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Altered excitatory and inhibitory ionotropic receptor subunit
expression in the cortical visuospatial working memory
network in schizophrenia
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Dysfunction of the cortical dorsal visual stream and visuospatial working memory (vsWM) network in individuals with schizophrenia
(SZ) likely reflects alterations in both excitatory and inhibitory neurotransmission within nodes responsible for information transfer
across the network, including primary visual (V1), visual association (V2), posterior parietal (PPC), and dorsolateral prefrontal (DLPFC)
cortices. However, the expression patterns of ionotropic glutamatergic and GABAergic receptor subunits across these regions, and
alterations of these patterns in SZ, have not been investigated. We quantified transcript levels of key subunits for excitatory
N-methyl-D-aspartate receptors (NMDARs), excitatory alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors
(AMPARs), and inhibitory GABAA receptors (GABAARs) in postmortem total gray matter from V1, V2, PPC, and DLPFC of unaffected
comparison (UC) and matched SZ subjects. In UC subjects, levels of most AMPAR and NMDAR mRNAs exhibited opposite rostral-to-
caudal gradients, with AMPAR GRIA1 and GRIA2 mRNA levels highest in DLPFC and NMDAR GRIN1 and GRIN2A mRNA levels highest
in V1. GABRA5 and GABRA1 mRNA levels were highest in DLPFC and V1, respectively. In SZ, most transcript levels were lower
relative to UC subjects, with these differences largest in V1, intermediate in V2 and PPC, and smallest in DLPFC. In UC subjects, these
distinct patterns of receptor transcript levels across the cortical vsWM network suggest that the balance between excitation and
inhibition is achieved in a region-specific manner. In SZ subjects, the large deficits in excitatory and inhibitory receptor transcript
levels in caudal sensory regions suggest that abnormalities early in the vsWM pathway might contribute to altered information
processing in rostral higher-order regions.

Neuropsychopharmacology; https://doi.org/10.1038/s41386-024-01854-x

INTRODUCTION
Visuospatial working memory (vsWM), the ability to transiently
maintain and manipulate a limited amount of visuospatial
information to guide thought or behavior [1], is mediated by a
distributed neural network that includes multiple nodes in the
neocortex [2, 3]. In this network, which includes regions of the
dorsal visual stream, visual information is conveyed from primary
(V1) and association (V2) visual regions in the occipital cortex to
higher-order regions in the posterior parietal (PPC) and dorso-
lateral prefrontal (DLPFC) cortices. Each region appears to
contribute to the functional network associated with vsWM
performance [4–9]. The functional interdependence of these
regions is mediated by specific patterns of anatomical connec-
tions. For example, excitatory pyramidal neurons furnish axonal
projections that convey information between regions, and the
activity of these neurons is shaped by inputs from local inhibitory
GABA interneurons [10].
Levels of presynaptic markers of GABAergic neurotransmission

have been reported to differ across regions of the human vsWM
network [11–13]. However, little is known about the regional
patterns of postsynaptic indices of GABAergic or glutamatergic

neurotransmission which depend, in part, on the expression of
subunits that form ionotropic N-methyl-D-aspartate receptors
(NMDARs), alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptors (AMPARs), or GABAA receptors (GABAARs) [14–16].
These receptors are each multimeric complexes composed of
different types of subunits that influence a variety of receptor
properties, including the kinetics of channel opening and closing,
ion flow through those channels, and the localization of receptor
complexes to synaptic or extra-synaptic sites [17–20]. For example,
AMPARs mediate most fast-spiking excitatory transmission,
whereas NMDARs are associated with relatively slower kinetics
and higher calcium permeability [19]. Furthermore, subunits
within a receptor family regulate specific functions. For example,
of the AMPAR subunits, GRIA1 controls the insertion and removal
of the receptor complex from the postsynaptic membrane [19]
and GRIA2 is calcium-impermeable [19] and is often co-expressed
with GRIA1 [21, 22]. Of the NMDAR subunits, GRIN1 is the
obligatory subunit that forms a heteromeric complex predomi-
nantly with GRIN2A or GRIN2B [23, 24]. Of the GABAAR subunits,
GABRA5 and GABRA1 are enriched in GABAARs postsynaptic to
somatostatin neuron inputs [25, 26] and parvalbumin basket cell
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inputs [27], respectively; GABRB2 is heavily colocalized with
GABRA1 [28]; and GABRG2, which is present in most synaptic
GABAARs [29], is required for postsynaptic receptor clustering [30].
Previous studies have shown that each of these classes of

