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Key Points 

Question: Do unmedicated persons with schizophrenia display dopamine-related alterations in 

basal ganglia functional connectivity? 

 

Findings: In this case-control study, we observed hyperconnectivity between the dorsal caudate 

and globus pallidus externus during a working memory task in unmedicated persons with 

schizophrenia. This phenotype was associated with worse task performance and measures of 

subcortical dopamine function obtained via neuromelanin-sensitive magnetic resonance imaging 

and [11C]-(+)-PHNO positron emission tomography. 

 

Meaning: This study provides in-vivo evidence that dopaminergic rewiring of the basal ganglia 

may be a neurodevelopmental mechanism for working memory deficits in schizophrenia, 

emulating findings from a transgenic mouse model of striatal dopamine dysfunction. 
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Abstract 

Importance: In prior work, a transgenic mouse model of the striatal dopamine dysfunction 

observed in persons with schizophrenia (PSZ) exhibited dopamine-related neuroplasticity in the 

basal ganglia. This phenotype has never been demonstrated in human PSZ. 

Objective: To identify a specific dopamine-related alteration of basal ganglia connectivity via 

task-based and resting-state functional magnetic resonance imaging (fMRI), neuromelanin-

sensitive MRI (NM-MRI), and positron emission tomography (PET), in unmedicated PSZ. 

Design: This case-control study of unmedicated PSZ and healthy controls (HC) occurred 

between November 2014 and June 2018, with analyses performed between April 2023 and 

February 2025. 

Setting: fMRI and NM-MRI were collected at New York State Psychiatric Institute. [11C]-(+)-

PHNO PET was collected at Yale University. 

Participants: Participants were aged 18-55, and demographically matched. PSZ were 

antipsychotic drug-naïve or drug-free for at least three weeks prior to recruitment.  

Main Outcomes and Measures: 1) task-state and resting-state functional connectivity (FC) 

between dorsal caudate (DCa) and globus pallidus externus (GPe), 2) NM-MRI contrast ratio in 

substantia nigra voxels associated with psychotic symptom severity, and 3) baseline and 

amphetamine-induced change in [11C]-(+)-PHNO binding potential in DCa. 

Results: 37 PSZ (mean±SD age, 32.7±12.7 years, 29.7% female) and 30 HC (32.5±9.7 years, 

26.7% female) underwent resting-state fMRI; 29 PSZ (33.4±12.7 years, 31% female) and 29 HC 

(32.4±9.7 years, 31% female) underwent working memory task-based fMRI. 22 PSZ (35.1±13.9 

years, 36.4% female) and 20 HC (29.4±8.5 years, 35% female) underwent NM-MRI. 7 PSZ 

(23.1±6.3 years, 57.1% female) and 4 HC (31.5±11.9 years, 25% female) underwent [11C]-(+)-

PHNO PET with amphetamine challenge. PSZ displayed elevated task-state FC (0.11±0.10 

versus 0.05±0.09 in HC; P=0.0252), which was associated with increased NM-MRI contrast 
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ratio (β* [SE] = 0.40 [0.17]; P=0.023), decreased baseline D2 receptor availability (β* [SE] = -

0.45 [0.17]; P=0.039), greater amphetamine-induced dopamine release (β* [SE] = -0.82 [0.27]; 

P=0.021), and worse task performance (β* [SE] = -0.31 [0.13]; P=0.020). 

Conclusions and Relevance: This study provides in-vivo evidence of a dopamine-associated 

neural abnormality of DCa and GPe connectivity in unmedicated PSZ. This phenotype suggests 

a potential neurodevelopmental mechanism of working memory deficits in schizophrenia, 

representing a critical step towards developing treatments for cognitive deficits. 
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Abbreviations 

ANTs, Advanced Normalization Tools; 

BGTC, basal ganglia-thalamo-cortical; 

BOLD, blood-oxygen-level-dependent; 

BPND, binding potential (non-displaceable); 

CIFTI, connectivity informatics technology initiative; 

CNR, contrast ratio; 

D1R, dopamine D1 receptor; 

D2R, dopamine D2 receptor; 

D2R-OE, dopamine D2 receptor overexpressing; 

DCa, dorsal caudate; 

DLPFC, dorsolateral prefrontal cortex; 

DOPA, dihydroxyphenylalanine; 

FC, functional connectivity; 

FDR, false discovery rate; 

fMRI, functional magnetic resonance imaging; 

GABA, gamma-aminobutyric acid; 

GEV-DV, generalized extreme value DVARS; 

GPe, globus pallidus externus; 

GPi, globus pallidus internus; 

HC, healthy control; 

HRF, hemodynamic response function; 

IBZM, iodobenzamide; 

IQR, interquartile range; 

Kir, inwardly rectifying potassium; 

