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Abstract 

 Blockade of D2 dopamine receptors (D2R) is a fundamental property of antipsychotics 

and the degree of striatal D2R occupancy has been related to antipsychotic and motor effects of 

these drugs.  Recent studies suggest the D2R occupancy of antipsychotics may differ in 

extrastriatal regions compared to the dorsal striatum.  We studied this issue in macaque monkeys 

using a within-subjects design.  [18F]-fallypride PET scans were obtained on four different doses 

of risperidone and paliperidone (the 9-OH metabolite of risperidone) and compared to multiple 

off-drug scans in each animal.  The half-life of the two drugs in these monkeys was determined 

to be between 3-4 hours and drug was administered by a constant infusion through an intragastric 

catheter.  The D2R occupancy of antipsychotic was determined in the caudate, putamen, ventral 

striatum and four prefrontal and temporal cortical regions and related to serum and CSF drug 

levels.  Repeated two week treatment with risperidone or paliperidone did not produce lasting 

changes in D2R binding potential in any region examined.  As expected, D2R binding potential 

was highest in the caudate and putamen and was about one third this level in the ventral striatum 

and 2% of this level in the cortical regions.  We found dose dependent D2R occupancy for both 

risperidone and paliperidone in both basal ganglia and cortical ROIs.  We could not find 

evidence of regional variation in D2R occupancy of either drug.  Comparison of D2R occupancy 

and serum drug levels supports a target of 40-80 ng/ml active drug for these two atypical 

antipsychotics.   
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Introduction 

 Antagonism of D2 family dopamine receptors (D2R) is an essential component of the 

pharmacology of antipsychotic drugs (Seeman et al., 1975).  The relationship between D2R 

binding and antipsychotic action has been characterized in PET studies of patients treated with 

antipsychotics (Farde et al., 1992;Nordström et al., 1993;Kapur et al., 1996;Kapur et al., 2000).  

These studies examined D2R binding potential in the dorsal striatum of patients treated with 

antipsychotics and compared this to D2R binding potential in normal controls or patients off 

medication to determine the degree of D2R occupancy of the studied antipsychotic.  Clinical 

response and the presence of extrapyramidal side effects were correlated with the degree of 

occupancy of brain D2R as measured in the dorsal striatum.  A threshold of 60 to 65% D2R 

occupancy in dorsal striatum for antipsychotic effect and a threshold of 80% D2R occupancy for 

extrapyramidal side effects were reported.   

 The association between the Parkinsonian side effects of antipsychotics and their 

blockade of D2R in the dorsal striatum is consonant with the known function of dopamine in the 

dorsal striatum in motor control (Graybiel et al., 1994).  Moreover, the caudate nucleus is a 

component of the circuitry involved in cognitive processes (Haber, 2003) and altered dopamine 

neurotransmission has been observed in the basal ganglia of schizophrenia patients (Laruelle et 

al., 1996).  However, other brain regions are also plausible sites of schizophrenic pathology and 

antipsychotic therapeutic action.  The ventral striatum, including the nucleus accumbens, is part 

of the neural circuitry of reward and motivation, which is impaired in schizophrenia (Gold et al., 

2008).  In addition, cortical brain regions are thought to play a role in schizophrenia, in particular 

prefrontal cortex (PFC) (Weinberger et al., 1986;Goldman-Rakic, 1999;Lewis et al., 1999;Abi-

Dargham et al., 2002).  The dorsolateral PFC (dlPFC) plays a critical role in higher cognitive 
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processes, including working memory, that are disordered in schizophrenia (Abi-Dargham et al., 

2002).  The medial PFC (mPFC) and orbital PFC (oPFC) are also part of the circuitry involved in 

motivation and dysfunction in these brain regions has been related to both decreased motivation 

and apathy as well as disinhibition of behavioral responses (Peters et al., 2006).  Given the 

evidence for involvement of the ventral striatum (Lauer et al., 2001;Crespo-Facorro et al., 2001) 

and PFC (Weinberger et al., 1986;Selemon et al., 1995;Lewis et al., 1999) in schizophrenia, a 

better understanding of antipsychotic binding in these brain regions is needed.   

