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Abstract

Recent genetic, molecular and postmortem studies suggest impaired D2R trafficking in patients 

with schizophrenia (SZ). Imaging and preclinical studies have shown agonist-induced D2R 

internalization can be imaged with positron emission tomography (PET) using dopamine-D2 

receptor (D2R) radiotracers combined with psychostimulant challenge. This is feasible if 

radiotracer binding is measured when post-challenge dopamine (DA) levels have returned to 

baseline, following the initial competition phase between DA and radiotracer for binding to D2R. 

Here we used “late”-phase imaging post-challenge to test the hypothesis that impaired D2R 

internalization in SZ leads to blunted late phase displacement, or a faster return to baseline, in 

patients compared to healthy controls (HC). We imaged 10 patients with SZ and 9 HC with PET 

and [11C]raclopride at baseline and twice (3–5hr and 6–10hr) following 0.5 mg/kg dextro-

amphetamine. We measured binding potential relative to non-displaceable compartment (BPND) 

and derived percent reduction from baseline (ΔBPND) for each post-amphetamine scan. To test the 

hypothesis that time course of return of striatal BPND to baseline differed between SZ and HC, we 

implemented a linear model with ΔBPND as dependent variable, time post-amphetamine as 

repeated measure, and time post-amphetamine and diagnostic group as fixed effects. Neither 

diagnostic group nor interaction of diagnostic group-by-time post-amphetamine significantly 

affected striatal ΔBPND (F=1.38, p=0.26; F=0.51, p=0.61). These results show similar pattern of 

return of BPND to baseline as a function of time in patients with SZ and HC, suggesting striatal 

D2R internalization as measured by our imaging paradigm is normal in patients with SZ.
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Introduction

Multiple imaging studies using positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT) have provided evidence of increased dopamine 

(DA) release in the striatum of patients with schizophrenia (SZ) using dopamine-D2 receptor 

(D2R) radiotracers combined with an amphetamine challenge 1–5. This paradigm measures a 

change in D2R radiotracer binding after amphetamine, or “displacement” of the radiotracer, 

due to competition between DA and the radiotracer for binding to the D2 receptors. 

Competition is measureable when imaging is performed within a certain timeframe after 

amphetamine administration, capturing the peak levels of psychostimulant-induced 

increased DA levels around the synapse. However, D2R radiotracers’ uptake measured at 

later timepoints, when DA levels, as measured with microdialysis, had returned to pre-

challenge levels, were observed to remain well below baseline in rodents 6, 7, cats 8, 

monkeys 9, 10 and humans 4, 11, an observation referred to as “late phase” displacement.

Purely competitive binding models do not account for this “late phase” displacement. 

Laruelle and others proposed that the late phase decrease in binding potential might reflect 

agonist-induced internalization of D2R, with the resultant lowered affinity of radiotracer for 

the internalized receptors 12–14. Support for this mechanism as an explanation of the 

prolonged binding potential decrease came from subsequent in vitro 15–17 and in vivo 6, 18 

studies. Tests of a wide range of D2R radiotracers found on average about a 50% lower 

affinity for internalized D2R compared to cell surface bound receptors 15, 19, 20, a change 

sufficient to explain the “late phase” decrease in binding potential after amphetamine 

challenge 19, 21. Consistent with this idea, a PET study in a mouse model deficient in D2R 

internalization failed to detect the “late phase” effect 6, providing further support that the 

prolonged effect is due to D2R internalization. Thus, based on this converging evidence 

from preclinical studies, “late phase” imaging of D2R radiotracers after a psychostimulant 

challenge can be used to probe the magnitude and timeline of D2R internalization in the 

human brain.

In parallel, recent studies have suggested that intrinsic factors related to D2R trafficking may 

be impaired in schizophrenia 22–25. Animal models of schizophrenia susceptibility genes 

such as dysbindin (DTNBP1) 22, 23, 26 and DISC1 27 have suggested impaired D2R 

trafficking. This impairment can lead to prolonged stimulation by the agonist and explain 

some of the behavioral findings showing that DA agonist exposure produces psychosis at 

higher rates in SZ compared to healthy controls (HC) 1.