MNI, Montreal Neurologic Institute; 

MP, motion parameter; 

MSN, Medium spiny neuron; 
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NM-MRI, neuromelanin-sensitive magnetic resonance imaging; 

NYSPI, New York State Psychiatric Institute; 

PANSS, positive and negative syndrome scale; 

PET, positron emission tomography; 

PHNO, 4-propyl-9-hydroxynaphthoxazine; 

PSZ, persons with schizophrenia; 

ROI, region of interest; 

RS, resting-state; 

rs-FC, resting-state functional connectivity; 

SD, standard deviation; 

SE, standard error; 

SN, substantia nigra; 

SOT, self-ordered working memory task; 

SPM12, Statistical Parametric Mapping 12; 

STN, subthalamic nucleus; 

ts-FC, task-state functional connectivity; 

TE, echo time; 

TR, repetition time; 

VTA, ventral tegmental area; 

WM, working memory 

 

 

 

  

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 1, 2025. ; https://doi.org/10.1101/2025.03.31.25324962doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.31.25324962
http://creativecommons.org/licenses/by-nd/4.0/


7 
 

1. Introduction 

Evidence of striatal dopamine dysfunction in persons with schizophrenia (PSZ) is among the 

most robust and consistently replicated findings in the neurobiology of schizophrenia. Studies 

with [18F]DOPA show elevated presynaptic striatal dopamine synthesis in medication-naïve and 

medication-free PSZ1-7, as well as individuals at clinical high risk for schizophrenia8-10. Studies 

using radiolabeled dopamine D2 receptor (D2R) antagonists [123I]IBZM or [11C]raclopride show 

increased amphetamine-induced tracer displacement in striatum in PSZ11-13, while depletion of 

dopamine with alpha-methyl-para-tyrosine results in increased tracer binding in PSZ14,15, 

suggesting PSZ exhibit higher occupancy of D2 receptors due to higher synaptic levels of DA, 

consistent with increased presynaptic availability and release of dopamine. These findings 

spurred the development of a transgenic mouse model to mimic this abnormality and study the 

neurophysiological consequences of excess striatal D2R stimulation. D2R overexpressing 

(D2R-OE) mice have selectively increased expression of D2Rs in the caudate-putamen, with 

expression temporally controllable via doxycycline16. D2R-OE mice display performance deficits 

in a delayed non-match-to-sample T-maze task that persist even if D2R overexpression is 

halted in adulthood16, suggesting a neurodevelopmental cognitive deficit reminiscent of those 

seen in human PSZ17-19. 

D2R-OE mice also display striking neuroplasticity within the basal ganglia-thalamo-cortical 

(BGTC) circuit20, which plays critical modulatory roles in motor, limbic, and cognitive 

functioning21,22. This circuit is comprised of two functionally opposed pathways, the “direct” 

pathway and the “indirect” pathway (Figure 1). While these pathways were initially thought to be 

anatomically segregated, tracing studies in rats and monkeys demonstrate that some direct 

pathway D1R-expressing medium spiny neurons (MSNs), which project to the globus pallidus 

internus (GPi; entopeduncular nucleus in rodents) and substantia nigra (SN) pars reticulata, 

actually bifurcate and send additional collaterals to the globus pallidus externus (GPe)23-26; 

these are termed “bridging collaterals,” as they bridge the direct and indirect pathways20. D2R-

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 1, 2025. ; https://doi.org/10.1101/2025.03.31.25324962doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.31.25324962
http://creativecommons.org/licenses/by-nd/4.0/


8 
 

OE mice exhibit a highly plastic increase in bridging collateral density, which decreased when 

the overexpression was halted by doxycycline in adult animals but returned to elevated levels 

when doxycycline was removed. Haloperidol, a D2 antagonist antipsychotic, also reduces 

bridging collateral density in D2R-OE and wildtype animals, while D2R knockdown mice exhibit 

dose-dependent reductions in bridging collateral density20, demonstrating that D2R stimulation 

in the striatum is a causal mechanism of bridging collateral density. Functionally, this plasticity is 

hypothesized to be a homeostatic mechanism regulating the balance of excitability in the direct 

and indirect pathways: paradoxically, upregulation of D2Rs results in downregulation of 

inwardly-rectifying potassium (Kir) channels27, resulting in increased excitability of indirect 

pathway MSNs (in spite of D2Rs themselves being inhibitory). Thus, increased bridging 

collaterals from the direct pathway may counter increased indirect pathway excitability and 

restore the overall balance of thalamic excitation and inhibition. However, given that cognitive 

deficits persist in D2R-OE mice after the reversal of D2R overexpression, further 

neurodevelopmental abnormalities with the BGTC circuit may be present as a result of this 

compensatory mechanism.  Notably, bridging collateral density in D2R-OE mice was greatest 

between associative striatum (medial caudate-putamen) and medial pallidum, which receives 

input from associative cortical regions such as the dorsolateral prefrontal cortex (DLPFC)20,28. 