 With the development of new tracers and PET technology it has become possible to study 

extrastriatal D2R occupancy.  Most of these studies of extrastriatal D2R occupancy have 

compared temporal cortex to dorsal striatum.  These studies have suggested that there may be 

regional variation in D2R occupancy, at least with some antipsychotics (Kessler et al., 2006;Agid 

et al., 2007).  While studies in human patients allow for correlation of D2R occupancy with 

clinical symptoms, a significant limitation of these studies is they typically only examine one 

dose of antipsychotic in each patient and on-drug scans are compared to off-drug scans from a 

separate group of patients or normal controls.  In order to address these limitations, we undertook 

a study of D2R occupancy by the antipsychotics, risperidone and paliperidone, in non-human 

primates.  These are two, separate, second generation antipsychotics and paliperidone is the 9-

OH metabolite of risperidone.  Each animal received four doses of each drug and D2R 

occupancy was calculated using multiple off-drug scans from each animal in both basal ganglia 

and prefrontal ROIs to test the hypothesis that the D2R occupancy of risperidone and 

paliperidone shows regional variation.    
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Methods 

 A total of five male rhesus monkeys (Macaca mulata) ranging in age from 4.2 to 6.3 

years were selected for this study.  All animals were individually housed with ad libitum access 

to food and water, except for being held NPO prior to procedures.  Diet was supplemented with a 

variety of food treats.  All procedures and animal care were performed according to the National 

Institutes for Health Guide for the Care and Use of Laboratory Animals and were approved by 

the Institutional Animal Care and Use Committee of Emory University.   

 For this study we used risperidone and paliperidone, both provided by Ortho-McNeil 

Janssen.  Risperidone has a molecular weight of 410.485 and binds to D2/3 receptors with an 

apparent affinity of 3.13 nM, or 1.28 ng/ml (Leysen et al., 1988).  Paliperidone is the 9-OH 

metabolite of risperidone.  It has a molecular weight of 426.484 and binds to D2/3 receptors with 

an apparent affinity of 4.0 nM, or 1.7 ng/ml (Schotte et al., 1996).   

 

Pharmacokinetic Study  

 In order to determine the half-life of risperidone and paliperidone in non-human primates, 

a pharmacokinetic study was initially performed.  Each animal was sedated with Telazol (3-5 

mg/kg) and then a 1mg dose of either risperidone or paliperidone was administered IV (animal 

weight averaged 9.18 kg with a range of 8.25-10.2 kg).  Blood was then drawn at the following 

times after drug administration:  2, 10 and 30 minutes and 1, 2, 4, 8 and 24 hours (all blood 

draws were done under Telazol sedation).  After a 2 week washout period, the process was 

repeated in each animal with the second study drug.  The order in which the two drugs were 

given was randomized for each animal.  In each serum sample, the concentrations of risperidone 

and paliperidone were determined.   
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Chronic Treatment Study 

 After a minimum of 2 weeks washout from the second pharmacokinetic study, each 

animal received a structural MRI scan using a 3 tesla magnet (Siemens Trio).  In addition a 

baseline [18F] fallypride PET scan was performed.  The animals then underwent surgery to place 

a gastrostomy tube that was tunneled subcutaneously to a pocket on the animals back where it 

was connected to an Alzet osmotic pump (for details of the surgical procedure see Strait et al., 

2010).  Initially the tube was connected to a two week pump (2ML2) containing study drug.  

After 12 days of treatment, the animal underwent an on-drug PET scan.  At the time of the on-

drug PET scan, each animal had blood and CSF collected for drug level determination.  2 days 

later the animal was sedated with Telazol (4 mg/kg, IM) and the pump was changed for a four 

week pump (2ML4) containing saline.  After 26 days washout, the animal underwent an off-drug 

PET scan and 2 days later the pump was changed for a 2 week pump with a different dose of 

drug.  This was repeated until all animals received all four doses of each study drug.  The 

treatment order is shown in Figure 1.  The choice of drug dose was made in consultation with the 

manufacturer.  The following doses (mg/kg/day) of drug were used for this study: RIS1- 0.025, 

RIS2- 0.05, RIS3- 0.1, RIS4- 0.3, PAL1- 0.05, PAL2- 0.1, PAL3- 0.2, PAL4- 0.6.   

