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Abstract

Clinical and preclinical studies suggest that some of the behavioral alterations observed in 

schizophrenia (SZ) may be mechanistically linked to synaptic dysfunction of glutamatergic 

signaling. Recent genetic and proteomic studies suggest alterations of cortical glutamate receptors 

of the AMPA-type (AMPARs), which are the predominant ligand-gated ionic channels of 

fast transmission at excitatory synapses. The impact of gene and protein alterations on the 

electrophysiological activity of AMPARs is not known in SZ. In this proof of principle work, 

using human postmortem brain synaptic membranes isolated from the dorsolateral prefrontal 

cortex (DLPFC), we combined electrophysiological analysis from microtransplanted synaptic 

membranes (MSM) with transcriptomic (RNA-Seq) and label-free proteomics data in 10 control 

and 10 subjects diagnosed with SZ. We observed in SZ a reduction in the amplitude of AMPARs 

currents elicited by kainate, an agonist of AMPARs that blocks the desensitization of the 

receptor. This reduction was not associated with protein abundance but with a reduction in 

kainate’s potency to activate AMPARs. Electrophysiologically-anchored dataset analysis (EDA) 
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was used to identify synaptosomal proteins that linearly correlate with the amplitude of the 

AMPARs responses, gene ontology functional annotations were then used to determine protein-

protein interactions. Protein modules associated with positive AMPARs current increases were 

down-regulated in SZ, while protein modules that were up-regulated in SZ were associated with 

decreased AMPARs currents. Our results indicate that transcriptomic and proteomic alterations, 

frequently observed in the DLPFC in SZ, converge at the synaptic level producing a functional 

electrophysiological impairment of AMPARs.
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dysfunction

1. Introduction

Alterations of excitatory synaptic function have been found in transcriptomic, genetic, and 

proteomic studies of schizophrenia (SZ) (Akbarian et al., 1996; Banerjee et al., 2015; 

Catts et al., 2015; Catts et al., 2016; Gluck et al., 2002; Hall et al., 2020; Harrison, 

1999; Harrison and Weinberger, 2005; Hu et al., 2015; Mirnics et al., 2000; Pinner et 

al., 2016; Sequeira et al., 2012; Vawter et al., 2002). Clinical and preclinical studies 

suggest that abnormal synaptic transmission and several behavioral abnormalities in SZ may 

be mechanistically linked to abnormal glutamatergic neurotransmission, probably through 

hypofunction of N-methyl-D-aspartate (NMDA) receptors (NMDARs), in brain regions 

affected in SZ (Coyle et al., 2003; Gilmour et al., 2012; Hardingham and Do, 2016; Jadi et 

al., 2016; Krystal et al., 2002; Krystal et al., 2003; Krystal et al., 1994). However, the limited 

clinical efficacy of pharmacological modulation of NMDARs in clinical and preclinical 

trials indicate that synaptic dysfunction in SZ is a far more complex process (Fleischhacker 

and Miyamoto, 2016; Miyamoto et al., 2012). For instance, the function of NMDARs at 

the synapse is interdependent with the activity of α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid (AMPA) receptors (AMPARs) (Cull-Candy and Leszkiewicz, 2004). At rest, 

NMDARs are blocked by extracellular Mg2+; activation of postsynaptic AMPARs removes 

the Mg2+ blockade allowing NMDARs to be permeable and electrically active (Mayer and 

Westbrook, 1987; Mayer et al., 1984; Nowak et al., 1984). Thus, abnormal responses of 

AMPARs may lead to hypofunction of NMDARs. Indeed, a recent genetic study found that 

mutations in GRIA2, the gene for the most expressed cortical AMPARs subunit GluA2, is 

strongly associated with SZ (Gulsuner et al., 2020). Similarly, synaptic GluA2 and GluA3 

expression were mostly, but not uniformly, reduced in the auditory cortex of people with SZ 

(MacDonald et al., 2019). Taken together these recent studies strongly suggests a primary 

role of AMPARs in SZ.

Although AMPARs are constructed as heterotetramers from a pool of only four 

subunits (GluA1-GluA4), a large functional heterogeneity arises from diverse heteromeric 

assemblies, alternative splicing (Sommer et al., 1990), RNA editing (Wright and Vissel, 

2012), post-translational modifications (Lussier et al., 2015), and transmembrane accessory 

proteins (Carbone and Plested, 2016; Diaz, 2010). Notably, transcriptional and proteomic 
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changes of AMPARs have been demonstrated in the dorsolateral prefrontal cortex (DLPFC) 

of brains from SZ patients; although some studies have also found no changes (Corti et 

al., 2011; Hammond et al., 2010; Pinner et al., 2016; Rubio et al., 2012). Importantly, the 

direct measurement of ion currents through synaptic receptors from fresh-frozen brains from 

subjects with SZ has never been undertaken, and the impact of reported transcriptional 

and proteomic alterations that can affect the physiology of synaptic receptors in SZ is not 

known. In this proof of principle work using human postmortem brain synaptic membranes, 

we show that the function of synaptic AMPARs is significantly altered in SZ. Our results 

indicate that transcriptomic and proteomic alterations observed in the dorsolateral prefrontal 

cortex (DLPFC) from SZ brains, converge at the synaptic level producing functional 

impairment of AMPARs currents.

