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Abstract

Aims: To test whether neurite-inhibitory plasma autoantibodies in chronic schizophrenia activate Gq/11- and Gi- coupled signaling pathways 
downstream of 5-hydroxytryptamine 2A receptor activation; and for modulation of serotonergic signaling by the metabotropic 2/3 receptor agonist 
LY379268. 

Methods: Plasma from five older adults with chronic schizophrenia and eight age-matched patients having another neuropsychiatric, immune or 
metabolic disorder was subjected to Protein-A affinity chromatography to obtain IgG autoantibodies. Mean neurite retraction (5 minutes) or cell survival 
(24 hours) was determined in mouse N2A neuroblastoma cells incubated with autoantibodies in the presence or absence of specific antagonists of the 
Gq/11/PLC/IP3R signaling pathway, Gi-coupled, beta-arrestin2-directed pathways, or LY379268.

Results: Chronic schizophrenia plasma autoantibodies- mediated dose- and time-dependent acute N2A neurite retraction was completely prevented by 
M100907, a selective 5-hydroxytryptamine 2A receptor antagonist. LY379268 promoted autoantibody-induced neurite retraction causing a shift-to-the-
left in the dose-response curve. Antagonists of the RhoA/Rho kinase and Gq/11/PLC/IP3R signaling pathways blocked autoantibody-mediated neurite 
retraction. Chronic schizophrenia plasma autoantibodies mediated increased N2A cell survival which was blocked by LY379268, pertussis toxin, and 
antagonists of PI3-kinase- mediated survival signaling. 

Conclusion: Schizophrenia plasma autoantibodies activate the 5-hydroxytryptamine 2A receptor positively coupled to Gq/11/PLC/IP3R pathway and 
RhoA/Rho kinase signaling activation in promoting acute N2A cell neurite retraction. Autoantibodies in a subset of patients experiencing hallucinations 
promoted increased N2A cell survival mediated (in part) via a pertussis-toxin sensitive, Gi-coupled, PI3-kinase-dependent mechanism. Positive 
modulation of 5-HT2AR-mediated neurite retraction by LY379268 suggests the autoantibodies may target (in part) the 5-HT2AR/mGlu2R heteromer. 

 

Introduction

The serotonin 2A receptor (5-HT2AR) is highly expressed 
in cortical brain regions underlying normal perception [1]. The 
hallucinogenic drug lysergic acid diethylamine (LSD) causes long-
lasting 5-HT2AR activation which is positively coupled to Gq/11- and 
β-arrestin-2- dependent signaling pathway activation [2]. Head twitch 
in mice infused with the hallucinogenic (reversible 5HT2AR agonist) 
1-[2,5-dimethoxy-4-iodophenyl]- 2-aminopropane (DOI) required 
an additional contribution from metabotropic glutamate (mGlu)2R-
mediated, Gi-coupled signaling since head twitch was not observed 
in DOI-treated mice harboring an mGlu2R knock-out mutation [3]. 
Heteromeric 5-HT2AR/mGlu2R complexes occur in the mammalian 
prefrontal cortex [4] and are thought to integrate serotonergic and 
glutamatergic signals via allosteric receptor-receptor interactions 

alters the balance between Gq11- and Gi-coupled signaling pathway 
activation [4]. 