Here we used “late phase” imaging post-challenge to test the hypothesis that D2R 

internalization is impaired in schizophrenia. We used PET imaging with [11C]raclopride in 

groups of patients with SZ and matched HC over an extended interval of time following 

amphetamine. We expected that, if D2R internalization is impaired in SZ, patients will show 

faster recovery to baseline binding potential, or smaller magnitude of displacement, 

compared to HC in the later time points after amphetamine (Figure 1A).
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Methods

Study population

This study was approved by the Institutional Review Board of the New York State 

Psychiatric Institute (NYSPI) and Columbia University Medical Center (CUMC). All 

participants provided written informed consent. Consent for patients with SZ additionally 

required (1) presence of a study advocate and (2) determination of capacity by a clinician 

unrelated to the study using the MacArthur Competence Assessment Tool for Clinical 

Research 28. The inclusion criteria for patients with SZ were: age 18–55 years; DSM-IV 

criteria for schizophrenia, schizophreniform or schizoaffective disorder; negative urine 

toxicology; stable as an outpatient and free from antipsychotic medication for at least three 

weeks; and agreeable to begin treatment with antipsychotic medication immediately 

following participation in this study. Patients with schizophrenia were excluded for current 

(last 6 months) diagnosis of substance abuse, or substance dependence (excluding nicotine), 

and any current use of amphetamines, opiates, cocaine, sedative-hypnotics, or cannabis, even 

if these did not meet criteria for abuse or dependence.

Healthy control participants had no current or past DSM-IV Axis I diagnosis, as well as no 

history of, or current, substance use (except for nicotine use in some), and no first-degree 

family history of schizophrenia.

All participants were free of significant medical and neurological illnesses, did not use 

psychotropic medications or substances of abuse (confirmed with urine drug toxicology), 

had no clinically significant brain abnormalities on a T1-weighted MRI scan, and were not 

pregnant or nursing. Groups were matched for age, sex, ethnicity, tobacco use, and parental 

socioeconomic status. Participants were recruited through advertisements, word of mouth, 

and referrals from clinicians and other researchers.

Assessments

A clinical psychologist (N.O.) used the Diagnostic Interview for Genetic Studies (DIGS) 29 

to confirm the diagnosis of schizophrenia or schizoaffective disorder in patients and to 

confirm the absence of psychiatric comorbidity in patients and healthy controls.

All participants completed additional clinical, neuropsychological and cognitive assessments 

in the week prior to their PET scans, including the Hollingshead interview for socio-

economic status (SES) for participants and their parents 30, the Psychotomimetic States 

Inventory (PSI) 31, and Positive and Negative Syndrome Scale (PANSS) 32. The PSI and the 

positive symptom subscale of the PANSS were repeated twice each on the second PET scan 

day, 3–5 and 7 hours after amphetamine administration. All clinical and neurocognitive 

assessments were administered by trained raters with pre-established intra- and inter-rater 

reliability.

PET data acquisition

Participants with schizophrenia were admitted to the inpatient unit of NYSPI the day before 

the first PET scan and stayed at least until the day after amphetamine administration, i.e. a 
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minimum of 3 nights. Each participant underwent three 60-min PET scans with 

[11C]raclopride: a baseline PET scan on one day (first), and then two post-amphetamine 

PET scans the following day, with at least 3 hours between radiotracer injections (Figure 1). 

Since the exact timing of return to baseline in each group could not be predicted, we spread 

the scans at different intervals after amphetamine, with an early (second) and a late (third) 

scan for each of the subjects separated by a few hours, and matched the groups on this 

variable. As a result, the second and third 60-min scans were acquired 3–5 and 6–10 hours, 

respectively, after oral (PO) administration of dextro-amphetamine (0.5 mg/kg). At the start 

of each scan, participants received a bolus injection of [11C]raclopride over 30 seconds. Data 

were acquired in list mode on a Biograph mCT PET-CT scanner (Siemens/CTI, Knoxville 

TN), binned into a sequence of frames of increasing duration and reconstructed by filtered 

back projection using manufacturer-provided software (for detailed methods see 

Supplement).