receptors are critical for vsWM. For example, NMDAR antagonism
in rhesus monkeys induces temporary vsWM deficits [31],
pharmacological potentiation of AMPARs before NMDAR antag-
onism mitigates the impairments in vsWM [32], and administration
of the GABAAR antagonist bicuculline impairs vsWM performance
[33]. These experimental findings suggest that disease-related
alterations in ionotropic NMDARs, AMPARs, and/or GABAARs in
individuals with schizophrenia (SZ) could contribute to impaired
vsWM in the disorder [4–7, 9]. Although postmortem studies
cannot directly investigate how these alterations give rise to
vsWM deficits observed in schizophrenia, they may provide insight
into the underlying neural mechanisms. However, the expression
levels of key subunits for these three receptor classes across
cortical regions of the vsWM network have not been examined in
unaffected comparison (UC) or SZ subjects. Consequently, we
sought to answer two questions: (1) In UC subjects, do the levels
of key subunits of ionotropic NMDARs, AMPARs, or GABAARs differ
across regions of the human vsWM network? (2) Are levels of
these transcripts altered in SZ in a manner that is conserved or
distinct across cortical regions of the vsWM network?
To address these questions, we quantified the levels of nine key

NMDAR, AMPAR, and GABAAR transcripts in total gray matter
homogenates from four regions of the vsWM network from UC
and SZ subjects. We also used existing data sets to compare the
levels of these transcripts in two populations of neurons in UC
subjects. We found distinct regional expression patterns that
differed by transcript type in UC subjects, suggesting that the
balance between excitation and inhibition is achieved in a region-
specific manner. In SZ subjects, deficits in excitatory and inhibitory
receptor transcript levels were greatest in caudal sensory regions,
suggesting that abnormalities early in the vsWM pathway might
contribute to altered information processing in rostral higher-
order regions.

MATERIALS AND METHODS
Postmortem brain samples
Brain specimens (N= 40) were obtained during routine autopsies
conducted at the Allegheny County Medical Examiner’s Office (Pittsburgh,
PA) following consent obtained from the next of kin. Consensus DSM-IV
diagnoses (or their absence) were made by an independent committee of
experienced research clinicians using information obtained from struc-
tured interviews with family members and review of medical records,
neuropathology exam and toxicology reports [34]. All procedures were
approved by the University of Pittsburgh’s Committee for the Oversight of
Research and Clinical Training Involving Decedents and Institutional
Review Board for Biomedical Research. To control for experimental

variance and reduce between-group biological variance, each SZ subject
was matched with one UC subject for sex and as closely as possible for age.
Subject groups did not differ in mean age, postmortem interval, brain pH,
RNA integrity number (Agilent Bioanalyzer, Agilent Technologies, Santa
Clara, CA), or tissue storage time at −80 °C (Table 1).

Tissue processing
The right hemisphere of each brain was blocked coronally, immediately
frozen, and stored at −80 °C as previously described [34]. Based on their
anatomic location and cytoarchitectonic features, four regions (V1,
Brodmann area 17; V2, Brodmann area 18; PPC Brodmann area 7; and
DLPFC, Brodmann area 46) were identified for sampling [13]. For each
cortical region, in locations where tissue sections were cut perpendicular to
the pial surface, total gray matter was dissected from cryostat sections
(40 μm) in a manner that minimized white matter contamination or RNA
degradation [35]. Samples were immediately homogenized in TRIzol
reagent (Invitrogen) [36].