 

Drug Assay 

 Two different drug assays were used in study.  For the pharmacokinetic experiment, drug 

levels were determined using HPLC as described previously (Price and Hoffman, 1997).  A six 

point standard curve was employed with concentration from 0.5 ng/ml to 100 ng/ml of 

risperidone and paliperidone.  Two levels of quality control were included in each run with target 
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concentrations of 7.5 and 30 ng/ml of risperidone and its metabolite.  The method has a limit of 

quantitation of 0.25 ng/ml for the two compounds of interest and recoveries of both compounds 

averaged >98% over the entire analytical range (0.25 to 100 ng/ml).  The overall imprecision 

averages 9.5% at 7.5 ng/ml and 5.6% at 30 ng/ml (n=20).  For the chronic treatment experiment, 

the concentration of risperidone and paliperidone  was determined by liquid chromatography-

tandem mass spectrometry (Remmerie et al., 2003).  The following transitions were monitored:  

risperidone (411.1>190.9), paliperidone (427.0>206.9) and the internal standard, d3, 
13C2-

risperidone (415.5>192.9).  Secondary ions were also monitored to enhance specificity.  An eight 

point standard curve with two levels of quality control was processed in each run.  The method is 

linear from 0.2 to 2000 ng/ml and exhibits no matrix effects.  Absolute recoveries ranged from 

80% to 122% at 46 ng/mL and inter-assay imprecisions ranged from 4 to 10% at levels of 5, 50 

and 350 ng/mL for all compounds.   

 

PET Scan Acquisition 

 Quantitative brain images were acquired using a MicroPET Focus 220 scanner system 

(Siemens Medical Systems, Knoxville, TN) located at the Yerkes Imaging Center.  All PET 

imaging procedures occurred at the same time of day (11:00-14:30) to control for any diurnal 

effects.  Following induction of anesthesia with 1-2% isoflurane, an IV catheter was placed, the 

animals were positioned with the head immobilized, and fitted with an oximeter, a rectal 

thermistor, and a blood pressure/heart rate monitor.  Initially, a transmission scan was obtained 

with a 57Co source.  The resulting 57Co images were segmented into tissue (water), bone and air, 

and substitution was made for appropriate 511 keV attenuation coefficients.  These data were 

then foreprojected and used to correct the emission data for attenuation.  Subsequently, [18F]-
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fallypride was infused IV over 1 min, and emission data were collected in list mode for a period 

of 120 min after injection and then binned into a histogram of 21 frames ranging from 1 to 10 

minutes in duration (5:60, 5:180, 2:300, 9:600; frames:seconds).  Emission data were corrected 

for scatter, deadtime, and attenuation and then reconstructed into images using the manufacturer 

supplied 3D “FastMAP” algorithm. 

 

PET Image Analysis 

 PET data were co-registered to each individual subject’s MRI by minimizing mutual 

information with the Powell iterative method and six regions of interest (ROI) were identified 

(Fig. 2).  ROIs were manually traced for each monkey in coronal views using custom software 

written in the IDL language (ITT Visual Information Solutions, Boulder, CO).  The pre-

commissural basal ganglia were divided into the caudate, putamen and ventral striatum.  In 

addition, four different cortical regions were identified, three prefrontal and one temporal.  The 

dorsolateral prefrontal cortex region (dlPFC) focused on areas 9 and 46 with some area 10 

(Paxinos et al., 2000) in the rostral portion of the ROI.  The rostral border was set as 4mm behind 

the tip of the rostral pole, the caudal border was 4mm rostral to the tip of the superior limb of the 

arcuate sulcus, the medial border was defined as the grey white junction of the dorsal convexity 

extended horizontally to the midline and the lateral border was the grey white border of the 

ventral bank of the principal sulcus extended in a straight line laterally to the edge of the brain.  

The orbital region (oPFC) included areas 11 and 13 with a rostral border of 6 mm behind the 

rostral pole, a caudal border at the level of the tip of the lateral ventricles, and with the medial 

and lateral borders defined by lines from the medial and lateral edge of ventral white mater 

extended ventrally to the edge of the brain.  The medial region (mPFC) focused on areas 32 and 
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24 rostral to the genu of the corpus callosum with a dorsal border of the cingulate sulcus 

extended laterally to the white matter, a ventral border set at half the distance between the 

cingulate sulcus and the ventral tip of the frontal lobe and rostral and caudal borders at 8 mm 

rostral to, and the first section with, the corpus callosum respectively.  A temporal cortex ROI 

was defined as temporal cortex from the lip of the lateral fissure to the lip of the rhinal fissure, 

from the level of the back of the anterior commissure caudally to the end of the amygdala.  In 

addition, a cerebellum ROI was identified as a reference region for nonspecific [18F] fallypride 

binding due to the relative absence of D2R binding sites.   