PET data analysis

PET data were motion corrected and registered to the individual’s T1-weighted MRI scan 

using SPM2 software. Regions of interest (ROIs) were drawn on each subject’s MRI and 

transferred to the coregistered PET data. ROIs included the whole striatum (STR) (a priori) 
and its subregions (exploratory): the associative striatum (AST), including pre-commissural 

dorsal caudate, post-commissural caudate and pre-commissural dorsal putamen, the limbic 

striatum, which comprises the ventral striatum (VST), and the sensorimotor striatum 

(SMST), which comprises the post-commissural putamen 33. The cerebellum was included 

as a reference region.

Time activity curves were formed as the mean activity in each ROI in each frame. Data were 

analyzed using the simplified reference tissue model (SRTM) 34 to determine the binding 

potential relative to the non-displaceable compartment (BPND).

The primary outcome measure was the relative reduction in BPND for [11C]raclopride 

(ΔBPND), reflecting amphetamine-induced radiotracer displacement, calculated according 

to:

ΔBPND =
BPND post‐amphetamine

BPND baseline
× 100 %

MRI data acquisition

MRI studies were performed using a 3.0T GE MR750 system (GE Medical Systems, 

Waukesha WI, USA) and a 32-channel head coil (Nova Medical, Wilmington MA, USA). 

High-resolution T1-weighted images were acquired and used for PET coregistration and 

ROI delineation (see supplemental methods for details of MRI acquisition and analysis).

Statistical analyses

Clinical and demographic measures were compared between groups using t-tests and 

Fisher’s exact tests. To test the hypothesis that the time course of return of BPND to baseline 

following amphetamine differed between SZ and HC, we implemented a linear model with 
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striatal ΔBPND as dependent variable, time post-amphetamine as repeated measure, and time 

post-amphetamine and diagnostic group as fixed effects. Main effects of diagnostic group, 

time post-amphetamine, and the interaction of diagnostic group-by-time post-amphetamine 

were tested at the α = 0.05 significance level. Tests were applied to the whole STR. On an 

exploratory basis, the striatal subregions AST, VST, and SMST were also tested separately.

Results

Schizophrenia and healthy control groups did not significantly differ by sex or age (Table 1). 

Average participant and parental SES scores were lower in SZ than HC.

Average injected radiotracer dose and mass did not significantly differ between baseline and 

post-amphetamine scans or between groups (Table 1). Time post-amphetamine and average 

plasma amphetamine levels at scan times did not differ between groups. (See Supplementary 

Tables 1 and 2 for demographic and PET results stratified by subgroups of participants with 

scans at 3 and 6 hours, 5 and 10 hours, and 3 and 10 hours post-amphetamine).

Measured values of striatal BPND at baseline, early and late post-amphetamine time points 

for each participant are shown in Figure 2. Table 2 shows group averages of BPND for the 

whole striatum and its subregions, at baseline and early and late time points. ΔBPND’s are 

also calculated. Group mean striatal ΔBPND’s for each time range are plotted in Figure 3. 

The linear model for each ROI found no significant effects of diagnostic group (STR: F = 

1.38, p = 0.26; AST: F = 0.93, p = 0.35; VST: F = 4.14, p = 0.07; SMST: F = 1.26, p = 0.27) 

or interaction of diagnostic group by time post-amphetamine (STR: F = 0.51, p = 0.61; AST: 

F = 0.52, p = 0.60; VST: F = 0.09, p = 0.92; SMST: F = 0.78, p = 0.48). There was a 

significant effect of time post-amphetamine on ΔBPND in STR and SMST (STR: F = 3.58, p 

= 0.05; AST: F = 1.55, p = 0.24, VST: F = 2.70, p = 0.12; SMST: F = 9.33, p = 0.002). To 

assess for effects of motion and differences in motion between groups on the outcome 

measure, we examined the parameters generated by SPM software during the realignment 

procedure an indirect indication of motion. We did note that the SPM realignment tool 

applied slightly, but significantly larger corrections to the SCZ group than the HC group 

(e.g., 6.6 ± 5.6 mm average translation across frames in SCZ, 3.3 ± 3.4 mm in HC, p = 

0.01). When average translation was added to the statistical model as a covariate, the main 

results were unchanged qualitatively (no significant effect of group or group by time 

interaction in any brain region). Thus, while we cannot completely rule out the possibility 

that different amounts of motion between groups masked a true group difference in the rate 

of return to baseline, the available data do not indicate that motion affected the test of our 

hypothesis.

