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Amphetamine pretreatment blunts dopamine-induced D2/D3-
receptor occupancy by an arrestin-mediated mechanism: A PET 
study in internalization compromised mice

Joseph B. Mandevillea,b,*, Jonah Weigand-Whittiera,c, Hsiao-Ying Weya,b, Yin-Ching I. 
Chena,b

aAthinoula A. Martinos Center for Biomedical Imaging, Department of Radiology, Massachusetts 
General Hospital, Boston, MA, USA

bHarvard Medical School, Boston, MA, USA

cDepartment of Bioengineering, University of California, Berkeley, CA, USA

Abstract

While all reversible receptor-targeting radioligands for positron emission tomography (PET) can 

be displaced by competition with an antagonist at the receptor, many radiotracers show limited 

occupancies using agonists even at high doses. [11C]Raclopride, a D2/D3 receptor radiotracer 

with rapid kinetics, can identify the direction of changes in the neurotransmitter dopamine, but 

quantitative interpretation of the relationship between dopamine levels and radiotracer binding 

has proven elusive. Agonist-induced receptor desensitization and internalization, a homeostatic 

mechanism to downregulate neurotransmitter-mediated function, can shift radioligand-receptor 

binding affinity and confound PET interpretations of receptor occupancy. In this study, we 

compared occupancies induced by amphetamine (AMP) in drug-naive wild-type (WT) and 

internalization-compromised β-arrestin-2 knockout (KO) mice using a within-scan drug infusion 

to modulate the kinetics of [11C]raclopride. We additionally performed studies at 3 h following 

AMP pretreatment, with the hypothesis that receptor internalization should markedly attenuate 

occupancy on the second challenge, because dopamine cannot access internalized receptors. 

Without prior AMP treatment, WT mice exhibited somewhat larger binding potential than KO 

mice but similar AMP-induced occupancy. At 3 h after AMP treatment, WT mice exhibited 

binding potentials that were 15 % lower than KO mice. At this time point, occupancy was 

preserved in KO mice but suppressed by 60 % in WT animals, consistent with a model in 

which most receptors contributing to binding potential in WT animals were not functional. These 
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results demonstrate that arrestin-mediated receptor desensitization and internalization produce 

large effects in PET [11C]raclopride occupancy studies using agonist challenges.
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1. Introduction

Positron emission tomography (PET) measurements infer receptor occupancies through 

changes in binding potentials associated with a drug or task, but binding potentials depend 

upon both available receptor concentrations and ligand-receptor affinities. Agonist-induced 

receptor desensitization and internalization, well established phenomena in vitro (Kang 

et al., 2014), can cause shifts in ligand-receptor affinity that cloud the interpretation of 

PET-based measurements of occupancy by simultaneously changing both the concentration 

of available receptors and the binding affinity to a subset of the receptors. Although receptor 

trafficking is a leading hypothesis to explain why many PET radioligands are readily 

displaced by antagonists but exhibit poor sensitivity or even paradoxical increases in binding 

under agonist conditions (Bantick et al., 2004; Laruelle, 2000; Quelch et al., 2014a), the 

quantitative impact of this phenomenon in vivo is controversial.

All neuroreceptors appear to be subject to agonist-induced trafficking, but D2/D3 receptors 

have been a template for studies of this effect on PET binding due to the success of 

the radioligand [11C] raclopride and the failure of a first generation spiperone derivative, 

[11C]NMSP, for detecting dopamine release using PET occupancy; in fact, most reports 

showed that elevation of dopamine produced paradoxical increases in spiperone binding 

(Chugani et al., 1988; Laruelle, 2000). An agonist-induced increase in binding potential 

could result from a shift in ligand-receptor affinity due to internalization, which operates 

on a time scale of minutes (Guo et al., 2010), and binding contributions from a baseline 

reservoir of internalized receptors could blunt sensitivity to dopamine release. However, 

internalization is difficult to investigate in vivo, and mechanistic studies in vitro and ex vivo 
have produced disparate results. One study used subcellular fractionation and reported that 

intracellular receptors were accessible by spiperone but not raclopride (Sun et al., 2003), 

another used the same method and found that the spiperone exhibited moderately more 

intracellular binding than raclopride (Quelch et al., 2014b), and a third report found that 

these radioligands exhibit similarly reduced affinity for internalized receptors (Guo et al., 

2010). Thus, mechanistic studies have not converged an explanation for why raclopride 

but not spiperone is sensitive to dopamine release, or why many other radioligands are 

insensitive to neurotransmitter release.