2. Materials and Methods

This preliminary research was performed using gray matter from the DLPFC in a 

cohort of 10 SZ cases and 10 controls from which we first analysed expression using 

RNA-Seq; second, label-free proteomics was performed using liquid chromatography-

mass spectrometry (LC-MS/MS) in enriched-synaptosome preparations, and finally, 

we studied two-electrode voltage clamp electrophysiological (TEVC) profiles using 

microtransplantation of synaptic membranes (MSM) (Fig. 1A). Postmortem brain specimens 

of the DLPFC (BA9 plus 46, without selection for the left or right hemisphere) were 

obtained from the University of California Irvine Brain Bank (UCIBB) following the 

university’s Institutional Review Board and after obtaining verbal and written consent from 

next of kin. A psychological autopsy was completed based on family informant interview, 

medical and psychiatric records, coroner’s toxicology reports, and the subject’s medication 

history. The UCIBB autopsy protocol is based largely on procedures validated by Kelly 

and Mann (Kelly and Mann, 1996) and includes questions concerning the decedents’ 

demographics, medical history, psychiatric symptoms, medication use, hospitalizations, 

substance use, and physical health. The human brain dissection and freezing protocol 

are described in detail elsewhere (Jones et al., 1992). Briefly, after collection, frontal 

cortex samples were frozen in isopentane at −40° C and then stored at −80° C for 

downstream studies. The subjects’ demographic comparison for age, gender, postmortem 

interval (PMI), and RNA integrity number (RIN) showed that pH and RIN were significantly 

different in subjects with SZ compared to controls (Table 1 and supplementary data 1 for 

demographics, use of drugs, and prescribed medications use). Correction for confounding 

variables is described in the transcription profile section. This cohort was free of known 

disorders that could potentially cause synaptic alterations due to neurodegeneration, such 

as Alzheimer’s disease, epilepsy, AIDS, or Parkinson’s disease. The DLPFC was selected 

because the altered activation of this region in functional imaging studies have shown that 

‘hypofrontality’ is one of the best-replicated findings in patients with SZ (Barch et al., 2001; 

Bolkan et al., 2016; Perlstein et al., 2001; Weinberger and Berman, 1996; Weinberger et al., 

1988).
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2.1 Transcriptomic Profile

We characterized the transcriptome from the gray matter of 20 DLPFC samples by 

RNA-Seq. RNA was prepared from 80 to 100 mg of frozen tissue samples, with 

Omni Prep Multi-Sample Homogenizer (Omni International, Kennesaw, GA). Total 

RNA isolation was performed with TRIZOL™ reagent (Invitrogen, Carlsbad, CA), 

following the manufacturer’s instructions. RNA was quantified by OD260/280 with a 

UV spectrophotometer and treated with RNase-free DNase using the RNeasy MinElute 

columns (Qiagen, Valencia, CA). The quality of the total RNA was finally evaluated 

using the Agilent 2100 Bioanalyzer RNA Chip (Santa Clara, CA). Libraries were prepared 

using Illumina TruSeq RNA Sample Prep kit v2., following manufacturer’s instructions. 

Pooled libraries (8–12 samples per lane) were then sequenced on a HiSeq 2000 platform, 

generating 100 bp paired-end reads, yielding an average of 299,831,258 reads per lane. 

For data analysis, first, TruSeq adapter sequences were trimmed using cutadapt (v2.5; with 

settings -n 3 --trim-n -m 40). Reads mapping to the human transcriptome (Gencode version 

32) were then quantified using Salmon (Patro et al., 2017) (v0.14.1; indexed with -k 31 

and quantified with settings --validateMappings --mimicBT2 --gcBias --seqBias). Mapping 

rates were 83.63% ± 1.05% (mean ± SD). Read counts were then summarized at the 

gene level, and genes with counts per million (CPM) >5 in at least two samples were 

considered expressed, yielding a total of 13,849 expressed genes used for all downstream 

analyses. Latent variables were estimated using surrogate variable analysis (SVA; svaseq 

approach (Leek, 2014; Leek et al., 2012). Differential gene expression was analyzed using 

the edgeR Bioconductor package (Robinson et al., 2010); gene-level counts were fit to 

a negative binomial model containing diagnosis and four surrogate variables representing 

latent variables. Two of the four surrogate variables (SVs) were highly correlated with 

RIN and pH respectively (supplementary figure 1). Differential gene expression between 

controls and SZ was assessed using Likelihood Ratio Tests. To adjust for multiple testing 

false-discovery rates were obtained using the Benjamini-Hochberg method.

2.2 Synaptosomes preparation

Human synaptoneurosomes were isolated from ≈50 mg frozen gray matter samples of 

the DLPFC using the Syn-PER method (Thermo Fisher Scientific) using the manufacturer 

instructions and as previously reported (Limon et al., 2019). The resultant pellet, enriched 

in synaptoneurosomes (P2 fraction), was resuspended in sterile distilled to break up the 

synaptosomes and to create small proteoliposomes containing synaptic membranes and their 

synaptic proteins. The protein concentration of the P2 fraction was determined by using 

Qubit protein assay reagent kit (Thermo Fisher Scientific). No differences in the total 

amount of protein in synaptic preparations was found between groups (2.756 mg/mL in 

controls vs 2.76 mg/mL in SZ (n= 10 ctrl, 10 SZ; t-test, double tailed, p-value = 0.920). 

These P2 membrane preparations were stored at −80°C until needed for downstream studies.