Regions were transferred to the PET data and quantitative (nCi/ml) time activity curves 

were generated.  Regional measures of D2R Distribution Volume Ratio (DVR) were determined 

using the method of Logan (Logan et al., 1996).  In all cases, the cerebellum was used as the 

reference region.  The analysis assumes that the reference region has negligible specific D2R 

binding and that the equilibrium measure of fallypride is the same as in the ROIs and in this case 

the DVR is related to the binding potential (BPND) as: DVR=1+BPND.  Hence, values reported 

are the slope of the Logan-plot minus 1.  We first determined if there were significant differences 

between the left and right side of the brain for our ROIs.  We calculated a laterality z statistic 

(left-right/sqrt(error of left Logan slope2 + error of right Logan slope2)).  For each animal we 

took the average of this z statistic across the off drug scans and then performed a one sample t-

test for each ROI of the values in the five animals.  For all seven ROIs, the value was not 

significantly different from 0 (p>0.05) and for subsequent analyses the volume weighted average 

of the left and right BP for each ROI was used.  To confirm that D2R binding in cortical regions 

was significant, t-tests were performed to test if the value is significantly different from 0.  Each 

animal had a total of eight off-drug scans and eight on-drug scans.  The percent occupancy of 
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D2R in each brain region for a particular drug and dose and ROI was calculated as 

D2Rocc(drug,dose) = 100x(BPND (off-drug) – BPND (on-drug))/BPND (off-drug).  For BPND (off-drug) the average 

of eight off-drug scans was used.   

 

Statistical Analyses 

 Half life for each drug was calculated by plotting drug concentration as a function of time 

and fitting an exponential curve to the data.  From this curve the tau constant was derived and the 

T1/2 calculated as the natural log of one half divided by tau.  For two animals, the raw 

paliperidone data could not be fit due to a lost sample.  Therefore, prior to curve fitting the data 

were smoothed using the formula ValueXcor = 0.7*ValueX + 0.3*ValueX-1.  For each drug, the 

half life was then taken as the mean of values across all five animals and reported as mean +/- 

standard error, and these values compared using a paired t-test. 

 PET data were analyzed using one- and two-way repeated measures ANOVA with 

factors of ROI and ROI and drug dose respectively.  Post-hoc testing for significant effects was 

performed using Tukey tests.  For off-drug PET scans, outliers were sought using the Grubbs 

Outlier analysis; however, no outliers were detected.   
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Results 

 An initial pharmacokinetic study was undertaken in all five animals in order to determine 

the half life of each drug in rhesus monkeys.  Serum was collected from 2 minutes to 24 hours 

after IV injection of 1mg of each drug.  As expected risperidone-treated animals showed high 

levels of risperidone in their serum which decayed rapidly and a delayed peak of the 9-OH 

metabolite, paliperidone, followed by a decay.  In paliperidone-treated animals, only 

paliperidone was detected at each time point, confirming that no back metabolism of 

paliperidone occurred.  The half life of risperidone was found to be 3.03 +/- 0.39 hours and that 

of paliperidone was found to be 3.75 +/- 1.04 hours; these values did not differ significantly 

(t=0.566; p=0.59).  These results confirm that at the time we obtained on-drug PET scans on our 

animals, the drug levels would have long since reached equilibrium (~88 half lives) and at the 

time we obtained off-drug PET scans, the drug levels would be negligible (~180 half lives).   

 

Blood and CSF Levels of Drug 

 Chronic treatment with the four doses of both risperidone and paliperidone resulted in 

dose-dependent increases in serum drug levels (Fig. 3).  In samples drawn after treatment with 

risperidone, both the parent drug and the 9-OH metabolite were detected.  The concentration of 

risperidone and its metabolite paliperidone were highly correlated (r=0.861, p<0.0001).  

Intriguingly, in these chronic risperidone-treated animals, paliperidone was the predominant 

form of drug found in the serum (Fig. 3A).  In samples taken after treatment with paliperidone, 

only paliperidone was observed (Fig. 3B).  There were similar dose-dependent increases in drug 

levels in the CSF (Fig. 4).  In particular, paliperidone was observed in the CSF of animals treated 

with both risperidone (Fig. 4A) and paliperidone (Fig. 4B).  Unexpectedly, samples from 
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risperidone-treated animals did not show measurable risperidone in the CSF (Fig. 4A).  

Risperidone levels were undetectable in all samples of the first three doses, and only one sample 

at the highest dose of risperidone showed detectable risperidone.  In paliperidone -treated 

animals, the levels of paliperidone in the CSF were strongly correlated with serum levels of drug 

(r=0.983, p<0.0001).  In risperidone-treated animals, the levels of paliperidone in the CSF were 

strongly correlated with serum levels of risperidone (r=0.75, p<0.0001) and paliperidone 

(r=0.885, p<0.0001).  These results confirm that our drug treatment resulted in effective levels of 

drug in the serum and CSF at the time of our PET scans.   

