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Peripheral inflammation mediates cognitive deficits in drug-
naive schizophrenia through hippocampal-thalamo-visual
circuitry dysfunction

Ningzhi Gou'***, Qingyan Ma'*3, Min Jia"?3, Zhiyang Qi'*3, Yuan Gao'***, Wei Wang'**#, Xiancang Ma®"***® and
Yajuan Fan'#34™

Converging evidence indicates that dysregulated cortico-subcortical connectivity underpins core cognitive impairment in
schizophrenia (SCZ). However, the mechanistic basis linking this disrupted brain function to cognitive deficits remains elusive. We
hypothesized that dysfunction within the hippocampal-thalamocortical circuitry mediates the impact of peripheral inflammation on
cognitive deficits in SCZ. We recruited 62 drug-native patients with SCZ and 44 age and sex-matched healthy controls (HCs),
assessing: serum levels of cytokines, cognition using the MATRICS Consensus Cognitive Battery, and resting-state functional
connectivity (FC) and functional connectivity network (FCN) features. Correlation and mediation analyses were employed to
examine relationships among peripheral inflammation, brain functional alterations, and cognitive deficits. The findings revealed
reduced FC in SCZ between the right subiculum of the hippocampus and the anterior division of the right parahippocampal gyrus
(@PaHC), as well as the entorhinal cortex and the left lingual gyrus/precuneus. Conversely, the thalamus exhibited aberrant
hyperconnectivity with widespread areas, including the Cornu Ammonis of the hippocampus, right lateral occipital cortex,
intraparietal sulcus (IPS), and sensorimotor areas. Conjunction analysis identified distinct disruptions within hippocampal-thalamo-
visual circuitry, suggesting that an imbalance in thalamo-visual and intra-hippocampal connectivity may mediate the relationship
between peripheral inflammation (e.g., IL-4, CCL-2) and working memory dysfunction. This study advances our understanding of
the role of peripheral inflammation in SCZ, revealing complex cross-domain interactions between pathophysiological changes (e.g.,

dysregulated peripheral immunity and circuit-specific dysfunction) and behavioral features. Our findings highlight a novel
combinatorial therapeutic strategy—integrating cytokine-specific agents (e.g., for CCL-2 and IL-4) with circuit-directed
neuromodulation of the dysfunctional hippocampal-thalamic-visual circuitry, thereby ameliorating cognitive deficits in SCZ.
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INTRODUCTION

Cognitive impairment, a core feature of schizophrenia (SCZ) that
progressively worsens with disease severity, serves as a critical
predictor of treatment response and functional outcomes'?,
Growing evidence suggests that neuroinflammation contributes
significantly to cognitive impairment®>%. Patients with first-
episode schizophrenia (FES) and those in relapse exhibit elevated
levels of pro-inflammatory cytokines (e.g., IL-6, IL-12, IL-13, TNF-q,
and TGF-B)>~°, which are specifically associated with cognitive
deficits, including impairments in working memory and proces-
sing speed'®'2, However, the specific neural basis through which
peripheral inflammation contributes to cognitive dysfunction
remains poorly understood.

Preclinical studies indicate that elevated neuroinflammation—
marked by microglial overactivation in cognition-critical regions
(hippocampus, prefrontal cortex, thalamus)—directly contributes
to cognitive deficits'>"'°. Recent research suggests that persistent
or recurring peripheral inflammation plays a central role in driving
microglial overactivation through several mechanisms, and a
damaged blood-brain barrier (BBB) is one of the major causative
factors'®. Microglial overactivation promotes the release of pro-
inflammatory cytokines, chemokines, and free radicals, leading to
neuron damage, atrophy, and synaptic loss'®. Clinically, such

overactivation profoundly affects brain structure and function,
manifesting as morphological abnormalities, white matter
demyelination, and altered functional connectivity (FC)>'"17-24,
Meta-analyses further associate elevated inflammatory markers
with reduced cortical thickness (CT) in frontal, temporal, and
occipital regions, as well as smaller hippocampal/amygdala
volumes in individuals with psychosis??. In particular, elevated
levels of IL-6 and IL-8 predict widespread gray matter volume
(GMV) reductions®®, Our previous study demonstrated that
elevated IL-4 is linked to cognitive impairment in SCZ, an effect
partially mediated by GMV loss in the left superior frontal gyrus'’.
Together, these findings highlight the role of dysregulated
inflammation in promoting neuroanatomical abnormalities and
cognitive deterioration.

Despite accumulating evidence, inconsistencies persist across
studies?®>~%’, For instance, some studies reported elevated GMV
and gray matter thickening in the hippocampal, amygdala,
putamen, and thalamus in patients with elevated inflammation?>.
Similarly, Hoang et al. (2022) found increased CT in the right
parahippocampal gyrus, caudal anterior cingulate, and banks of
the superior sulcus in these patients, though these structural
changes lacked cognitive or symptom correlations?®. Proposed
explanations for these discrepancies include differing temporal
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effects of inflammation—such as acute vascular changes versus
chronic neurodegenerative processes®.