Furthermore, post-hoc analysis controlling for nicotine use did not significantly affect the 

results.

Discussion

Dopamine dysfunction in schizophrenia is thought to involve a presynaptic dysregulation 

and an additional D2R-specific dysfunction as evidenced by the supersensitivity to D2R 

stimulation even in the presence of overall low presynaptic dopamine release 35. This 
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supersensitivity of D2R to DA may involve any one of different cellular mechanisms or even 

combinations of those. Here we tested for one potential mechanism that could explain the 

increased sensitivity of D2R to agonist-induced stimulation, which is impaired 

internalization. Testing for impaired internalization in vivo in patients with schizophrenia is 

important because, if confirmed, it would allow the field to better target the impaired 

mechanism itself, opening the door to “new age” therapies that go beyond D2 blockade and 

address more specifically the precise cellular processes that may be altered. This may 

circumvent the type of side effects associated with a more global, or less targeted approach, 

of D2 antagonism. In other words, a better mechanistic understanding would lead to better 

treatment and management for patients.

We previously demonstrated that the late phase decrease in binding potential of 

[11C]raclopride after amphetamine is reflective of D2R internalization 6, 10, 15, 19. We used 

this paradigm to examine differences in magnitude of D2R internalization in the striatum of 

patients with schizophrenia and healthy controls. We found that both groups showed similar 

decreases in BPND during late phase imaging after amphetamine, suggesting that D2R 

trafficking in schizophrenia is not impaired within this extended time frame. Our negative 

findings suggest that aspects of D2R signaling other than internalization may be altered in 

schizophrenia 36. The alleviation of positive symptoms of schizophrenia specifically after 

therapeutic blockade of D2R rather than other dopaminergic receptors suggests that, in 

addition to excess presynaptic release, homeostatic regulation of D2R signaling is likely to 

be compromised. Abnormal regulation of intracellular signaling molecules such as Akt and 

GSK3 downstream from D2R internalization may be at play, or abnormal distribution of 

D2R across the cellular components within the striatal synapse may also play a role 25, 37–40.

The data for the early displacement in this study is consistent with previous work. The 

groups differed, at least numerically, showing a larger displacement in patients compared to 

controls. Patients with schizophrenia also showed larger variability, consistent with previous 

studies. In particular, two patients showed extreme values of roughly 50% displacement at 3 

hours and at 5 hours (see Figure 2). Extreme values have also been observed previously in 

most imaging cohorts examining either amphetamine induced dopamine release 41 or even 

alpha-methyl-para-tyrosine induced depletion paradigm 42. This consistency in patterns with 

prior work provides indirect validation to the results we showed here, and some assurance 

that our conclusions are supported by the data despite the small sample and the limitations 

we describe below.

Limitations

Our imaging paradigm was limited in terms of the optimal time window as we had to restrict 

imaging to 2 days and 3 scans per subject to minimize experimental burden on the subjects, 

in addition to avoiding nighttime scanning for feasibility issues, such as availability of 

radiochemistry and access to scanning facilities, as well as personnel. It is possible that the 

divergence between groups may have occurred later than the latest point we obtained at 10 

hours, such as 24 hours. Imaging 24 hours after amphetamine may have provided additional 

confidence in our conclusions of no group differences. However, even though data in 

nonhuman primates 9 showed measureable displacement at 24 hours, the data in humans 11 
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failed to detect a significant displacement in healthy volunteers at 24 hours, which means 

that testing patients for no displacement compared to controls at 24 hours would not have 

yielded a measureable difference between groups. Nevertheless, a later time point than what 

