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Abstract

We have previously demonstrated functional and molecular changes in hippocampal subfields in individuals with
schizophrenia (SZ) psychosis associated with hippocampal excitability. In this study, we use RNA-seq and assess global
transcriptome changes in the hippocampal subfields, DG, CA3, and CA1 from individuals with SZ psychosis and controls to
elucidate subfield-relevant molecular changes. We also examine changes in gene expression due to antipsychotic medication
in the hippocampal subfields from our SZ ON- and OFF-antipsychotic medication cohort. We identify unique subfield-
specific molecular profiles in schizophrenia postmortem samples compared with controls, implicating astrocytes in DG,
immune mechanisms in CA3, and synaptic scaling in CAl. We show a unique pattern of subfield-specific effects by
antipsychotic medication on gene expression levels with scant overlap of genes differentially expressed by SZ disease effect
versus medication effect. These hippocampal subfield changes serve to confirm and extend our previous model of SZ and
can explain the lack of full efficacy of conventional antipsychotic medication on SZ symptomatology. With future
characterization using single-cell studies, the identified distinct molecular profiles of the DG, CA3, and CA1 in SZ psychosis
may serve to identify further potential hippocampal-based therapeutic targets.

Introduction include hallucinations, delusions, and thought disorder and

are commonly referred to as psychosis. Negative symptoms

Schizophrenia affects millions of people worldwide with
10% of those diagnosed with schizophrenia eventually
committing suicide [1]. Its complex clinical profile is
responsible for schizophrenia being a top 10 leading cause
of disability in adolescents and young adults [2]. The
positive symptoms, which emerge during young adulthood,
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can include anhedonia and asociality while cognitive
symptoms involve deficits in memory, executive function,
and attention [3].

Unfortunately, antipsychotics are not curative as they
only address the psychotic symptoms. Also, 20-33% of
individuals are unresponsive to these treatments [4-6]. In
addition, treatment with antipsychotics is accompanied by
significant adverse side effects [7], dramatically reducing
patient medication compliance [8]. Rational treatment
development motivates the elucidation of the molecular
mechanisms underlying SZ pathology, which remain lar-
gely unknown.

Several studies have implicated the hippocampus in SZ
[9-12], and from our data, we have based a model of
psychosis in which the hippocampal subfields play distinct
roles in SZ pathology [13-15]. We hypothesize that
reductions in excitatory afferent stimulation between DG
and CA3 are associated with CA3 hyperactivity leading to
hippocampal alterations in learning and memory in indivi-
duals with schizophrenia. The loss of excitatory activity in
DG may contribute to reduced pattern separation. This
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could shift the hippocampus’ computational cognition bias
from separation to completion and lead to an inability to
distinguish novel stimuli and previous associations in
memories [16]. This shift could plausibly generate false
memories and create vulnerability toward the production of
psychotic experiences [13].

Therefore, we sought to determine the contribution of the
individual hippocampal subfields in generating the psy-
chosis molecular blueprint our lab has previously shown
[13, 14]. Given the complex nature of schizophrenia, we
used next-generation sequencing to identify in a global,
systematic, and unbiased manner psychosis-mediating
molecular candidates, which have not been previously
implicated in SZ. The current study is the first to examine
the transcriptome of the hippocampal subfields from the
same set of individuals with schizophrenia and matched
controls, offering a deep examination of gene expression
changes in SZ in the hippocampus.

Materials and methods
Human postmortem tissue collection

Human brain tissue was obtained from the University of
Texas Southwestern Medical Center (UTSW) Dallas Brain
Collection. The UTSW Institutional Review Board
approved the collection of human brain tissue. Cases within
24 h of death on average, with schizophrenia or healthy
diagnoses, without agonal duress or other brain disorders,
were collected with next of kin consent [14, 17]. Diagnoses
were advantaged by review of available medical records and
an informant interview. Characteristically, four psychiatrists
or a minimum of two made independent diagnoses and
developed a consensus diagnosis [17]. A high-quality tissue
cohort with DG, CA3, and CAl-enriched samples was
created from schizophrenia (N=13: N=6 SZ ON-
antipsychotic medication and N =7 SZ OFF-antipsychotic
medication) and healthy control (HC) cases (N=13).
“OFF-antipsychotic medication” was confirmed by negative
plasma and vitreous antipsychotic drug levels at autopsy,
family history of no recent medication use, and/or pharmacy
records whenever available [14]. Schizophrenia and HC
were matched based on RNA integrity number (RIN), PMI,
age, gender, and BMI as closely as possible. Supplementary
Table 1 includes demographic information for the samples
used in this study.

Hippocampal dissections
Frozen hippocampal tissue was sectioned into 300-pm
sections, alternating with 30-pym sections. Overall, 30-um

sections were placed in 4% paraformaldehyde solution
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overnight for subsequent Nissl staining to determine DG,
CA3, and CA1 orientation of hippocampal subfields for
dissection. Hippocampal subfields were isolated as pre-
viously described [18], and then used for RNA-seq.