In contrast, limited functional neuroimaging studies have revealed
neural signatures associated with inflammation and its role in
cognitive impairment from a global perspective'®?%2°3° A data-
driven research using independent component analysis demon-
strated that elevated inflammatory markers correlate with reduced
functional connectivity (FC) between the anterior default mode
network (DMN) and the right frontoparietal network—disruptions
linked to deficits in verbal fluency, memory, symbolic coding, and
global cognition'. Other studies suggested that inflammation-
mediated dysregulation of the DMN underpins social cognitive
deficits?>3C, A recent study linked peripheral inflammatory markers to
reduced corticostriatal FC associated with avolition®'. Given estab-
lished evidence that cortico-subcortical circuitry, particularly fronto-
temporal/parietal-thalamic and hippocampal-prefrontal pathways, is
critically involved in cognition deficits?#32-3°, we focused on key
subcortical nodes—the hippocampus, thalamus, nucleus accumbens,
amygdala, and caudate. The inclusion of the caudate and nucleus
accumbens was specifically motivated by their established roles in
reward and motivation®®. We included specific hippocampal subfields
(e.g, DG, CA1, CA3) based not only on their susceptibility to
inflammatory insults but richly expression of immune-related
receptors®’. This approach enables us to capture system-level
dysregulation within key immunomodulatory pathways.

This study aimed to identify biomarkers mediating the relation-
ship between inflammation and neurocognition, thereby inform-
ing combined intervention strategies to ameliorate cognitive
deficits in SCZ. We hypothesized that dysfunction within the
hippocampal-thalamocortical circuitry mediates the effect of
dysregulated peripheral immunity on cognition. To test this
hypothesis, our analytical strategy comprised three steps: (1) Seed-
to-voxel whole-brain FC mapping of a priori subcortical regions to
localize dysregulated cortico-subcortical connectivity in SCZ
without spatial constraints; (2) ROI-to-ROl network analysis to
validate these findings and identify disease-altered network
components within a canonical macro-scale architecture; (3)
Mediation analysis to explore whether specific circuit disruptions
account for the relationship between inflammatory markers and
cognitive deficits.

MATERIALS AND METHODS

Participants

This study recruited 65 drug-naive patients with SCZ from the First
Affiliated Hospital of Xi'an Jiaotong University, China. All enrolled
patients met the following inclusion criteria: (1) Age 18-50 years;
(2) DSM-IV SCZ diagnosis confirmed by two independent
psychiatrists; (3) Positive and Negative Syndrome Scale (PANSS)
total score > 60; (4) Antipsychotic-naive prior to enrollment.
Patients meeting the following criteria were excluded: (1) Major
neurological disorders or unstable physical conditions, including
the acute episode of somatic diseases, decompensated period of
chronic somatic diseases, severe abnormality in laboratory tests, or
recent major surgery/trauma; (2) History of loss of consciousness >
5min; and (3) MRI contraindications. Forty-six age-/sex-matched
healthy controls (HCs) were recruited from local communities
through advertisements. HCs met identical inclusion/exclusion
criteria as patients, with additional requirements: (1) No lifetime
DSM-IV psychiatric disorders; (2) No psychiatric history in first-
degree relatives. The procedures were explained, and written
informed consent was obtained from participants before the
study. All participants provided written informed consent after
being fully informed of the study procedures. The study was
approved by the Ethics Committee of the First Affiliated Hospital
of Xi'an Jiaotong University (XJTY1AF2015LSL-079).
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Measurements of circulating inflammatory factors

On the day of inclusion or the following morning, approximately
5 mL of fasting venous blood was collected from all participants.
Nine inflammatory cytokines in serum, including interleukin 1 (IL-
1B), IL-4, IL-6, IL-8, IL-10, IL-12P70, chemokine ligand 2 (CCL-2), IFN-
v, and TNF-q, were detected using enzyme-linked immunosorbent
technology (R&D Systems Company, United States). The selection
of these cytokines was guided by consistent evidence from
meta-analyses and mechanistic frameworks*®=*°, including pro-
inflammatory cytokines (TNF-q, IL-1(3, IL-6, IL-8), immunoregulatory
cytokines (IL-4, IL-10), mediators of Th1 immunity (IL-12p70, IFN-y),
and the chemokine CCL-2, all of which have been previously
associated with alterations in SCZ.

Cognition assessment

Cognitive function was assessed using the MATRICS Consensus
Cognitive Suite Battery (MCCB), which was developed by the
Measurement and Treatment Research to Improve Cognition in
Schizophrenia group*'. We selected seven tests across seven
cognitive domains, including speed of processing (Brief Assess-
ment of Cognition in SCZ [BACS], category fluency test: Animal
naming [Fluency], and Trail Making Test [TMT]), working memory
(Wechsler Memory Scale-Third Edition [WMS-III]), verbal learning
(Hopkins Verbal Learning Test-Revised [HVLT-R]), visual learning
(Brief Visuospatial Memory Test-Revised [BVMT-R]), reasoning and
problem solving (Neuropsychological Assessment Battery [NAB]).
The original cognitive test score was converted into a T score
after adjusting for age, sex, and education, with higher scores
indicating better cognitive function. A complete case analysis was
used for the MCCB assessments. The representativeness of the
analyzed sample was supported by demographic, clinical, and
biological comparisons between patients with and without
complete MCCB data.