 

Baseline Regional D2R Binding Potential 

 Each animal received eight off-drug PET scans (Fig 5) comprised of an initial baseline 

scan and seven subsequent scans following drug washouts.  Repeated antipsychotic treatment did 

not significantly alter off-drug D2R BPND in any of the ROIs examined (tested by one-way 

repeated measures ANOVAs, p>0.05 for all ROIs, corrected for multiple comparisons).  We 

determined the mean off-drug D2R BPND for each brain region (Table 1).  As expected, the 

highest level of D2R BPND was in the dorsal striatal regions, the caudate and putamen.  The 

ventral striatum had levels of D2R about one third those of the dorsal striatum.  Levels in the 

four cortical regions, the dorsolateral (dlPFC), orbital (oPFC) and medial prefrontal cortex 

(mPFC) and the lateral temporal cortex (TCtx), were markedly lower than the three basal ganglia 

regions with binding potentials approximately 2% of that seen in the dorsal striatum.  

Nevertheless, signal above that in the cerebellum was consistently seen in these cortical regions 

and was significantly above cerebellum values for all four (dlPFC t=22.076, p<0.0001; oPFC 

t=24.502, t<0.0001; mPFC t=21.695, p<0.0001; TCtx t=28.316, p<0.0001).   
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D2R Occupancy of Risperidone and Paliperidone 

 We next determined the degree to which our antipsychotic study drugs occupied central 

D2R at various doses.  We examined D2R occupancy in seven ROIs, three basal ganglia regions: 

caudate, putamen and ventral striatum, and four cortical regions: dlPFC, mPFC, oPFC and TCtx.  

As expected, in the basal ganglia we saw dose-dependent D2R binding of both risperidone and 

paliperidone in each of the three ROIs (Fig. 6).  We tested this observation using 1-way repeated 

measures ANOVA of the average D2R occupancy across the three basal ganglia regions for each 

drug treatment separately.  We found significant main effects of dose for both risperidone 

treatment (F(3,12)=92.129, p<0.001) and paliperidone treatment (F(3,12)=23.977, p<0.001).   

 The combination of the high-resolution microPET scanner and the [18F]-fallypride tracer 

allowed us to reproducibly measure D2R BPND in cortical regions.  Dose dependent binding of 

antipsychotic medication to cortical D2R is generally assumed but has not previously been 

demonstrated.  Accordingly, we examined these ROIs to determine if we could observe dose 

dependent D2R occupancy of risperidone and paliperidone in the neocortex.  As might be 

expected from the low D2R BP in the cortex, there was greater variability in the drug occupancy 

measures in the cortical regions compared to the basal ganglia regions; however, we did observe 

dose dependent increases in cortical D2R occupancy for both risperidone and paliperidone (Fig. 

7).  As for the subcortical regions, we tested this observation using 1-way repeated measures 

ANOVA of the average D2R occupancy across the four cortical regions for each drug treatment 

separately.  We found a significant main effect of dose for risperidone treatment (F(3,12)=8.251, 

p=0.003) and a strong trend toward a dose effect for paliperidone treatment (F(3,12)=3.309, 

p=0.057).   
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 Finally, the dataset obtained in this study allows us to compare serum drug levels to D2R 

occupancy and relate this to thresholds for antipsychotic efficacy and extrapyramidal side effects 

suggested by previous research in the dorsal striatum of patients with schizophrenia (Farde et al., 

1992;Nordström et al., 1993;Kapur et al., 2000;Nord and Farde, 2011).  In order to better 

compare our data with these studies in patients, for each PET scan we averaged the occupancy in 

caudate and putamen to give a value for the dorsal striatum and plotted this value compared to 

active drug concentration, the sum of risperidone and 9-hydroxyrisperidone, in serum (Fig. 8A) 

and CSF (Fig. 8B).  We found that for risperidone treatment, D2R occupancy of 60-80% was 

obtained with serum drug concentrations of 60-80 ng/ml; for paliperidone treatment, serum drug 

concentrations of 45-80 ng/ml and gave D2R occupancy in this window.  For both drugs, the 

CSF active drug level associated with D2R occupancy of 60-80% was 1-2.5 ng/ml.  Note that the 

affinity of paliperidone for D2R has been reported to be 4.0 nM (Schotte et al., 1996) which 

corresponds to a concentration of 1.7 ng/ml.  This is similar to what our graph indicates to be the 

concentration at which 50% D2R occupancy is achieved (Fig. 8B).   
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Discussion 