Transcript selection and quantitative polymerase chain
reaction (qPCR) procedures
Samples from all four regions of both subjects in each pair were processed
together throughout the experiment. For each sample, RNA was extracted
and purified using the RNAeasy Plus Micro Kit (QIAGEN, Inc., Valencia, CA).
Total RNA was converted to complementary DNA using the SuperScript IV
VILO Master Mix (ThermoFisher Scientific). Forward and reverse primers
were designed to target nine transcripts whose cognate proteins are
known to be enriched at synapses involved in ionotropic glutamatergic or
GABAergic neurotransmission. Due to the available 384 wells on qPCR
plates, we selected nine transcripts of interest to optimize the
experimental design for rigorous comparisons across regions and subject
groups.
All primers showed 94–107% efficiency, and each amplified product

resulted in a single and specific amplicon (Supplementary Table 1). Three
normalizer genes (β-actin, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and cyclophilin-A) were used to normalize the target transcript
levels as in prior studies of the same subject cohort [12, 13, 37]. Levels of
each transcript were assessed by qPCR using Power SYBR Green
fluorescence and the ViiA™7 Real Time qPCR System. Each 384 well plate
contained four replicates of 12 transcripts (nine receptor subunits and
three normalizers) from four subject pairs. For each transcript, cycle
threshold (CT) values were assessed in four wells; any single CT values that
increased the SD to ≥0.15 were excluded. The delta CT (dCT) for each
target transcript was calculated by subtracting the mean CT of the three
normalizer genes from the CT of the gene of interest. Because the dCT
represents the log2-transformed expression ratio of each target transcript
to the mean of the normalizer genes, the relative expression levels of the
target transcripts are reported as the more intuitive expression ratio, or the
2−dCT. Statistical analysis of the mean of the three normalizer genes did not
reveal a main effect of diagnosis (F1,40= 3.2, p= 0.08) or an interaction
between diagnosis and region (F3,120= 0.8, p= 0.48). Across regions within
the UC group, normalizers did significantly differ by region (F3,60= 13.8,
p < 0.001), with higher expression levels in V1 relative to the DLPFC,
although the magnitude of this difference was very small (1.2%), and much
smaller than the smallest regional difference in the transcripts of interest

Table 1. Subject characteristics.

Measure Unaffected Comparison Schizophrenia Statistics

N 20 20 N/A

Sex 14M/6 F 14M/6 F N/A

Race 15W/5B 14W/6B χ2= 0.13; p= 0.72

Age (years)a 48.9 ± 14.3 47.7 ± 13.5 t1,38= 0.27; p= 0.79

Body Mass Indexa 28.6 ± 6.7 27.6 ± 7.1 t1,38= 0.46; p= 0.65

Postmortem interval (h)a 16.4 ± 5.3 15.9 ± 6.0 t1,38= 0.28; p= 0.78

Brain pHa 6.6 ± 0.2 6.5 ± 0.3 t1,38= 1.24; p= 0.22

RINa 8.2 ± 0.5 8.1 ± 0.6 t1,38= 0.57; p= 0.57

Tissue storage time (months)a 136.0 ± 42.3 137.0 ± 49.1 t1,38= 0.07; p= 0.95
aValues shown are mean ± standard deviation.
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(e.g., GRIN1 mRNA levels were 17.7% higher in V1 than DLPFC).
Furthermore, given the different regional patterns of expression in the
UC individuals (see Fig. 1), the regional patterns are unlikely to be
explained by differences in normalizer levels.

Statistics
For all analyses, we used mixed models in R treating observations from
each region of each subject as repeated measures to account for the
within-subject correlation among the four regions, as done previously
[11–13]. To assess regional differences in the levels of each transcript in the
UC subjects, the model included transcript as the dependent variable,
region as a fixed effect, subject as a random term, and age, sex, RIN, and
PMI as covariates. F-tests were used to assess the overall regional effect,
with Tukey adjusted p values reported to control for multiple comparisons
across the nine transcripts. Degrees of freedom were calculated via
Satterthwaite’s method [38]. Post hoc comparisons between regions were
made using Hotelling’s T2 statistic [39]. Ratios between two transcripts of
interest were normalized via Z-score for plotting and interpretation
purposes. For each ratio, the mixed model was performed as described
above.
For comparisons between UC and SZ subjects, the mixed model

included transcript as the dependent variable; diagnosis, region, and
diagnosis-by-region interaction as fixed effects; and age, sex, RIN, and PMI
as covariates. Control for multiple comparisons across transcripts and
posthoc analyses within transcript were conducted as described above.
Cohen’s d effect sizes were used to estimate the magnitudes of the
differences between regions and diagnoses.