Similarly, higher-resolution PET imaging studies in human PSZ have shown greater baseline 

occupancy of D2Rs in the dorsal caudate (DCa), and more broadly in the associative striatum, 

as compared to ventral and sensorimotor striatum14,29,30. 

Overall, these findings provide robust evidence of neuroplasticity of striatopallidal 

projections in response to D2R density in a transgenic mouse developed to mimic striatal 

dopamine dysfunction in PSZ. Here, we sought to translate these findings to human patients, 

hypothesizing that if this compensatory response to D2R overstimulation occurs in PSZ, it 

should be detectable as altered functional connectivity (FC) between the striatum (specifically 

DCa) and the GPe. However, available evidence also suggests that: 1) any alteration in FC may 
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only be observable in unmedicated PSZ, as D2R antagonists reduce the density of bridging 

collaterals in rodents; 2) while altered anatomical connectivity should alter DCa-GPe FC, the 

expected direction of change is somewhat unclear—although striatal MSNs are GABA-ergic and 

thus inhibitory, net inhibition of a region is still metabolically demanding and can increase 

functional Magnetic Resonance Imaging (fMRI) Blood Oxygen Level-Dependent (BOLD) 

signal31,32; and finally, 3) because striatal MSNs are hyperpolarized at rest, with low baseline 

firing rates33,34, any observed change in FC may only be apparent under conditions in which the 

affected basal ganglia circuitry is actively processing information and MSNs are activated. 

Consequently, we conducted an FC MRI study of unmedicated PSZ in both a resting state and 

during the performance of a working memory (WM) task that we have shown robustly activates 

the DCa and other striatal regions35, in order to test whether we could observe altered DCa-GPe 

connectivity during rest or task that could inform our hypothesis that unmedicated PSZ have 

increased bridging collateral density.  

Given the interconnected nature of the BGTC circuit, we also chose to implement a network 

modeling approach to calculating FC between regions. This addresses the “third variable” 

problem, in which altered FC between regions could be driven by a third region that is not 

accounted for in the model. For example, apparent altered striato-pallidal connectivity could be 

driven by altered pallido-thalamic or thalamo-cortical connectivity that then propagates through 

the network. Our approach calculates FC as a partial correlation controlling for timeseries in 

regions of interest (ROIs) outside each given ROI pair, a straightforward method that reliably 

distinguishes between direct and indirect network connections in simulated and in vivo data36-38 . 

In addition, many of our participants were also enrolled in other neuroimaging studies, which 

included studies of dopamine function that could further inform whether altered FC might be 

driven by striatal dopamine dysfunction. Thus, in two subsets of our sample, we also report on 

the relationship between DCa-GPe FC and dopamine function measured via 1) neuromelanin-

sensitive MRI (NM-MRI) of the SN (an indirect measure of long-term dopamine turnover that is 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 1, 2025. ; https://doi.org/10.1101/2025.03.31.25324962doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.31.25324962
http://creativecommons.org/licenses/by-nd/4.0/


10 
 

correlated with psychotic symptoms39,40) and; 2) Positron Emission Tomography (PET) with the 

D2/3 agonist radiotracer [11C]-(+)-PHNO 30,41,42 and an amphetamine challenge. Finally, we also 

conducted exploratory analyses examining the relationship between DCa-GPe connectivity and 

WM task performance and positive and negative symptoms in PSZ. 

2. Methods 

2.1.  Overview 

This is a case-control study of unmedicated PSZ and healthy controls (HC) aged 18-55 

years old and demographically matched on age, parental socioeconomic status, race, and 

ethnicity. All procedures occurred at the New York State Psychiatric Institute (NYSPI) except 

PET scanning, which occurred at Yale University. PSZ were considered unmedicated if they 

were antipsychotic-naïve or antipsychotic-free for at least three weeks prior to recruitment. All 

participants were free of major neurological disorders, current substance use disorders, and 

psychiatric disorders other than schizophrenia, schizophreniform disorder, or schizoaffective 

disorder. Full inclusion and exclusion criteria are described in the Supplementary Methods. All 

procedures were approved by the NYSPI and Yale Institutional Review Boards.  

2.2.  Participants 

Thirty-seven PSZ and 30 HC completed RS fMRI, with a subset of 29 PSZ and 29 HC 

completing task-based fMRI. Additionally, 22 PSZ and 20 HC who performed task-based fMRI 

underwent NM-MRI. Finally, a smaller subset of 7 PSZ and 4 HC underwent [11C]-(+)-PHNO 

PET with amphetamine challenge. Participants underwent several clinical and demographic 

assessments described in the Supplementary Methods. RS fMRI data and NM-MRI data from 

a subset of these participants has been previously analyzed and reported on elsewhere39,43. 

