c, but SCZ/c exhibited significantly lower scores 
than SCZ/nc. Conversely, while neurological soft signs 
(NSS) were higher in both SCZ groups vs HC/nc and 
HC/c, SCZ/c showed significantly lower scores vs SCZ/
nc. Depression and psychosis severity scores did not 
differ among groups. Antipsychotic treatments for SCZ 
patients are shown in supplementary table 2.

Neuropsychological Performance

Neuropsychological data are shown in figure 1. Attention 
(figure  1A) was significantly worse in HC/c (n  =  20), 
SCZ/nc (n = 16), and SCZ/c (n = 10) vs HC/nc (n = 18). 
Spatial span inverse recall (figure  1B), and digit span 
direct recall (figure  1C) did not significantly differ be-
tween groups. SCZ/nc also showed significantly worse 
performance than HC/c. Working memory (figure  1D) 
was significantly worse in SCZ/nc than HC/c and HC/c, 
while SCZ/c showed similar scores vs HC/nc and HC/c. 
Semantic verbal fluency performance (figure 1E) was sig-
nificantly worse in SCZ/nc and in SCZ/c vs both healthy 
control groups. A  significantly worse performance in 
emotional recognition (figure  1F) was also detected in 
both SCZ groups vs HC/nc, but SCZ/nc also showed 
worse performance than HC/c. These comparisons re-
mained significant after adjusting for tobacco use. No 
significant group differences were found in the remaining 
neuropsychological tests.

Increased Expression of CB1R-5-HT2AR-HET in ON 
Cells of SCZ Patients

Representative photomicrographs of CB1R-5-HT2AR-
HET expression, quantified with PLA in ON cells of HC/
nc, HC/c, SCZ/nc, and SCZ/c, are shown in figure 2A. 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
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The percentage of cells containing heteromers (figure 2B) 
was significantly higher in SCZ/nc, SCZ/c, and HC/c vs 
HC/nc. Similarly, the number of heteromers per positive 
cells was significantly higher in SCZ/nc, SCZ/c, and HC/c 
vs HC/nc (figure 2C).

Associations Between CB1R-5-HT2AR-HET Expression, 
Cannabis Use, and Neurocognitive Performance

The percentage of heteromer expression in ON cells of 
HC/c and SCZ/c positively correlated with plasma levels 
of THC-COOH (figure 2D), and negatively with age of 
onset of cannabis use in the population who tried can-
nabis at least once in their lifetime (n  =  35; figure  2E). 
In the entire population, heteromer expression correlated 
negatively with attention performance (figure  2F) and 
positively with the number of NSS (figure 2G). Similar 
results were obtained for the mean number of heteromers 
per positive cells (Data not shown). These comparisons 
remained significant after adjusting for tobacco use. No 
significant correlations were found for neurocognitive 
performance or other clinical or functional variables and 
heteromer expression within groups.

Functional Characteristics of CB1R-5-HT2AR-HET in 
ON Cells of SCZ Patients

We determined heteromer signaling by measuring cAMP 
levels (decrease of forskolin-induced cAMP), and through 
activation of the ERK1/2 phosphorylation pathway in 
ON cells of HC/nc, HC/c, SCZ/nc, and SCZ/c (figure 3A). 
Importantly, we have previously found that the forma-
tion of the CB1R-5-HT2AR heteromer leads to a switch in 

G-protein coupling for 5-HT2AR from Gq to Gi proteins.27 
Thus, cells stimulated with forskolin and treated with the 
CB1R agonist WIN 55,212–2 (WIN) or the 5-HT2AR ago-
nist DOI showed reduced cAMP production in all groups, 
as expected for Gi-coupled receptors. Also, when both re-
ceptors were stimulated together, an additive decrease of 
cAMP was not observed (presence of negative cross-talk) 
in HC/nc, HC/c, and SCZ/c. In contrast, in SCZ/nc the 
co-administration of WIN+DOI leads to a further sig-
nificant decrease of cAMP (figure  3A, absence of nega-
tive cross-talk). Similar results were obtained for pERK, 
where a further increased activation was observed, re-
vealing no negative cross-talk only in SCZ/nc (figure 3B). 
Furthermore, the CB1R antagonist rimonabant (RIM) and 
the 5-HT2AR antagonist MDL 100,907 (MDL) blocked the 
decrease of forskolin-induced cAMP triggered by WIN 
and DOI in HC/c, HC/nc, and SCZ/c (cross-antagonism). 
However, in SCZ/nc, RIM did not block the decrease of 
cAMP triggered by DOI, and MDL did not block the de-
crease of cAMP triggered by WIN, indicating no cross-
antagonism (figure 3A). Similar results were obtained for 
pERK, where no cross-antagonism was observed only in 
SCZ/nc (figure 3B).