This study provides the first information on antipsychotic occupancy in striatal and 

extrastriatal brain regions using a within-subject design.  We used non-human primates to 

facilitate multiple doses of different antipsychotics, repeated PET scans and CSF sampling.  The 

applicability of a non-human primate model to understanding human drug treatment is supported 

by several lines of evidence.  First, the rhesus monkey brain has greater homology to human 

brain than other animal models, especially in PFC (Preuss, 2007).  The half-lives of risperidone 

in our monkeys were similar to in humans with the extensive metabolizer cytochrome P450 

phenotype (Huang et al., 1993), consistent with an apparent lack of poor metabolizer phenotype 

monkeys (Wu et al., 1993).  In humans (Spina et al., 2001), as in our monkeys, chronic 

risperidone treatment results in higher levels of the metabolite paliperidone than of the parent 

compound.  Finally, the relationship between drug concentration and striatal D2R occupancy we 

find is strikingly similar to that in risperidone treated humans (Uchida et al., 2011).  While using 

monkeys we cannot address any effect of illness on regional D2R BP or antipsychotic 

occupancy, this possibility remains an open question as the bulk of human studies have used 

baseline D2R binding levels obtained from normal controls.   

The drugs examined here, risperidone and paliperidone, are closely related with 

paliperidone being the 9-OH metabolite of risperidone.  Both gave 70-80% occupancy in caudate 

and putamen at the highest dose, despite paliperidone being administered at twice the mg/kg 

dose of risperidone.  Both drugs are substrates for P-glycoprotein, a transporter that limits brain 

penetration of a variety or drugs.  risperidone inhibits P-glycoprotein transport while 

paliperidone is much less potent (Zhu et al., 2007), suggesting risperidone treatment could inhibit 

P-glycoprotein allowing higher brain levels of paliperidone than would otherwise be expected.  
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However, we observed higher CSF paliperidone levels in paliperidone-treated animals than 

risperidone-treated animals, suggesting that CSF levels do not accurately represent the 

concentration of drug at brain receptors.   

Using [18F] fallypride we were able to examine regional D2R binding.  We found that 

D2R binding in ventral striatum is one third that of dorsal striatum, consistent with previous 

reports in human using PET (Okubo et al., 1999;Kessler et al., 2009) and postmortem epidepride 

binding (Joyce et al., 1991;Hall et al., 1996).  Intriguingly, an in situ hybridization study in 

human found higher levels of D2 mRNA in ventral striatum than dorsal striatum (Meador-

Woodruff et al., 1996) suggesting less D2 message translation in the ventral striatum.  Similarly, 

our finding that D2R binding in monkey cortex is approximately 2% of that in dorsal striatum is 

consistent with previous PET studies in human prefrontal or temporal cortex (Kessler et al., 

2009) or monkey frontal cortex (Mukherjee et al., 2001), and human epidepride binding 

postmortem studies (Joyce et al., 1991); though values from 12% (Okubo et al., 1999) to 0.2% 

(Hall et al., 1996) have been reported.  The general agreement between our data and previous 

PET and post mortem drug binding studies gives us confidence that the D2R binding we 

observed, while low in cortex, is an accurate reflection of D2R distribution and that the monkey 

is a useful model for studies of antipsychotic drugs.   

Animal studies have found that treatment with antipsychotic drugs increase D2R binding 

(Florijn et al., 1997;Joyce, 2001) and mRNA expression (Bernard et al., 1991;Fishburn et al., 

1994;Lidow and Goldman-Rakic, 1997).  Similarly, patients treated chronically with 

antipsychotics show increased D2R binding potential using [11C] raclopride PET scanning when 

compared to a different group of drug naïve patients (Silvestri et al., 2000).  We found no 

upregulation of [18F] fallypride signal from repeated treatments with risperidone or paliperidone 
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in any ROI examined.  While the effect on D2 receptors may depend on the antipsychotic used 

(Florijn et al., 1997;Sakai et al., 2001), risperidone has previously been shown to upregulate D2 

mRNA in monkey cortex and striatum (Lidow and Goldman-Rakic, 1997).  The effect on D2 

mRNA expression can occur in as little as 7 days (Bernard et al., 1991).  One possible reason for 

the discrepancy between our results and previous reports is that most studies examine D2R levels 

3 days or less after the last dose of antipsychotic, while our off-drug scans were 26 days after the 

end of treatment.  Thus reported antipsychotic induced changes in D2R levels may be reversible, 

supporting the use postmortem studies of patients off drug for defined periods of time as a means 

to evaluate neuropathological features of schizophrenia.  However, while we saw no significant 

effect of repeated 2 week antipsychotic treatments, it is possible that longer treatment periods 

might induce persistent changes in D2R levels (Joyce, 2001).   

