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Abstract

Schizophrenia is a polygenetic mental disorder \kigterogeneous positive and negative
symptom constellations, and is associated with ababcortical connectivity. The thalamus
has a coordinative role in cortical function andkéy to the development of the cerebral
cortex. Conversely, altered functional organizatioh the thalamus might relate to
overarching cortical disruptions in schizophreniachored in development. Here, we
contrasted resting-state fMRI in 99 antipsychotiive first-episode early-onset
schizophrenia (EOS) patients and 100 typically dgyag controls to study whether
macroscale thalamic organization is altered in EE@8wploying dimensional reduction
techniqgues on thalamocortical functional connectome derived lateral-medial and
anterior-posterior thalamic functional axes. We esbed increased segregation of
macroscale thalamic functional organization in E@$ients, which was related to altered
thalamocortical interactions both in unimodal armh$modal networks. Using a&x vivo
approximation of core-matrix cell distribution, i@und that core cells particularly underlie
the macroscale abnormalities in EOS patients. M@aedhe disruptions were associated
with schizophrenia-related gene expression mapsaW8eral and disorder decoding
analyses indicated that the macroscale hierarctyrtiances might perturb both perceptual
and abstract cognitive functions and contributenégative syndromes in schizophrenia,

suggesting a unitary pathophysiological framewdr&ahizophrenia.

Keywords. cytoarchitectural; early-onset schizophrenia; functional hierarchy; genetic;

thalamus.
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I ntroduction

Schizophrenia is a polygenetic psychiatric illnedsracterized by a combination of
psychotic symptoms and motivational/ cognitive ciefi which usually emerge during early
adulthood (1). Over the past two decades, a wedlteuroimaging studies has indicated
that schizophrenia can be associated with pathadbgiteractions across widely distributed
brain regions, instead of focal brain damages. Atingly, the overarching dysconnection
hypothesis posits that schizophrenia results frommbstructural and functional connectivity
abnormalities (2). The thalamus, which is well-plddo arbitrate the interactions between
distributed brain organization (3), might play &qgigl role in the pathophysiological process

of schizophrenia (4, 5).

The thalamus is a cytoarchitecturally heterogenebeiscephalic structure that contains an
admixture of Parvalbumin (PVALB)-rich ‘Core’ celisd Calbindin (CALB1)-rich ‘Matrix’
cells (6). Whereas core cells preferentially targegnular layers (Layers Ill and V) of
unimodal primary regions, such as primary visualditory and somatosensory cortices,
matrix cells target supragranular layers (Laydis) lever wide areas in a diffuse pattern (7).
This means that distinct thalamic cells may interaith cortical areas organized into
different topological zones (8). Cellular-scalecimhation of the thalamus may be a critical
factor to understand the thalamocortical interaatithat supports cognition and behavior.
Indeed, the thalamocortical system has been sweyesform the basis for binding multiple

sensory experiences into a single framework of cionsness (9). By coordinating the
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44 modular architecture of cortical networks, the @nalis has been reported to be engaged in

45  integrating information processing within the whokrebral cortex (10).

46

47  In accordance with its function coordinating catimetwork organization, the thalamus

48  plays the central role in the development of theelmel cortex (11). During brain

49  development, the thalamus changes in concordaribetvé cerebral cortex and disturbances

50  of this coordinated process relate to cognitivefutystions (12), serving as a precursor of

51  schizophrenia. Thalamocortical dysconnectivity gais, characterized by hypoconnectivity

52 with prefrontal regions and hyperconnectivity witnsorimotor areas, have been reported

53 in both pediatric (13) and early-stage (14) patienith schizophrenia. The dysconnectivity

54  pattern has been hypothesized to arise from distulvain maturation, particularly during

55  the transition from youth to adulthood (15). Intriggly, thalamo-prefrontal

56  hypoconnectivity is correlated with thalamo-sensmtior hyperconnectivity in patients,

57  potentially implying a shared pathophysiologicalctmenism (14). However, few studies

58  have investigated thalamocortical connectivityha still developing brain of schizophrenia

59  from a comprehensive perspective.

60

61  Recently, the application of dimension reductioohtéques has emerged as a promising

62  strategy for holistic representations of brain cartivity. These novel data-driven methods

63  decompose high dimensional connectome into a sefiédsw dimensional axes capturing

64  spatial gradients of connectivity variations (16,).1The gradient framework describes a

65  continuous coordinate system, in contrast to clirgjebased methods resulting in discrete
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66  communities (18). Using these methods in the carakgortex-wide functional connectome,

67  previous studies observed a cortical hierarchy $pans from unimodal primary regions to

68  transmodal regions (19), which has a close linkhwiortical microstructure like

69  cytoarchitecture or myeloarchitecture (20). Theugling along the unimodal-transmodal

70 axis has been reported to be genetically- and gleyletically-controlled, supporting flexible

71  cognitive functions (21). Perturbed macroscedetical functional hierarchies have been

72 reported in various neurological (22, 23) and p#tele disorders (18) including

73 schizophrenia (24). Also, thalamic hierarchies haween previously derived from

74  thalamocortical connectome, identifying a lateradial (L-M) principal gradient and an

75 anterior-posterior (A-P) secondary gradient (2%)e T-M axis captures thalamic anatomical

76 nuclei differentiation, while the A-P axis charactes unimodal-transmodal functional

77  hiearchy. Also the coupling between core-matriboaythitecture and functional connectome

78  has been shown to describe the unimodal-transnondiital gradients, and argued to play a

79 major role in shaping functional dynamics withir tterebral cortex (8). Given the possible

80  implication of the thalamus in schizophrenia, thata hierarchies may be altered during

81  brain maturation and could provide new insightso irthe disrupted thalamocortical

82  organization in schizophrenia.