2.3 Proteomic Profile

One aliquote containing 50 μg of protein from each P2 membrane preparation of each 

subject was analyzed by LC-MS/MS to measure relative protein abundance in the synapto-

proteome (English et al., 2015; Focking et al., 2015). The analysis was done on a Thermo 
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Scientific Q Exactive mass spectrometer connected to a Dionex Ultimate 3000 (RSLCnano) 

chromatography system as has been previously described (English et al., 2015; Focking 

et al., 2015). All data were acquired with the mass spectrometer operating in positive ion 

and automatic data-dependent switching mode. A high resolution (70,000) MS scan (300–

1600 m/z) was performed using the Q Exactive to select the 12 most intense ions prior to 

MS/MS analysis using high energy collision-induced dissociation (HCD). We collected two 

types of mass spectrometry data in the experiments. It is formally a ‘shotgun’ experiment 

and the collected tandem mass spectra were used to identify the proteins. The parent 

ion signal (MS1 scan) on high-resolution instruments such as the Q Exactive is widely 

used to calculate protein abundance in so-called ‘label-free’ proteomics experiments (Cox 

and Mann, 2011). The signal for each peptide derived from a given protein is integrated 

over time (the time it takes to enter the instrument via HPLC), and the summed signals 

are used to estimate the relative abundance of each protein. To analyze the data, we 

used the MaxQuant program specifically for label-free experiments using high-resolution 

instruments supported by Andromeda as a database search engine for peptide identification 

(Cox et al., 2011). This program has several statistical control steps to ensure that only 

high-quality reliable ion signals are accepted. Label-free quantitation was performed as 

previously described (Luber et al., 2010). Carbamidomethylation was defined as a fixed 

modification, while oxidation and acetylation of the protein N-terminus were defined as 

variable modifications. Only peptides with seven or more amino acid residues were allowed 

for identification. Additionally, at least one unique peptide was required to identify a 

protein. The cut off for false discovery rate for peptide and protein identification was set 

to 0.01 (1%). To avoid bias associated with protein under-representation between groups, 

proteins were excluded in cases where there was less than 50% availability of the LFQ 

intensities in each biological group. The label-free algorithm takes the maximum number of 

identified peptides between any two samples and compares the intensity of these peptides 

to determine peptide ratios. Label-free quantitation (LFQ) intensity values were used for 

protein quantification across the groups. Raw LFQ intensities were extracted from the 

MaxQuant software and log base 2 transformed prior to analysis to eliminate distributional 

skew and to give approximate normality. Regression normalization was performed to 

remove technical variation between samples (Callister et al., 2006). Significance testing 

was performed at the 5% level between SZ and control samples. Fold changes were obtained 

from an exponentiation (power of 2) of the difference in group means. Fold changes <1 

were inverted (−1/fold change) to present a consistent scale of measurement. Two control 

samples and one SZ sample that had poor chromatographic profiles as compared to the rest 

of the samples LC-MS/MS were excluded from the proteomic analyses. All 20 subjects 

were included in electrophysiological experiments using microtransplantation of synaptic 

membranes (MSM) procedures.

2.4 Two Electrode Voltage Clamp (TEVC) electrophysiology Profile

Aliquotes from the original P2 preparation were used in MSM experiments to record ion 

currents elicited by native AMPARs embedded in synaptic membranes (Limon, 2019; 

Mazzo et al., 2016). Briefly, synaptosome-enriched preparations were sonicated, 3 times 

for 5 seconds at 1 min intervals in ice, to break the synaptosomes and create small 

proteoliposomes. These sonicated preparations were injected into stage V-VI Xenopus 
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laevis oocytes using protocols previously published for cellular membranes (Conti et al., 

2013; Limon et al., 2008, 2011, 2012). Each oocyte was injected with 50 nL of synaptic 

proteoliposomes (2 mg/mL protein concentration) and recorded after18–36 hrs of the 

injection. This is the period of time when responses are most stable. For electrophysiological 

recordings, oocytes were placed in a recording chamber (volume ≈0.1 ml) and perfused 

continuously (5–10 ml/min) with Ringer’s solution [115 mM NaCl, 2 mM KCl, 1.8 

mM CaCl2, 5 mM HEPES (pH 7.4)] at room temperature (19–21°C). Data acquisition 

and analyses were performed by using WinEDR v2.3.8 Strathclyde Electrophysiology 

software (John Dempster, Glasgow, United Kingdom). To determine the amplitude of 

AMPA receptors the maximum amplitude of ion currents activated by 100 μM kainate, 

which elicits non-desensitizing currents through AMPARs (Limon et al., 2010; Stern-Bach 

et al., 1998) was used. The use of kainate allows consistent recordings of ion currents 

via AMPARs and produces less intra-subject variation compared to currents elicited by 

the combination of AMPA and cyclothiazide, which are coapplied to remove the strong 

desensitization of AMPARs (Limon et al., 2007). Other chemicals were from Sigma-

Aldrich. Electrophysiological results are expressed as mean ± SEM. Statistical comparisons 

to identify the effect of diagnosis and the contribution of demographic variables (age, RIN, 

PMI, and pH) used the mean of kainate current for each subject (n = 10–14 injected 

oocytes were technical replicates per subject) in an analysis of covariance (ANCOVA) 

model. Fourteen oocytes per subject were recorded to measure current amplitude, but only 

oocytes that showed a stable baseline and signal to noise ratio of at least 2 were included in 

the analysis. To determine differences in current amplitude an ANCOVA (between-subject 

factor: diagnosis; covariates: pH and RIN; interaction: pH*Diagnosis; (JMP, version 14) 

was used. The EC50 for kainate for microtransplanted oocytes was determined as previously 

reported (Limon, 2019). In all cases, p<0.05 was considered significant. Pearson product-

moment was used for linear correlations using JMP version 14, Adjusted p-values are shown 

when multivariate analyses were implemented. Previously we have shown stability of the 

electrical recording with long PMIs (Limon et al., 2008).