Analysis of RNA sequencing data from pools of neurons
To assess the technical and biological reliability of our qPCR findings, and
the extent to which these findings in total gray matter are conserved or
different in two neuronal subtypes, we performed a secondary analysis of
the same transcripts from a recently published RNA sequencing dataset of
layer 3 pyramidal neurons (L3PNs) [40] and from an unpublished RNA
sequencing dataset of layer 3 neurons with aggrecan-positive perineuronal
nets which are predominately parvalbumin-containing basket cells
(L3PVBCs) [41, 42]. Pools of 100 individually dissected L3PNs and 150
individually dissected aggrecan-positive L3PVBCs were collected from V1
and DLPFC of 39 and 40 UC subjects, respectively. All 20 UC subjects
assessed via qPCR were included in the cohort used for RNA sequencing.
To assess regional differences in the same nine glutamate and GABA
receptor subunit transcripts, an analysis of variance (ANOVA) linear
regression model was used in LIMMA along with the precision weights
obtained during initial voom normalization of these data. To account for
the non-independence of samples derived from each brain region from
the same subject, the duplicateCorrelations function in LIMMA was
implemented [40]. Covariates included in the model were age, sex, PMI,
and RIN. Because the nine transcripts included in this study are a very small
subset of the genes analyzed by RNA sequencing, we chose a conservative
approach for assessing regional differences in the levels of the transcripts
assayed. Specifically, statistical significance was determined using the
Benjamini-Hochberg procedure with a false discovery rate of 5% across all
16,379 genes assayed.

RESULTS
Expression of receptor subunit transcripts across the vsWM
network in UC subjects
For AMPAR transcripts, both GRIA1 and GRIA2 mRNA levels
differed significantly across all four areas of the vsWM network,
with levels of both transcripts lowest in V1, progressively
increasing from caudal to rostral areas, and highest in DLPFC
(Fig. 1A, B). In contrast, the NMDAR transcripts GRIN1 (Fig. 1C) and
GRIN2A (Fig. 1D) were lowest in DLPFC and highest in V1, whereas
GRIN2B mRNA levels were lowest in V1 and highest in DLPFC
(Fig. 1E).
For GABAAR transcripts, GABRG2 (Fig. 1F), GABRB2 (Fig. 1G) and

GABRA1 (Fig. 1H) mRNA levels all exhibited a significant effect of
area, with levels higher in V1 than in DLPFC and intermediate in
V2 and PPC. In contrast, GABRA5 mRNA showed the opposite
regional pattern with levels lowest in V1, intermediate in V2 and
PPC and highest in DLPFC (Fig. 1I).

Because local AMPAR-mediated excitatory postsynaptic currents
are required for NMDAR activation [43], we also compared mRNA
levels of GRIA1, which is required for the insertion of AMPARs into
the plasma membrane, and GRIN1, the obligatory NMDAR subunit,
as an index of the AMPAR-mediated influence on NMDAR
activation capability in each region. The GRIA1/GRIN1 ratio
significantly differed across areas, with the ratio lowest in V1
and progressively higher across V2, PPC, and DLPFC (Fig. 1J).
Because the function of NMDA receptors differs based on the
relative presence of GRIN2A versus GRIN2B subunits [44], we also
compared the ratio of these subunits across areas. The GRIN2B/
GRIN2A ratio significantly differed across areas, with the ratio
lowest in V1 and progressively higher across V2, PPC and DLPFC
(Fig. 1K). Finally, because the relative abundances of somatostatin
and parvalbumin interneurons, which preferentially target
GABRA5- and GABRA1-containing receptors, respectively, differ
substantially across the vsWM network [13, 45, 46], we also
calculated the GABRA5/GABRA1 ratio. The GABRA5/GABRA1 ratio
significantly differed across areas, with the ratio lowest in V1 and
progressively higher across V2, PPC and DLPFC (Fig. 1L).