83

84  Here, we leveraged a cohort of individuals withlyeanset schizophrenia (EOS), a disorder

85  that is neurobiologically continuous with its adathunterpart (26), to examine whether

86  macroscale thalamic functional organization shoisgitbances in the still developing brain

87  of schizophrenia, mirroring neocortical reports. this end, we first evaluated functional
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hierarchies of the thalamus by employing dimensioeduction techniques on
thalamocortical functional connectome (27). We thembedded thalamic functional
hierarchies in a neurobiological context by sphtiebrrelating the macroscale patterns with
gene expression maps from the Allen Human BraimsA(AHBA) (28). Last, we tested
whether the functional hierarchies could estimdieioal symptoms of patients using a

machine learning regression strategy.
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Materialsand M ethods

Participants

Ninety-nine antipsychotic-naive first-episode EO&ignts and 100 typically developing
(TD) controls were recruited from the First Hospaé Shanxi Medical University and the
local community through advertisements, respectiv&ll pediatric participants were 7-17
years old. The diagnosis of schizophrenia was tom@ance with the Structured Clinical
Interview for DSM-IV, and was confirmed by at leaste senior psychiatrist (Y.X.) through
a structured clinical interview after at least 6naths of follow-up. The psychiatric
symptomatology of 71 patients was evaluated udiegRositive and Negative Syndrome
Scale (PANSS). Exclusion criteria for all subjedtxluded 1) >= 18 years old; 2)
neurological MRI anomalies; 3) any electronic ortahémplants; or 4) substance abuse. In
addition, EOS patients were excluded if they seffefrom the illness for > 1 year, and TD
controls were excluded if they and their first-cegrelatives had any history of psychiatric
disorder. This retrospective study was approvedth®y Ethics Committee of the First
Hospital of Shanxi Medical University. Written cams was obtained from every participant

and their parents or legal guardians.

Four patients and two controls were excluded frdra study because of incomplete
scanning data, nine patients and six controls dwxt¢essive head motion [mean frame-wise
displacement, (FD) > 0.2 mm or outliers > 50%], am# control due to poor quality of

intrasubject brain registration. Ultimately, 86 E@&ients and 91 demographically-matched

TD controls were included in the analysis (Sable 1 for detailed demographic data).
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118  Table 1. Demographics and clinical data.

Group comparisons

Characterigtic EOS TD —
Statistic-Values P-Values

Demogr aphic sample n=86 n=91
Sex (male/female) 31/55 33/58 0.00609 0.98
Age (years) 14.56 +1.9514.34 + 2.02 3711° 0.55
Handedness (right/left) 86/0 91/0 - -
Mean FD (mm) 0.07+0.03 0.07 +0.03 3843 0.84
Clinical sample n=65 =

PANSS total scores 65.4 +17.41 -
PANSS general

31.68+8.71 -
scores
PAN it
SSpositve 11 -
scores
PANSS negative
9 14.00 + 5.55 -
scores

119  Note: Mean + SD? They2 value for gender distribution was obtained bystiare test’
120 The U values were obtained by Mann—Whitney tests.

121 Abbreviations: EOS, early-onset schizophreni&d, typically developing; FD, frame-wise
122 displacement; PANSS, Positive and Negative Sym$oaie.

123
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124 MRI acquisition

125 Multimodal MRI data were collected using a 3 TeBIRI scanner (MAGNETOM Verio;
126  Siemens, Germany) in the First Hospital of Shaneidial University. T1-weighted data
127  were acquired using a three-dimensional fast spgitadient-echo sequence [repetition time
128 (TR) = 2,300 ms; echo time (TE) = 2.95 ms; flip Eeng 9°; matrix = 256 x 240; slice
129  thickness = 1.2 mm (no gap); and voxel size = (6981.9375 x 1.2 mimwith 160 axial
130  slices]. Resting-state functional MRI (rs-fMRI) dawere obtained using a two-dimensional
131  echo-planar imaging sequence [TR = 2,500 ms; TB m8; flip angle = 90°; matrix = 64 x
132 64; number of volumes = 198; slice thickness = 3 ¢hnrmm gap); and voxel size = 3.75 x
133 3.75 x 4 mm, with 32 axial slices].