Paranoid schizophrenia is a common disabling disease affecting 
~1% of adults [5]. Evidence from epidemiologic studies [6] and a recent 
genome-wide association study [7] suggests a role for dysregulated 
acquired immunity in the pathophysiology of schizophrenia. A possible 
role for brain reactive autoantibodies was suggested by prior studies 
[6] including our report that plasma IgG autoantibodies in a subset 
of chronic schizophrenia potently suppressed neurite outgrowth and 
mediated strong depolarization in N2A mouse neuroblastoma cells 
[8]. Since major depression and Parkinson’s disease autoantibodies 
mediated long-lasting 5-HT2A receptor activation positively coupled 
to Gq/11 signaling [9,10], here we tested whether chronic paranoid 
schizophrenia plasma autoantibodies activate 5-HT2A receptor, 
Gq/11-mediated signaling leading to neurite outgrowth inhibition 
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in N2A mouse neuroblastoma cells. A role for signaling cross-talk 
involving 5-HT2AR/mGlu2R heteromers was tested by comparing 
N2A acute neurite retraction induced by schizophrenia plasma 
autoantibodies in the presence or absence of the mGlu2/3R agonist 
LY379268. Since LY379268 was previously reported to suppress 
hallucinogen-induced Gi-coupled signaling at the 5HT2AR [4], 
we investigated biased 5-HT2AR-dependent, Gi-coupled signaling 
evoked by autoantibodies from subgroups of psychosis-prone vs. 
patients not experiencing recurrent visual or auditory hallucinations.

Participants and Methods

Participants- Outpatient men ranging in age from 47–78 years 
old provided informed consent for participation in the Institutional 
Review Board-approved study and were consecutively enrolled from 
the diabetes and endocrinology clinics at the Veterans Affairs New 
Jersey Health Care System (East Orange and Lyons, New Jersey). 

Psychosis-prone patients

Patient 1: A 61- year- old man with a history of chronic paranoid 
schizophrenia and multiple recurrent hospitalizations for auditory 
hallucinations and one previous suicide attempt. The patient has type 
2 diabetes mellitus of approximately eight years duration without 
microvascular complications. 

Patient 2: A 55- year- old man with chronic paranoid schizophrenia, 
three previous suicides attempts, and type 2 diabetes (of five years 
known duration) without microvascular complications.

Patient 3: A 61-year-old man having major depressive disorder with 
mood-incongruent psychotic features and type 2 diabetes of fourteen 
years duration.

Patient 4: A 47-year-old man with chronic schizophrenia, and no 
history of type 2 diabetes. He had paranoid delusions without any 
suicide attempt.

Blood samples: Blood was drawn in the morning after an overnight 
fast. Plasma or serum was stored at -20 C. 

Protein A affinity chromatography- Protein-A affinity was 
performed as previously described [10].

N2A mouse neuroblastoma cells: were cultured in Dulbecco’s 
modified Eagles medium (DMEM) containing 10% fetal calf serum. 
Cells were fed with fresh medium every 1–2 days, except for survival 
assays in which fresh medium was not added for up to 5 days prior to 
the addition of test autoantibody fractions.

Acute neurite retraction assay: % of basal neurite length in N2A cells 
expressing one or more proximally-located dendrite-like process was 
determined after interval exposure to test substances as previously 
reported [10].

N2A cell survival: MTT assay was performed 24 hours after 
incubation with test substances as previously reported [10].

Chemicals: all chemicals were obtained from Sigma, Co., Inc. (St 
Louis, MO), except YM-254890 (Focus Biomolecules) and LY 379268 
(Tocris Bioscience). 

Protein assay: protein concentration was determined using a modified 
bichichonic acid assay (Bio Rad. Inc.). 

Statistics- Paired and unpaired T-tests were used to assess for 
statistically significant differences between groups or between 
treatments. 

Results

Baseline characteristics in the study patients

The clinical characteristics in the study patients are shown in (Table 
1). Patients having chronic schizophrenia did not differ significantly 
in their mean age, body mass index or glycosylated hemoglobin level 
from patients having Parkinson’s disease (n=5), dementia (n=1), or 
diabetic nephropathy (n=1).

Table 1. Clinical characteristics in the study participants

Diagnosis Age (years) HbA1c (%) BMI (kg/m2)

Schizophrenia (n=5) 61.4 + 9.7 7.0 + 1.1 31.7 + 8.1

PD or Other (n=7) 70.6 + 5.5 7.2 + 1.4 33.1 + 6.2

Diabetes without MVD (n=2) 77.5 + 6.1 7.2+ 0.2 33.5 + 5.3

*Parkinsons disease (PD) (n=4), major depressive disorder (n=1), diabetic nephropathy 
(n=1), dementia (n=1). MVD- microvascular disease. 