Replication and cell type specificity of transcript level
differences between V1 and DLPFC in UC subjects
To assess the technical and biological reliability of these findings,
and the extent to which these gray matter findings are conserved
or different in two neuronal subtypes, we performed a secondary
analysis of the same transcripts from RNA sequencing datasets of
layer 3 pyramidal neurons (L3PNs) and of layer 3 neurons with
aggrecan-positive perineuronal nets which are predominately
parvalbumin-containing basket cells (L3PVBCs) [41, 42] from V1
and DLPFC of 39 and 40 UC subjects, respectively.
For the AMPA receptor subunits, GRIA1 (Supplementary Fig. S1A)

and GRIA2 (Supplementary Fig. S1B), the regional differences in
transcript levels were very similar in both L3PNs and L3PVBCs to
those found in total gray matter, with levels lowest in V1 and
highest in DLPFC. For the NMDAR receptor subunits, the regional
differences in L3PNs and L3PVBCs also paralleled those present in
total gray matter. GRIN1 (Supplementary Fig. S1C) and GRIN2A
(Supplementary Fig. S1D) mRNA levels were higher in V1 than in
DLPFC for all three measures, although the difference did not
achieve significance for GRIN1 in PVBCs. The pattern of regional
differences in levels of GRIN2B mRNA (Supplementary Fig. S1E)
were also the same for all three measures, with transcript levels
higher in DLPFC than in V1.
In contrast, the regional differences in GABRG2 (Supplemen-

tary Fig. S2A), GABRB2 (Supplementary Fig. S2B) and GABRA1
(Supplementary Fig. S2C) mRNA levels present in total gray matter
were not detected in either L3PNs or L3PVBCs, suggesting that
expression of these transcripts in other cortical layers or cell types
might account for the regional differences observed in total gray
matter. However, for GABRA5 mRNA (Supplementary Fig. S2D), the
presence of higher levels in DLPFC relative to V1 was conserved in
L3PNs and L3PVBCs.
The ratios of GRIA1/GRIN1 (Supplementary Fig. S3A), GRIN2B/

GRIN2A (Supplementary Fig. S3B), and GABRA5/GABRA1 (Supple-
mentary Fig. S3C) significantly differed across areas in both L3PNs
and L3PVBCs with the same patterns present in total gray matter.

Receptor subunit transcript levels across the vsWM network in
schizophrenia
For AMPAR subunits, the regional patterns of GRIA1 (Fig. 2A) and
GRIA2 (Fig. 2B) mRNA observed in UC subjects were conserved in
individuals with SZ. Although mean levels of both transcripts were
lower in SZ than UC subjects in all areas, the effect of diagnosis did
not achieve statistical significance for either transcript, and the
diagnosis-by-area interaction was not significant.
For all three NMDAR subunits, the effect of area was significant

(Fig. 2C–E). For GRIN1 mRNA (Fig. 2C) the effects of diagnosis and
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Fig. 1 Glutamate and GABAAR subunit transcript levels in the cortical vsWM network of unaffected comparison individuals. In
A–I, regional gradients in levels differ in a transcript-specific manner. In J–L, ratios of subunits all significantly increase from caudal to rostral
areas. In each panel, F and p values are from ANCOVA and areas not sharing the same letter are significantly different (p < 0.05) in post hoc
analyses. Symbols represent the same subjects in all plots.
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Fig. 2 Box and whisker plots of glutamate receptor subunit transcript levels in the cortical vsWM network of unaffected comparison
individuals (UC; open bars) and individuals with schizophrenia (SZ; filled bars). Significant effects of area were observed for all transcripts:
GRIA1 (A), GRIA2 (B), GRIN1 (C), GRIN2A (D), and GRIN2B (E). GRIN1 (C) and GRIN2A (D) were significantly lower in at least one area of subjects
with schizophrenia. No significant effects were observed in DLPFC for any transcript (A–E). Asterisks (*) indicate a significant omnibus and post
hoc result between subject groups within each area.
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of the diagnosis-by-area interaction were both significant, with
transcript levels significantly lower in the SZ group in V1 (Cohen’s
d= 0.79). Similarly, for GRIN2A mRNA (Fig. 2D) the effects of
diagnosis and of the diagnosis-by-area interaction were both
significant, with transcript levels significantly lower in the SZ
group in V1 (d= 0.62), V2 (d= 1.34) and PPC (d= 1.19). In
contrast, GRIN2B mRNA (Fig. 2E) levels did not differ between
subject groups in any area.
For all GABAAR subunits, the effect of area was significant