134

135  MRI processing

136 Tl-weighted structural data were preprocessed withreeSurfer (v7.1.0,

137  http://surfer.nmr.mgh.harvard.ediu/which included cortical segmentation and surface

138  reconstruction. Rs-fMRI functional data were pregssed with the CBIG pipeline

139  (https://github.com/ThomasYeolLab/CBIGased on FSL [v5.0.9, (29)] and FreeSurfer

140  (v7.1.0), which included removal of the first fouslumes, slice-timing, motion correction,
141  and boundary-based registration to structural imageeSupplement 1 for further details.
142  Preprocessed images were then registered to MNé&rBglate and resampled to the cortical
143 surface using Ciftify package [v2.3.3, (30)]. Thelamus was localized using the Gordon
144 333 Atlas(31), including 2536 voxels across both hemispheres

145

10
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146  Macroscale thalamocortical gradient identification

147 Analogous to previous work (25), gradients of thadaortical functional connectome were
148 generated to describe thalamic functional orgaimmausing the diffusion embedding
149  algorithm in BrainSpace Toolbox (32). Thalamocatitunctional connectivities were first
150  calculated based on Pearson correlations betweentithlamic and cortical rs-fMRI
151  time-series for each subject (16, 23), and thewvexad into cosine similarity matrices (16,
152 17). Subsequently, nonlinear dimensionality redurctitechniques were employed on
1563  similarity matrices to resolve connectome gradieing,, spatial axis in connectome
154  variations (27). Se8upplement 1 for detailed analyses. We selected the first tveaignts
155  to represent the macroscale thalamic connectomee spehich explained 44% of the total
156  eigenvariance in functional connectonigglire S2). The relative positioning of thalamic
157  voxels along each organizational axis describeslagiy of their functional connectivity
158  profiles. To quantify the dispersion of each thdtamoxel in the two-dimensional gradient
159  space, we computed eccentricity, i.e., the squawé of the Euclidian distance from each
160  thalamic voxel to the center of mass in the twosetisional gradient space (33). For each
161  individual, global eccentricity was calculated byeeaging eccentricity values across all
162  thalamic voxels, indicating overall dispersion dfetgradient space. We additionally
163  explored cortical-thalamic gradients by generatiogrtical similarity matrices from
164  cortical-thalamic connectivity profile (s&upplement 2 for further details).

165

166  Thalamic functional community division

11
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167  To characterize the functional relevance of maaiesthalamic gradient space, we created a
168  thalamic functional atlas using winner-take-all negentation approach (25, 34). Partial
169  correlations were computed between rs-fMRI timéeseof each thalamic voxel and six
170 cortical functional networks (35) including the wéd network (VIS), sensorimotor network
171 (SMN), dorsal attention network (DAN), ventral aitien network (VAN), frontoparietal
172 network (FPN), and default mode network (DMN). Tihrebic network was excluded for
173 low signal quality in corresponding cortical arez#fsour data. Each thalamic voxel was
174  labeled by the functional network showing the hgiheartial correlation coefficient.
175  Additionally, to explore cortical correspondences of thalamicdigrds, we projected
176 thalamic gradients onto the cerebral cortex. Feheartical vertex, gradient projection was
177  calculated by correlating its cortical-thalamic neativity profiles with thalamic gradients.
178  These cortical maps were down sampled into 400icebrparcels and grouped into
179  functional networks (36) to further validate thalarfunctional community division.

180

181  Thecore-matrix cytoarchitecture

182  To delineate the core-matrix cytoarchitecture ia thalamus, we used the spatial maps of
183 mRNA expression levels for two calcium-binding mios (CALB1 and PVALB)

184  (https://github.com/macshine/coremalrif8) generated from post-mortem Allen Human

185  Brain Atlas (28). Thalamic voxels with positive @Rlues (CALB1-PVALB values) related

186  to matrix projection cells, and voxels with negativalues related to core populations.
187  Interregional correlations between CP map and reiffiéial eccentricity map were employed
188  to reveal an association between the thalamic oshitecture and disturbed functional

12
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organization in EOS patients. The variogram-matghimodel was used to correct for the
spatial autocorrelation of brain maps (37). Subsatly, we projected CP maps onto the
cerebral cortex to reveal couplings between the-ooatrix cytoarchitecture and functional
connectome. Cortical parcels with positive couplimglues indicated as preferential
associations with matrix thalamic populations, anedgative values suggested core
populations. To evaluate cognitive terms associatihl gene-connectome coupling maps,
we further conducted topic-based behavioral degpdiging NeuroSynth meta-analytic

database (38). S&pplement 1 for detailed analysis steps.

Clinical correspondences

To investigate clinical significance of thalamicnfiional organization disturbances, we
further associated the macroscale functional plypeotvith schizophrenia-related genetic
expression. Based on previous work (39), we saledet 28 protein-coding genes
particularly implicated in schizophrenia etiology toeatment (Sedable Sl for detailed
information). Within an overlapping thalamic masl9§9 voxels), estimated mRNA levels
were extracted from Allen Human Brain Atlas andnttmermalized using a robust sigmoid
function (40). Gene expression maps were then apatcorrelated with differential
eccentricity map between the EOS and TD groupsected by the variogram-matching

model (1000 surrogate maps) as abovementioned.

Second, we estimated the relationship betweenrtt@lfunctional hierarchies and clinical
presentations in EOS patients. Following a macléaening pipeline, we used the elastic

13
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net regression model to predict clinical symptom&0OS (41). Eccentricity values of the

two-dimensional gradient space were defined astifgatures, and PANSS positive and

negative scores were used as predictors. The mpedbrmance was evaluated by

comparison of observed and predicted clinical scoffeeSupplement 1 for detailed

analyses.