Neuroimaging acquisition and processing

Neuroimaging data were collected using a 3-tesla (3T) MRI
scanner, equipped with an 8-channel phase array radio-
frequency head coil (Signa HDxt, General Electric Medical
System, Milwaukee, WI, USA). Three-dimensional (3D) fast-
spoiled gradient-recalled echo T1-weighted images were
obtained with parameters of repetition time/echo time (TR/
TE) = 10/4.6 ms, FA=15°, field of view (FOV)=180x 180 mm?,
matrix size =256 x 256, voxel size=1Xx1x1mm, and 160
contiguous 1-mm sagittal slices. Whole-brain resting-state
functional images were acquired using a gradient-recalled
echo-planar imaging pulse sequence (TR/TE =2000/30 ms, FA =
90°, FOV =1240x240, acquisition matrix=64x64, total
volumes = 185). The participants’ heads were positioned care-
fully with restraining foam pads to minimize head motion, and
earplugs were used to reduce scanner noise.

All images were preprocessed and analyzed with the CONN 20b
toolbox (https://web.conn-toolbox.org/) based on SPM 12. A total
of 185 time points were preprocessed as the following steps
including: slice-timing, realignment, outlier detection (scrubbing),
coregistration, normalization into the MNI space, resampling at
3mm3, and spatial smoothing with full-width half-maximum
(FWHM) = 8 mm. Finally, the residual time series was temporally
band-pass-filtered (0.01-0.08 Hz) to reduce the effect of low- and
high-frequency physiological noise. We controlled for head
motion first through regression of six head motion parameters
plus their temporal first derivatives, followed by the so-called
scrubbing method to remove outlier volumes, defined as frame-
wise displacement (FD) of more than 0.5mm or mean global
signal intensity of more than 2 standard deviations (SDs).
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Fig. 1 Regions of interest (ROIs) in the hippocampal-thalamocortical circuitry. A, B highlight five key subcortical regions in the
hippocampal-thalamocortical circuitry. HIP hippocampus, THA thalamus, NAcc nucleus accumbens, AMYG amygdalal, CAU caudate.
C represents five subfields of the hippocampus. Cornu Ammonis (CA), Dentate gyrus (DG), Entorhinal cortex (EC), Hippocampal-amygdala-

transition-area (HATA), and Subiculum (Subc).

Regions of interest (ROls)

We defined core subcortical brain regions into 20 different ROIs to
conduct seed-based resting-state FC (rs-FC) analysis. Firstly, five
bilateral subcortical ROIs were defined from the FSL Harvard-
Oxford Atlas maximum likelihood subcortical atlas*?: hippocam-
pus, nucleus accumbens, amygdala, caudate, and thalamus (see
Fig. 1A, B). Secondly, five subfields of the hippocampus from the
Anatomy toolbox’s cytoarchitectonic probabilistic maps**** were
also included as ROIs (Cornu Ammonis [CA], Dentate gyrus [DG],
Entorhinal cortex [EC], Hippocampal-amygdala-transition-area
[HATA], and Subiculum [Subc])*® (see Fig. 1C).

Seed-to-voxel rs-FC

We obtained FC maps for pre-selected subcortical regions and
subfields of the hippocampus by calculating correlation coeffi-
cients between each subcortical seed and all other voxels to
localize voxel-wise group differences in FC, thereby identifying the
long-distance neural activity of the subcortical-cortical connectiv-
ity. The correlation coefficients were transformed to Fisher's z
values and subjected to subsequent statistical analyses. The
resultant FC maps were compared between the SCZ and HC
groups, adjusting for age, sex, and years of education. Group-level
analyses were primarily thresholded at uncorrected P-values
<0.001 at the voxel level, followed by cluster-level inference with
false discovery rate (FDR) correction at P<0.05, applied to the
whole-brain connectivity map of each seed*®. An exploratory
analysis was also conducted using a more lenient voxel-level
threshold of P<0.005, with cluster-level FDR maintained at

Published in partnership with the Schizophrenia International Research Society

P <0.05, to identify potential group differences for hypothesis-
generating purposes.

ROI-to-ROI rs-FCN

To contextualize the seed-to-voxel findings within a canonical
macro-scale brain network architecture, we conducted an ROI-to-
ROI analysis. This network-based approach served to validate the
initial results and statistically assess the overall network integrity
of the defined network matrix, thereby identifying coherent, multi-
region network components altered in SCZ. In addition to the 20
subcortical seeds, we incorporated 30 cortical network-based ROIs
(two ROIs for cerebellar networks were excluded) defined from
CONN's independent component analyses of the Human Con-
nectome Project (HCP) dataset®’. We extracted the average BOLD
time series from all predefined ROIs (10 subcortical regions,
10 subregions of the Hip, and 30 cortical regions) to compute the
Fisher-transformed bivariate correlation coefficient for each pair of
ROIs. For each subject, a pairwise ROI-to-ROI connectivity (RRC)
matrix was generated to characterize the functional connectivity
networks (FCN) and used for group-level analyses (SCZ vs HC),
where group-relevant functional connections were organized into
significant network clusters with connection-level uncorrected
P-values < 0.05 and cluster-level FDR-corrected P-values < 0.05.