Acute N2A neurite retraction from schizophrenia plasma 
IgG fractions

Schizophrenia plasma autoantibodies (at IgG concentrations 
> 10 nM) caused dose-dependent N2A neurite retraction which 
significantly exceeded neurite retraction in an identical concentration 
of IgG from two older adult type 2 diabetes patients without 
microvascular, neuropsychiatric or neurodegenerative complications 
(Figure 1A). Neurite retraction in response to potent schizophrenia 
plasma autoantibodies, e.g. Pt 1, was linear, irreversible and more 
than 50% neurite withdrawal occurred after 5 minutes’ exposure time 
(Figure 1B). 

A
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Figure 1. A) Dose-dependent or B) time-dependent acute neurite retraction induced by 
diabetic schizophrenia plasma autoantibodies (solid bars; Pt 1) or (A) by the autoantibodies 
from two older diabetic patients not suffering with diabetic microvascular complications 
or any neuropsychiatric or neurodegenerative complication (open bars). Results represent 
mean + SE determined as described in Materials and Methods. B) Similar results were 
obtained in the plasma autoantibodies from all five of five schizophrenia patients tested.

Schizophrenia (SCZ) plasma autoantibody-induced neurite 
retraction was completely prevented by co-incubation with a two-
hundred nanomolar concentration of the selective 5HT2A receptor 
antagonist, M100907 (Table 2). Slightly higher concentrations (500 nM) 
of the 5-HT2A receptor antagonists spiperone and ketanserin afforded 
significant protection (~50–80%) against SCZ plasma autoantibody-
induced neurite retraction (Table 2). A higher concentration (1–10 
µM) of selective antagonists of the endothelin A, angiotensin type 1, 
alpha-1-adrenergic and 5HT2B receptors (all Gq/11-coupled GPCRs) 
i.e. bosentan, losartan, prazosin and SB204741, did not significantly 
protect (0- 28%) against schizophrenia plasma IgG-induced neurite 
retraction (Table 2).

Table 2. Pharmacology of schizophrenia plasma autoantibody(AutoAB)-induced neurite 
retraction

Antagonist% AutoAB-induced

+ AutoAB (20 nM) [Concentration] Receptor neurite retraction

M100907 200 nM 5HT2AR 0 + 0%

Spiperone 500 nM 5HT2AR 17 + 6%

Ketanserin 500 nM 5HT2AR 43 + 11%

SB204741 1 µM 5HT2BR 100 + 0%

Bosentan 10 µM ETAR 94 + 7%

Losartan 10 µM AT1R 72 + 8%

Prazosin 1 µM A1AR 72 + 10%

A twenty nanomolar concentration of the Pt 1 schizophrenia protein-A eluate fraction 
of plasma was incubated with N2A cells in the presence or absence of the indicated 
concentration of each Gq/11, GPCR antagonist. Results are the mean +/- SD of two 
experiments

Mechanism of schizophrenia plasma IgG-induced neurite 
retraction

Major depressive disorder and Parkinson’s disease plasma IgG 
autoantibodies were previously reported to cause acute N2A neurite 

retraction through a mechanism involving activation of the RhoA/
Rho kinase and PLC/IP3R/Ca2+ signaling pathways [9,10]. In 
the present study, neurite retraction induced by SCZ plasma IgG 
autoantibodies was completely prevented by co-incubating N2A 
cells with a ten micromolar concentration of the selective Rho kinase 
inhibitor Y27632 or a one micromolar concentration of the selective 
Gq11 inhibitor Y254890 (Table 3). In addition, a one micromolar 
concentration of the phospholipase C inhibitor U73122, and a 
50 micromolar concentration of the IP3R antagonist 2-APB each 
significantly protected (72–83%) against SCZ IgG-induced neurite 
retraction (Table 3). Taken together, these data suggest that SCZ IgG 
induced neurite retraction likely involves activation of both RhoA/
Rho kinase and Gq/11/PLC/IP3R/Ca2+ signaling pathways.