RNA extraction

Total RNA was extracted and purified using a protocol
combining Trizol and chloroform extraction, the GeneJET
RNA Purification Kit, and a motorized mini-pestle vibrator
for tissue homogenization. RNA purity and concentration
were assessed on the Nanodrop spectrophotometer and
Agilent2100 Bioanalyzer for RIN determination. Average
RIN =5 were selected for sequencing.

Library preparation and sequencing

Total RNA sample preparation and sequencing was per-
formed by the McDermott Sequencing Core at UTSW on a
preliminary CA3 cohort (N=35 SZ OFF medication and
N=35 HC cases). The UTSW Genomics and Microarray
Core sequenced DG and CAl samples (N=13 SZ and
N=13 HC) as well as CA3 (N=8 SZ and N=8 HC).
Total RNA was rRNA ribo-depleted, and strand-specific
cDNA libraries were synthesized before sequencing on an
Mlumina HiSeq 2500 sequencer. Stranded, single-end 50
base-pair reads were generated for the preliminary CA3
cohort data. Stranded paired-end 100 base-pair reads were
generated for additional cohorts.

RNA-seq mapping, QC and expression quantification

Adapter removal and quality trimming was performed using
Trimmomatic [19]. Reads were aligned to the human hg19
reference genome using STAR 2.5.2b [20] with the fol-
lowing  parameters:  ‘“--outFilterMultimapNmax 10
--alignSJoverhangMin 10 --alignSJDBoverhangMin 1
--outFilterMismatchNmax 3  --twopassMode  Basic”.
Ensemble annotation for hg19 (GRCh37.87) was used to
build STAR indexes. For each sample, a BAM file,
including mapped and unmapped reads with spanning splice
junctions, was produced. Secondary alignment and multi-
mapped reads were removed and uniquely mapped reads
were retained. Quality control metrics were performed using
RSeqQC and the hgl9 gene model [21]. Gene level
expression was calculated using HTseq 0.9.1 using
intersection-strict mode by gene [22]. Counts and gene
length were calculated based on protein-coding genes from
the Ensemble GRCh37.87 annotation file. CPM values were
calculated using edgeR [23] and filtered for differential and
coexpression analyses using a “by condition” CPM cutoff.
A gene is considered expressed if CPM > 0 in all biological
replicates in any of the conditions analyzed.
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Differential gene expression analysis (DGEA)

Normalized data were assessed for effects from known
biological covariates (diagnosis, age, gender), technical
covariates related to sample processing (RIN, PMI, batch),
and unknown covariates related to surrogate variation (SV).
SVs were calculated using the SVA [24] “be” method with
100 iterations. The data were adjusted for technical cov-
ariates using a linear model: Im(gene expression ~Age +
Gender + PMI 4 RIN 4+ SVs).  Differentially — expressed
genes (DEGs) were calculated using linear regression: Im
(gene expression ~Diagnosis + Age + Gender + PMI +
RIN + SVs). P values were adjusted using the Benjamini-
Hochberg procedure [25]. DEGs were determined as those
with an estimated FDR < 0.05.

Weighted gene coexpression network analysis
(WGCNA)

To identify modules of coexpressed genes in the RNA-seq
dataset, WGCNA [26] was performed on 78 samples (N =
26 DG; N =26 CA3; N=26 CAl). We generated a signed
network via the blockwiseModules function. Beta was 14
for a high scale-free = 0.79 network. We used corType =
bicor, maxBlockSize = 14000,  mergingThresh = 0.15,
reassignThreshold = 1e—10, deepSplit = 2, detect-
CutHeight = 0.999, and minModuleSize = 50. Modules
were determined using the dynamic tree-cutting algorithm.
Module visualizations were created using Cytoscape v3.4.0
[27]. GO analysis was performed using ToppGene (https://
toppgene.cchmc.org).

Gene expression omnibus (GEO) accession
information

The National Center for Biotechnology Information GEO
accession number for the RNA-seq data reported in this
study is GSE138082 (token: mdypgiqgndgdlkb).

Results
Hippocampus subfield characterization

We used RNA-seq to examine DG, CA3, and CA1 between
individuals previously diagnosed with SZ and HC to iden-
tify differences between hippocampal circuit transcriptional
profiles. Principal component analysis showed marked
separation of the subfields based on gene expression var-
iance trends (Fig. la), suggesting the importance of con-
ducting hippocampal subfield-specific analyses. The results
from each subregion are provided below.
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Fig. 1 Principal component analysis (PCA) plot of hippocampal
RNA-seq data. a PCA characterizing the gene expression variance
trends exhibited between hippocampal subfields, DG (n =26), CA3
(n=26), and CAl (n=26). Each dot represents a sample and each
color represents the specific hippocampal subfield.

Dentate gyrus

For each subfield, we assessed differential gene expression
using linear model analysis at FDR < 0.05. In DG, we
identified 106 DEGs between SZ and HC (Supplementary
Table 2) as illustrated by the heatmap (Fig. 2a). Overall,
58% of DEGs were upregulated in the SZ group compared
with controls. Because of the heterogeneous nature of
human samples, we evaluated percent variance explained
(PVE) for the top DEGs. There was no correlation between
FDR and PVE by diagnosis (data not shown). Therefore, it
was notable that the top DEGs had more variance explained
by diagnosis than other known factors combined (Fig. 2b).
This result suggests that DEGs chosen for further study
have a greater prospect of playing a role in SZ pathology.