2.5 Functional enrichment and protein-protein interaction analyses.

Functional enrichment analysis was done with Metascape web interface which incorporates 

access to 40 knowledgebases (Zhou et al., 2019). Transcriptomic analysis of differentially 

expressed genes was done against the whole genome. For pathway and protein enrichment 

a minimum overlap of 3, p-value cutoff of 0.01, minimum enrichment of 1.5, and gene 

prioritization by evidence counting (GPEC) was used (Zhou et al., 2019). For protein-protein 

interaction enrichment, the minimum network size was 3 using the databases BioGrid, 

InWeb_IM (human) and OmniPath (human). Proteomics data was analyzed by obtaining 

dysregulated proteins using GPEC and the total list of identified proteins by LC-MS/MS 

as background. For the integrated analysis of transcriptomic, proteomic and subset of 

proteins that correlated with ion currents from AMPARs, we used the multi-list feature 

of Metascape using pathway and protein enrichment with a minimum overlap of 3, p-value 

cutoff of 0.00001, minimum enrichment of 3 and GPEC; the proteomics dataset was used as 

background.

Zeppillo et al. Page 6

Schizophr Res. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1 Whole transcriptomic and synaptosome-proteomic profiles

Gene expression levels measured by RNA-Seq were significantly upregulated in SZ for 151 

genes at the p<0.01 level (supplementary data 2). Functional and protein-protein interaction 

analyses of these genes showed significant enrichment for chaperone-mediated folding, 

positive regulation of inflammation, stress response, negative regulation of phosphorylation 

and ATP biosynthesis (Fig. 1, supplementary data 3). In contrast, 186 genes were 

downregulated in SZ. These downregulated genes were found to be significantly involved in 

synaptic signaling, signal release and transmission across chemical synapses (supplementary 

data 4). These results are in agreement with a reduction of synaptic communication and 

loss of dendritic spines that have been observed in the DLPFC of SZ subjects (Glantz and 

Lewis, 2000). However, the expression of AMPARs subunits (GRIA1, GRIA2, GRIA3 and 

GRIA4), the principal gates for synaptic input at synaptic spines, was not different between 

control and SZ subjects (Fig. 1F).

To explore the possible effect of medications we reanalyzed the non-human primate 

CommonMind Consortium (CMC) Knowledge Portal macaque collection consisting of 

clozapine (n=9), and high haloperidol dosage (n=7) and low dosage (n=10) compared with 

placebo (n=10). The collection was obtained from Synapse (MP Vawter, PI) and analyzed 

by using 3 surrogate variables in an SVA analysis, and drug group as a factor. The details of 

the CMC Macaque collection can be found on the CMC website (https://www.synapse.org//

#!Synapse:syn2759792/wiki/69613). The analysis of the macaque frontal cortex showed 

that none of the GRIA1,−2,−3,−4 genes were differentially expressed in the low Haldol 

or Clozapine drug group compared to the control group (supplementary data). GRIA2 and 

GRIA3 were nominally decreased (p = 0.04, not significant following FDR correction) in 

expression in the high Haldol dose group compared to controls by 7%.

Comparative studies between transcriptome and proteome in animal models have shown 

that levels of transcripts and proteins do not necessarily correlate (Ghazalpour et al., 2011); 

therefore, we determined the relative abundance of AMPARs subunits within the context 

of the synapto-proteome. In agreement with transcriptomic analysis, the abundance of 

AMPARs subunits in the proteomics analysis was not different between controls and SZ 

subjects (Fig. 2). However, GluA4 was not found in our synaptic preparations. This was 

probably due to its very low abundance in the cortex (Schwenk et al., 2014; Schwenk 

et al., 2012) and the detection limits of label-free proteomics (Sandberg et al., 2014). 

Interestingly, only mRNA and protein levels for GRIA3 and GluA3 correlated (r=0.59 

p=0.013; supplementary figure 2).

In both groups the protein levels for GluA2 was the most abundant subunit, accounting 

for 75.3 ± 1.7 % of the total protein available to assemble in AMPARs (mean ± SD; 

n=17 subjects), followed by GluA3 (22.6 ± 1.6 %) and GluA1 (2.1 ± 0.3 %). The relative 

proportion of GluA2 > GluA3 > GluA1 > GluA4 has the same order of that reported in the 

cortex of rodents, although the proportion in rodent for those subunits are approximately 

45%, 27%, 21%, and 6%, respectively (Schwenk et al., 2014).
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No differences in the relative proportions of AMPARs subunits were found between controls 

and SZ subjects. The proportions and high correlation between GluA2 and GluA3 (r (17) 

= 0.737; p=0.0007; Pearson’s correlation) compared to that of GluA2 and GluA1 (r (17) 

= 0.381; p =0.13) suggest the presence of heteromeric GluA2/3 and homomeric GluA2 

receptors as the major drivers of synaptic inputs in the DLPFC and a significantly lower 

proportion of GluA1/2 receptors (Fig. 2D).

Further analysis of the 2487 identified proteins in the P2 fractions identified 128 proteins 

that were differentially expressed between SZ and control subjects (P<0.05; supplementary 

data 5), 54 and 74 proteins were upregulated and downregulated in SZ, respectively. Protein 

to protein interaction (PPI) and functional annotation analyses found that upregulated 

proteins participate in ERBB2/ERBB3 signaling, stress response, and autophosphorylation 

pathways (supplementary data 6). Downregulated proteins were found to be involved in 

translational silencing of gene expression, particularly LI3a-mediated (e.g. EIF4B, RPL28), 

tissue regeneration (GAP43, GJA1), and neurotransmitter uptake and release (SLC6A1, 
SNAP25) (supplementary data 7). These results also indicate convergence between RNA-

Seq and synaptic-proteomic data on the downregulation of synaptic function, although the 

total abundance of AMPARs subunits is maintained in the DLPFC of SZ subjects.