Table 3. Mechanism of acute N2A neurite retraction induced by schizophrenia plasma 
AutoAB

Treatment Conc % of AutoAB-
induced neurite 

retraction

SCZ IgG (N=2) alone 40 nM 100 + 0%

AutoAB + Y27632 (ROCK inhibitor) 10 uM 0 + 0%

AutoAB + 2-APB (IP3R antagonist) 50 uM 17 + 1.9%

AutoAB + U73122 (PLC inhibitor) 1 uM 28 + 15%

AutoAB + YM-254890 (Gq11 inhibitor) 1 uM 0 + 0%

A forty nanomolar concentration of the Pt 1 or Pt 2 schizophrenia plasma autoantibodies 
(AutoAB) was incubated in the presence or absence of the indicated concentration of 
RhoA/Rho kinase (ROCK) inhibitor, or individual antagonists of the Gq11/PLC/IP3R 
signaling pathway. Results are (mean +/- SD) acute N2A neurite retraction occurring in 
response to Pt 1 or Pt 2 IgG autoantibodies. 

Modulation of SCZ IgG-induced neurite retraction by 
LY379268, a potent mGlu2/3R agonist

Cross-signaling between Glu2/3R and 5HT2AR was inferred from 
differences in IgG-induced N2A acute neurite retraction occurring 
in the presence or absence of the mGlu2/3R agonist LY379268, at 
5–10 µM concentrations (of LY379268) which alone had no effect on 
neurite retraction. The mGlu2/3R agonist LY379268 was previously 
reported to cause positive allosteric modulation of the 5HT2AR 
protomer affinity at 5HT2AR/mGlu2R heteromers [4]. A one 
microgram per milliliter concentration (~ 7 nM) of the potent Pt 1, 
SCZ plasma IgG autoantibodies caused 50% inhibition of N2A neurite 
outgrowth (Figure 2A). Pre-incubation (for 5 minutes) followed by 
co-incubation of N2A cells with a 10 micromolar concentration of 
LY379268 caused a ‘shift to the left’ in the dose-response curve of the 
Pt 1 plasma IgG-induced neurite retraction: 50% inhibition of N2A 
neurite outgrowth occurred at substantially lower, i.e.~ 0.5 microgram 
per milliter concentration (3.5 nM) of Pt 1 IgG autoantibodies 
(Figure 2A). The “potentiating effect” of 10 µM LY379268 on neurite 
retraction was more pronounced at low concentrations of SCZ 
plasma IgG ranging from (3.5–14 nM) (Figure 2A). Presumably, at 
these lower concentrations a high proportion of unoccupied 5HT2A 
receptors are available to undergo positive allosteric modulation via 
mGlu2R protomer binding to LY379268. The dose-response curve 
for DOI-induced neurite retraction underwent a ‘shift- to-the-left’ in 
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the presence of (10 µM) LY379268: the concentration of DOI needed 
to evoke 25–30% neurite inhibition decreased from 10 µM (in the 
absence of LY379268) to 5 uM in the presence of LY379268 (Figure 
2B). A saturating concentration of the reversible 5-HT2AR agonist 
DOI (20 µM) caused 40% peak neurite retraction compared to 50% 
neurite retraction induced by an ~2000-fold lower concentration (7 
nM) of potent SCZ plasma IgG autoantibodies (Figure 3).

A

B

Figure 2. A) Diabetic schizophrenia Pt plasma autoantibodies or B) the hallucinogen 
DOI was incubated at the indicated concentrations in the presence (orange symbol) or 
absence (blue symbol) a 10 micromolar concentration of LY379268 in N2A cells. Each 
point represents mean acute neurite retraction which varied by < 10%. A) Similar result 
was obtained in the diabetic schizophrenia Pt 2 plasma autoantibodies. 