Group comparisonsbetween the EOS and TD groups

Between-group differences on all kinds of measurémerere assessed by using two-sample

t-tests with covariates including age, gender, amein FD. The multiple comparison

corrections were conducted using three methoddifferent spatial scales: voxel-wise,

parcel-wise, and global-wise. For voxel-wise thatamradient and eccentricity values,

multiple comparison corrections were employed usiegpermutation-based threshold-free

cluster enhancement (TFCE, 10,000 permutatiprs0.005) method (FSL-PALM), which

could improve sensitivity and interpretable thamstér-based thresholding method (42). For

parcel-wise gene-connectome coupling values, fdiseovery rate (FDR) correctionp €

0.005) were used to control the effect of falseitp@s. For global-wise index like

network-level gradient values and global eccenyrisalues, Bonferroni corrections were

conducted with a significant level pf< 0.05.

14
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Results

M acroscalethalamic gradientsin TD and EOS

The principal gradient (G1, 24.6% explained) of thalamus revealed a L-M axis, and the
second gradient (G2, 11.3% explained) described-&naxis, in line with previous work
(25). In Figure S2, we also showed the third gradient pattern runningentral-dorsal
direction (9% explained). In EOS patients, we obsgrexpansions at both anchors of the
G1; the lateral portions including the ventral tateand ventral posterior thalamic nuclei, the
medial dorsal areas compared to TD contréliguyre 1A, TFCE, p < 0.005/2). We also
observed expansions along the G2 axis includingptiieinar and anterior nuclear groups
(Figure 1B, TFCE,p < 0.005/2). Combing G1 and G2 axes, we computedcapntricity
score using the square root of the Euclidian digtgnom each thalamic voxel to the center
of mass in the two-dimensional gradient space (&)bal eccentricity was assessed for
each participant by averaging eccentricity valuesss all thalamic voxels. We found
significantly increased global eccentricity for ldmaic voxels in EOS compared to TD (t =
2.34,p = 0.02), indicating a segregation of macroscaldatha functional organization in
patients Figure 1C). Additionally, we explored the spatial pattern adrtical-thalamic
gradients, reflecting the organization of cortittedlamic connectivity in the cortekigure
S3). The first cortical-thalamic gradient was similaith previous cortical functional
gradients, showing a unimodal-transmodal transifiatiern. Se&upplement 2 for further

discussions.

15
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251  Figure 1. Thalamic gradients in typically developing (TD) controls and early-onset
252 schizophrenia (EOS) patients. (A) The group-level primary gradients (G1) for TD and
253  EOS, and their between-group differences. The (ictiea transition from lateral to medial
254  portions of the thalamus. Thalamic voxels showirgnificant G1 score differences were
255  surrounded by black contours [t-test, EOS vs. Tirpghold-free cluster enhancement
256  (TFCE), p < 0.005]. The density map represents the disiohubf G1 loading for EOS
257  (green) or TD (gray).R) The group-level secondary gradients (G2) for TH &®S, and
2568  their differences. G2 separates the anterior thialgrortions from the posterior portions.

259  Thalamic voxels with significant G2 differences wesurrounded by black contours. The
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density map represents the G2 loading for EOS (Qree TD (gray). C) Gradient spaces
built on the group-level G1 and G2, separatelyr and EOS. Each point represents a
thalamic voxel embedded in the gradient space. [goae color coded based on their mean
eccentricity scores across subjects. Eccentricibyeswas computed by the square root of
the Euclidian distance from each thalamic voxel ttee center of mass in the
two-dimensional gradient space. Higher eccentrigitgficates greater segregation, e.g.,
larger dissimilarity of thalamocortical connectyiin the gradient space. The density plot
depicts the distribution of eccentricity score€i@S and TD.
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268  Functional relevance

269  Utilizing a whole-brain functional network pagilation (35), thalamocortical functional
270 connectome was distributed into six functional camities(Figure 2A). We then averaged
271  gradient loadings within each community for eachjesct and compared them between the
272  EOS and TD groupsF(gure 2B, Bonferroni correctionp < 0.05/6). EOS patients had
273 significantly higher mean G1 scores in the SMN §.37,p < 0.0001) andAN (t = 2.94,p
274 = 0.004), and lower G1 scores in the VAN (t = -2.85 0.005), FPN (t = -3.69 =
275  0.0003), and DMN (t = —3.03 = 0.003) relative to TD controls. For the G2 axatients
276  showed decreased gradient scores in the VIS (.88 < 0.0001), and increased in the
277 DMN (t = 5.45,p < 0.0001). In the two-dimensional gradient spacewshg functional
278  relevance Kigure 2C), EOS patients had apparent dissociation of SMated thalamic
279  voxels along the G1 axis, and a larger dissociatioW|S- and DMN-related regions along
280  the G2 axis.