DGEA helps evaluate single-gene expression differences
across disease states, providing information about plausible
gene targets of schizophrenia pathology. However, the
polygenic nature of schizophrenia complicates the pro-
gression from DEG lists to functionally relevant conclu-
sions about the disorder. SZ polygenicity coincides with
disease state being driven by network changes rather than
single-gene alterations [28, 29]. Therefore, to continue to
formulate evidence toward a comprehensive hypothesis
from our RNA-seq dataset, we used WGCNA [26]. This
analysis clusters genes into module networks based on
related gene coexpression levels, where the most highly
coexpressed genes are considered network hubs. Coex-
pressed genes (i.e., genes with similar expression patterns)

SPRINGER NATURE


https://toppgene.cchmc.org
https://toppgene.cchmc.org

2580 J. M. Perez et al.
A. DG - 106 DEG B C. DG Schizophrenia Modules
FBXL2
CCDC163P
TYRP1 . Diagnosis
- @ Gender
| == P oxcRa
u B EC e
S Gender
e =5 Diagnosis SLC25A19 . Age ¢ DG-M40
==gll = 2 NUST
g R ! Cort1os [ RN G QoG
- - DG-Mé!
== = NTNS = DG-M1
o L [ U 37 PCMi@pguio
-. :_q_ = FBXL22 ‘3" DG-M,
A-iie = & I wr fesduae g | TT®pows  eOSWT
= = ZNF132 T ; ]
- EDEMI °
—_— - BHMT o
-_—s | DDO LY &
I : coesL o )
PCYT2 -1 - o
™ Pearson Correlation
B3GNT2
RPGRIP1L
VCAN
40 60 80
Variance explained (%)
D DG Module EigenGene
" 02
o
2 o1 Class . . . . .
& oo T¥l+ ** sCT G DG-M1 Functional Enrichment H. DG-M2 Functional Enrichment
§ o1 T T I sz
& 02
s ¥ o 4 o O 100 *
oc’oooooooc’o"o 00
E. DG Module GWAS Enrichment
75
i DG-M2 I DG-M4 ][ DG-Me ] CNS developmente 2
B MFDASD *scz «Cell projection morphogenesis
2] BELS &0 MDD *Seizures
g7 sez & s O "ADHD 8 8
o . £ 2
g DG M7 i DG-M8 | TTE e s s 2 s0 8
g5 . ADHD S 5 .
= scz / MDD '/ - * eAutism Spectrum Disorders
EH “E\P/ADHD OASD $Cz *Abnormal Behavior
R S «Gliogenesis 10 Action potential®
4 sCalcium signaling pathwa
og10(FOR) 25 St atug Epl\gp%cus v
F. DG Modules - Enrichment Analysis Epileptic encephalopathy
DG-M15 e el Te%l H ] 2 Long-term potentiation
DG-M2 oz %] I N e | din A o
DG-M3 o ] e [ 20 o
DG-M4. 10300 et P 5 10
G5 [T i s b || [ =5 [11° _log10(FOR) 4 ° 7
DG-M [ 38 i 1 9 ~log10(FDR)
DG-M7 o, G s
DG-M8 [Z8 5 e [l 5 ® Biological Process @ Callular Component @ Disease ® Biological Process  ® Callular Component @ Disease
DG-M9 - O u.%., ] || Moleculr Funcion # Pathway Molecular Function ~» Pathway
DG-M10 [ nv
J S K Q QO ?' o 2o
O O A N
cg&‘x &"o‘o‘? *0 S @ 4\ \3@@ @ R
NS (:é? RS
o“’ g ¢°
YQ &
o &
DG-M2 Network
| DG-M1 Network J. G-M2 Netwo
. BAI3
pROX6®  PSD2O ARHGAPS  QvILL ® OPLAGT
RNF150
SLC7A11 - IT%AQ L L]
CLDN10Q) ) S k2 ENTPD3
VA F _‘36 /J SNTAI@) MR1Q ' @ARL13B QFaxc @RUNDC3B
. N/ IER3IP1 HsesTa@ OSTesIA3 Ranor
ccngso - \ (o) \ _@GABRG2
; NDRG2 - {IlmuRN PTEN120) OPCMTDI S
SELENBP1— @ ! =0 OFXYD1 o %csgm %
. X)) AKAPTI R OTSCZ?D‘ .TMSB155 Qa2 CHRNA7
ALDH1A1® ? : ONOTCH2 PTPN4Q < OSTK3B. <1 OSTX3
—7 - R N
EDNRI Ny o OTTYH1
ACBD7g 080%7 SEHIL™ sTxBPS ‘%ACNBZ %SHNPS @CDKLS
TP53BP20 N PRKCA ﬂ 2 TaP3kia NN Srsriz
PAX6Q @ seRTmt =
GLIBO %ML(N cmu .cvp4x1 @EDEM1
TIMM8AO X
P2RY1@ ] —% o1 OsLce2
TRIPE! ° OWDFY3 RiNZB @SVY03
ATP13Ad0 GJB6 CAPZA2
o KN Uspas poLIO~ CADRSR . K %—HU %RA& ORABGAP1
ETNPPL \ =\ N\ X Ommpas ’NFZ!S
- o \. %LUDI =4 o WS PR i“Q/YAPZ 4 %DGFC (] Brascy OPOHS
21C5¢ ﬂ% Qnepst 'GNG12 . ® RGS14 / 4 FRMPD4 ®screa
1 mmec ALDH2 SHISA2 QAM%A MKS Qo éTM %NAJCZ“ QREBSL?
ST8X| OGJA1 OgoLima © Q. %
d QnoadY "2 D1
OsASH! 0368 )
RP11-215A19.2 Qagro CHAME  CCsERz  B4GALTS