(Fig. 3A–D. The regional pattern of GABRG2 mRNA in SZ subjects
was the inverse of that present in UC subjects (Fig. 3A); the effects
of diagnosis and of the diagnosis-by-area interaction were both
significant, with transcript levels significantly lower in the SZ

group in V1 (d= 1.38), V2 (d= 1.35), and PPC (d= 1.41) (Fig. 3A).
For GABRB2 mRNA (Fig. 3B), the regional pattern present in UC
subjects was largely conserved in SZ, and the effects of diagnosis
and of the diagnosis-by-area interaction were both significant,
with transcript levels significantly lower in the SZ group in V1
(d= 1.21), V2 (d= 1.00), and PPC (d= 1.06). For GABRA1 mRNA
(Fig. 3C), unlike the UC subjects, individuals with SZ did not exhibit
a prominent difference across areas; the effects of diagnosis and
of the diagnosis-by-area interaction were both significant, with
transcript levels significantly lower in the SZ group in V1 (d= 1.35),
V2 (d= 1.04), and PPC (d= 0.91). For GABRA5 mRNA (Fig. 3D), UC
and SZ subjects showed the same regional pattern but no group
differences were detected in any area (Fig. 3).

Fig. 3 Box and whisker plots of GABAAR subunit transcript levels in the cortical vsWM network of unaffected comparison individuals
(UC; open bars) and individuals with schizophrenia (SZ; filled bars). Significant effects of area were observed for all transcripts. Levels of
GABRG2 (A), GABRB2 (B), and GABRA1 (C), but not GABRA5 (D), were significantly lower in V1, V2, and PPC in subjects with schizophrenia. No
significant effects were observed in DLPFC for any transcript. Asterisks (*) indicate a significant omnibus and post hoc result between subject
groups within each area.
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The ratios of GRIA1/GRIN1 (Fig. 4A), GRIN2B/GRIN2A (Fig. 4B),
and GABRA5/GABRA1 (Fig. 4C) did not significantly differ between
groups, with the exception of a higher GABRA5/GABRA1 ratio in
PPC in SZ (Fig. 4C).

DISCUSSION
In this study, we found that AMPAR, NMDAR, and GABAAR
subunits exhibited different patterns of transcript levels in total
gray matter from four regions of the cortical vsWM network in UC
subjects: the levels of some transcripts increased from V1 to
DLPFC whereas the levels of other transcripts declined. For
glutamate receptor subunits, the same patterns were also
observed in both L3PNs and L3PVBCs, whereas for GABAAR
transcripts, except for GABRA5, the patterns present in total gray
matter were not detected in these cell types. Finally, in subjects
with SZ transcript levels of excitatory and inhibitory receptor
subunits were lower, with the magnitudes of the deficits generally
largest in V1 and smallest, if detected, in DLPFC. These findings
suggest that (1) in the healthy state, mechanisms for achieving the
balance between excitation and inhibition might be region-
specific, and (2) in SZ, alterations in early cortical processing of
visual information might be important contributors to vsWM
impairments.