2.3. Neuroimaging Procedures 

MRI equipment, sequences, and processing are described in detail in the Supplementary 

Methods. Briefly, in addition to standard structural sequences, we collected multiband fMRI 
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scans with 2 mm isotropic voxel resolution for approximately 30 minutes each for RS and task-

state FC. We employed the self-ordered working memory task35,44 (SOT; see Figure S1 for task 

schematic), and neural responses to task-events were modeled as per our prior work35,45. The 

WM task fMRI data were then residualized with respect to the modeled task-evoked activation 

to distinguish task-state FC (ts-FC) from task-related coactivation46,47. Preprocessing was 

conducted with the Human Connectome Project Minimal Preprocessing Pipeline48, version 

4.2.0, followed by established FC-specific processing methods from our prior work49.  Finally, ts-

FC used only “task-on” volumes, which were identified as all volumes beginning two seconds 

after each task block onset and ending four seconds after the final trial of the block (to account 

for the initial delay in hemodynamic response and gradual return to baseline)50. 

In order to use network modeling to estimate DCa-GPe connectivity, we identified a set of 

regions in the BGTC circuit with established roles in cognitive and associative functions. ROIs 

included the mediodorsal nucleus (MD), DCa, GPe, GPi, SN, and DLPFC (see Supplementary 

Methods for identification procedures). We omitted the subthalamic nucleus from this network 

model, despite its importance in the indirect pathway, due to its small size and the lack of a 

reliable localization technique. Figure S2 displays the surface-based DLPFC ROI, and Figure 

S3 displays the probability density of all volumetric subcortical ROIs.  

NM-MRI, collected in a subset of our participants, used acquisition parameters and 

processing procedures described elsewhere39 and in the Supplementary Methods. Our NM-

MRI outcome measure was the average contrast ratio (CNR) extracted from a priori voxels 

within an overinclusive mask of the SN and ventral tegmental area (VTA) whose CNR is 

correlated with both psychosis severity in PSZ (measured as PANSS Positive subscale score51) 

and subclinical positive symptom severity in persons at clinical high risk for developing a 

psychotic disorder39,40.  
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PET data were acquired using procedures described elsewhere52 and in the 

Supplementary Methods. Final outcome measures included both baseline binding potential 

(BPND) and the fractional change in BPND following amphetamine administration,  

BPND(post−amph.)
BPND(baseline) − 1 (∆BPND), within a hand-drawn DCa ROI.  

2.4. Statistical Analysis 

Effect sizes for group differences were calculated using Hedges’ g53 or Cramér’s V54, as 

appropriate. Group differences in PANSS sub-scores, SOT performance44 and the proportion of 

correct responses in the SOT were assessed using Mann-Whitney U-tests. 

Group differences in ROI pair FC were assessed via independent samples t-tests or Mann-

Whitney U-tests, dependent on data normality (determined via Lilliefors test). The primary 

hypothesis investigating group differences in DCa-GPe rs-FC and ts-FC was assessed for 

significance at α=0.05 with Dunn–Šidák correction55 for two comparisons. Post-hoc tests of 

group connectivity differences between all other ROI pairs were assessed at α=0.05 with false 

discovery rate (FDR) correction56 across all tests. As a supplementary analysis, we also 

assessed for group differences in DCa-GPe ts-FC using a robust multivariable linear regression 

with age and biological sex as covariates. 

Associations between DCa-GPe ts-FC and either SOT performance (measured as WM 

capacity k44), average NM-MRI signal, [11C]-(+)-PHNO baseline BPND, or ΔBPND were assessed 

via robust multivariable linear regression with age, biological sex, and diagnosis as covariates; 

associations with PANSS positive and negative symptoms scores were assessed in PSZ only, 

using the same covariates above except diagnosis. All betas are reported as standardized 

regression coefficients β*. 

3. Results 

3.1. Demographics 
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Thirty-seven PSZ and 30 HC completed at least two runs of resting-state fMRI (N=67), with 

zero participants excluded for excess motion. Additionally, 29 PSZ and 29 HC completed at 

least two runs of task-based fMRI (N=58), after excluding four participants due to excess 

motion.  A summary table of demographic information for each cohort is shown in Table 1.  

Group differences in SOT working memory capacity (k) and the proportion of correct 

responses are shown in Figure S4. The median [IQR] SOT k for HC and PSZ were 5.92 [1.61] 

and 4.73 [3.42], respectively (P=0.127). The median [IQR] proportion of correct responses in HC 

and PSZ were 0.94 [0.08] and 0.88 [0.23], respectively (P=0.139).  