To understand whether the effects observed were due to 
a specific type of antipsychotic treatment, the data from 
SCZ/nc receiving CLZ/OLZ and ARP/RIS were ana-
lyzed separately. Results showed the known signature of 
the heteromer (negative cross-talk and cross-antagonism) 
for both cAMP and pERK in cells from SCZ/nc treated 
with ARP/RIS, while cells from SCZ/nc treated with 
CLZ/OLZ did not show cross-talk or cross-antagonism 
(supplementary figure 1).

Table 1.  Demographic Characteristics of the Different Groups Included in the Study

Healthy Controls  
Non-Cannabis Users  
(HC/nc) (n = 18)

Healthy Controls 
Cannabis Users 
(HC/c) (n = 20)

Schizophrenia  
Non-Cannabis Users  
(SCZ/nc) (n = 16)

Schizophrenia  
Cannabis Users 
(SCZ/c) (n = 10)

Age (y)† 28 (26.8–33) 28.5 (22.5–33.3) 32 (30–43) 30.5 (26.5–42.3)
Gender; male (%) 11 (61.1) 15 (75.0) 11 (68.8) 10 (100.0)
BMI (kg/m2)† 22.7 (20.4–25.3) 23.1 (18.6–25.6) 29.4 (25.4–35.0)** /## 25.7 (24.1–28.2)
History of nasal trauma/surgery; n (%) 4 (22.2) 6 (30.0) 3 (18.8) 1 (10.0)
History of rhinitis; n (%) 2 (11.1) 4 (20.0) 0 (0) 2 (20.0)
Tobacco use
  Users – n, (%) 6 (35.3) 16 (80.0) 10 (62.5) 10 (100.0)
  Units per week† 42 (28.8–140) 28 (14–70) 175 (79–280)## 105 (70–210)#

  Length of use (y)† 9 (5–15.8) 6.5 (2.8–17.8) 15 (7.5–17) 15 (4–25.3)
Cannabis use
  Age first use (y)‡ n/a 15.7 (1.9) n/a 16.3 (2.3)
  Units per week† n/a 8 (4.3–21) n/a 18 (4.8–21)
  Length of use (y)† n/a 8 (3.3–13.8) n/a 13.5 (9.3–23.5)#

Note: For continuous, non-normally distributed variables (†) results are reported in median (first quartile-third quartile) and provided 
statistics refer to the Kruskal–Wallis test. For continuous, normally distributed variables (‡) results are reported in mean (SD) and pro-
vided statistics refer to ANOVA followed by post-hoc test. Body mass index (BMI) [χ 2 (3) = 20.13; P < .001], and the percentage of to-
bacco users [χ 2 (3) =14.25, P < .01] were significantly different between groups.
*P < .05; **P < .01; ***P < .001 vs HC/nc; #P < .05, ##P < .01, ##P < .001 vs HC/c.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
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CB1R-5-HT2AR-HET Functionality in ON Cells 
Following Repeated Antipsychotic Treatment in vitro

To investigate whether the changes in heteromer 

functionality observed with CLZ in SCZ/nc were specifi-
cally related to its interaction with the disease, we exposed 
ON cells from HC/nc and HC/c users to different types 