LY379286-potentiated SCZ plasma IgG autoantibody-induced 
neurite retraction was significantly prevented by co-incubation 
with the highly selective 5HT2AR antagonist M100907 (500 nM) 
suggesting mGlu2/3R agonism enhanced neurite retraction via 
5HT2AR-dependent signaling. One possibility is that an mGlu2/3R 
agonist increased 5HT2AR receptor affinity for SCZ plasma IgG 
autoantibodies via a heteromeric receptor-receptor interaction as 
was previously reported for mGlu2/3 agonist action at the 5HT2AR/
mGlu2R complex [4].

Potentiation of 5HT2AR- mediated neurite retraction (by a 10 µM 
concentration of LY379268) was observed in the IgG autoantibodies 

from twelve patients tested including: chronic paranoid schizophrenia 
(n=5), Parkinson’s disease (n=5), dementia (n=1) and diabetic 
nephropathy (n=1). The mean level of neurite retraction (induced 
by an IgG concentration which alone caused~ 50% retraction) was 
significantly increased in the presence of 10 µM LY379268 (74 + 10% 
vs 52 + 7%; P < 0.001; n=12) (Table 4). 

Figure 3. Schizophrenia plasma autoantibodies (Pt 1, 2) was incubated with a micromolar 
concentration of LY379268 alone (solid bars) or with (open bars) a two-hundred 
nanomolar concentration of the selective 5-HT2AR antagonist M100907 in N2A cells. 
Results are mean + SE as described in Materials and Methods.

Table 4. Mean N2A neurite retraction induced by neurovascular pathologies’ AutoAB in 
the presence or absence of (7.5–10 µM) LY379268, a selective mGlu2/3R agonist

Pathologies (N=12) Mean 
[IgG].

Pt IgG. Pt IgG + 
LY379268

P-value

Schizophrenia (5), 
PD(4),

17 + 6 nM 52 + 7%^ 74 + 10%^ < 0.001

Other (3)

^ Mean acute N2A neurite retraction (after five minutes’ incubation) in the presence of the 
indicated mean concentration of plasma autoantibodies (protein-A eluate fraction) with or 
without a 7.5–10 µM concentration of the mGlu2/3R agonist LY379268. 
Other pathologies: n=1 dementia, n=1 diabetic nephropathy, n=1 major depressive 
disorder

Balanced Gq/11- and Gi/o-coupled signaling in response to 
SCZ plasma IgG autoantibodies

Second generation anti-psychotic medications, e.g. clozaril, 
risperodone, exhibit high affinity binding to 5-HT2AR and bias 
5-HT2AR signaling in favor of Gi- coupled pathways [11]. They also 
bind less avidly to the dopamine 2 receptor, D2R [11]. The reversible 
5-HT2AR hallucinogenic agonist DOI biases signaling in favor of 
Gq/11 [12]. Yet the irreversible 5-HT2AR agonist LSD, and serotonin 
and its psychoactive metabolites promotes a mix of Gi- and Gq/11 
coupled signaling [2, 12]. Psychosis can occur in subsets of major 
depressive disorder and in ~50% of Parkinson’s disease patients. We 
next investigated whether the ability to evoke survival promotion in 
N2A cells might differentiate autoantibodies in a subset of psychosis-
prone patients and the mechanisms underlying autoantibody-induced 
N2A survival promotion. 

Plasma IgG autoantibodies in Patients 1, 2, 4 having chronic 
schizophrenia (10 µg/mL) caused dose-dependent increased N2A cell 
survival compared to an identical concentration of IgG autoantibodies 
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from four patients with either MDD (n=3) or PD (n=1), only one of 
whom (PD) had experienced visual hallucinations (Figure 4A). The 
autoantibodies from a patient with the systemic autoimmune condition 
discoid lupus erythematosus caused significantly greater N2A growth 
stimulation (144% + 5% vs. 102 + 8%; P < 0.01) compared to mean 
growth stimulation in an identical concentration of the autoantibodies 
from three chronic schizophrenia patients (Figure 4A). 