Earlier studies of D2R occupancy by antipsychotic drugs have led to the hypothesis of a 

threshold for antipsychotic effect of 60-70% occupancy in the dorsal striatum, while 

extrapyramidal side effects were associated with occupancy of 80% or higher (Farde et al., 

1992;Nordström et al., 1993;Kapur et al., 2000;Nord and Farde, 2011).  We cannot compare 

occupancy to clinical effect in our monkeys; however, the relationship between serum drug 

concentration and striatal D2R occupancy we found in monkeys is similar to that reported in a 

review of human risperidone studies (Uchida et al., 2011).  Based on our data, we would predict 

that serum drug levels from 45 to 60 and up to 80 ng/ml would give D2R occupancy in the 

desired therapeutic window of 60-80%.  These results are consistent with a human PET study 

(Xiberas et al., 2001) and a clinical study of risperidone-treated patients showing a plasma drug 

level of 65 resulted in significant improvement in psychotic symptoms (Riedel et al., 2005).   
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The central finding of this study is the demonstration of dose dependent D2R occupancy 

across various cortical and basal ganglia ROIs for two atypical antipsychotics using a within-

subjects design.  Dose dependent binding in the basal ganglia was similar for the two drugs and 

consistent with previous studies of human patients individually treated with various doses of 

atypical antipsychotics.  Dose dependent binding of antipsychotics to cortical D2R has been 

generally assumed, but not previously demonstrated.  The occupancy values we found in the 

cortical regions were similar to the range seen in the basal ganglia ROIs, though they tended to 

be somewhat lower, especially at higher doses.  There was substantially more variability in our 

determination of D2R occupancy in cortical ROIs, probably related to the fifty fold lower D2R 

binding potential in the cortex compared to the dorsal striatum.  This may have made it difficult 

to measure higher occupancies in the cortex.  When the lowest doses of the two drugs are 

examined, cortical and basal ganglia D2R occupancy was similar for both drugs.   

This study adds to a growing literature on the binding of antipsychotics to extrastriatal 

D2R.  Patients treated with haloperidol or unspecified typical antipsychotics showed no 

significant difference between binding in temporal cortex and dorsal striatum (Pilowsky et al., 

1997;Xiberas et al., 2001;Talvik et al., 2001;Kessler et al., 2005).  Generally higher D2R binding 

in temporal cortex than in dorsal striatum has been reported for atypical antipsychotics including: 

clozapine (Pilowsky et al., 1997;Kessler et al., 2006), risperidone (Xiberas et al., 2001;Bressan et 

al., 2003), quetiapine (Stephenson et al., 2000;Kessler et al., 2006), ziprasidone (Vernaleken et 

al., 2008) and olanzapine (Bigliani et al., 2000;Xiberas et al., 2001).  However, this has been 

contradicted by some studies of clozapine (Talvik et al., 2001), risperidone (Ito et al., 2009), 

paliperidone (Arakawa et al., 2008), olanzapine (Kessler et al., 2005), aripiprazole (Kegeles et 

al., 2008) and olanzapine or risperidone (Agid et al., 2007).  Comparisons between the dorsal and 
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ventral striatum have been reported less frequently, but no significant difference has been found 

(Kessler et al., 2005;Kessler et al., 2006;Kegeles et al., 2008).  Furthermore, a single dose study 

in normal controls of risperidone or olanzapine found no significant difference in D2R 

occupancy in the dorsal striatum and thalamus for either drug, though the study used different 

scans with different tracers to evaluate striatal and thalamic occupancy (Tauscher et al., 2002).  

Finally a study of risperidone D2R occupancy in the amygdala, hippocampus, temporal and 

cingulate cortex found no significant regional differences and reported that drug levels 

corresponding to 70-80% D2R occupancy in these extrastriatal areas was similar to that 

previously reported for the striatum (Yasuno et al., 2001).  A limitation of most of these studies 

is the use of single on-drug scans in patients with calculation of drug occupancy based on off-

drug scans in a different cohort of healthy controls and/or patients.  Indeed, the few studies 

which used the subject’s own off-drug scans to calculate D2R occupancy have, with one 

exception (Mukherjee et al., 2001), not supported regional differences antipsychotic drug binding 

(Talvik et al., 2001;Yasuno et al., 2001;Tauscher et al., 2002;Kessler et al., 2005;Kegeles et al., 

2008;Ito et al., 2009).  The results presented here are consistent with the majority of these 

within-subjects studies, that atypical antipsychotics do not show preferential D2R occupancy in 

limbic or cortical brain regions.    
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Legends for Figures 

Figure 1.  A schematic of the study time line.  The time in weeks is shown below the timeline.  