281

282  Moreover, rather than dividing the thalamus intodtiional communities, we also projected
283  thalamic gradients onto the cerebral cortex anduated their correspondence with cortical
284  functional networksKigureS4). Both cortical projections of G1 and G2 tendedoitow the
285  unimodal-transmodal transition. However, the VANsWacated in the unimodal part of G1
286  projection, while the transmodal portion of G2 eaijon. Nevertheless, the dissociation of
287  SMN-related thalamic voxels in EOS was supporteddsults of G1 projection, and the

288  VIS-associated dissociation of G2 axis was alsticaied.
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A. Functional atlas of the thalamus
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290  Figure 2. Thalamic gradients distributed into functional communities. (A)
291  Network-level representations of the thalamocottmannectome.B) G1 and G2 scores
292 within functional communities. Density maps indearadient scores (top left: G1, bottom
293  left: G2) within six networks for EOS and TD. Netkdevel differences between EOS and
294  TD were accessed by t-tests, and significant diffees are depicted by * (Bonferroni
295  correction,p < 0.05) and ** p < 0.0001). Thalamic G1 (top right) and G2 (bottdght)
296  representations across all participants. Voxelsvsig higher gradient values in EOS are
297  colored red, whereas voxels with lower gradientigalare colored blueC) Gradient space
298  representation of the thalamus together with femeti communities for TD (left) and EOS
299  (right). Thalamic voxels are situated based orrt@di (x-axis) and G2 (y-axis) scores, and
300 are colored according to their network assignmgmirgle-VIS; blue-SMN; red-DMN;
301  grey-all other networksy stands for the G1 score differences between EQS By« for
302  the G2 score differences;for both G1 and G2 score differencesfor no difference. VIS,
303  the visual network; SMN, the sensorimotor netwddéN, the dorsal attention network;
304 VAN, the ventral attention network; FPN, the fropémietal network; DMN, the default
305  mode network.
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306  Thecore-matrix cytoarchitectural basis

307 Having established macroscale thalamic connectoradiants, we further investigated

308  whether connectome differences between patientscanttols were specific to thalamic

309  cytoarchitectural features, namely core vs. matelts, motivated by a previous work (8).

310  Thus, mRNA expression levels for CALB1 (core tym#is) and PVALB (matrix type cells)

311  were separately assessed at the thalamic voxel Igigure S5A). The differential

312  expression level between CALB1 and PVALB, i.e., 6fbres, was used to delineate

313 thalamic core/matrix type cell distribution, wheresitive/negative CP value indicated with

314  matrix/core cell type, respectively. Eccentricityasv used to evaluate the gradient

315  space-embedded position of each thalamic vokéjufe S5B). EOS patients showed

316  increased eccentricity in medial dorsal, ventridrial, and ventral anterior nucleus compare

W
—_
-

to TD controls, indicating their increased dispemsfrom the center of the gradient space
318 (TFCE,p < 0.005).

319

320 We then mapped the core-matrix cytoarchitecturatuies onto the two-dimensional
321  gradient space{gure 3A). Core cells showed mildly increased global eadeity in EOS
322 patients compared with core cells of TD (t = 2,88,0.02), but matrix cells did not (t = 1.62,
323 p = 0.11). No significant difference was found betwegobal eccentricity of core and
324  matrix populations within EOS (t = 1.0p,= 0.29) or TD (t = 0.36p = 0.72). Next,
325 Pearson’s correlations were used to quantify gheupl associations between the
326  cytoarchitecture and the connectome gradient diahees, and the variogram methods that
327  control for the spatial autocorrelations were usedetermine statistical significance levels
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(Figure 3B). A negative correlation was found between CP emland t values of

eccentricity (r = —-0.29pwaio = 0.002). In detail, increased dispersion of mazates

connectome gradient space in patients was pantigutzlated to core cells (r = 0.3fario <

0.0001), rather than matrix cells (r = 0.@2yio= 0.84).

Cognitivereevance

Given the association between CP map and thalaticedoronnectome, we further assessed

whether gene-connectome coupling contributes tmitivg processing. Thus, we projected

the core-matrix cytoarchitecture to the cerebrateooand then conducted a behavioral

decoding using the NeuroSynth database (38). Quyglbetween functional connectome

and gene expression were computed and further dampled into 400 cortical parcels. As

shown inFigure S6, core cell populations were mainly associated witimodal regions

that subserve primary sensory and multisensorytimme Matrix cell populations were

associated with transmodal cortices characterigauidre abstract cognition.

Compared with TD controls, EOS patients showedeim®ed gene-connectome couplings in

the DMN including the inferior parietal lobule, gegor cingulate cortex, inferior prefrontal

cortex, temporal areas, and the FPN including teeuymeus and inferior parietal sulcus, and

temporoparietal junction networlEigure 3C, FDR, p < 0.005). These abnormal coupling

increases were associated with seven cognitivecsomcluding declarative memory,

autobiographical memory, working memory, verbal aetits, social cognition, language,

and visuospatial (z-statistic > 3.1), indiogtiits implications in higher-level cognitive
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processes. Additionally, reduced gene-connectommliciys were observed in the VIS

including the extrastriate and inferior extratrjadad the DAN including postcentral regions
and superior parietal lobule, as well as the SMNesE reductions were characterized by
low-level visual sensory and motor functions inwoty visual perception, visual attention,

motor, action, eye movements, visuospatial, muiSsey processing, and readingidure

3D).
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A. Thalamic Core-Matrix cytoarchitecture in two-dimensional gradient space
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356  Figure 3. The core-matrix cytoarchitecture of the thalamus. (A) Core-matrix

357  cytoarchitectural features of thalamic voxels prtgd onto the two-dimensional gradient
358  space for TD and EOS. Rainclouds present group adgsgms of global eccentricity in four
359  fashions: global eccentricity values across coiks @@ EOS vs. global eccentricity values
360  across matrix cells in EOS; core cells in TD vstrirecells in TD; core cells in EOS vs.
361  core cells in TD; matrix cells in EOS vs. matrixllsen TD. (B) Associations between
362  eccentricity differences (t values; EOS vs. TD) aifterential gene expression levels (CP,
363  left) as well as single gene expression levels (BAland PVALB, right). Correlations were
364  obtained across thalamic voxels (Pearson r valmg)their significances were tested using
365  variogram approach pgrio Vvalues). (C) Parcel-wise couplings between functional
366  connectome and gene expression for TD and EOShairddifferences (t-test, EOS vs. TD).