Fig. 1.  Neuropsychological assessments in healthy subjects who do not use cannabis (HC/nc), healthy subjects who use cannabis (HC/c), 
schizophrenia patients who do not use cannabis (SCZ/nc), and schizophrenia patients who use cannabis (SCZ/c). Significant differences 
between groups were observed [χ 2(3) = 22.54, P < 0.001] in the direct spatial span test (A), but not in the inverse spatial span or the direct 
digit span tests (B and C). The inverse digit span (D) [χ 2(3) = 11.23, P < .01], semantic verbal fluency [χ 2(3) = 24.45, P < 0.001] (E), and 
emotional recognition [χ 2(3) = 11.30, P < 0.01] (F) performance were also different between groups. The data are box plots displaying the 
minimum, first quartile, median, third quartile, and maximum. *P < .05, **P < .01, ***P < .001 vs HC/nc; #P < .05, ##P < .01, ###P < 
.001 vs HC/c.
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Fig. 2.  CB1R-5-HT2AR-HET expression in healthy subjects who do not use cannabis (HC/nc), healthy subjects who use cannabis (HC/c), 
schizophrenia patients who do not smoke cannabis (SCZ/nc), and schizophrenia patients who use cannabis (SCZ/c). (A) Representative confocal 
microscopy images of ON cells processed in proximity ligation assays showing heteromers appearing as red spots, and cell nuclei stained with 
DAPI (blue). Scale bars = 20 μm. (B) The percentage of cells containing heteromers [χ 2(3) = 23.13, P < .001], and (C) the number of heteromers 
per positive cells (ratio) [χ 2(3) = 19.69, P < .001] differed significantly between groups. The data are represented in box plots displaying the 
minimum, first quartile, median, third quartile, and maximum. *P < .05,**P < .01,***P < .001 vs HC/nc. Significant spearman correlations 
between the percentage of cells expressing 5-HT2AR-CB1R-HET and: (D) plasma concentrations of THC-COOH in subjects who use cannabis 
(n = 13) (ρ = 0.68; P < .01); (E) age of onset of cannabis use in all subjects who have tried cannabis at least once in their lifetime (N = 35) 
(ρ = −0.44; P < .01); (F) attention in the direct spatial span test (ρ = −0.39, P < .01), and (G) neurological soft-signs (NSS)(G) neurological soft-
signs (NSS) (ρ = 0.39, P < .01) in the entire population.
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of antipsychotics and evaluated heteromer signaling 
(Fig. 3). ON cells from HC/nc stimulated with forskolin 
and treated with WIN or DOI showed a decrease of 
cAMP in all groups exposed repeatedly to VEH, CLZ, 

ARP, and HAL compared to forskolin alone. However, 
in the CLZ group, this decrease was significantly lower 
vs the other groups. Remarkably, the co-administration 
of WIN+DOI lead to a greater decrease of cAMP only 

Fig. 3.  CB1R-5-HT2AR-HET functionality in ON cells. (A and B) cells were obtained from healthy subjects who do not use cannabis 
(HC/nc), healthy subjects who use cannabis (HC/c), schizophrenia patients who do not smoke cannabis (SCZ/nc), and schizophrenia 
patients who use cannabis (SCZ/c). (A) cAMP production (B) pERK activation *P < .05,**P < .01,***P < .001 vs basal values; +P < 
.05, ++P < .01, +++P < .001 vs WIN or DOI treatment; #P < .05, ##P < .01, ###P < .001 vs HC/nc. (C–F) ON cells obtained from 
healthy subjects non-cannabis users (HC/nc) (C and D) and from healthy subjects cannabis users (HC/c) (E and F) treated in vitro with 
vehicle (VEH), aripiprazole (ARP), haloperidol (HAL), or clozapine (CLZ) during 12 days. (C) cAMP production in HC/nc, (D) pERK 
activation in HC/nc. (E) cAMP production in HC/c. (F) pERK activation in HC/c. *P < .05, **P < .01, ***P < .001 vs basal values; + 
P < .05, ++P < .01, +++P < .001 vs WIN or DOI treatment and ##P < .01, ###P < .001 vs the VEH group. Data are mean+SEM. 
ANOVA values for each panel are shown in supplementary table 3.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
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in cells treated with CLZ (no negative cross-talk), in con-
trast to cells exposed to VEH, ARP, or HAL (negative 
cross-talk) (Fig.  3A). Similarly, WIN+DOI lead to sig-
nificantly higher pERK levels only in cells exposed to 
CLZ (no negative cross-talk) (Fig. 3B). Moreover, cross-
antagonism was observed in both cAMP and pERK 
measurements in cells exposed to VEH, ARP, and HAL, 
but not in cells treated with CLZ. These data are con-
sistent with the results obtained in SCZ/nc treated with 
CLZ, suggesting that heteromer signaling alterations in 
SCZ may be mostly due to CLZ treatment.