3.2 Electrophysiology of native AMPA receptors profile.

AMPA receptors are a complex of proteins which in addition to the four principal subunits 

(GluA1-GluA4), they are co-assembled with a large number of auxiliary proteins (Schwenk 

et al., 2012; Schwenk et al., 2009) that modulate the gating, permeability and pharmacology 

of the channel (Cho et al., 2007; Gill et al., 2011; Herring et al., 2013; Kato et al., 

2010a; Kato et al., 2010b; Milstein et al., 2007). Similarly, AMPA receptors activity is 

modulated by many intracellular pathways (Wang et al., 2005). To determine whether 

proteomic changes in SZ impact the electrophysiological activity of AMPARs, aliquots of 

the original P2 samples used for proteomics were microtransplanted into Xenopus oocytes. 

All samples from the cohort exhibited functional agonist-induced responses when tested by 

TEVC in MSM, confirming the viability of AMPARs. Figure 3A shows ion currents elicited 

by 100 μM kainate from DLPFC synaptosome membranes injected into oocytes. Kainate 

is a low-affinity agonist of AMPARs that keeps the channel open in a non-desensitized 

state, allowing the measurement of kainate-induced AMPARs responses in the steady-state 

(Limon et al., 2010). Because Xenopus oocytes do not express endogenous AMPARs 

(Limon et al., 2008; Limon, 2019), electrophysiological responses elicited by AMPARs 

agonists in microtransplanted oocytes are from functional and successfully incorporated, 

receptor protein complexes docked into the surface of the oocyte. This is consistent with 

previous work indicating that synaptic function and intracellular signaling is preserved in 

fresh-frozen and thawed human postmortem brain slices (Hahn et al., 2006).

The mean of kainate-induced AMPARs responses (AMPARs currents) for each subject was 

not significantly correlated with age or PMI (r (20) = 0.0245, p = 0.918 for age, and r 
(20) = 0.3, p = 0.19 for PMI), but found significant correlations with pH and RIN in the 

controls, but not in SZ. A screening effect for sources of variation confirmed the presence of 

an interaction between diagnosis and pH for the amplitude of AMPARs currents. Therefore, 
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an ANCOVA model (between-subject factor: diagnosis; covariates: pH and RIN; interaction: 

pH*Diagnosis; N=20, F (4,15) = 5.85, p = 0.0048) was used to test for diagnosis effects. 

This analysis found a significant effect of diagnosis for the reduction of AMPARs currents 

in SZ (Diagnosis LogWorth = 3.1; p = 0.0008). Corrected AMPARs current was found to 

correlate with the protein levels of GluA2 and GluA3 in the cohort (r (17) = 0.61, p = 0.038 

for GluA2 and (r (17) = 0.61, p = 0.01 for GluA3) and the sum of all AMPARs subunits 

(ΣGluA; (r(17) = 0.54, p = 0.03). Notably, the correlation between AMPARs currents and 

protein levels was higher in SZ than in the control group e.g. AMPA responses vs GluA3 

in control (r(8) = 0.583, p = 0.129, and AMPA responses vs GluA3 in SZ (r (9) = 0.708, p 
= 0.033). Similarly, GluA1 was correlated with AMPARs currents in SZ (r (9) = 0.77, p = 

0.0149) but not in the control (r (8) = 0.126, p = 0.75), suggesting a higher participation of 

GluR1 in AMPARs responses in SZ.

Because gene and proteomic analysis did not find changes in the abundance of AMPARs 

subunits, we hypothesized that lower amplitude of AMPARs currents in SZ was caused by 

a reduction in the EC50 for kainate. In agreement with this hypothesis, AMPARs receptors 

in SZ had lower EC50 for kainate than controls (p= 0.03, one-sided tail testing a priori 

for lower sensitivity, Fig 3E). The lower amplitude of AMPARs currents correlated with 

lower kainate potency (Fig. 3F). These results are consistent with a reported hypofunction 

of AMPARs (Coyle et al., 2003; Hammond et al., 2010; Pinner et al., 2016) and a loss of 

excitatory connectivity in the DLPFC of SZ patients (Glantz and Lewis, 2000; Harrison, 

1999; Penzes et al., 2011).

3.3 Electrophysiologically-anchored dataset analysis (EDA) in SZ

Transcriptomic and proteomic datasets provide converging evidence indicating synaptic 

dysfunction in SZ; however, loss of synaptic communication in schizophrenia and 

compensatory rearrangements are cellular processes that involve a large number of structural 

and accessory proteins at the synapse. As a first examination of the utility in using MSM 

data to unravel this complexity, and to better understand the relationship between protein 

expression and physiological activity of AMPARs, we implemented what we called an 

EDA approach, to generate lists of proteins that correlate with the physiological activity 

of AMPARs (supplementary data 8 for all correlations). We found that in addition to 

the positive correlation with GluA subunit protein counts and AMPARs current, the 

AMPARs currents were also positively correlated with 118 proteins representing the 

excitatory postsynaptic density, and mitochondrial and ribosomal complexes (Fig. 4; 

supplementary data 9 shows all the modules assessed). A molecular complex detection 

algorithm MCODE, that identifies densely connected regions in large PPI networks (Bader 

and Hogue, 2003), identified 5 molecular modules: 1) Nonsense mediated decay (NMD) 

complex, which is an mRNA surveillance system that maintains synaptic architecture 

and synaptic vesicle efficacy (Long et al., 2010); 2) Ca2+ signaling pathway, which is 

fundamental for buffering of synaptic Ca2+, neurotransmitter release and activity-dependent 

regulation of synaptic function (Greer and Greenberg, 2008); 3) the mitochondria electron 

transport respiratory chain complex I, 4) the mitochondria F1F0-ATP synthase of Complex 

V which is fundamental to supply the high metabolic demand of active synapses, and 

5) activation of AMPARs and synaptic plasticity, which are the proteins responsible 
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for generating the AMPARs currents. In contrast, AMPARs currents were negatively 

correlated with 107 proteins involved in intracellular signaling, phosphorylation, and DNA 

biosynthetic processes (Fig. 5, supplementary data 10 shows all the modules assessed). 