A

B

Figure 4. A) Plasma autoantibodies in three patients with schizophrenia (solid line) , four 
patients with another disorder (dotted line), or a patient with diabetes and discoid lupus 
(dashed line) were incubated with N2A cells at the indicated concentrations for 24 hours. 
Each point represents mean N2A cell survival, i.e. quadruplicate determinations which 
varied by < 10%.

* P< 0.01 compared to solid line or dotted line B) Patient 1 diabetic schizophrenia 
autoantibodies (60 nM) was incubated alone (solid bars) or with a 200 nanomolar 
(speckled bar) or a 500 nanomolar concentration (open bar) of the selective 5-HT2AR 
antagonist M100907 in N2A cells for 24 hours. Results are mean + SE.

Mechanism of N2A pro-survival effect in plasma 
autoantibodies from psychosis-prone subset

Serotonin 2A receptor activation leads to β-arrestin-2- mediated 
desensitization and receptor internalization. However, β-arrestin-2 
can also couple with diverse signaling pathways leading to enhanced 
cell proliferation and/or survival promotion. The Pt 1, chronic 
paranoid schizophrenia IgG autoantibodies promoted increased 
N2A cell proliferation which was significantly blocked by 500 nM 
concentration of M100907 (Figure 4B) consistent with 5HT2AR-

mediated proliferation signaling. LY379268 (5 µM) alone had no 
effect on N2A survival, but it significantly blocked the Pt 1 and Pt 
2, schizophrenia autoantibody-induced pro-survival effect on N2A 
cells (Figure 5A). Pertussis toxin (100 ng/mL) had no effect alone on 
N2A cell survival, but significantly blocked the pro-survival effect of 
Patient 2 SCZ IgG on N2A cells (Figure 5B). Finally, the PI3- kinase 
inhibitor LY294002 (20 µM) significantly decreased N2A survival-
promotion induced by schizophrenia Pt 1, and Pt 3 major depression 
with psychotic features autoantibodies (Figure 6A, B). 

A

B

Figure 5. A) Patient 1 schizophrenia plasma autoantibodies (40 nM) was incubated 
alone (solid bar) or with (speckled bar) a 5 micromolar concentration of the mGlu2R 
agonist LY379268 in N2A cells for 24 hours. Similar results were obtained in the plasma 
autoantibodies from Pt 2 chronic schizophrenia, and a Parkinson’s disease patient who 
had been experiencing visual hallucinations. B) Patient 2 chronic schizophrenia plasma 
autoantibodies (40 nM) was incubated alone (solid bar) or with (speckled bar) a 100 ng/
mL concentration of pertussis toxin (PTX) in N2A cells for 24 hours. A-B) Results are 
mean + SE.

Possible association between psychosis and autoantibody-
mediated N2A survival promotion

Mean N2A survival promotion in the autoantibodies from seven 
patients suffering with hallucinations significantly exceeded mean N2A 
survival in an identical concentration of the plasma autoantibodies 
from four patients not suffering with hallucinations (112 + 14 vs 72 
+ 15; P = 0.001) (Figure 7). The patient subgroups (experiencing or 
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not experiencing hallucinations) did not differ significantly in their 
baseline clinical characteristics (Table 5). 

A

B

Figure 6. A) Pt 1 schizophrenia plasma autoantibodies (40 nM) or B) Pt 3 major 
depression with psychotic features autoantibodies was incubated alone (solid bar) or 
in the presence (speckled bar) of a twenty micromolar concentration of the PI3-kinase 
inhibitor LY294002 in N2A cells for 24 hours. Results are mean + SE. Similar results 
were obtained with two additional schizophrenia patient plasma autoantibodies. 

Figure 7. Mean N2A cell survival after 24 hours incubation in the presence of an identical 
40 nM concentration of the plasma autoantibodies from schizophrenia (n=5), major 
depression (n=1), Parkinson’s disease (n=1) patients all suffering with hallucinations 
(n=7, solid bar) or from patients with major depression (n=3) or diabetes without 
hallucinations (n=4, open bar). Results are mean + SE.