83 At
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Cortical parcels with positive coupling values @lundicate as preferential associations
with matrix thalamic cells, and negative couplinglues (green) suggested core cells.
Parcels with significantly different coupling patie in patients are surrounded by black
contours [false discovery rate (FDR) correctiopss 0.005]. (D) Topic-based behavioral
decoding of regions with abnormal couplings in E@&gnitive terms in warm color
correspond to brain regions showing hyper-couplimgpatients relative to controls, and
cool color represent hypo-couplings. In the wordud, the size of a cognitive term is
proportional to its loading strength for decodimgimput brain mask.
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375 Clinical relevance

376  To reveal clinical significance of the macroscaledtional gradients, we first explored its

377  associations with schizophrenia-related gene exnesnaps, based on a previous work (39)

378  (Figure4A). In particular, spatial correlations were conédcto quantify their relationships,

379  significance levels of which were evaluated by yaeogram methods. The difference map

380  of eccentricity scores between patients and cantwals significantly correlated with mRNA

381  expression levels for Glutamatergic neurotransmissgélated genes including GRIN2A

382 (r=0.34, pwaic =0.001), GRIALl (r=-0.23pwric =0.03), Calcium signaling-related genes

383  RIMS1 (r=0.26, =puric 0.005), synaptic function and plasticity-relateengs including

384  CNTN4 (r=0.32, pyaric =0.001) and SNAP91 (r=0.2%4aic =0.02), other neuronal ion

385 channels-related genes including HCN1 (r=02&i, =0.03) and CHRNAS5 (r=0.33\ario

386  =0.001), neurodevelopment-related genes includi@ BB (r=-0.23, puario =0.02) and

387  FAMS5B(r=0.27,p.aric =0.006). No significant correlation was observedhie other 19 genes,

388 including therapeutic target-related genes.

389

390  Second, we investigated whether thalamic gradiemitd predict clinical symptoms in EOS.

391  We used eccentricity scores as input featurediimear regression model to estimate PANSS

392  positive and negative scores of patients. The ggitinodel parameter (L1 ratio) was 0.3 for

393  positive symptoms prediction, and 0.1 for negatyenptoms(Figure S7). Eccentricity

394  scores of thalamic voxels performed moderately wpesdicting the severity of negative

395  symptoms (r = 0.17 = 0.25, MAE = 4.47 £ 0.83), whjdoor in the prediction of positive

396  symptoms (r = 0.06 = 0.23, MAE = 4.21 + 0.69). Fmsitive and negative symptoms,
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predictive models with median performance were isgply reported irFigure 4B. In the
model predicting negative symptoms, weights weviez in the thalamic voxels regarding

to transmodal networks such as the VAN and DMN.

A. Correlations with 28 schizophrenia-related gene expressions
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Figure 4. Clinical relevance of thalamic gradientsin EOS. (A) The relationship between
the macroscale functional phenotype and 28 schieoydrrelated gene expressions.
Interregional correlations (Pearson r coefficiem@re employed between eccentricity
differences (t values; EOS vs. TD) and gene exfmadsvels, and their significances were
evaluated by variogram approack (represent®uario Value < 0.05). In the left panel, the
size of a square is in proportion to absolute valueorresponding Pearson r coefficient, and
its color is coded by the sign of r value (red-pesj blue-negative). The highest positive
correlation with eccentricity differences svdound at a glutamatergic neurotransmission
protein-coding gene, i.e., GRIN2A, whose exprespaattern is shown in the top corner. The
highest negative correlation was found at BCL11Biearodevelopment-related gerfB)
The relationship between thalamic functional orgation and clinical presentations.
Eccentricity values in patients were used to pteBBNSS positive and negative scores
based on a linear regression model. The model peaioce was evaluated by comparing
observed and predicted clinical scores. This proaedhcluding model learning and testing
was repeated 101 times, generating the distribsitmiPearson r coefficients and mean
absolute error (MAE). The model with median perfarnme was reported here, and absolute
value of feature coefficient was used as weightdach thalamic voxel (a point in the
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two-dimensional gradient space). The size of atpsitoded by predictive weight, and is
colored according to its network assignment (pukfle; blue-SMN; green-DAN;
rose-VAN; orange-FPN; red-DMN).
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Discussion