Several phenomena from the [11C]raclopride literature could result from desensitization and 

internalization. Dopamine-induced binding is depressed somewhat longer than would be 

expected based upon the conjunction of microdialysis data and a simple occupancy model 

(Laruelle et al., 1997). Simultaneous PET and fMRI data show a temporal divergence, 

in which the fMRI signal rapidly attenuates for agonist (Sander et al., 2016) but not 
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antagonist (Sander et al., 2013) stimuli at D2/D3 receptors; although fMRI is an indirect 

marker of neural activity, these responses match expectations based upon agonist-induced 

downregulation of receptor functionality. The largest doses of amphetamine produce 

occupancies of only about 50 % (Laruelle, 2000), an effect that has commonly been 

attributed to surface receptors with low-affinity for agonists (Caravaggio et al., 2021; 

Shotbolt et al., 2012) but that also might result from an internalized basal pool of receptors 

(Quelch et al., 2014b) or even a dynamic shift in affinities due to trafficking that occurs in 

response to the drug challenge.

Genetically modified mice provide an avenue to test mechanistic hypotheses that would be 

otherwise difficult to address using noninvasive neuroimaging. β-arrestins are ubiquitous 

regulators of agonist-induced internalization of G-protein-coupled receptors in the central 

nervous system (Shenoy and Lefkowitz, 2011). In particular, β-arrestin-2 has been 

implicated as a primary mediator of D2 receptor endocytosis (Skinbjerg et al., 2009). Using 

β-arrestin-2 knock-out (KO) mice, one study (Skinbjerg et al., 2010) showed that the D2 

agonist [11C]MNPA and the D2 antagonist [18F]fallypride each exhibited somewhat faster 

recovery of binding potentials at 4 h in mice lacking β-arrestin-2 relative to wild-type (WT) 

mice. A second study employed fMRI in this same mouse model and observed a slightly 

more rapid attenuation of response to the dopamine agonist apomorphine in WT animals, 

which could result from arrestin-mediated receptor downregulation (Sahlholm et al., 2017).

The persistence of depressed binding observed across numerous studies motivated “late-

phase” imaging to test the hypothesis that D2 receptor internalization is impaired in 

schizophrenic patients (Weinstein et al., 2017), but results did not differentiate the patient 

group when using [11C]raclopride to measure post-stimulant depression of radioligand 

binding. One drawback of late-phase imaging is that most radioligands, which are selected 

for crossing lipophilic membranes, probably can access internalized receptors, albeit with 

modified affinity relative to receptors on the cell surface; in vitro data have both supported 

(Guo et al., 2010; Quelch et al., 2014b) and refuted (Sun et al., 2003) this hypothesis. If 

both internalized and externalized receptors contribute to measurements of binding potential, 

this will partially conceal effects of receptor trafficking using measurements of binding 

potential alone. Thus it’s possible that the small effect size reported previously using late-

phase imaging to differentiate WT and β-arrestin-2 KO mice, together with the success of 

radiotracers like [11C]raclopride for detecting neurotransmitter release, have obscured the 

magnitude of internalization-associated effects on PET measurements of occupancy.

Because occupancy is the metric of interest for assessing dopamine release, we undertook 

direct measurements of dopamine occupancy using a within-scan AMP challenge to quantify 

[11C]raclopride kinetics in WT and internalization-deficient mice. We hypothesized that a 

second injection of AMP would produce a larger response in internalization-deficient mice 

than in WT mice, because only high-affinity external receptors should contribute to the acute 

response to elevated dopamine, which cannot access internalized receptors. Moreover, we 

assessed whether [11C]raclopride would show more rapid recovery of binding potential in 

KO mice, consistent with the one prior study using different radiotracers (Skinbjerg et al., 

2010).
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2. Methods

PET/MR scans were performed in 50 male mice (13 ± 3 weeks of age, 27 ± 4 g) using 

a Bruker 4.7T BioSpec MRI scanner with a PET insert (Bruker Biospin Corp., Billerica 

MA). Wild-type (WT, n = 26) and β–arrestin-2 knockout (KO, n = 24) mice, obtained from 

Jackson Laboratory (Bar Harbour, ME), were compared using simultaneous multi-mouse 

scanning (n = 6 per study) by PET/MRI. Prior to scanning, animals were divided into two 

groups: group “pre-AMP” (n = 19) received AMP (3 mg/kg, i.p.) at 2.5 h prior to scanning, 

while a “naïve” group received no AMP. Two tail vein catheters were then implanted in most 

mice and observed to be patent (n = 33). When two tail veins were available, we used a 

within-scan challenge paradigm (Fig. 1b); otherwise, studies only assessed baseline binding 

potentials. Table 1 shows the number of WT and KO animals in each group which were 

used for assessing the persistence of binding potential after the initial dose of AMP and 

the functionality of D2/D3 receptors to a subsequent dose of AMP. In all but one case, WT 

and KO animals were evenly balanced within scans, and positions within the multi-subject 

bed were counterbalanced by genotype. All procedures were approved by and complied 

with the regulations of the Institutional Animal Care and Use Committees (IACUC) at 

Massachusetts General Hospital and the Association for Assessment and Accreditation of 

Laboratory Animal Care (accreditation number 000809), and results are reported according 

to ARRIVE guidelines.