The timing of the two pharmacokinetic studies is indicated by the triangles PK1 and PK2.  The 

drug dosing periods are indicated by rectangles labeled R or P for risperidone and paliperidone 

treatment respectively.  The number following the letter R or P indicates the dose of drug 

administered (e.g. R1 indicates the lowest dose of risperidone, 0.025 mg/kg/day).  The ‘#’ 

symbol indicates when each animal received an MRI and baseline PET scan.  The down arrow 

symbol indicates when each animal underwent gastric catheter surgery and drug pump 

placement.  The ‘@’ symbol indicates when each animal underwent blood and CSF collection 

and an on-drug PET scan followed by replacement of drug pump for a saline pump.  The ‘&’ 

symbol indicates when each animal underwent an off-drug PET scan followed by replacement of 

saline pump for a drug pump.  The ‘%’ symbol indicates when each animal underwent blood and 

CSF collection and an on-drug PET scan followed by sacrifice.   

 

Figure 2.  The location of ROIs for basal ganglia and the cortical regions are indicated in gray on 

line drawings of representative brain sections.   

 

Figure 3.  Dose-dependent increases in serum drug concentrations are seen after treatment with 

risperidone (A) or paliperidone (B).  Following risperidone treatment both risperidone and 

paliperidone are found in serum samples.  Following paliperidone treatment only paliperidone is 

found in serum.   
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Figure 4.  Dose-dependent increases in CSF drug concentrations are seen after treatment with 

risperidone (A) or paliperidone (B).  Only paliperidone was observed in CSF following either 

risperidone or paliperidone treatment.   

 

Figure 5.  Sample [18F] fallypride PET scans, coregistered with the animal’s structural MRI scan 

are shown.  An off-drug scan is shown in the three images above, while the three images below 

depict a scan of an animal while the animal was receiving paliperidone.  Three representative 

images are shown from each scan in the horizontal, coronal and sagittal planes (from left to 

right).  In both cases strong labeling in the caudate and putamen is easily identified.   

 

Figure 6.  The D2R occupancy of risperidone (A) and paliperidone (B) in the basal ganglia.  The 

D2R occupancy is plotted for the four different doses of study drug in three different basal 

ganglia ROIs: caudate, putamen and ventral striatum.   

 

Figure 7.  The D2R occupancy of risperidone (A) and paliperidone (B) in prefrontal cortex.  The 

D2R occupancy is plotted for the four different doses of study drug in four different cortical 

ROIs: dlPFC, oPFC, mPFC and TCtx.   

 

Figure 8.  Scatter plots showing the relationship between D2R occupancy in the dorsal striatum 

and active drug concentration in the serum (A) and CSF (B).  For this analysis, D2R occupancy 

was averaged between the caudate and putamen to obtain a single dorsal striatum value and 

plotted with the sum of risperidone and 9-hydroxyrisperidone concentrations in the serum at the 
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time of the PET scan.  Values obtained after risperidone and paliperidone treatment are plotted 

using circles and squares respectively.   
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Tables 

 

 

Table 1  D2R Binding Potential in Different Regions of Interest 

ROI Baseline D2R Binding 

Caudate 43.83 +/- 2.35 

Putamen 46.64 +/- 1.23 

Ventral Striatum 15.72 +/- 0.84 

dlPFC 1.20 +/- 0.11 

oPFC 1.09 +/- 0.04 

mPFC 0.89 +/- 0.04 

TCtx 0.79 +/- 0.06 

 

 

 
Table 1.  The binding potential of [18F] fallypride at D2R in different brain regions.  Binding is 

given in arbitrary units and is the average of 40 off-drug PET scans taken across the five animals 

(mean +/- standard error).  There was a significant main effect of brain region on D2R binding 

(F(6,28)=394.064, p<0.0001) and post-hoc Scheffe tests showed all pairwise comparisons were 

significant at the p<0.0001 level except for caudate/putamen (p=0.73) and all six comparisons 

between the four cortical regions (p>0.999).   
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