OMETTL7A

are known to share regulatory mechanisms and converge on
similar biological pathways and cellular functions [30].
Therefore, hub genes are suggested to be the main reg-
ulators of a module’s indicated function. Hub gene asso-
ciation to disease state is a strong implicating factor for
target gene identification. Therefore, these networks allow
for the identification of higher-order biological relationships

SPRINGER NATURE

Q’NOI

underlying schizophrenia on which single-gene and whole-
network alterations converge.

In DG, 30 coexpression modules were identified. Ten
modules (DG-M1 through DG-M10) were significantly
associated with SZ (Fig. 2c, d, Supplementary Table 3A).
To characterize the biological significance of these SZ-
associated modules, we conducted enrichment analyses of
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<« Fig. 2 DGEA and WGCNA characterization of dentate gyrus from

individuals with SZ compared with controls. a Heat map of sig-
nificantly differentially expressed genes identified with LMA between
SZ and control samples in DG. Dendograms depict Pearson correlation
clustering of samples. Top bars represent demographics of each
sample: RNA integrity number (RIN), postmortem interval (PMI), age,
gender, and diagnosis. Corresponding scales of gene expression levels
and demographics are shown on the right and bottom, respectively.
Blue and red color intensities designate downregulation and upregu-
lation, respectively. b Bar graphs depicting percent variance explained
by each factor after correction for all other factors, including diagnosis,
gender, age, RIN, and PMI for several top significantly DEG in DG.
¢ Pearson correlation analysis of WGCNA modules to assess module
correlation with SZ diagnosis. Out of 30 modules, ten modules above
the dashed red line are significantly correlated with SZ. d Module
eigengenes of the ten modules significantly positively or negatively
associated with schizophrenia. e DG modules enriched for genes with
genetic risk variants associated with SZ, autism spectrum disorder
(ASD), major depressive disorder (MDD), bipolar disorder (BIP), and/
or attention deficit hyperactivity disorder (ADHD) using publicly
available genome-wide association studies (GWAS) from the Psy-
chiatric Genomics Consortium 2 (PGC2). Significant enrichment is
indicated by localization to the right of the red-dashed line. f Cell-type
and gene set enrichment analysis of DG modules significantly asso-
ciated with SZ. ASD autism spectrum disorder, DEG differentially
expressed genes, DEG DOWN downregulated differentially expressed
genes, DEG UP upregulated differentially expressed genes, FMRP
fragile X mental retardation protein, ID intellectual disability, synap-
tome synaptome database, SZ 108 Loci [34]. g, h Gene ontology
enrichment analysis of SZ-associated DG-M1 and M2 modules. i, j
Top WGCNA connections of SZ-associated DG-M1 and M2 modules.
Node size dimension has a direct relationship with the number of gene
coexpression connections. (Red—gene identified by Fromer et al.,
2016 and/or Schizophrenia Working Group of the Psychiatric Geno-
mics Consortium, 2014; Green—synaptic genes identified by synap-
tomeDB; Blue—neuronal genes; Orange—differentially expressed
genes; Pink—astrocytic genes; Purple—microglial genes).

psychiatric disorder common variant genes, cell-type asso-
ciated genes, and gene ontologies. DG-M2, DG-M4, DG-
M7, and DG-MS8 were enriched for SZ single nucleotide
polymorphism (SNP)-associated genes (Fig. 2e) from the
Psychiatric Genomics Consortium 2. DG-M1 was enriched
in DEGs and synaptic genes as well as in genes previously
identified as differentially expressed in the DLPFC of SZ
and HC [31] and astrocytic cell-type genes (Fig. 2f). This
links currently identified DEGs and previously identified
[31-33] molecular alterations to new astrocytic alterations
in the hippocampus. In addition, DG-M2 was enriched for
inhibitory and excitatory interneurons, indicating that
activity and/or inhibitory cellular function could be com-
promised as previously suggested by our psychosis model.

Lastly, we looked at functional enrichment analysis in
combination with network visualization to characterize a
functional role for these SZ-associated modules in psy-
chosis pathology. In DG-M1, gene ontology (GO) analysis
showed enrichment for CNS development, gliogenesis,
actin cytoskeleton, and calcium signaling pathway (Fig. 2g).