Table 5. Baseline characteristics in patients suffering or not suffering hallucinations

Risk factor Hallucinations 
(n=7)^

No Hallucinations 
(n=4)*

P-value

Age (years) 64.3 + 9.1 71.5 + 15.0 0.33

Glycosylated Hgb (%) 7.7 + 1.0 7.7 + 0.9 0.93

Diabetes duration (years) 13.3 + 6.1 (7) 8.7 + 2.6 0.30

^ Schizophrenia (n=5), Major depression (n=1), Parkinsons disease (n=1)
* Major depression (n=3), type 2 diabetes without neuropsychiatric disorder (n=1)

Discussion

Here we demonstrate (for the first time) the existence of 
5-HT2AR- activating IgG autoantibodies in plasma from a subset of 
chronic schizophrenia patients. The autoantibodies caused potent, 
irreversible Gq/11-mediated neurite retraction in N2A cells by a 
mechanism involving activation of RhoA/ROCK and Gq11- coupled, 
PLC/IP3R signaling pathways. In patients suffering with severe, 
recurrent hallucinations and suicidal ideation, the autoantibodies also 
promoted N2A cell survival and/or proliferation (in part) via apparent 
recruitment of additional Gi-coupled, PI3-kinase-dependent survival 
signaling. LY379268 blocked 5HT2AR-dependent, Gi-coupled, N2A 
survival signaling in autoantibodies from patients suffering with 
hallucinations in agreement with the report of Gonzalez-Maeso et. al. 
[4] of similar effects of LY379268 on hallucinogen-specific induction 
of egr-2. 

The 5-HT2A receptor mediates diverse signaling pathway 
activation in response to different ligands [12], a phenomenon which 
has been referred to as “functional selectivity” or “biased agonism.” 
Beta-arrestin-2- directed signaling not only plays a key role in receptor 
internalization and desensitization, but it acts as a scaffold to organize 
extracellular regulated-kinase MAPK signaling cascades [13] and 
components of the PI3-kinase/Src/Akt cell survival pathway [14]. The 
latter pathway is active in cancer cells [15] including neuroblastoma 
[16]. Lysergic acid diethylamine (LSD) causes long-lasting 5-HT2AR 
activation and biased, β-arrestin-2-directed signaling [2] providing 
a further link between a ‘mix’ of Gq/11-coupled and β-arrestin-2- 
directed signaling and psychomimetic effects associated with a subset 
of long-lasting 5-HT2AR agonists, i.e. schizophrenia autoantibodies. 

Sensitization of autoantibody-induced neurite retraction by the 
mGlu2/3R agonist LY379268 is consistent with Gonzalez-Maeso et. 
al. [4] and suggests positive allosteric modulation of the 5HT2AR 
protomer affinity at functional 5HT2AR/mGlu2R complexes in N2A 
neuroblastoma cells as a plausible mechanism. Receptor heteromers 
have been reported in neuroblastoma cell, e.g. A2R/D2R [17], and 
both 5HT2AR [9] and mGlu2R [18] are normally expressed in 
mouse neuroblastoma cells. Yet in our preliminary experiments, 
the dopamine 2 receptor (D2R) agonist quinpirole (10 µM) did not 
sensitize N2A cells to schizophrenia plasma autoantibody- (n=4 
different patients) or DOI-induced neurite retraction suggesting that 
targeting of 5-HT2AR by schizophrenia plasma autoantibodies is 
specific for homomers or 5-HT2AR/mGlu2R heteromers. 

Targeting mGlu2R agonism as a mechanism to suppress presynaptic 
glutamate release (via mGlu2 autoreceptors) reduced certain 
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psychomimetic drug effects in animals, but did not lead to overall 
reduction in both negative and positive symptoms in schizophrenia 
patients [19]. Sensitization of 5-HT2AR-mediated neurite withdrawal 
by an mGlu2/3 agonist demonstrated here (in vitro) suggests a 
possible mechanism in which mGlu2R agonism may promote a 
‘negative symptom’ in schizophrenia. For example, major depression 
autoantibodies from patients suffering with anhedonia, a negative 
symptom in schizophrenia, not only caused robust Gq/11-mediated 
neurite retraction in N2A neuroblastoma cells [9], but also led to 
decreased sucrose preference, the behavioral equivalent of anhedonia, 
in mice following autoantibody intracerebroventicular infusion [20]. 
More study is needed to determine whether Gq/11-mediated neurite 
retraction might a useful biomarker in drug discovery aimed at 
reducing combined negative and positive symptoms in schizophrenia. 