Receptor transcript levels across regions of the vsWM network
in UC subjects
Excitatory subunit transcripts. In UC subjects, levels of AMPAR
transcripts in total gray matter decreased from rostral to caudal
regions of the vsWM network, whereas NMDAR transcripts
exhibited the opposite pattern, except for GRIN2B mRNA which
was similar to the AMPAR transcripts pattern. These findings are
consistent with (1) a report of increasing levels of GRIA1, GRIA2,
and GRIN2B mRNAs, and decreasing levels of GRIN1 and GRIN2A
mRNAs, from V1 to DLPFC across the cortical mantle of macaque
monkeys [47], (2) the density of receptor proteins across several
regions in human postmortem brain [48], and (3) several public
transcriptomics datasets containing data from some of these
cortical regions in small numbers of brains [14–16]. These
distinctive regional patterns of AMPAR and NMDAR transcript
levels in total gray matter were generally conserved in L3PN and
L3PVBC data, suggesting that these patterns reflect differences
across regions in levels of the transcript rather than other innate
characteristics such as cell type composition or packing density
between regions.

Inhibitory subunit transcripts. Levels of GABAAR transcripts in
total gray matter differed by subunit. Levels of GABRA5 mRNA
were highest in DLPFC and lowest in V1, a pattern that was
conserved across total gray matter, L3PNs, and L3PVBCs. GABAARs
containing this subunit are frequently located postsynaptic to
inputs from the somatostatin subclass of GABA neurons [25, 26].
Given that somatostatin neurons innervate both L3PNs [49–51]
and PVBCs [52], the conserved pattern of higher GABRA5
transcript levels in the DLPFC versus V1 might reflect the relatively
greater presence of somatostatin neurons in DLPFC than in V1 of
the primate cortex [13, 45, 46]. Similarly, given that GABAARs
containing the GABRA1 subunit are frequently postsynaptic to
inputs from PVBCs [27], and that GABRB2 is often colocalized with
GABRA1 [28], the relatively greater presence of PV neurons in V1
than DLPFC [13, 45, 46] might account for the finding of higher
GABRA1 and GABRB2 transcript levels in total gray matter from V1
than DLPFC. Although this regional pattern of GABRA1 transcript
levels was not detected in the present study in L3PNs or PVBCs,
both of which are targets of PV neurons [53, 54], such a regional
pattern of GABRA1 mRNA in PV neurons was observed in the
macaque brain [47].
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Fig. 4 Glutamate receptor and GABAAR subunit transcript ratio
levels in the cortical vsWM network of unaffected comparison
individuals (UC; open bars) and individuals with schizophrenia
(SZ; filled bars). In A-C, ratios of subunits all significantly increase
from caudal to rostral areas. In each panel, F and p values are from
ANCOVA. Asterisks (*) indicate a significant omnibus and posthoc
result between subject groups within each area.
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Altered transcript levels across regions of the cortical vsWM
network in schizophrenia
Except for GRIN2A, the regional patterns of the glutamatergic
receptor subunits studied here were similar in both SZ and UC
subjects. In contrast, the regional patterns of the GABAergic
transcripts, except for GABRA5, were substantially different in SZ
from those present in UC subjects. Lastly, ratios of GRIA1/GRIN1
and GRIN2B/GRIN2A across regions did not differ by diagnosis,
whereas SZ subjects exhibited a significant elevation of GABRA5/
GABRA1 in the PPC.
For all transcripts that exhibited an effect of diagnosis, transcript

levels were lower in SZ, with the disease effect sizes largest in the
more caudal cortical regions and smallest in the DLPFC where
they did not achieve statistical significance. Other studies
[12, 55–63] have evaluated some of the transcripts studied here
in the DLPFC, but interpreting those findings in the context of the
vsWM network is challenging given that other regions in the
network were not examined. The regional pattern of alterations
observed here for the GABAAR transcripts is consistent with prior
studies in the same subject cohort in which gray matter levels of
transcripts (e.g., PV, SST and the 67 KD isoform of glutamic acid
decarboxylase (GAD67)) specific to GABA neurons [13, 64] or of
proteins (e.g., PV and GAD67) in the axon terminals of PVBCs [11]
were lower across the cortical vsWM network in SZ, with the
disease effect size larger in V1 than in DLPFC. Even GABA-related
transcripts that were upregulated in SZ (e.g., mu opioid receptor)
had a larger disease effect size in V1 than in DLPFC [13]. However,
it should be noted that studies of the DLPFC in other cohorts
reported larger deficits for some transcripts (e.g., GABRA1 [55, 64])
in individuals with SZ than were observed here. Similarly, other
indices of excitatory pyramidal neuron markers have been
reported to have a larger disease effect in DLPFC than in V1. For
example, deficits in dendritic spine density [65] and actin
regulators of spine density [37] in SZ were greater in DLPFC
than in V1.
However, alterations of excitatory drive within any region