Of these categories, CNS development and gliogenesis were
significantly enriched for genes associated with SZ (p =
0.0486) from the largest GWAS SZ study to date [34] and
for module hub genes (p = 0.0202), respectively, implicat-
ing this modules’ relevance and role in SZ pathology
(Fig. 2i). DG-M2 was significantly enriched for GO terms,
including ion channel activity, action potential, learning and
memory, dendritic spine, and so forth (Fig. 2h). In addition,
not only were the ion channel activity and action potential
categories enriched with genes from the 108 loci associated
with SZ [34] (p =0.0234 and p = 0.001, respectively), but
the ion channel activity category was also enriched for hub
genes (p =0.0274). These two categories comprise genes
like GRIN2B, GRIAI, CHRNA7, and CNRI (Fig. 2j), genes
consistently implicated in SZ pathology in hippocampus
[32, 35-37].

Hippocampal CA3

DGEA was conducted in CA3, taking biological, unknown,
and technical covariates including batch effects into
account, to detect plausible SZ psychosis gene targets. In
CA3, we identified 48 DEGs between SZ and HC (Sup-
plementary Table 4) as illustrated by the heatmap in Fig. 3a.
Overall, 60% of genes were upregulated in the SZ group
compared with HC. Importantly, as in DG, the top DEGs in
CA3 had more variance explained by diagnosis than other
known factors combined (Fig. 3b). Using WGCNA, 24
modules were generated in CA3, including three sig-
nificantly associated with SZ (Fig. 3c, d), CA3-M1, CA3-
M2, and CA3-M3 (Supplementary Table 3B). The CA3-M2
module was enriched for FMRP and synaptic, oligoden-
drocyte. In addition, this module was significantly enriched
in excitatory neuronal genes (Fig. 3f), revealing a signature
of excitatory neurons being affected in CA3 in schizo-
phrenia and corroborating our psychosis model, which
implicates hyperactivity in CA3. CA3-M3, the only module
enriched in SZ-associated SNP genes (Fig. 3e), was enri-
ched for autism, microglia, and neuronal genes (Fig. 3f).
The CA3-M2 module, which consisted of mostly neuronal
hub genes (Fig. 31), was significantly enriched for GO terms
including neuron projection, neuron differentiation, and
dendrite, as well as pathways involved in the neuroimmune
system [38—41] and cell survival and proliferation [42]
(Fig. 3g). The CA3-M3 module was enriched in genes from
three categories, which all involved the immune system
(Fig. 3h). Relevantly, the leukocyte activation category was
significantly enriched for hub genes such as DOCK2, SYK,
APBBIIP (p =0.0051) (Fig. 3j). The enrichment of genes
involved in the neuroimmune system in these CA3 modules
is consistent with previous studies showing abnormalities in
immune function in schizophrenia [43—48].

SPRINGER NATURE
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Hippocampal CA1

In CA1l, we identified 121 DEGs between SZ and HC
(Supplementary Table 5) as illustrated in Fig. 4a. Overall,
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43% of genes were upregulated in the SZ group. As in DG
and CA3, the top DEGs in CAl had more variance

explained by diagnosis than other factors combined
(Fig. 4b). Twenty-eight modules were generated in CAl
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Fig. 3 DGEA and WGCNA characterization of CA3 from indivi-
duals with SZ compared with controls. a Heat map of significantly
differentially expressed genes in CA3 between SZ and control sam-
ples. Dendograms depict Pearson correlation clustering of samples.
Top bars represent demographics of each sample: RNA integrity
number (RIN), postmortem interval (PMI), age, gender, and diagnosis.
Corresponding scales of gene expression levels and demographics are
shown on the right and bottom, respectively. Blue and red color
intensities designate downregulation and upregulation, respectively.
b Bar graphs depicting percent variance explained by each factor after
correction for all other factors, including diagnosis, gender, age, RIN,
and PMI for several top significantly DEG in CA3. ¢ Pearson corre-
lation analysis of WGCNA modules to assess correlation with SZ
diagnosis. Out of 24 modules, three modules above the dashed red line
are significantly correlated with SZ. d Module eigengenes of the three
modules significantly positively or negatively associated with schi-
zophrenia. e CA3 modules enriched for genes with genetic risk var-
iants associated with SZ, ASD, MDD, bipolar disorder, and/or ADHD
using publicly available GWAS from the Psychiatric Genomics Con-
sortium 2. Significant enrichment is indicated by localization to the
right of the red-dashed line. f Cell-type and gene set enrichment
analysis of CA3 modules significantly associated with SZ. ASD autism
spectrum disorder, DEG differentially expressed genes, DEG DOWN
downregulated differentially expressed genes, DEG UP upregulated
differentially expressed genes, FMRP fragile X mental retardation
protein, ID intellectual disability, synaptome synaptome database, SZ
108 Loci [34]. g, h Gene ontology enrichment analysis of SZ-
associated CA3-M2 and M3 modules. i, j Top WGCNA connections
of SZ-associated CA3-M2 and M3 modules. Node size dimension has
a direct relationship with the number of gene coexpression connec-
tions. (Red—gene identified by Fromer et al., 2016 and/or Schizo-
phrenia Working Group of the Psychiatric Genomics Consortium,
2014; Green—synaptic genes identified by synaptomeDB; Blue—
neuronal genes; Orange—differentially expressed genes; Pink—
astrocytic genes; Purple—microglial genes and genes from immune
system GO category).