Three MCODE modules that correlated negatively with AMPARs were representative of 

complexes involved in 1) formation of tubulin folding intermediates by CCT/TRiC, which 

are chaperonin mechanisms important for synaptic proteostasis (Gorenberg and Chandra, 

2017), 2) glucagon signaling pathway, and 3) AURKA activation by TPX2 pathway, which 

is important for neurite elongation and dendrites differentiation (Kahn et al., 2015; Mori et 

al., 2009).

A metanalysis including transcriptomic, proteomic, and EDA-generated lists of proteins 

shows that 15.3% of proteins that positively correlate with the amplitude of AMPARs 

currents are downregulated in SZ (Fig. 6); in contrast, 10% of proteins with negative 

correlation with AMPARs currents are upregulated in SZ (supplementary data 11). 

Interestingly, functional convergence of upregulated transcriptome and synapto-proteome 

indicated that the MAPK pathway (Table 2), which has been consistently implicated in SZ 

studies, had a negative association with AMPARs currents (Figure 6).

4. Discussion

In this preliminary study, we used a variant of the method of microtransplantation of 

plasma membranes from postmortem tissue (Miledi et al., 2004) to record, for the first 

time, the activity of synaptic AMPARs from the DLPFC of people diagnosed with SZ. 

It was previously shown that microtransplanting synaptic membranes from autopsy tissue 

allows the pharmacological and electrophysiological characterization of synaptic receptor 

complexes in human brain regions; a prerequisite for drug discovery (Limon, 2019; Mazzo 

et al., 2016; Zwart et al., 2019). MSM opens the door to use biophysical parameters 

of ion currents as functional endpoints for more sophisticated analysis in neurological 

and neuropsychiatric disorders. In this study, by integrating multi-dimensional data with 

physiological responses of postsynaptic receptors our results suggest a reduced function 

of AMPARs in SZ. This reduction may be at least partially explained by changes in 

potency and by alterations in protein modules that impact the trafficking and function of 

AMPARs. However, we cannot rule out reverse causation. It may be possible that altered 

AMPAR responses cause changes in protein subunit levels since previous studies have 

shown reductions (Beneyto and Meador-Woodruff, 2006; Vawter et al., 2002), no changes 

(Healy et al., 1998), or elevations (Chinopoulos et al., 2007; Dracheva et al., 2005) in the 

expression levels of AMPARs in postmortem studies of SZ.

Our transcriptomic and proteomic analysis of this cohort found no changes in the DLPFC 

levels of transcripts or proteins for any of the AMPARs subunits in SZ DLPF; however, 

we observed functional deficits in the receptors’ electrophysiological activity (EC50) that 

is supportive of AMPARs deficits in SZ. Normal abundance of mRNA and protein of 

AMPARs subunits in SZ may be a compensatory attempt to normalize synaptic function by 

homeostatic mechanisms (Turrigiano, 2017). Taken together, the data shows that alterations 

in cellular pathways and altered AMPARs function in the DLPFC are part of a molecular 
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alteration of synaptic signaling which may lead to a decreased excitatory input and 

functional dysconnectivity in the DLPFC in SZ.

The convergence of different lines of evidence suggests that synaptic functional alterations 

of AMPARs may underlie the hypofunction and decreased activation that has been 

consistently observed in the DLPFC of SZ patients (Berman, 2002). Reduced excitation 

and the subsequent potential shunt of NMDARs activation may underlie the generation of 

psychoses in individuals with SZ due to the complementary causes for NMDA receptor 

hypofunction that our data suggest. While this hypothesis is far from new, it does represent 

a functional measure that augments previous investigations that relied solely on singular 

methods that counted abundance of genes or proteins.

The analysis of the electrophysiological activity and relative abundances of native receptors 

from human brain tissue provides a glimpse of functional information that warrants further 

studies. For example, we observed that postmortem pH was negatively correlated with the 

amplitude of AMPARs currents in the control but not the SZ group. While it has been 

reported that patients with SZ may exhibit extracellular acidification in magnetic resonance 

spectroscopy (MRS) studies and postmortem brains associated with impaired oxidative 

phosphorylation and mitochondria dysfunction (Dogan et al., 2018; Hagihara et al., 2018; 

Sullivan et al., 2019b), and also that AMPARs are negatively modulated by extracellular 

H+ (Ihle and Patneau, 2000; Traynelis and Cull-Candy, 1991), it is not known whether 

AMPARs in a chronically acidified milieu have compensatory modifications that make them 

less sensitive to agonal changes of pH. However, the experimental setting in which we 

studied native receptors was constant in terms of buffer and pH. This does not rule out the 

possibility that there are post-translational modifications or alternative splicing changes to 

the AMPARs that we have not accounted for in our proteomic analysis.

Further analyses studying the role of auxiliary subunits, which are known to modify 

the kinetics, pharmacology and polyamine block of AMPA receptors depending on the 

cellular needs (Kato et al., 2010b), in this process are needed. Auxiliary subunits may also 

be involved in the pharmacological differences that we observed in MSM experiments. 