3.2. Resting-state and Task-state Functional Connectivity 

Between DCa and GPe (ROIs shown in Figure 2A, B), no significant group difference in 

resting-state functional connectivity (rs-FC) was observed (median [IQR] of 0.05 [0.16] in HC 

and 0.08 [0.12] in PSZ, P=0.233; Figure 2C). PSZ displayed elevated ts-FC between DCa and 

GPe relative to HC that survives Dunn–Šidák correction (mean [SD] of 0.05 [0.09] in HC and 

0.11 [0.10] in PSZ, P=0.0252; Figure 2D). This group difference in ts-FC remained statistically 

significant when controlling for age and biological sex via robust regression (β* [SE] = 0.27 

[0.14], P=0.048; Table S1).  

Within other direct connections in the BGTC circuit, HC displayed greater MD-DCa rs-FC 

than PSZ (mean [SD] of 0.27 [0.12] in HC and 0.17 [0.15] in PSZ, P=0.005; Figure S5H). No 

significant differences in ts-FC were observed following FDR correction (Figure S6), although 

MD-DLPFC ts-FC was elevated in PSZ before correction. 

3.3. Neuromelanin-Sensitive MRI 

The average NM-MRI contrast-ratio map across participants is shown in Figure 3A. In the a 

priori psychosis-associated voxels39,40, average NM-MRI contrast was positively associated with 

DCa-GPe ts-FC (β* [SE] = 0.40 [0.17], P=0.023; Figure 3B, Table S2). 

3.4.  [11C]-(+)-PHNO Positron Emission Tomography 
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In the subset of seven PSZ and four HC that completed both WM task-based fMRI and [11C]-

(+)-PHNO PET, elevated DCa-GPe ts-FC was found to be significantly negatively associated 

with DCa baseline D2R availability, measured as [11C]-(+)-PHNO BPND (β* [SE] = -0.45 [0.17], 

P=0.039; Figure 3C, Table S3). Additionally, greater DCa-GPe ts-FC was associated with more 

negative DCa ΔBPND (β* [SE] = -0.82 [0.27], P=0.021; Figure 3D, Table S3), where a more 

negative ΔBPND indicates greater fractional decrease in BPND following amphetamine 

administration. 

3.5. Associations between Task-state Functional Connectivity and Symptomatology 

Elevated DCa-GPe ts-FC was associated with lower SOT k across all participants (β* [SE] = 

-0.31 [0.13], P=0.020; Figure 4A, Table S4). In PSZ, no significant associations were observed 

between DCa-GPe ts-FC and PANSS positive symptom score (β* [SE] = -0.39 [0.21], P=0.068; 

Figure 4B, Table S5) or PANSS Negative symptom score (β* [SE] = -0.20 [0.23], P=0.389; 

Figure 4C, Table S5).  

4. Discussion 

The results presented here support our hypothesis of specifically altered dorsal caudate-

globus pallidus externus (DCa-GPe) connectivity in unmedicated persons with schizophrenia, 

which we developed a priori based on evidence of neuroanatomical reorganization of this 

circuitry in the dopamine D2 receptor overexpressing (D2R-OE) mouse model16,20,57,58 of striatal 

dopamine dysfunction in schizophrenia. Notably, our findings also provide multiple lines of 

evidence that this alteration is associated with striatal dopamine dysfunction, in addition to 

working memory (WM) deficits, consistent with the dopamine dysfunction and WM deficits in the 

D2R-OE mice that spurred this investigation. While rs-FC findings were negative, we 

demonstrated DCa-GPe hyperconnectivity in unmedicated PSZ during the performance of a 

WM task, a condition we tested specifically because striatal MSNs are relatively quiet at resting 

state due to a negative intrinsic resting membrane potential. This may prevent the detection of 
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altered fMRI connectivity unless receiving stimulation from cortical and thalamic inputs during 

cognitive processing. Critically, the full set of secondary analyses are also entirely consistent 

with our hypotheses, with significant correlations between DCa-GPe ts-FC and WM as well as 

all dopaminergic outcome measures collected in our sample, and with DCa-GPe ts-FC being 

specifically elevated, rather than part of a broader alteration of ts-FC throughout the BGTC 

network (see Figure S6). While our findings cannot directly establish that elevated DCa-GPe ts-

FC in PSZ is a result of upregulated bridging collaterals from D1R-containing MSNs to the GPe, 

we developed a direct, falsifiable, experimental test of the hypothesis that unmedicated PSZ 

exhibit a similar upregulation of bridging collaterals as has been observed in D2R-OE mice, and 

found formal support for this conclusion.  