Cannabis use prevented the signaling changes induced 
by CLZ since opposing results were obtained in cells 
from HC/c, where negative cross-talk and bidirectional 
cross-antagonism appeared in both cAMP (Fig. 3C) and 
pERK (Fig. 3D) measurements in all groups (VEH, CLZ, 
ARP, and HAL).

Discussion

ON cells are pro-neuronal tissue that can be easily 
obtained from a living human and have quickly become 
a promising tool to characterize underlying cellular and 
biochemical processes related to brain disorders, in-
cluding SCZ.7,48 We previously reported increased CB1R-
5-HT2AR-HET expression in ON cells of cannabis users 
vs control subjects.9 Here, we extend these findings by 
showing that the expression of this heteromer is also 
enhanced in SCZ patients vs control subjects, irrespec-
tive of cannabis use. Conversely, we discovered that the 
previously reported signaling properties (presence of 
negative cross-talk and cross-antagonism) of CB1R-5-
HT2AR-HET in ON cells were absent in SCZ/nc, but not 
in SCZ/c.

In this study, the positive correlation between heteromer 
expression levels in ON cells with plasma concentra-
tions of THC-COOH found in our previous study with 
HC/c users,9 remained significant when including SCZ/c. 
Furthermore, in all subjects that had tried cannabis at 
least once in their lifetime, age of first onset of cannabis 
use was positively correlated with heteromer expression. 
In agreement, studies in animal models have reported 
that acute THC administration increased the number of 
CB1R-5-HT2AR-HET in the brain of mice,27 and chronic 
THC increased the number of dopamine D1-D2 receptor 
heteromers in striatal neurons of monkeys.49 Our findings 
suggest that possible epigenetic changes taking place in 
SCZ,50–52 and following chronic cannabis use,49 may favor 
CB1R-5-HT2AR-HET formation.

We found that HC/c and both groups of SCZ patients 
showed deficits in the direct recall spatial span test, but 
not in the inverse recall spatial span test. These processes 
differ in that both require attention, but the inverse recall 
also engages working memory’s central executive func-
tions.53,54 Thus, our results suggest that both cannabis use 
and SCZ alter the attentional component of cognitive 

processing. However, SCZ/nc also showed deficits in the 
inverse recall digit span test, but not in the direct recall 
digit span test. Again, the inverse recall digit span test is 
more cognitively demanding (working memory) than the 
direct digit recall. Thus, SCZ/nc may be more cognitively 
compromised than HC/c and SCZ/c since they present 
both attention and working memory deficits. While HC/c 
and both groups of SCZ patients exhibited a significant 
increase in heteromer expression, in the entire popu-
lation, enhanced heteromer formation correlated with 
worse attention performance, and with more NSS (ab-
normalities in sensorimotor integration increased in SCZ 
vs HC55). Thus, while increased formation of heteromers 
in ON cells may biologically link to neurocognitive im-
pairment and sensorimotor integration, more data are 
needed to corroborate these results. Future studies in 
postmortem brains of patients may shed light into the 
relevant corticostriatal circuits involved, where highly ex-
pressed CB1R and 5-HT2AR modulate these processes.56,57

We have previously provided evidence that the nega-
tive cross-talk and bidirectional cross-antagonism prop-
erties of CB1R-5-HT2AR-HET are due to an interaction 
of CB1R with 5-HT2AR via TMs 5&6.27 The experimental 
data for HC/nc, HC/c, and SCZ/c agree with this pro-
posal (supplementary figure 2, top panels). On the other 
hand, the data from SCZ/nc points to a different quater-
nary structure of the heteromer (supplementary figure 2, 
lower panels), where the outward movement of TM6 for 
G-protein binding in both protomers is feasible, trig-
gering further decrease of cAMP or further increase of 
pERK (no negative cross-talk), and antagonist binding 
to either protomer also stabilizes the inactive conform-
ations of TMs 5&6, but does not stabilize the subse-
quent formation of the very stable  4-helix association, 
facilitating receptor activation (no cross-antagonism). 
Thus, our findings suggest that in ON cells of SCZ/nc, 
the biochemical signature of the CB1R-5-HT2AR-HET is 
modified due to a slightly different heteromeric interface. 
Furthermore, a separate analysis of the data in SCZ/nc 
indicated that only cells from patients treated with CLZ/
OLZ, but not those treated with ARP/RIS, showed al-
tered heteromer signaling. These findings are consistent 
with those obtained in vitro following repeated exposure 
to CLZ in cells from HC/nc and suggest a major role of 
CLZ in heteromer conformational changes in SCZ pa-
tients, although confirmatory studies should be carried 
out in antipsychotic-naïve patients.