engaged during visual processing tasks may have a substantial
impact on SZ pathology [66–68]. Indeed, a recent study utilizing a
V1 orientation selectivity model suggests that reduced recurrent
excitation may be a primary pathology resulting in a secondary
and potentially compensatory reduction of recurrent inhibition
within early sensory regions [69].
Most transcripts showed this pattern of greatest alteration in

caudal relative to rostral regions in SZ. For example, GRIN2A mRNA
levels were lower in V1, V2, and PPC (but not DLPFC), while
GRIN2B mRNA levels were not altered in any studied regions in SZ.
Although speculative, GRIN2A, but not GRIN2B, mRNA levels are
highly dependent on levels of synaptic activity in vitro [70]. Thus,
lower levels of synaptic signaling, due to upstream deficits in
excitatory signaling reflected in fewer dendritic spines [71], could
contribute to lower expression of GRIN2A mRNA. Alternatively,
GRIN2A has been identified as an ultra-rare but highly penetrant
genetic risk loci for SZ [72], but such genetic risk is unlikely to
explain the high proportion of individuals with SZ who exhibited
lower levels of GRIN2A reported here. Lastly, our study does not
assess the possibility of altered synaptic compartment localization
of the proteins of these receptor subunits in SZ. Therefore,
although the mRNA levels of GRIN2B are unaltered here,
abnormalities of its cognate protein could still play a role in SZ.
No significant effect of diagnosis was observed for the ratios of

GRIA1/GRIN1 and GRIN2B/GRIN2A which may reflect similar
alterations in both components of each ratio in SZ. Interestingly,
GABRA5/GABRA1 ratio was higher in the PPC in SZ, suggesting
both the levels and the balance of inhibitory strength at the distal
dendrites versus the perisomatic region of pyramidal cells might
be altered in this region.
Understanding the functional impact of the relative magni-

tudes of the disease effect size across regions for different

measures might be informed by the idea of a cascade model of
pathophysiology in SZ in which alterations in early sensory
processing of visual information contribute in a bottom-up
fashion to inaccurate higher-level information processing and
thus cognitive impairments such as vsWM [73]. These early
visual processing deficits are thought to be particularly
prominent in the magnocellular thalamic inputs to the dorsal
visual pathway that subserves vsWM, other higher-order
visuospatial processes [74], and processes involved in cognitive
control [75, 76]. Indeed, the generation of occipital fixation-
related potentials (FRP) are thought to reflect “priming” of the
visual cortex to process incoming information, a measure which
is reduced in subjects with SZ [77]. Although FRPs originate from
visual sensory cortex, the source of the inputs for stimulus-
evoked FRPs remains unknown, and could include top–down
projections from frontoparietal cortex, or bottom-up projections
from subcortical regions [78]. Thus, the presence of large
alterations in glutamate and GABAAR subunit transcript levels,
and in markers of GABA neurons [11, 13] in V1 and V2, in
combination with prominent alterations of L3PNs, a key
neuronal element in the cortical vsWM circuit [79] in the DLPFC
[37, 65, 68] suggest that vsWM impairments in SZ may arise from
alterations both in the transmission of accurate visual informa-
tion between lower and higher-order cortical areas and from
alterations in the processing of that information in the intrinsic
circuitry of the DLPFC.

DATA AVAILABILITY
Individual subject data are shown in the figures, and both deidentified subject data
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