Correlation and mediation analyses

To identify underlying mechanistic processes that may bridge the
gap between inflammation and cognitive function, we first
computed Spearman’s correlation coefficients between cognition,
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cytokines, and FC/FCN measures that showed significant group
differences, and adjusted P-values using the Benjamini-Hochberg
false discovery rate (FDR) procedure. Following this, we conducted
a mediation analysis to explore the causal role of cytokines in
contributing to cognitive impairment through brain functional
alterations. The mediation analyses were carried out using the
PROCESS v3.0 for SPSS (Model 4, 5000 bootstrapping samples to
generate 95% confidence intervals [Cls]), a method that does not
assume a normally distributed sampling distribution of the
indirect effect®®. Mediated effects were considered statistically
significant at the 0.05 level if the 95% Cl did not include zero.

Statistical analysis

Continuous, normally, and non-normally distributed variables
were analyzed using the independent-sample t-test and the
Wilcoxon signed-rank test, respectively. Categorical variables were

Table 1. Characteristics of demographic and clinical data of all
groups.

Variables SCZ(N=62) HC(N=44) x¥T P-value
Sex (males/females) 33/29 26/18 0359 0.560
Age (years) 26.50 (9.69) 28.02 (6.31) 0913 0.363
Education (years) 11.77 (3.48) 15.23 (2.02) 5.907 <0.001
BMI (kg/m?) 21.56 (2.93) 2199 (3.79) 0.658 0.512
Iliness duration (years) 1.48 (1.444) -

PANSS total score? 82.88 (26.36) -

PANSS positive score®  22.14 (7.67) -

PANSS negative score* 20.19 (8.62) -

PANSS general score®  40.55 (13.52) -

BACS® 44.96 (12.14)  59.00 (10.16) 5.077 <0.001
HVLT® 22.85 (4.51) 27.45 (4.14) 4,257 <0.001
WMmsP 12.73 (2.85) 15.51 (2.87) 3.836 <0.001
NABP 13.42 (7.08) 18.05 (6.06) 2.836 0.006
BVMT® 22.04 (9.60) 27.18 (7.90) 2356 0.022
Fluencyb 16.69 (7.56) 22.50 (5.72) 3.546 0.001

SCZ schizophrenia, HC healthy controls, BMI body mass index, PANSS
positive and negative syndrome scale, BACS brief assessment of cognition
in SCZ, HVLT Hopkins Verbal Learning Test, WMS Wechsler Memory Scale,
NAB Neuropsychological Assessment Battery, BVMT Brief Visuospatial
Memory Test, Fluency category fluency test.

2Four data missing in the SCZ group.

PThirty-six data missing in the SCZ group, four data missing in the HC
group.

compared between groups via the chi-square x2 test. Statistical
significance was set at P < 0.05. Serum cytokines underwent log10-
transformation to achieve normality assumptions; subsequent
group comparisons and association analyses utilized transformed
data. Statistical maps of functional connectivity were generated
after multiple comparison analysis (FDR corrected with P-values
<0.05). Statistical analyses were conducted using CONN 20b
toolbox (https://web.conn-toolbox.org/), SPSS 23.0 (IBM, Armonk,
NY, USA), and R 3.5.1 (http://cran.r-project.org). Visual representa-
tions of multiple omics correlations were made using the ggcor,
ggplot2, and heatmap packages.

RESULTS

Demographic and clinical characteristics of participants

After carefully examining the preprocessed neuroimaging data,
three patients with SCZ and two HCs were excluded because of
their deviant motion parameters. Finally, 62 drug-naive patients
and 44 HCs were enrolled in the analysis. Demographic and
clinical characteristics were compared between the groups
(Table 1). There were no significant differences between the two
groups regarding age, sex, and body mass index (BMI). The patient
group showed a significantly lower level of educational attain-
ment than the HC group (t =5.907, p < 0.001).

Clinically, the patient group exhibited a mean PANSS total score
of 82.88 + 26.36. Serum cytokine analysis revealed elevated levels
of IL-1B, IL-4, IL-6, IL-8, TNF-a, and CCL-2 in the SCZ group
compared to HCs, whereas IL-12p70 was slightly decreased
(Fig. 4A). In the subset of participants who completed the MCCB,
cognitive assessment showed significantly poorer performance
across multiple domains in patients than in HCs (Table 1). No
significant differences were observed in demographic, clinical, or
biological markers—including serum cytokines and functional
connectivity metrics—between patients with and without com-
plete MCCB data (all p > 0.05; Supplementary Table S5 and Figs.
S2 and S3), supporting the representativeness of the subsample
for subsequent cognitive correlation and mediation analyses.

Seed-based rs-FC

Seed-based rs-FC analyses revealed significant group differences
that surpassed the FDR multiple comparison correction with
Pyoxel < 0.001(uncorrected) and Pgyster < 0.05 (FDR-corrected). Under
this threshold, significant group differences were identified in
hippocampal subfields (CA, EC, and Subiculum), the thalamus
(THA), the amygdala (AMYG), and the nucleus accumbens (NAcc)
(Table 2; Fig. 2). Specifically, the SCZ group exhibited increased FC
between the left CA and left THA (Fig. 2A), as well as between the
left THA and the superior division of the lateral occipital cortex

Table 2. Significant differences in seed-based FC between groups.