Excessive glutamatergic signaling in the cortex and striatum is a 
feature of 5-HT2AR activation which may underly (in part) delusions 
and hallucinations occurring in schizophrenia [21] and in a subset 
of Parkinson’s disease. Serotonin 2A receptor agonism promotes 
neuronal glutamate release [22] which in turn may enhance 5-HT2AR 
protomer affinity at 5HT2AR/mGlu2R heteromers in the prefrontal 
cortex. Since constitutive activation of Gq11-coupled GPCR signaling 
was reported to recruit additional Gi-coupled downstream signaling 
in independent GPCRs [23], we cannot rule out the possibility that 
some ‘cross-talk’ between 5HT2AR and mGlu2R agonism may occur 
(in part) via mechanisms occurring downstream of direct receptor-
receptor interaction(s). 

Autoantibodies in a subset of psychosis-prone individuals might 
possess structural characteristics which bias 5-HT2AR signaling 
in favor of dual Gq/11 and Gi-coupled, or β-arrestin-2-directed 
pathways. One possibility is circulating immune complexes which 
were reported to increase in patients with schizophrenia [24]. Systemic 
autoimmunity, characterized by a high prevalence of immune 
complexes, is a risk factor for schizophrenia identified in prior studies 
[6]. Circulating immune complexes in chronic lymphocytic leukemia 
(CLL) promoted increased B cell survival through activation of anti-
apoptotic and pro-survival signaling pathways [25] and in a prior 
report, the autoantibodies in a Parkinson’s disease patient with CLL 
strongly promoted increased N2A proliferation [10]. Taken together, 
autoantibody-induced cancer cell proliferation and survival might 
suggest immune complexes which appear to promote biased signaling 
in favor of dual Gq/11-mediated and β-arrestin-2-directed pathway 
activation.

A limitation of our study is that it is cross-sectional. More 
study is needed to determine whether autoantibodies are present 
in acute-onset, or drug-naive schizophrenia or in other psychotic 
disorders. Long-standing type 2 diabetes mellitus was associated 
with 5-HT2AR-activating autoantibodies in patients having diffuse 
microvascular injury and chronic inflammation, e.g. diabetic 
kidney disease [9,10]. Yet type 2 diabetes per se is unlikely to have 
accounted for autoantibodies in the present subset of schizophrenia 
patients who were free of significant microvascular (i.e. renal or 
retinal) complications. Schizophrenia is thought to arise through 
complex gene-environment interactions leading to abnormal 

neurodevelopment. Brain-reactive antibodies occurring as a result of 
inflammation, infection or systemic autoimmunity is one potential 
environmental mechanism in schizophrenia causation [6]. 

In summary, chronic schizophrenia plasma IgG autoantibodies 
appeared to activate a Gq11/phospholipase C/inositol triphosphate 
receptor pathway and RhoA/Rho kinase signaling to cause acute 
N2A neurite retraction. Autoantibody-induced neurite retraction was 
positively modulated by the mGlu2/3R agonist LY379268 consistent 
with reported mGlu2R-driven, positive modulation of 5-HT2AR 
protomer affinity at 5HT2AR/mGlu2R heteromers [4] found in cortical 
brain regions underlying perception. Biased agonism at 5-HT2AR 
mediated by the hallucinogen LSD [2] or by certain autoantibodies 
from patients suffering delusions and halllucinations involves 
recruitment of Gi-coupled, PI3-kinase-dependent mechanisms 
(which for the autoantibodies) was associated with enhanced survival 
in N2A neuroblastoma cells. 
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