Previous work by Meador-Woodruff’s lab had shown a reduction in the transmembrane 

AMPA regulator protein TARP-γ8 in the anterior cingulate in SZ (Drummond et al., 2013); 

although we did not observe group differences in TARP-γ8 in the DLPFC in our cohort, in 

physiological conditions TARP-γ8 is known to increase glutamate and kainate affinity (Kato 

et al., 2010b; Tomita et al., 2007), and a reduction in this protein may explain the reduced 

potency of AMPARs that we observed in the DLPFC of some SZ subjects. In support of 

this hypothesis, the subject marked with an arrow in MSM experiments (Figure 3F) had the 

lowest gene expression for TARP-γ8 (CACGN8) in the SZ group and had no detectable 

protein quantities in LC-MS/MS experiments. Future studies in larger cohorts should aid in 

the categorization of SZ subtypes based on the specific alterations of genes or proteins that 

correlate with the excitatory electrical activity of the synapses.

Our analysis indicates that additional mechanisms converge into producing deficits of 

AMPARs. For instance, both, RNA-Seq and LC-MS/MS data implicate MAPK3 signaling 

in SZ, which is in agreement with de novo mutations and alterations in copy number 
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studies of SZ (Costain et al., 2013; Kirov et al., 2012), transcriptomic-wide association 

studies (Gusev et al., 2018), proteomic alterations of isolated postsynaptic densities from 

the anterior cingulate (Focking et al., 2015) and altered levels of MAPK signaling in 

postmortem tissue (Funk et al., 2012). Abnormally increased signaling may underlie some 

of the previously described alterations in posttranslational modifications (Tucholski et al., 

2013), and impaired intracellular transport of AMPARs (Hammond et al., 2010). We found 

correlations in AMPARs with mitochondria Complex I and Complex V protein abundance, 

supporting prior evidence that dysregulation of these genes in SZ would have consequences 

in neurotransmission (Rollins et al., 2018; Schulmann et al., 2019). However, it is clear that 

medications are playing a role in modulation of the mitochondria functions (Chan et al., 

2019), thus an analysis of medication-free patients is essential in answering this question. 

We did not find alterations in GRIA1, −2,−3,−4 by RNA-Seq cortex by a low chronic dosing 

with Haldol or clozapine, while there was a 7% increase in GRIA3, −4 expression with high 

dosage of Haldol in pharmacological analysis of the macaque. The small number of subjects 

with schizophrenia in this preliminary study did not allow us to subgroup by concurrent 

prescriptions for antipsychotics (3), antidepressants (4), antianxiety (5), anticonvulsant (2), 

and no medications (1). Thus further replication of this study with subjects that have a 

complete toxicological profile is underway and to compare with drug-free patients.

Another limitation of our study is that we cannot determine cell-specific changes associated 

to subpopulations of neurons whether these synaptosomes come from excitatory or 

inhibitory cells; however, because excitatory pyramidal cells account for 75–90% of cells 

in the cortex (DeFelipe et al., 2002) a large proportion of synapses will likely come from 

excitatory neurons. Importantly, there are layer-specific differences of excitatory neurons 

(Sullivan et al., 2019a) that our study cannot detect.

This work represents a novel method to measure a new functional electrophysiological 

endophenotype in synaptoneurosomal preparations directly obtained from the brains of 

patients with schizophrenia. While we cannot yet discern cause and consequence in this 

postmortem study, we are confident that the AMPARs current alterations are most likely 

present as a continuum in healthy controls and those with psychiatric disorders, and 

reference ranges will be the subject of further study in larger cohorts. These findings 

represent the synaptic compartment, as opposed to extra-synaptic locations, and this 

specificity can be altered by applying different fractionation methods for membrane 

isolation and proteomic and electrophysiological analysis. Since mitochondria are part 

of synaptosomes, this study showed support for correlation with the protein amount of 

mitochondria in the synaptosome and excitatory current.

The correlation between protein abundance of synaptic components involved in local 

synthesis protein, energy production, and synaptic proteins with the actual amplitude of 

AMPARs currents provides a novel method to integrate RNA and protein levels with 

functional data from large datasets. The EDA approach can be expanded and be used to find 

SNPs, genes, proteins, isoforms, metabolites and other elements in large pharmacological 

and clinical datasets that correlate positively or negatively with functional data in diverse 

schizophrenia relevant brain regions at a subcellular specific level using enriched fractions.
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Figure 1. Functional enrichment and network interactions of differentially regulated genes in 
RNA-Seq datasets.
A. Diagram illustrating the methodological approach for processing fresh-frozen DLPFC for 

the different levels of analyses presented in this study. B. D. Enriched ontology clusters for 

genes found to be differentially expressed in SZ at the p < 0.01 level of significance using 

Metascape (Zhou et al., 2019). C, E. Network layout of gene interactions wherein each gene 

is a circle node. The node size is proportional to the number of input genes that fall in 

that gene and color is the enrichment identity, as per the color insert at the bottom of the 

network. F. Gene expression levels transcripts per million (TPM) for AMPARs subunits in 

control and schizophrenia (mean ± SEM).
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Figure 2. Functional enrichment of differentially regulated proteins in synaptosomal-enriched 
preparations.
A. B. Enriched ontology clusters for proteins differentially expressed in SZ at the P < 0.05 

level of statistical significance. C. Label-free quantitation (LFQ) intensity of expression 

levels for GluA subunits in control and schizophrenia (mean ± SEM). D. Multivariate 

correlation between GluA, their sum that represents the combination of all available 

AMPARs heteromers, and the postsynaptic density protein PSD-95 that anchors AMPARs to 

the synaptic cell membrane.