Contrast ROIs Clusters Peak (MNI) XYZ Voxels T-value

Pyoxel < 0.001

SCZ >HC HIPCA.I THAI -3 -183 35 3.39 0.049
THAI sLOC.r 33 -7542 48 3.39 0.027

SCZ <HC NAcc.r PCC —6 —33 42 53 3.39 0.006
AMYG.L PreCG.l/r —9 —24 60 61 3.39 0.003

Pyoxel < 0.005

SCZ > HC THA.r AMYG/HIPr 36 0 —18 113 2.87 0.013

SCZ<HC HIPEC.r LG.l/ Precun.| -9 -543 130 2.87 0.002
HIPSubc.r aPaHC.r 15 -18 —-27 87 2.87 0.040

SCZ schizophrenia, HC healthy controls. / left, r right. HIP hippocampus, THA thalamus, LG lingual gyrus, Precun precuneus cortex, aPaHC parahippocampal

gyrus, anterior division right, sLOC lateral occipital cortex, superior division, PreCG precentral gyrus, NAcc nucleus accumbens, AMYG amygdala.
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Fig. 2 Aberrant seed-based whole-brain FC patterns in SCZ. A-C depict FC alterations between hippocampus (HIP) subregions and the
whole brain. D-G illustrate dysconnectivity in extra-hippocampal subcortical regions. Yellow and purple colors denote increased and
decreased FC strength, respectively. H Box plots of seed-based FC comparisons between SCZ and HC groups. SCZ schizophrenia, HC healthy
controls. FC functional connectivity. HIPCA the Cornu Ammonis of the Hippocampus, THA thalamus, HIPEC the entorhinal cortex of the
hippocampus, LG/Precun the lingual gyrus/left precuneus cortex, HIPSubc the Subiculum of the Hippocampus, aPaHC parahippocampal
gyrus, anterior division, sLOC lateral occipital cortex, superior division, AMYG amygdala, PreCG precentral gyrus, NAcc nucleus accumbens,

PCC posterior cingulate cortex. | left, r right.

(sLOCQ), relative to the HC group (Fig. 2D). Conversely, the patient
group showed decreased FC between the left AMYG and bilateral
precentral gyrus (PreCG), and between the right NAcc and
posterior cingulate cortex (PCC) (Fig. 2F, G). In addition, a
secondary sensitivity analysis was performed using a more lenient
voxel-level threshold of Pyoye <0.005 and Pgysier < 0.05 (FDR-
corrected) to identify potential effects of group differences. At this
exploratory threshold, the SCZ group displayed reduced FC
between the right EC and the left lingual gyrus/precuneus, as well
as between the right subiculum and the right anterior para-
hippocampal gyrus (aPaHC) (Fig. 2B, C). Increased FC was also
observed between the right THA and a cluster encompassing the
right AMYG and hippocampus (Fig. 2E).

ROI-to-ROI rs-FCN

To build upon the seed-to-voxel findings, ROI-to-ROI network
analyses were conducted to further identify altered, multi-region
network components in SCZ and to elucidate specific patterns of
subcortical-cortical dysconnectivity. Two thousand four hundred
and fifty connections for all 50 ROIs (detailed in the “Materials and
methods” section) were clustered based on CONN’s data-driven
hierarchical clustering method of ROI-to-ROI spatial proximity and
functional similarity metrics. A cluster-level FDR-corrected P-value
of 0.05 was applied to control for multiple comparisons; however,
no clusters survived after multiple comparisons. Due to the
potential weakening of statistical effects from calculating multiple
subregions of the hippocampus, we excluded 10 subregions,
yielding 1560 pairwise functional connections. These connections
were classified into 32 clusters; one cluster remained significant
with 10 significant individual connections (FDR-corrected
P-value = 0.044, Fig. 3A-C). Notably, all connections within this
cluster were hyperfunctional in the SCZ group, involving bilateral
thalamus and the lateral portion of the sensorimotor network
(SMN), intraparietal sulcus (IPS), bilateral AMYG, and contralateral
hippocampus connections.