with six significantly associated with SZ (Fig. 4c, d), CAl-
M1 through CA1-M6 (Supplementary Table 3C). CA1 had
three modules, CA1-M2, CA1-M3, CA1-M4, enriched for
genes with SZ-associated SNPs (Fig. 4e). CA1-M3 was
enriched for autism and synaptic genes and downregulated
DEGs as well as astrocytic, oligodendrocyte, and excitatory
neuronal genes (Fig. 4f). In addition, CA1-M3 was enriched
in genes from GO categories like ion channel activity,
postsynaptic membrane, and postsynaptic density (PSD)
(Fig. 4g), which follows the pattern of activity-related
alterations previously seen in DG and CA3. The PSD
category was enriched for genes from the 108 loci asso-
ciated with SZ [34] (p =0.0352), including genes pre-
viously associated with SZ like DABI, GRIA2, GRIN2A,
GRM1, and BDNF (Fig. 4h). It was also enriched in genes
involved in the glutamatergic synapse pathway and the
disease category, schizophrenia (Fig. 4g). Together, these
results imply that the genes coexpressed in these modules
are particularly important in governing SZ pathology and
that module functions associated with SZ are distinct by
hippocampal subfield.

Antipsychotic medication effect

Antipsychotic medications alter gene expression levels in
animals and individuals with schizophrenia [49-51]. To
exclude a potential antipsychotic medication effect on gene
expression levels, we examined differential gene expression
in ON- and OFF-antipsychotic medication SZ samples in
DG, CA3, and CAl. Eighty genes were differentially
expressed in DG, 351 in CA3, and 188 in CA1 between the
ON and OFF groups (Fig. 5a) as illustrated by the heatmaps
(Fig. 5b—d). Overall, 49%, 40%, and 49% of genes in DG,
CA3, and CAl, respectively, were upregulated in the ON
group. The amount of variance explained by antipsychotic
medication (Fig. Se—g) compared with diagnosis (Figs. 2b,
3b and 4b) was considerably different. The highest variance
explained by medication for top DEGs in DG was 65%
versus 38% by diagnosis. In CAl, top DEGs had 72%
variance explained by medication versus 50% by diagnosis.
While there were ~300 more DEGs in the CA3 medication
cohort compared with the SZ cohort, the amount of variance
explained by medication was only 37% compared with 48%
by diagnosis. Together, these results propose a more potent
effect of antipsychotic medication to alter gene expression
than diagnosis and a subfield-specific medication effect.
The number of DEGs due to diagnosis had minimal overlap
with DEGs due to medication effect (Fig. Sh—j). SMIM17
and CTHRC1 were differentially expressed in DG and CA3,
respectively, in the SZ and medication cohorts. Both genes
were increased in the SZ cohort, but decreased in the ON-
medication cohort. The results generated by the ON- versus
OFF groups, while limited in sample size, illustrate the
complexity bound to research of severe mental illness.
While future verification of this experiment in a larger
sample size in necessary, these results may indicate plau-
sible medication targets.

Discussion

This study examined the DG, CA3, and CA1 transcriptomes
from the same cohort of postmortem samples in individuals
with schizophrenia and matched controls. This eliminated
the caveat that differences in gene expression by subfield
could be due to disparate subfield populations rather than
biologically relevant subfield changes. Indeed, our results
support our hypothesis and emerging idea that hippocampal
functionality differs by subfield. The hippocampus deserves
subfield-specific experimental scrutiny to characterize the
hippocampus and disorders like schizophrenia properly.
One caveat that accompanies the examination of human
tissue is the inability to control all environmental variables.
Consequently, the field typically assembles cohorts by
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Fig. 4 DGEA and WGCNA characterization of CA1 from indivi-
duals with SZ compared to controls. a Heat map of significantly
differentially expressed genes in CA1l between SZ and control sam-
ples. Dendograms depict Pearson correlation clustering of samples.
Top bars represent demographics of each sample: RNA integrity
number (RIN), postmortem interval (PMI), age, gender, and diagnosis.
Corresponding scales of gene expression levels and demographics are
shown on the right and bottom, respectively. Blue and red color
intensities designate downregulation and upregulation, respectively.
b Bar graphs depicting percent variance explained by each factor after
correction for all other factors, including diagnosis, gender, age, RIN,
and PMI for several top significantly DEG in CAl. ¢ Pearson corre-
lation analysis of WGCNA modules to assess correlation with SZ
diagnosis. Out of 28 modules, six modules above the dashed red line
are significantly correlated with SZ. d Module eigengenes of the six
modules significantly positively or negatively associated with schi-
zophrenia. € CA1 modules enriched for genes with genetic risk var-
iants associated with SZ, ASD, MDD, bipolar disorder, and/or ADHD