Our findings suggest a pivotal role of subcortical dopamine dysfunction in striato-pallidal 

neuronal reorganization. NM-MRI signal in the SN and VTA is a proxy measure of long-term 

dopamine turnover (unless neuronal cell death has occurred, e.g. in Parkinson’s disease)40,59,60 

that has been shown to be associated with the severity of psychotic symptoms39,61. Elevated 

nigral NM signal suggests upregulated dopamine turnover in nigral cell bodies, which likely 

results in elevated presynaptic availability and release in striatum62, a well-established finding in 

PSZ linked to psychosis severity11,14,15,29,63-65. Although observed in a small, preliminary sample, 

our finding that individuals who show stronger dopamine release following amphetamine 

challenge have more greatly elevated DCa-GPe connectivity directly supports this interpretation. 

Similarly, decreased baseline D2R availability was also associated with DCa-GPe 

hyperconnectivity, consistent with increased baseline availability of dopamine in the DCa that 

competes with radiotracer binding, resulting in lower BPND in these participants. However, we 

cannot rule out the possibility that lower D2R density in DCa also contributes to lower BPND. 

Finally, we found that elevated DCa-GPe ts-FC is associated with poorer WM task 

performance, analogous to the performance deficits in a delayed non-match to sample T-maze 

in D2R-OE mice. Given that these deficits in D2R-OE mice remained when upregulation of 
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DCa-GPe bridging collaterals was normalized via D2R antagonist antipsychotic administration, 

this finding suggests that DCa-GPe hyperconnectivity may be a state-dependent predictor of the 

neurodevelopmental impact of persistent dopamine dysfunction in PSZ prior to becoming 

medicated. That is, unmedicated PSZ with more severe subcortical dopamine dysfunction 

develop greater bridging collateral density between DCa and GPe, thus driving further BGTC 

circuit reorganization that directly disrupts the maintenance of internal representations of task 

stimuli in prefrontal cortical regions; e.g., via effects on D1R function in DLPFC, which is thought 

to be disrupted in SCZ66, critical for WM67, and altered in D2R-OE mice16,27.  A potential 

mechanism for this resulting cortical dysfunction is the persistent functional abnormalities that 

have been shown to exist in dopamine neurons of D2R-OE mice, particularly decreased phasic 

activity and neuronal recruitment under WM task demands68,69. These abnormalities may not be 

normalized via antipsychotic medication given after their development, resulting in the 

persistence of WM deficits. 

In summary, this study provides in-vivo translational evidence of a specific neural 

abnormality between the DCa and GPe in unmedicated PSZ, emulating findings from the D2R-

OE transgenic mouse model. This abnormality was observed in the form of elevated FC during 

WM task engagement and was associated with poor WM task performance and disrupted 

subcortical dopaminergic function measured by two imaging modalities. Future work should aim 

to demonstrate structural evidence of altered DCa-GPe anatomical connectivity, as well as 

examine the role of D2R antagonist antipsychotic medication in the normalization of the 

phenotype. Nevertheless, these results build on a rich literature implicating subcortical 

dopaminergic dysfunction in the pathophysiology of SCZ to suggest a neurodevelopmental 

mechanism of WM deficits in PSZ, a crucial step towards the development of novel therapeutic 

targets and treatments. 

5. Data and Code Availability 
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All data and analysis code used in the preparation of this manuscript can be made available 

upon request to the corresponding author through a formal data sharing agreement. 
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Figure 1. Schematic of basal ganglia-thalamo-cortical circuitry, 
highlighting glutamatergic (green arrows), GABAergic (red and 
orange arrows), and dopaminergic (blue arrows) connections 
between regions. Orange dashed line represents bridging 
collateral axonal projections from the associative striatum 
(primarily dorsal caudate) to the globus pallidus externus (GPe). 
GPi = globus pallidus internus; STN = subthalamic nucleus; SNr = 
substantia nigra pars reticulata; SNc = substantia nigra pars 
compacta; VTA = ventral tegmental area. 
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Figure 2. Probability density of A) dorsal caudate (DCa) and B) globus pallidus externus (GPe) 
regions of interest in the task-based fMRI sample (N = 58), as well as group differences in DCa-
GPe resting-state functional connectivity (rs-FC; panel C) and task-state functional connectivity 
(ts-FC; panel D) between healthy controls (HC) and persons with schizophrenia (PSZ). Long-
dashed and short-dashed lines denote median and interquartile range in panel C (due to non-
normal data) and means and standard deviations in panel D. FC was calculated controlling for 
the average timeseries in dorsolateral prefrontal cortex, globus pallidus internus, substantia 
nigra, and mediodorsal nucleus.  
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Figure 3. A) Average neuromelanin-sensitive MRI (NM-MRI) contrast-to-noise ratio (CNR) 
across all participants (N = 42). B) Association between average NM-MRI CNR in the voxels 
shown in panel A and task-state functional connectivity (ts-FC) between dorsal caudate (DCa) 
and globus pallidus externus (GPe), controlling for age, biological sex, and diagnosis.  
Associations between C) [11C]-(+)-PHNO Baseline BPND or D) ΔBPND following amphetamine 
challenge and DCa-GPe ts-FC controlling for age, biological sex, and diagnosis. Regression 
plot inlay shows standardized regression coefficient β*. 