Published in partnership with the Schizophrenia International Research Society

Associations between brain FC/FCN, inflammatory markers,
and cognitive domains

Spearman correlation analyses across the combined cohorts
demonstrated that specific cytokines (IL-1B, IL-6, IL-4, CCL-2,
TNF-a, and IL-8) were significantly negatively correlated with
cortical-subcortical connectivity, including the EC-lingual gyrus/
precuneus, NAcc-PCC, AMYG-PreCG, and HIPSubc-aPaHC con-
nectivity. Conversely, these cytokines showed positive correla-
tions with the thalamic-sLOC/CA and IPS/SMN connectivity
(Fig. 4B, Spearman correlation, p < 0.05). Following FDR correc-
tion, IL-4, IL-1B3, and CCL-2 maintained significant correlations
with the THA-sLOC/CA connectivity, while IL-4 retained inverse
correlation with the HIPSubc-aPaHC connectivity (FDR-corrected
with p <0.05). Furthermore, these dysregulated connectivity
patterns were associated with poorer performance across
multiple cognitive domains. Notably, dysfunctional connectivity
in the THA-sLOC/IPS and HIPSubc-aPaHC pathways was sig-
nificantly associated with working memory impairment (FDR-
corrected with p<0.05; Fig. 5A). For spatial visualization,
BrainNet Viewer-generated connectivity mappings integrated
these altered pathways associated with inflammatory markers
and cognitive domains (Fig. 6A), with uncorrected statistical
maps provided in Supplementary Fig. S1. Given that educational
attainment significantly correlated with multiple cognitive
domains (Table S1), we controlled for this variable when
assessing associations between cognitive performance and
brain FC. Scatter plots depicted significant relationships: (1)
right HIPSubc-aPaHC coupling positively correlated with WMS
(R=0.45, P=0.0002, adjusted for edu: R’ = 0.34, P = 0.007), and
(2) left THA-right sLOC coupling negatively correlated with WMS
(R=—-0.30, P=0.014, adjusted for edu: R"=—0.27, P=0.032)
(Fig. 5B). In addition, analyses confined to the patient cohort
revealed no significant associations between psychotic symp-
tom severity and cognitive performance, neuroimaging metrics,
or peripheral inflammation levels (Tables S2-54).
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Fig. 3 Group differences in functional connectivity networks (FCN) between SCZ and HC groups. A functional connectome circle showed
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network-based cortical regions and 10 subcortical regions. Red curves indicate hyperconnectivity (SCZ > HC), with connection opacity scaled
to t-statistic magnitude. B A 10 x 10 FC matrix visualizes dysregulated connections (cell opacity reflects t-statistics). C group comparisons of
connectivity strength. SCZ schizophrenia, HC healthy controls. FC functional connectivity, FCN functional connectivity network. THA thalamus,

AMYG amygdala, HIP hippocampus, DAN dorsal attention network,

Mediation analyses

To evaluate whether brain functional alterations mediated the effects
of peripheral inflammation on cognitive function, we performed
mediation analyses. In this model, path a assessed the association
between inflammatory markers and FC changes (mediator), path b
measured the association between FC (mediator), and each
dimension of cognitive function (outcome), path ¢ represented the
total effect of inflammation on cognitive outcomes, and path ¢’
represented the direct effect of inflammation on cognitive outcomes.
The indirect effect was derived by multiplying the paths a and b*=".
In specific, after controlling for age, sex, and education, the left THA-
right sLOC hyperfunction fully mediated the effects of IL-4 (indirect
effect: Bpy = —0.298, [95%Cl: —0.205, —0.010]) and CCL-2 (indirect
effect: Bpy = —2.093, [95%Cl: —0.225, —0.024]) on WMS (Fig. 6B, C). In

IPS intraparietal sulcus, SMN sensorimotor network. | left, r right.

addition, the right HIPSubc-aPaHC hypofunction also mediated the
effects of IL-4 on WMS (indirect effect: B(,p,) = —0.409, [95%Cl: —0.216,
—0.030], total effect: B = —0.964, P = 0.046) after controlling for age,
sex, and education (Fig. 6D). Similarly, we examined peripheral
inflammation as a potential mediator in the relationship between
brain FC and cognition using bootstrapped mediation analyses.
However, no significant mediation effects were observed (all 95% Cls
included zero).

DISCUSSION

This study comprehensively characterized peripheral inflamma-
tory markers, brain functional connectivity, and cognitive
performance in drug-naive patients with SCZ. By systematically
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Fig. 4 Serum cytokines and neuroimaging correlations. A Serum cytokines differences between SCZ and HC groups. B Spearman
correlations between serum cytokines and FC/FCN metrics. The black borders represent the remaining significant correlations after correcting
for the P-value. FC functional connectivity, FCN functional connectivity network. HIPCA the Cornu Ammonis of the Hippocampus, HIPEC the
entorhinal cortex of the Hippocampus, HIPSubc the subiculum of the hippocampus, aPaHC parahippocampal gyrus, anterior division, THA
thalamus, LG/Precun the lingual gyrus/left precuneus cortex, sLOC lateral occipital cortex, superior division, AMYG amygdala, PreCG precentral
gyrus, NAcc nucleus accumbens, PCC posterior cingulate cortex, IPS intraparietal sulcus, DAN dorsal attention network, SMN sensorimotor

network. SCZ schizophrenia, HC healthy controls. | left, r right.

examining interrelationships across these domains, we identified
indirect associations consistent with the mediation of cognitive
impairment. Specifically, we found distinct disruptions in
hippocampal-thalamocortical circuitry that were concurrently
associated with dysregulated peripheral immune profiles and
cognitive deficits across multiple domains. Mediation analyses
further indicated that thalamo-visual hyperconnectivity and intra-
hippocampal hypoconnectivity may underlie the relationship
between peripheral inflammation and working memory dysfunc-
tion. These findings add anatomical and functional specificity to