In the current study we investigated macroscaléathia functional organization in EOS
through dimensionality reduction techniques onahmadcortical functional connectivity. We
found both expansions along L-M principal axis afd® secondary axis of thalamic
hierarchies in EOS, indicating connectivity pradilbetween both anchors showed higher
dissimilarities in patients versus controls. Disatl functional hierarchies of the thalamus
were related to altered thalamocortical interactidsoth in unimodal and transmodal
networks. To evaluate the cytoarchitectural undwripigs of the macroscale functional
organization disturbances in EOS, we comparedatilbers in functional organization within
core- and matrix-cells that derived from an indefsam transcriptomic atlas. We found that
in particular, functional organization of thalantore cells was altered in EOS. Patients’
abnormal coupling patterns between a-priori majhef core-matrix cytoarchitecture and
functional connectome characterized a spectrum fpmrceptual to abstract cognitive
functions. Moreover, transcriptomic-informed analyssuggested a close relationship
between macroscale functional organization and zeghirenia etiology-related gene
expressions in the thalamus. Employing a machiaenieg strategy, we found that thalamic
functional organization was able to predict negasymptoms in EOS. In sum, the current
findings provide mechanistic evidence for disruptkdlamocortical system in EOS, and
point to alterations in functional networks asstemiawith both perceptual and cognitive
functions, suggesting a unitary pathophysiology béterogeneous symptoms in

schizophrenia.
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In line with previous work on thalamic hierarchigb), the principal functional gradient

described continuous transition from the ventrggria nucleus to the anterior and pulvinar

groups, and the second axis delineated graduaditican from the anterior nuclei to the

pulvinar. Whereas L-M thalamic axis has been regubtd correspond to the distribution of

gray matter morphology, i.e., low-to-high intengitiyneural mass, and the A-P gradient was

strongly related to the intrinsic geometry of thlamus. These findings suggested an

association between functional thalamic hierarclaiad its structure. Albeit not directly

shown, L-M and A-P axes may reflect functional valece in different dimensions, i.e., two

kinds of transitions across functional networkslded, we found that the L-M principal axis

functionally segregated the VIS and SMN, similar ttee second gradient of cortical

connectome (16). Conversely, the A-P axis of thaddmerarchies segregated unimodal and

transmodal networks, in accord with previous figdin(25). Taken together, beyond

supporting macroscale thalamic hierarchical franm&wite current findings further broaden

our knowledge of functional specialization of thala L-M and A-P axes.

Thalamic ventral lateral and ventral posterior Bychs one end of the L-M organizational

axis, exhibited evident dissociation in EOS. Botitlai receive neuronal input from the

sensory periphery, and project to the motor andasosensory cortices, respectively (43).

The etiology of schizophrenia has been suggested dé&omage refinement of

motor/somatosensory-thalamic connectivity pattetitst occurs during brain maturation

(15). Indeed, in adolescent patients relative toltgohtients, structural abnormalities in the

sensorimotor cortex are reported to be particulsalient (44), but may gradually fade out
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465  within a longitudinal period of observation (45).0Mover, motor performance has been

466  reported worse in adolescent patients relative daltapatients when accounting for

467  developmental factors (46). In line with this obsgion, a meta-analysis suggested that

468  motor deficits may precede the onset of schizophrand may constitute robust antecedents

469  of this mental disorder (47). In the context, westpdate sensorimotor-related segregation

470  along thalamic L-M hierarchy might underlie premdristurbances in motor development,

471  a marker distinct to schizophrenia.

472

473  Compared with TD, EOS patients had increased sagoegin two extremes of the A-P axis,

474  i.e., visual-related pulvinar nucleus and defautiderassociated anterior nuclear group.

475  Weaker functional connectivity between the VIS &dN has been previously reported in

476  EOS (48, 49). In fact, given the central role oé tinalamus in the development of the

477  cerebral cortex (11), abnormalities of the cerelm@itex in schizophrenia might occur

478  secondary to thalamic pathology (4, 50). Thus,uhenodal-transmodal thalamic hierarchy

479  expansion might further result in disturbed cotftichfferentiation of unimodal and

480  transmodal regions in EOS. A compression of thenodial-to-transmodal cortical hierarchy

481 was recently found in chronic adult-onset schizepfa (51), contrasting with our

482  observation of cortical-thalamic hierarchy expansi®Given age-dependent shifts in the

483  macroscale cortical hierarchy (52), this inconsiseemight due to their disparate stage of

484  the illness and age of onset, or their usage @bsythotic drugs. Further longitudinal works

485  are needed to chart functional organization abnhtiegof the thalamus and the cerebral

486  cortex during the course of schizophrenia. Nevéei®e the current findings embed
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487  thalamus into a cortical functional organizationked to differentiation of sensory from
488  abstract cognitive functions, paving the way to poghensively reveal cognitive defects,
489  another well documented precursor of schizophrexizpts for motor deficits (47).

490

491  Leveraging our observations of alterations of thedafunctional organization against a
492 proxy map of core/matrix cells based on post-morteanscriptomic data (8), we observed
493  thalamic core cells to underlie expansive functidriararchies in EOS, rather than matrix
494  cells. Core and matrix cells are two primary typEsthalamic relay neurons which
495  separately exhibit immunoreactivity to the calcilosinding proteins Parvalbumin and
496  Calbindin (9). Thalamic nuclei differ in the ratiof core and matrix neurons (53).
497  Specifically, sensory and motor relay nuclei, asll vees the pulvinar nuclei and the
498  intralaminar nuclei are chiefly composed of corkscgb4). Compared with matrix cells, the
499  larger core cells innervate middle cortical layeirs a more area-restricted and
500  topographically-organized fashion (9). Functionalharvalbumin-rich core cells have been
501  reported to act as drivers of feed-forward actjwihile Calbindin-rich matrix cells fulfil a
502  more modulatory function (7). Together, this mayggest that thalamic hierarchy
503  disturbances in EOS may relate to the “feed-forivgnathway that transmits information
504  from the sensory periphery, not the “feed-back’hpaty (55).