 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 1, 2025. ; https://doi.org/10.1101/2025.03.31.25324962doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.31.25324962
http://creativecommons.org/licenses/by-nd/4.0/


31 
 

  

Figure 4. Associations between working memory capacity K calculated from self-ordered 
working memory task (SOT) performance (panel A), Positive and Negative Syndrome Scale 
(PANSS) positive symptom score (panel B), or PANSS negative symptom score (panel C), and 
task-state functional connectivity (ts-FC) between dorsal caudate (DCa) and globus pallidus 
externus (GPe). Associations between K and DCa-GPe ts-FC were calculated in all participants 
(N = 58) controlling for age, biological sex, and diagnosis, while PANSS symptom associations 
were calculated in persons with schizophrenia (PSZ) only, controlling for age and biological sex. 
Plot inlays shows standardized regression coefficient β*. 
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Table 1. Participant Demographics and Clinical Measures 
Functional Magnetic Resonance Imaging Datasets 

Participant 
Characteristic 

Task-Based (N = 58) Resting State (N = 67) 
PSZ (n = 29) HC (n = 29) Effect Sizea PSZ (n = 37) HC (n = 30) Effect Sizea 

Age, Years (SD) 33.4 (12.7) 32.4 (9.7) -0.086 32.7 (12.7) 32.5 (9.7) -0.015 
Biological Sex, Female (%) 9.0 (31.0%) 9.0 (31.0%) 0.0 11.0 (29.7%) 8.0 (26.7%) 0.034 
Ethnicity, Hispanic (%) 7.0 (24.1%) 8.0 (27.6%) -0.038 9.0 (24.3%) 8.0 (26.7%) 0.033 
Race   0.311   0.219 
 African American (%) 14.0 (48.3%) 13.0 (44.8%)  18.0 (48.6%) 13.0 (43.3%)  
 Asian (%) 3.0 (10.3%) 3.0 (10.3%)  3.0 (8.1%) 3.0 (10.0%)  

Caucasian (%) 6.0 (20.7%) 8.0 (27.6%)  9.0 (24.3%) 9.0 (30.0%)  
 More than one (%) 4.0 (13.8%) 0.0 (0.0%)  3.0 (8.1%) 0.0 (0.0%)  
 Other (%) 2.0 (6.9%) 5.0 (17.2%)  4.0 (10.8%) 5.0 (16.7%)  
Handednessb   0.189   0.195 
 Ambidextrous (%) 0.0 (0.0%) 0.0 (0.0%)  0.0 (0.0%) 0.0 (0.0%)  
 Left (%) 0.0 (0.0%) 2.0 (6.9%)  0.0 (0.0%) 2.0 (6.7%)  
 Right (%) 29.0 (100.0%) 27.0 (93.1%)  37.0 (100.0%) 28.0 (93.3%)  
Smokerc,d (%) 9.0 (31.0%) 3.0 (10.3%) -0.510 11.0 (29.7%) 3.0 (10.0%) -0.433 
Parental SESe,f (SD) 40.3 (13.9) 44.7 (11.2) 0.345 38.6 (14.3) 44.6 (11.0) 0.455 
PANSS Totalg (SD) 61.6 (18.3) 33.0 (4.8) -2.03* 65.3 (18.0) 32.4 (2.9) -2.348* 
 PANSS Generalg (SD) 31.4 (9.9) 17.0 (2.4) -1.886* 33.2 (9.8) 16.7 (1.5) -2.163* 
 PANSS Negativeg (SD) 14.4 (4.8) 8.9 (2.7) -1.341* 15.5 (5.3) 8.6 (2.3) -1.560* 
 PANSS Positiveg (SD) 15.9 (5.4) 7.2 (0.46) -2.177* 16.6 (5.2) 7.1 (0.27) -2.372* 
CDRSh (SD) 3.1 (3.9) 0.17 (0.69) -0.938* 3.7 (4.2) 0.17 (0.69) -1.036* 
AP Medication-Naïvek (%) 14 (48.3%) — — 19 (51.4%) — — 

 Positron Emission Tomography Dataset Neuromelanin-Sensitive MRI Dataset 
 PSZ (n = 7) HC (n = 4) Effect Sizea PSZ (n = 22) HC (n = 20) Effect Sizea 