Published in partnership with the Schizophrenia International Research Society

the established link between neuroinflammation and large-scale
network dysfunction in SCZ. While converging evidence indicates
that inflammatory processes exert diffuse effects across thalamo-
cortical, DMN-sensory, and corticostriatal networks, our findings
refine this broader inflammatory phenotype by pinpointing the
hippocampal (CA1)-thalamo-visual pathway as a particularly
vulnerable circuit, potentially underlying specific cognitive deficits
such as visual associative memory. These results advance the
neuroinflammatory hypothesis of SCZ by delineating circuit-
specific  mechanisms, thereby informing future targeted
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Fig. 5 Correlation analyses of cognitive performance with brain connectivity. A Spearman correlations between cognitive scores and brain
connectivity. The black borders represent the remaining significant correlations after correcting for the P-value. B Correlation between brain
connectivity and cognition with and without adjusting for education. HIPCA the Cornu Ammonis of the Hippocampus, HIPEC the entorhinal
cortex of the hippocampus, HIPSubc the subiculum of the hippocampus, aPaHC parahippocampal gyrus, anterior division, THA thalamus, LG/
Precun the lingual gyrus/left precuneus cortex, sLOC lateral occipital cortex, superior division, AMYG amygdala, PreCG precentral gyrus, NAcc
nucleus accumbens, PCC posterior cingulate cortex, IPS intraparietal sulcus, DAN dorsal attention network, SMN sensorimotor network. | left,
r right. BACS brief assessment of cognition in SCZ, WMS-IIl Wechsler Memory Scale-Third Edition, Fluency category fluency test: animal
naming, HVLT-R Hopkins Verbal Learning Test-Revised, BVMT-R Brief Visuospatial Memory Test-Revised, NAB Neuropsychological Assessment
Battery, TMT Trail Making Test. SCZ schizophrenia, HC healthy controls.

therapeutic strategies. Methodologically, our inclusion of drug- prefrontal connectivity but increased sensorimotor cortex con-
naive, early-stage patients (mean illness duration < 5 years) nectivity3#33°3>4 Recent work further described hyperconnected
strengthens the biological inference by minimizing confounds thalamo-cortico-cerebellar networks with aberrant thalamic nodal
from chronic medication and disease progression on both centrality in SCZ>°. Building on prior evidence, we demonstrated
inflammatory markers and neural circuitry. thalamic hyperconnectivity specifically involving visual proces-

This study identified the thalamus as a key hub exhibiting sing regions (the lateral occipital cortex and the intraparietal
hyperconnectivity with widespread cortical areas, including the sulcus) that are critical for spatial perception and visual
CA subregion, the lateral occipital cortex, the intraparietal sulcus, memory>5°7. As a central hub for sensory filtering and cognitive
and the lateral sensorimotor network. These hyperconnectivity resource allocation3, thalamocortical hyperactivity may over-
patterns correlated with elevated peripheral cytokines and poorer whelm memory capacity by disrupting efficient sensory prior-
cognitive performance. Our findings align with prior reports of itization®®. From an inflammation perspective, preclinical
thalamocortical imbalance in SCZ>?, characterized by reduced evidence has reported stress-induced microglial-mediated
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Fig. 6 Mediating effects of brain functional alterations on inflammation and cognitive function. A Spatial visualization of connectivity
mappings associated with inflammatory markers and cognitive domains using BrainNet Viewer. B-D The mediation effect diagram in which
the decreased FC of the THA-sLOC and HIPSubc-aPaHC couplings mediated inflammation and cognition (cytokines—brain FC—cognitive
function). THA thalamus, sLOC lateral occipital cortex, superior division, HIPSubc the subiculum of the hippocampus, aPaHC parahippocampal
gyrus, anterior division. WMS Wechsler Memory Scale. *P < 0.05, **P < 0.01, ***P < 0.001.

atrophy in the thalamus and visual cortex®®=®'. Although the
present study does not directly measure microglial activity in
thalamocortical circuits, the significant association between
inflammatory markers and thalamo-visual hyperconnectivity
indirectly supports the inflammation susceptibility of these
pathways. To further identify specific immune mediators with
potential clinical relevance, we performed mediation analyses,
which revealed indirect associations consistent with CCL-2 and IL-
4 being linked to working memory deficits through activation of
the thalamo-visual pathway.

Traditionally, CCL-2 is regarded as a pro-inflammatory chemo-
kine, whereas IL-4 is classified as an anti-inflammatory cyto-
kine3>%2, However, our mediation effects indicated that the
associations between both cytokines and working memory
deficits were linked via thalamo-visual hyperconnectivity, suggest-
ing that the underlying neuroimmune interplay may involve
mechanisms more complex than a simple pro-/anti-inflammatory
dichotomy. Specifically, CCL-2 promotes the recruitment of
immune cells to inflammatory sites, thereby activating classical
inflammatory pathways that may indirectly drive aberrant
thalamo-visual circuit activation and consequent cognitive impair-
ment. In contrast, although elevated IL-4 is generally considered a
compensatory response to pro-inflammatory signals®3, its associa-
tion with cognitive deficits here indicates a “double-edged” role
under pathological conditions. As a key regulator of microglial
activity, persistent dysregulation of IL-4 signaling may polarize
microglia toward an aberrant phenotype, leading to excessive or
inaccurate synaptic pruning, which ultimately disrupts neural
connectivity and contributes to cognitive deficits3*?%%, Further-
more, IL-4 can directly modulate neuronal network excitability;
such interference may impair synaptic plasticity and memory
encoding®?6%%¢_|L-4 has also been shown to increase neuronal
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vulnerability to oxidative stress, thereby exerting neurotoxic
effects and potentially accelerating neuroprogressive pathways®’.