505

506 A further inspection of gene-connectome couplingaaalities in EOS by evaluating the
507  selective connection of the core-matrix cytoarattitee with the cortex could show that,
508  patients’ core thalamus dys-connected with bothmakial and transmodal cortices. In
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509  healthy adults, core regions have preferential eotions with unimodal primary regions,
510  and matrix areas with transmodal cortices incotprmgehe DMN, FPN, VAN and the limbic
511 network (8). Conversely in the current pediatricmpée, we observed core-related
512  connections with wide-spread cortical regions idolg both unimodal and posterior
513  transmodal cortices for TD, whereas EOS had laigaifagity with the previously reported
514  adult pattern, i.e., stronger core-related couglimgthe VIS, SMN and DAN and weaker
515  couplings in the DMN and FPN. Together, our resintigly putatively excessive maturation
516 in the thalamocortical feedforward pathway of sopilarenia. However, future
517  molecular-level work is undoubtedly needed to efat® on the feedforward pathway
518  alterations in the still developing brain of schphoenia.

519

520 It has been suggested that schizophrenic brainrmmoaijorm connections according to gene
521  encoded blueprints which have been phylogeneticdhgrmined to be the most efficient
522 (56). In line with this, we observed that impairghlamic hierarchy in EOS was highly
523  associated with schizophrenia-related gene expmssi especially genes encoding
524  Glutamatergic neurotransmission and neurodevelopahproteins (39). Our findings reveal
525  a gene-connectome correspondence in the thalaneadosystem of EOS, adding new
526  evidence for genetics of schizophrenia. Howeveerehis an obvious shortage in our
527  gene-related analyses. The gene expression lewsls assessed from post-mortem brain
528  tissue of adults (28), which might be differentrfrahe pediatric human brain. Limited by
529  the lack of pediatric transcriptional atlas, oundings about the association between
530  macroscale connectome topology and gene archieeshauld be carefully considered.
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532  Behavioral decoding of the gene-connectome coupdiaitern derived a sensory-cognitive
533  architecture, describing functions associated witfimary sensory and multisensory
534  processing to working memory, cognitive control andtivation. Along the continuous
535 behavioral spectrum, perception (especially visseisory), motor, and higher cognition
536  such as memory are particularly affected by schirepia. Consistently, thalamic hierarchy
537  abnormalities were sensorimotor-related, as wellisisal/ default mode-associated along a
538  second axis. As the “cognitive dysmetria” theorggested, the multitude and diversity of
539  behavior deficits in schizophrenia might be tiedao impaired fundamental cognitive
540  process mediated by the thalamus (56, 57). Thisaimment, i.e., cognitive dysmetria
541  referred to a disruption of the fluid and coordéthsequences of both thought and action,
542 leading to a decreased coordination of percepti@bention, retrieval, and response
543  functions (58). In particular, our study suggestedt abnormal thalamic hierarchy was
544  closely related to negative symptoms of schizophrére., a diminution of functions related
545  to motivation and interest. Compared to positivengioms (such as delusions), negative
546  symptoms are more complex and likely to be thelregusystematic disruption. Effective
547  treatment of negative symptoms has long been &alichallenge for its poor outcomes.
548  The current study provides a thalamic hierarchynérevork for heterogeneous behavior
549  deficits related to negative symptoms in schizopiarewhich might denote future therapy of
550  the resistant symptoms.

551

(871
93]
Do

In sum, the current study describes thalamic foneti organization abnormalities in EOS,

33


https://doi.org/10.1101/2022.05.11.489776
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.489776; this version posted November 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

553

556

557

available under aCC-BY-NC-ND 4.0 International license.

Fan et al. | Expansion of thalamic functional hielges in schizophrenia

which could be related to “feed-forward” core tmmatecortical pathway. The macroscale
disruptions were related to schizophrenia-relatedetjc factors. Crucially, it might perturb
behaviors involving both low-level perception arighhlevel cognition, resulting in diverse

negative syndromes in schizophrenia.
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Data and code availability

The data that support our findings are availabtemfrthe corresponding author upon

reasonable request. The estimated spatial maps RNAmexpression levels were

downloaded at:https://www.meduniwien.ac.at/neuroimaging/mRNA.htriTthe code for

functional gradient analysis was adapted from th€Mlab (http:/mica-mni.github.ip and

is available athttps://github.com/Yun-Shuang/Thalamic-functioneddjent-SZ The code

for behavioral decoding was adapted from

https://github.com/NeuroanatomyAndConnectivity/desd

analysis/blob/master/05 metaanalysis _neurosymtibipStatistical analyses were carried

out using PALM https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM and BrainSMASH lttps://

brainsmash.readthedocs)id\lachine learning analyses were based on sahitd package

(https://scikit-learn.org/stable/modules/generatddésn.linear model.ElasticNetCV. html

Results were visualized using Connectome Workbefitips://www.humanconnectom

e.org/software/connectome-workbehchand Seaborn hftps://seaborn.pydata.oyg/in

combination with ColorBrewehftps://github.com/scottclowe/cbrewér?2
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