matching experimental and control samples by variables
like age, gender, PMI, and RIN [17]. However, this practice
does not guarantee that these variables will not affect the
results of a gene expression study, possibly obscuring the
physiological relevance of identified gene expression
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using publicly available GWAS from the Psychiatric Genomics Con-
sortium 2. Significant enrichment is indicated by localization to the
right of the red-dashed line. f Cell-type and gene set enrichment
analysis of CA1 modules significantly associated with SZ. ASD autism
spectrum disorder, DEG differentially expressed genes, DEG DOWN
downregulated differentially expressed genes, DEG UP upregulated
differentially expressed genes, FMRP fragile X mental retardation
protein, ID intellectual disability, synaptome synaptome database, SZ
108 Loci [34]. g Gene ontology enrichment analysis of SZ-associated
CA1-M3 module. i, j Top WGCNA connections of SZ-associated
CA1-M3 module. Node size dimension has a direct relationship with
the number of gene coexpression connections. (Red—gene identified
by Fromer et al., 2016 and/or Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014; Green—synaptic genes
identified by synaptomeDB; Blue—neuronal genes; Orange—differ-
entially expressed genes; Pink—astrocytic genes; Purple—microglial
genes).

changes. In fact, experimenters have declared it unfeasible
to identify relevant gene expression changes unless thou-
sands of samples are analyzed [31]. It is important to note
that this study defined relevant gene changes as those in
genes implicated in SCZ-associated eQTL and conjectured
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Fig. 5 Gene expression changes in hippocampal subfields, DG,
CA3, and CAl, in individuals with SZ either ON- or OFF-
antipsychotic medication. a Venn diagram depicting the overlap of
genes differentially expressed between individuals with SZ ON- and
SZ OFF-antipsychotic medication in hippocampal subfields, DG, CA3,
and CAl. Differential expression was assessed with linear model
analysis (LMA), at a false-discover rate (FDR) <0.05. Heat maps of
significantly differentially expressed genes between SZ ON- and SZ
OFF-antipsychotic medication in b DG, ¢ CA3, and d CAl. Dendo-
grams depict Pearson correlation clustering of samples. Top bars
represent demographics of each sample: RNA integrity number (RIN),

Residuals

that genome-wide studies with smaller sample sizes would
have larger variability estimates, translating into false
positives with large differential expression estimates.
Although our study has a smaller sample size, it produced
few differential estimates exceeding twofold, which is
inconsistent with the pattern hypothesized and instead
emulates the pattern seen when N is raised to 250. These
results support our hypothesis that the hippocampal sub-
fields individually play a more pivotal role in SZ psychosis
than other heterogeneous tissues like DLPFC or whole
hippocampus, brain regions typically probed when investi-
gating schizophrenia. Notably, our analysis of PVE allowed
us to choose gene targets for future study more effectively
by preferring genes with a majority of PVE by diagnosis
and minimal PVE by other confounding variables.

To select in a hypothesis-generating approach novel
target genes that may account for the complexity of SZ, we
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postmortem interval (PMI), age, gender, and antipsychotic medication.
Corresponding scales of gene expression levels and demographics are
shown on the right. Blue and red color intensities designate down-
regulation and upregulation, respectively. Bar graphs depicting percent
variance explained in e DG, f CA3, and g CAl by each factor after
correction for all other factors, including antipsychotic medication,
gender, age, RIN, and PMI for gene transcriptome signatures from
several top significantly DEGs. Venn diagrams depicting the overlap
of genes differentially expressed (DE) due to disease effect versus
genes DE due to antipsychotic medication effect in hippocampal
subfields (h) DG, i CA3, j and CAl.

converged analytical techniques. Along with DGEA, we
applied WGCNA to study gene network alterations, which
may be critical to SZ pathology. Our study indicated that
modules associated with schizophrenia were functionally
unique across hippocampal subfields. Target genes were
chosen based on PVE by diagnosis, lack of PVE by other
variables, significant association with diagnosis in multiple
analyses (DGEA, WGCNA, GO), and establishment in the
literature.

DG SZ-associated modules showed a distinct astrocytic
profile, including hub genes like PAX6. In the adult hip-
pocampus, neurogenesis is thought to occur in the sub-
granular zone (SGZ) of DG [52]. The SGZ contains type-1
stem cells, which share similar characteristics to astrocytes
including GFAP expression. PAX6 is expressed in both
SGZ type-1 stem cells [53] and hippocampal astrocytes
[54]. In a study examining the process of cell-population
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balance between neurogenesis and gliogenesis in the adult
hippocampus, increased PAX6 drove maturation of newly
born neurons [55]. Conversely, reductions in PAX6
reduced the progenitor cell pool necessary for neurogen-
esis in DG [53], inhibited astrocyte maturation and
increased Akt activity [54]. Not only has the Akt pathway
been genetically linked to schizophrenia [56], but anti-
psychotic medications have also been repeatedly shown to
increase activated Akt levels [57, 58]. However, it is still
unclear whether this antipsychotic-mediated increase
improves psychosis symptomatology. Because adult-born
granule cells play a critical role in the DG’s ability to
execute pattern separation [59-61], which our psychosis
model hypothesizes may be altered in schizophrenia psy-
chosis, it will be interesting to investigate the role that
preservation of cell-population balance or lack thereof
plays in SZ pathology.