These findings collectively emphasize a core principle: In the
specific pathological context of SCZ, persistent aberrant IL-4
signaling—whether through distorting excitatory/inhibitory bal-
ance, dysregulating synaptic pruning, or exacerbating oxidative
stress—can ultimately manifest as cognitive impairment. In
summary, our study provides initial evidence that thalamo-
visual hyperconnectivity may act as a neural substrate for
inflammation-related cognitive impairment in SCZ. We propose
that combining thalamo-visual neuromodulation with cytokine-
targeted therapy may prove superior to either approach alone in
ameliorating cognitive deficits.

Another key finding involved imbalanced hippocampal con-
nectivity, primarily affecting the CA, EC, and subiculum subfields.
First, we observed increased FC between the left CA and the
thalamus in SCZ, consistent with prior reports documenting
elevated left hippocampus-bilateral thalamus FC®® and enhanced
hippocampal-thalamic synchronization during deep encoding
tasks®®. Structural evidence further supports this functional
alteration, with studies reporting disrupted white matter integrity
in thalamus-CA pathway and reduced gray matter volume in high-
risk and SCZ populations?*87971 While extending Cavdar et al.’s
work on the thalamic nucleus reuniens innervation of the
hippocampus’?, our study specifically localized aberrant connec-
tivity to the CA subfield. Subsequent correlation analyses support
the susceptibility of hippocampal-thalamic circuitry to inflamma-
tory/oxidative stress'>¢'7374 which correlated with cognitive
impairments—though brain-cognition associations did not survive
FDR correction.

Additionally, we observed reduced FC in EC-lingual gyrus/
precuneus and Subiculum-aPaHC couplings in SCZ. The EC
mediates  hippocampal-neocortical  information  transfer
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between the hippocampus and neocortex and is central to
episodic memory and spatial navigation’>~’”. As core nodes of
the default mode network, the lingual gyrus and precuneus
constitute the neural basis of episodic memory, suggesting that
EC-lingual gyrus/precuneus hypoconnectivity may underlie
memory impairment in SCZ. Similarly, the subiculum serves as
the primary output hub of the hippocampus, consolidating
information for long-term storage’®-%. The anterior division of
the parahippocampal gyrus, a region primarily comprising the
EC8'-83, integrates multimodal sensory information from asso-
ciation cortices, including visual and spatial inputs, and then
transmits it to the subiculum via the perforant path®3. Weakened
Subiculum-aPaHC connectivity may therefore compromise
sensory information integration by disrupting the role of the
EC-subiculum circuit in cognitive mapping®28483,

Mediation analyses further suggest that intra-hippocampal
disruptions are associated with persistently elevated IL-4 levels,
with both factors concurrently linked to impairments in informa-
tion transmission and memory. As previously noted, the
immunoregulatory cytokine IL-4 is not invariably beneficial under
conditions of sustained activation. In line with this, the current
study indicates that elevated IL-4 levels may undermine the
integrity of the entorhinal-subicular circuit, thereby mediating
working memory impairment. The underlying mechanisms may
be explained via two complementary pathways: first, persistently
high IL-4 may disrupt excitatory/inhibitory balance through
overactivation of inhibitory neurons, thereby impairing efficient
information encoding®%%; second, despite its immunoregulatory
properties, IL-4-induced M2 microglial polarizatio—when persis-
tently or inappropriately activated, particularly during sensitive
developmental or early disease windows—can lead to excessive
microglial activation or aberrant synaptic pruning, ultimately
impairing synaptic plasticity>>2°. Together, these pathways outline
the pathological basis by which IL-4 contributes to hippocampus-
dependent cognitive deficits.

This study revealed potential pathways linking peripheral
inflammation to cognitive dysfunction in SCZ, though several
limitations warrant consideration. First, the modest sample size—
particularly for cognitive correlation—may limit statistical robust-
ness; larger cohorts are required to validate these results. Second,
although we controlled for confounders (e.g., age, sex, and
education), unmeasured variables such as smoking status or sleep
disturbances could influence outcomes and should be system-
atically assessed in future studies. Third, the cross-sectional design
precludes causal inference. Future longitudinal or within-subject
designs tracking individuals over time, particularly across sympto-
matic and remissive phases, would help establish temporal
precedence—and clarify the directionality of the observed
associations. Notably, we observed no significant associations
between inflammatory markers, functional brain alterations,
cognitive performance, and symptom severity (as measured by
PANSS) in our acute-phase SCZ cohort. This dissociation suggests
that such neuroimmune and cognitive abnormalities may reflect
stable, trait-like features of the illness, rather than state-dependent
correlates of acute psychosis. These alterations appear more
closely tied to core dimensions of SCZ—such as persistent
cognitive impairment. Consequently, these findings highlight the
value of targeting these fundamental pathophysiological pro-
cesses in future therapies, irrespective of symptomatic state.

CONCLUSION
In conclusion, this study established significant associations
among peripheral inflammatory markers, disrupted

hippocampal-thalamocortical circuitry, and cognitive dysfunction
in SCZ. Our findings specifically highlight hippocampal-thalamic-
visual hyperactivity and intra-hippocampal weakening as key
circuit-level pathways through which neuroinflammation may

Schizophrenia (2026) 15

impair cognition. These findings thus provide a rationale for
combinatorial strategies that concurrently address the specific
immune dysregulation (e.g., cytokine-focused therapy for CCL-2
and IL-4) and its downstream impact on neural circuitry to
ameliorate cognitive deficits in SCZ.
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