Zeppillo et al. Page 21

Schizophr Res. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure. 3. Altered AMPARs responses in SZ.
A. Functional responses of AMPARs elicited by 100 μM kainate of oocytes 

microtransplanted with DLPFC synaptic membranes from a control and an SZ brain. B. 
AMPARs responses in SZ cases were reduced by 34% (n = 10 CTRL, 10 SZ; F (4,15) = 

5.85, p = 0.0048; ANCOVA correcting for pH, RIN and the interaction between diagnosis 

and pH). Each point in the graph represents the mean for each subject (n = 10–14 oocytes 

measured per each subject). C. Representative concentration-dependent responses to kainate 

in oocytes microtransplanted with SZ and control synaptic membranes. D. Hill equation 

fits to normalized concentration-response data for each subject (thin lines) and for the 

group average (thick lines). Each curve for a single subject was done with a minimum 

of 3 oocytes per subject. Symbols indicate the mean ± SEM of responses of each group, 
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the arrow indicates a subject with reduced affinity respect to the whole cohort. E. F. The 

affinity AMPARs was reduced in SZ controls (P = 0.03, one sided tail), and the differences 

in affinity were positively correlated with the amplitude of AMPARs. pEC50 indicates the 

negative logarithm of the EC50 for each subject. Arrow shows a subject with no detectable 

CACGN8 protein levels.
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Figure 4. Functional enrichment and MCODE modules of proteins positively correlated with 
AMPARs responses.
A. Enriched ontology clusters for proteins differentially expressed in SZ at the P < 0.05 

level. B. Proteins densely connected identified by molecular complex detection algorithm 

(MCODE). Protein complexes involved with postsynaptic densities and AMPARs subunits, 

energy production in mitochondria, and protein translation in ribosomes were positively 

correlated with AMPARs currents. C. Linear correlations between AMPARs currents and 

proteins representative of MCODE modules shown in B.
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Figure 5. Functional enrichment and MCODE modules of proteins negatively correlated with 
AMPARs responses.
A. Enriched ontology clusters for proteins differentially expressed in SZ at the p < 0.05 

level. B. Proteins densely connected identified by molecular complex detection algorithm 

(MCODE). Proteins complexes typically involved in intracellular signaling and DNA 

biosynthesis were negatively correlated with AMPARs currents. C. Linear correlations 

between AMPARs currents and proteins representative of MCODE modules shown in B.
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Fig. 6. Transcriptomic and synaptic-proteomic convergence on the amplitude of AMPARs 
currents in SZ.
A. Circos plot showing gene/protein overlap across different levels of analysis. Outside 

arches represent the different gene/protein lists generated during this study. Inside arches 

contain genes/proteins. Dark orange arches indicate the genes/proteins that appear in 

multiple lists. Purple lines connect the same gene that is shared by multiple lists. Blue links 

indicate the amount of functional overlap among the input gene lists. B. Similar analysis 

as in A, including proteins that correlate with the amplitude of AMPARs currents. Notice 

that genes and proteins that are downregulated in SZ overlap with proteins that are involved 

in the generation of the amplitude of AMPARs currents measured in microtransplanted 

membranes. In contrast, genes and proteins upregulated in SZ overlap with proteins that 

negatively impact the amplitude of the responses measured. Functional overlap is also 

stronger between lists of genes that negatively impact the amplitude of the responses in SZ, 

indicating a convergence of mechanisms of synaptic dysfunction.
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Table 1.

Cohort demographics showing mean ± standard deviation.

Diagnosis Gender (F/M) Age (years) PMI (hr) pH RIN

SZ 3/7 44 ± 10 22.8 ± 10 6.6 ±0.4 5.4 ± 1.2

CTRL 3/7 48 ±13 20.5 ± 8 6.2 ± 0.2* 6.6 ±1.3*

*
P<0.05 (Student t test), N = 10 each group. PMI, postmortem interval.
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Table 2.

Functional convergence between upregulation of MAPK-involved signaling pathways and lower AMPARs 

responses in SZ

SOURCE GENE/PROTEIN NAME

RNA-Seq CDKN1A Cyclin Dependent Kinase Inhibitor 1A

RNA-Seq GADD45B Growth Arrest and DNA Damage Inducible Beta

RNA-Seq MAPK9 Mitogen-Activated Protein Kinase 9

MSM-EDA PLCB1 Phospholipase C Beta 1

LC-MS/MC PLCD1 Phospholipase C Delta 1

MSM-EDA PPP3CB Protein Phosphatase 3 Catalytic Subunit Beta

LC-MS/MC;RNA-Seq PRKCB Protein Kinase C Beta

RNA-Seq PRKCE Protein Kinase C Epsilon

RNA-Seq SHC1 SHC Adaptor Protein 1

LC-MS/MC CAPN1 Calpain 1

LC-MS/MC CDC42 Cell Division Cycle 42

LC-MS/MC COL4A2 collagen type IV alpha 2 chain

LC-MS/MC EIF2S1 Eukaryotic Translation Initiation Factor 2 Subunit Alpha

LC-MS/MC HRAS HRas proto-oncogene, GTPase

LC-MS/MC KRAS KRAS proto-oncogene, GTPase

LC-MS/MC MAPK1 mitogen-activated protein kinase 1

LC-MS/MC MAPK3 mitogen-activated protein kinase 3

RNA-Seq; MSM-EDA HSPB1 Heat Shock Protein Family B (Small) Member 1

MSM-EDA MAPK10 mitogen-activated protein kinase 10

MSM-EDA PPP2CA Protein Phosphatase 2 Catalytic Subunit Alpha

MSM-EDA PPP2R1A Protein Phosphatase 2 Scaffold Subunit Aalpha

MSM-EDA PTPN11 Protein Tyrosine Phosphatase Non-Receptor Type 11

MSM-EDA TUBA1A Tubulin Alpha 1a

MSM-EDA TUBA4A Tubulin Alpha 4a

MSM-EDA YWHAB tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein beta

LC-MS/MC; MSM-EDA FGA Fibrinogen Alpha Chain

LC-MS/MC; MSM-EDA MAP2K2 mitogen-activated protein kinase kinase 2
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