Moreover, we found that cannabis use prevents these 
alterations in heteromer signaling in cells from SCZ/c, 
where enhanced negative cross-talk and cross-antagonism 
was observed, similar to HC/c. These opposite changes in 
pERK and cAMP signaling in ON cells from SCZ/nc and 
SCZ/c were associated with neurocognitive impairment 
in both groups. pERK1/2 and cAMP have been related 
to neuronal plasticity and memory processes,58 and alter-
ations in these intracellular markers have been observed 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa038#supplementary-data
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in postmortem brain samples of SCZ patients,59 and plu-
ripotent stem cells (iPSCs) in a DISC1 model of SCZ.60 
Our findings in ON cells are consistent with these data, 
and suggest that changes in the expression and function-
ality of CB1R-5-HT2AR-HET may be useful markers for 
neurocognitive impairment in SCZ.

Aiming to understand this molecular signature of 
CLZ and OLZ, relative to HAL and ARP, we show 
in figure  4A and 4B the docking models of these mol-
ecules on the 5-HT2AR. These ligands bind to the same 
orthosteric pocket, but CLZ/OLZ occupy an additional 
volume near TMs 5&6, whereas HAL/ARP expand to-
ward the extracellular environment. We propose that 
the specific binding properties of CLZ/OLZ may trigger 
transcriptional mechanisms that ultimately lead to an 
alternative heteromeric interface in the CB1R-5-HT2AR-
HET. Consistent with this notion, previous studies have 
shown that chronic treatment with CLZ, but not HAL 
induces epigenetic alterations in the histone deacetylase, 
HDAC2 in a 5-HT2AR-dependent manner in mice, and 
in postmortem brains of SCZ patients.37 These changes 
in gene expression may modulate the quaternary struc-
ture of the CB1R-5-HT2AR-HET by altering the expres-
sion of additional proteins that either associate with the 
heteromer or modify the heteromer post-translationally. 
Although not related with drug effects, we have recently 
reported that post-translational modifications, involving 
phosphorylated amino acids in the C-tail modulated the 
quaternary structure of another dimer, the A2AR-CB1R 
heteromer.61 This CLZ/OLZ-induced alternative inter-
face tolerates simultaneous activation of both recep-
tors (absence of negative cross-talk) and does not show 
the cross-antagonism signature. Since these changes in 
the quaternary structure of the heteromer due to CLZ/
OLZ are prevented by cannabis use, we docked THC, the 
most prevalent of the active compounds found in can-
nabis, to CB1R (figure 4B and 4C). The model shows that 
the alkyl chain of THC expands towards TMs 5&6 to 

occupy a hydrophobic pocket formed by L5.42, W5.45, 
and M6.55. We propose that exposure to cannabis (THC) 
stabilizes the known conformation of TMs 5&6 of CB1R, 
such that binding of CLZ to 5-HT2AR cannot trigger the 
alternative interface (supplementary figure 3).

In conclusion, we report that both SCZ/nc and SCZ/c 
show an increase in CB1R-5-HT2AR-HET expression in 
ON cells, as well as altered heteromer functionality. In 
SCZ/nc treated with CLZ, stimulation of the heterodimer 
leads to a further increase in pERK1/2 and a further de-
crease in cAMP signaling, suggesting alterations in the 
heterodimer interface possibly due to changes in its quat-
ernary structure. Conversely, in SCZ/c stimulation of the 
heterodimer leads to further reduction in pERK1/2 and 
further increase of cAMP (enhanced cross-talk). Both of 
these effects were associated with neurocognitive impair-
ment. These findings indicate that CLZ treatment alters 
the functionality of CB1R-5-HT2AR-HET, and that can-
nabis use prevents these changes, possibly due to its spe-
cific interaction with hydrophobic residues at TMs 5&6 
of CB1R. Our results also emphasize the utility of using 
the ON cell model in neuropsychiatric research.

Supplementary Material

Supplementary material is available at Schizophrenia 
Bulletin online.
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