Age, Years (SD) 23.1 (6.3) 31.5 (11.9) 0.888 35.1 (13.9) 29.4 (8.5) -0.479 
Biological Sex, Female (%) 4 (57.1%) 1 (25.0%) 0.311 8 (36.4%) 7 (35.0%) 0.014 
Ethnicity, Hispanic (%) 0 (0.0%) 1 (25.0%) 0.646 4 (18.2%) 7 (35.0%) 0.236 
Race   0.516   0.375 
 African American (%) 3 (42.9%) 2 (50.0%)  12 (54.5%) 8 (40.0%)  
 Asian (%) 2 (28.6%) 0 (0.0%)  2 (9.1%) 2 (10.0%)  
       Caucasian (%) 2 (28.6%) 1 (25.0%)  4 (18.2%) 6 (30.0%)  
       More than one (%) 0 (0.0%) 0 (0.0%)  3 (13.6%) 0 (0.0%)  
       Other (%) 0 (0.0%) 1 (25.0%)  1 (4.6%) 4 (20.0%)  
Handednessb   0.418   0.235 
       Ambidextrous (%) 0 (0.0%) 0 (0.0%)  0 (0.0%) 0 (0.0%)  
       Left (%) 0 (0.0%) 1 (25.0%)  0 (0.0%) 2 (10.0%)  
       Right (%) 7 (100.0%) 3 (75.0%)  22 (100.0%) 18 (90.0%)  
Smokerc (%) 2 (28.6%) 0 (0.0%) -0.400    
Parental SESe,f (SD) 46.8 (15.8) 34.6 (5.9) -0.835 42.1 (13.4) 45.7 (10.2) 0.287 
PANSS Totalg (SD) 78.6 (21.5) 33.5 (4.5) -2.316* 64.4 (19.3) 32.8 (3.1) -2.163* 
       PANSS General (SD) 39.7 (14.3) 17.8 (2.9) -1.699* 32.8 (10.6) 16.6 (1.5) -2.030* 
       PANSS Negative (SD) 19.1 (3.8) 8.8 (1.7) -2.914* 14.8 (5.1) 9.1 (2.6) -1.342* 
       PANSS Positive (SD) 19.7 (5.6) 7.0 (0) -2.519* 16.9 (5.7) 7.1 (0.3) -2.291* 
CDRSh (SD) 6.4 (5.3) 0.8 (1.5) -1.179 3.4 (4.2) 0.2 (0.8) -0.977* 
AP Medication-Naïvek (%) 7 (100%) — — 11 (50.0%) — — 
aEffect sizes for continuous variables were calculated with Hedges’s g; effect sizes for dichotomous and categorical variables were calculated with 
Cramér's V. 
bHandedness was reported using the Edinburgh Handedness Inventory. 
cSmoking status defined as current daily nicotine use.  
dSmoking status was unavailable for 2 participants (1 PSZ and 1 HC) from the resting-state sample and 1 HC from the task-based sample. 
eMean Parental SES was reported using the Hollingshead Four Factor Index Scale of Socioeconomic Status scale. 
fParental SES data were unavailable for 7 participants (5 PSZ and 2 HC) from the resting-state sample, 4 participants (2 PSZ and 2 HC) from the task-
based sample, and 2 HC from the neuromelanin-sensitive MRI sample. 
gPANSS data were unavailable for 8 participants (4 PSZ and 4 HC) from the resting-state sample, 6 participants (2 PSZ and 4 HC) from the task-based 
sample, and 3 participants (1 PSZ and 2 HC) from the neuromelanin-sensitive MRI sample. 
hCDRS data were unavailable for 22 participants (10 PSZ and 12 HC) in the resting-state sample, 16 participants (5 PSZ and 11 HC) in the task-based 
sample, and 6 participants (2 PSZ and 4 HC) in the neuromelanin-sensitive MRI sample. 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 1, 2025. ; https://doi.org/10.1101/2025.03.31.25324962doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.31.25324962
http://creativecommons.org/licenses/by-nd/4.0/


33 
 

kAll PSZ in this study were antipsychotic-free, defined as no exposure to oral antipsychotic medication for at least 3 weeks, and no exposure to 
intramuscular antipsychotic medications for at least 6 months, prior to study participation. PSZ were considered to be medication-naïve if they had 
fewer than 2 weeks of cumulative lifetime exposure to antipsychotic medications. 
*Asterisks indicate p < 0.05 (uncorrected), as determined using Mann-Whitney U-tests. 
Abbreviations: PSZ: People with Schizophrenia; HC: Healthy Controls; SD: standard deviation; SES: socioeconomic status; PANSS: Positive and 
Negative Syndrome Scale; CDRS: Calgary Depression Scale for Schizophrenia; AP: Antipsychotic. 
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