CA3 modules associated with SZ suggested an immune
system profile with hub genes like DOCK2. A subclass of
nonsteroidal anti-inflammatory drugs (NSAIDs), which
mediate anti-inflammatory effects through cyclooxegynase-
2 (COX-2) inhibition, have been shown to have a positive
effect on total symptom severity as measured by the Posi-
tive and Negative Syndrome Scale (PANSS) score in
schizophrenia [62] or a positive effect on the positive
symptom subscore of the PANSS [63]. Unfortunately,
human clinical trials using COX-2 inhibitor NSAIDs have
resulted in significant COX-2 inhibition toxicity side effects
[64-66]. The field has looked for alternative therapeutic
targets, one of which is our SZ-associated gene, DOCK2,
which was shown to be microglia-specific and regulate
innate immunity independent of COX-2 [67]. Links
between neuronal activity and microglia processes have
been demonstrated in the hippocampus [68] and cortex [69],
suggesting that microglial cells may provide a feedback
mechanism for neuronal activity regulation [70]. In fact,
microglia depletion in mice showed decreased GIuN2B
expression, without affecting neuronal or synaptic density
in the cortex and hippocampus, and GluN2A-driven cortical
current responses [71], which may suggest a microglial role
in the neurodevelopmental switch from mostly GluN2B-
containing  NMDARs to mostly GIluN2A-containing
NMDARs. Because our psychosis model of hyperactivity
in CA3 is based on our previous studies that showed
increases in GluN2B-containing receptors in CA3 tissue of
SZ postmortem tissue compared with HCs [14, 32], our
current data could suggest that there is a neurodevelop-
mental deficit inhibiting the activity-dependent transition in
NMDAR composition. Indeed, cell-type enrichment analy-
sis revealed a robust signature of excitatory neurons being
affected in CA3 in SZ.

CAl SZ-associated modules showed an activity-related
profile with hub genes like DLGAPI. DLGAPI encodes a
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protein mainly localized to dendrites and the postsynapse of
excitatory synapses [72] which contributes to synaptic
scaling mediated by Ca*" influx through the NMDAR [73].
Overexpression of DLGAP1 in hippocampal neurons
eliminated homeostatic activity-dependent regulation of
AMPAR surface expression [73]. Our previous examina-
tions of CAl did not find changes in markers of activity
[14]. However, our current results suggest that markers of
increased activity that we previously identified in CA3 [14]
may project downstream to CAl, but in a subtle and atte-
nuated manner, highlighting the importance of global gene
expression analyses for intricate disorders like schizo-
phrenia psychosis. Moreover, upregulated DEGs enriched
for inhibitory genes and downregulated DEGs enriched for
excitatory genes in CA1 suggest compensatory changes to
up-field hyperactivity from CA3. A summary of all identi-
fied genes of interest from DG, CA3, and CA1 can be found
in Supplementary Fig. 1.

This study is the first to capture the globally distinct
nature of the hippocampal subfields and their unique
involvement in SZ pathophysiology. Previous RNA-seq
studies in postmortem schizophrenia hippocampus tissue
analyzed DG granule cells [74] or whole hippocampus [48].
Even the latest RNA-seq study published earlier this year
analyzed the hippocampus in schizophrenia using whole
hippocampus samples to contrast hippocampus and DLPFC
[75]. For a complete review of the literature on molecular
alterations in the medial temporal lobe in schizophrenia, see
Bobilev et al. [76]. In contrast, our study specifically
focused on hippocampal subfield analyzes. Our study
highlights the value in analyzing subfields distinctly as well
as the critical contribution that specific cell populations like
astrocytes and microglia may be playing in psychosis.
Therefore, now that we have demonstrated distinct tran-
scriptomic profiles in SZ by subfield, it will be further
informative to carry out single-cell expression studies.

Another caveat that commonly accompanies postmortem
schizophrenia studies is antipsychotic medication and its
effect on gene expression levels. This makes it difficult to
decipher medication versus disease effect. We address this
limitation by analyzing ON- versus OFF-medication SZ
samples. Intriguingly, our results indicated a subfield-
specific effect of medication on gene expression levels. In
addition, we saw scant overlap in DEGs by disease versus
medication, which may suggest a reason for the ineffective
nature of antipsychotics in treating schizophrenia
symptomatology.

In summary, our study showed distinctive hippocampal
subfield molecular identities for SZ psychosis samples and
ON samples. This is consistent with our model of SZ psy-
chosis. Our results suggest cell functions, which are dis-
ordered by subfield as well as novel molecular entities we
did not previously consider.
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Code availability

Custom R codes and data to support the data analysis are
available at https://github.com/konopkalab/Hippo_Subfields.
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