we obtained may have been beneficial, especially in light of the fact that oral amphetamine 

may have had delayed effect on dopamine compared to intravenous (IV) amphetamine. The 

plasma concentration of amphetamine peaks approximately 3 to 4 hours after PO 

administration 43–45, while plasma levels measured 20 minutes after IV administration are 

already declining (20 min concentration ≈ 80% of 10 minute concentration) 46. A delay in 

peak amphetamine levels may lead to delayed dopamine release and remaining elevations of 

dopamine around the synapse that could explain persistent displacement at the later time-

point. However, the data from the Toronto group 11 showed no displacement at 24 hours in 

healthy research participants using PO amphetamine. Overall, we think it is unlikely that our 

conclusion would have differed with a later imaging time-point since the graphs of the 

change over time do not suggest any trend in this direction.

Second, it is possible that a larger cohort may have led to increased confidence that we did 

not fail to detect a small effect. Mitigating against this possibility however, is the fact that 

the observed sample mean of late phase displacement (compared to baseline) was 

numerically greater in SCZ than HC.

It is also possible that our group of patients with schizophrenia failed to include, or was 

heterogeneous in, the subset of these patients who may have D2R internalization 

impairments. For example, if internalization is only impaired in those individuals with 

decreased dysbindin expression, genetic profiles of this sample may be useful in identifying 

a subset of individuals with the ‘Bray haplotype’ – as this is the only genetic marker in the 

dysbindin gene that has so far been associated with decreased dysbindin expression 47. 

Nevertheless our results suggest that impaired internalization is not an overall characteristic 

of SZ in general, and should be tested for in subsets with a specific genetic profile in future 

studies.

Better methods with higher temporal and cellular resolution may be needed to provide more 

definitive information in this regard. For example, examining trafficking-related parameters 

in dopaminergic neurons from cell lines obtained from patients with extreme levels of 

amphetamine-induced displacements compared to controls may be a more productive 

approach. This might be accomplished through a combination of in vivo imaging with 

induced pluripotent stem cell (IPSC) research in the same subjects in order to compare the 

cellular phenotype with the observed imaging results, and derive a mechanistic 

understanding of the PET signal. Such an approach combines the advantages of insights 

from in vivo imaging with the cellular resolution of in vitro examinations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hypothesis and PET study design for imaging the effect of D2R internalization on the 
reduction of D2R radiotracer binding by psychostimulant challenge
Upper panel (A): Hypothesis: If D2R internalization is impaired in SZ, this group will 

show blunted late phase (>4 hr) displacement compared to HC. Lower panel (B): Timeline 

and study design for PET imaging with [11C]raclopride. Participants were scanned three 

times: at baseline conditions and at 3, 5–7 or 8–10 hours after oral administration of D-

amphetamine 0.5 mg/kg (long arrow). The D2R radiotracer [11C]raclopride was 

administered as a bolus over 30 sec (short arrow) and emission data was collected for 60 min 

(gray lines).
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Figure 2. Individual striatal binding potentials of [11C]raclopride at baseline and two post-
amphetamine time points
Whole striatum [11C]raclopride binding potential (BPND) plotted at baseline and two post-

amphetamine time points for 10 participants with schizophrenia (SZ, blue filled squares) and 

9 healthy controls (HC, red open circles). Baseline scans were acquired 1 day before 

(Day-1) amphetamine administration and post-amphetamine scans. Linear model showed 

that time post-amphetamine significantly affected ΔBPND (F = 3.58, p = 0.05), but there 

were no significant effects of diagnostic group (F = 1.38, p = 0.26) or diagnostic group by 

time post-amphetamine interaction (F = 0.51, p = 0.61) on ΔBPND, suggesting that the 

groups did not differ in rate of D2R return to baseline.
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Figure 3. Average striatal [11C]raclopride displacement (ΔBPND) after amphetamine
Average percent change from baseline of [11C]raclopride binding potential (ΔBPND) in 

whole striatum in three post-amphetamine time ranges for participants with schizophrenia 

(SZ, blue) and healthy controls (HC, red). Error bars represent standard deviations from 

mean.
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