Following placement of tail vein catheters, animals were positioned in a custom multi-mouse 

cradle, and anesthesia was maintained with 1–1.5 % isoflurane in oxygen-enriched air 

through a multiplexed delivery system. Heating was maintained by warm air blown into the 

scanner bore, and temperature and respiration were monitored from one mouse per study 

(Small Animal Instruments Inc., Stony Brook NY). Anesthesia was adjusted to maintain 

about 60 breaths per minute.

To measured D2/D3 binding potentials, we injected [11C]raclopride (11 ± 3 MBq) at the 

beginning of each scan using sequential boluses (150 uL) followed by saline flushes of the 

same amount. At 35–37 min into the scan for all mice with double tail vein catheters, a 

challenge dose of 1 mg/kg AMP was injected. During the 90-minute PET scan, T2-weighted 

anatomical MRI scans were collected to enable image registration of individual subjects.

PET data were corrected for scatter and decay but not attenuation and reconstructed by 

an iterative vendor-supplied algorithm, the maximum-likelihood expectation-maximization 

(MLEM) method with 12 iterations and a final reconstructed resolution of 0.5 mm in each 

dimension. Brain volumes were registered to an MRI template volume (Ma et al., 2014) 

using an affine transformation based upon mutual information with the session-specific MR 

data, and alignment matrices were applied to create subject-specific four-dimensional PET 

time-activity profiles within the standardized space. Finally, PET data were analyzed by a 

pseudo-linear variant of the simplified reference tissue model (Alpert et al., 2003; Ichise et 

al., 2003) including a constant challenge term, as shown in Fig. 1b. This method derives 

a measurement of the baseline potential, BPND, relative to nondisplaceable activity in the 

reference region (cerebellum) and also enables determination of the change ΔBPND due to 

injection of amphetamine.
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High uptake of radioligand was observed in the Harderian Glands (HG), consistent with 

prior reports (Thanos et al., 2002), and injection of amphetamine caused an increase in 

apparent binding potential in HG, opposite in direction to that seen in caudate putamen 

(CPu) due to dopamine release. Partial volume contamination from HG was most apparent 

in animals pretreated with AMP, because prior administration of AMP suppressed binding 

of radioligand in CPu but not HG. To address this issue, we employed two methods for 

partial volume correction (PVC) based upon the nominal point-spread-function of 1 mm 

for this system (Gsell et al., 2020). The first method, which is employed for Figs. 3-5 and 

all statistical calculations, takes advantage of prior information by anatomically segmenting 

data to create a region-based correction (Fig. 2c) following the standard geometric transfer 

matrix (GTM) formalism (Erlandsson et al., 2012). This approach reduces voxel-wise data 

to one region-of-interest measurement per subject for bilateral CPu. The second method, 

which is used only for the descriptive Fig. 2, combines the GTM method with three-

dimensional uniform cubic b-spline functions to produce anatomically unbiased voxel-based 

images. Both methods operate on each PET frame to produce a corrected four-dimensional 

time-activity dataset for each subject.

Group data were analyzed separately for BPND (n = 50 subjects) and the change in 

BPND induced by AMP (n = 35 subjects). We employed a multi-linear analysis including 

effects for genotype, AMP injection, and the interaction of genotype and AMP injection. 

Additionally, we computed receptor occupancy for each animal with two tail catheters as 

the percentage change in binding potential, and the compared occupancies versus genotype 

using a T test.

To interpret results, we assumed that the primary difference between KO and WT animals 

was due to post-synaptic receptor desensitization and internalization. Accordingly, we 

applied a classical occupancy model to interpret data in KO animals, and we allowed for 

internalization in WT animals. Each cohort provides three independent binding ratios (i.e., 

four binding potentials). Each ratio can be described in terms of the fraction of bound 

receptors (b), the fraction of unbound internalized receptors (i), and the affinity shift for 

internalized relative to surface receptors (a) as

BPND
(1)

BPND
(0) = (1 − b1 − i1) + ai1

(1 − b0 − i0) + ai0

(1)

For KO animals, we assumed i0= i1=0, and we described the three binding ratios in 

terms of external bound receptors (occupancies). For WT animals, we constrained external 

occupancies to match values obtained in KO animals, under the assumption of similar 

dopamine release in the two cohorts, and we computed the three internalization fractions 

needed to describe the three binding ratios. For unmeasured values, we assumed a basal D2 

receptor occupancy of 20 %, which represents an average of literature values (Mandeville et 

al., 2013), and an internalization shift of 0.45 (Guo et al., 2010).
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3. Results

Fig. 2 provides descriptive results by group in the form of voxel-based maps after PVC. In 

WT mice, the highest subject-averaged values of BPND in striatum in WT mice were about 

4 without PVC and 6 after voxel-based PVC. KO mice showed lower average values of 

BPND than WT mice, whereas AMP-pretreated KO mice showed a larger absolute response 

of ΔBPND than AMP-pretreated WT mice.

Fig. 3 shows group averages for BPND in CPu as a function of genotype and pretreatment. 

Naïve KO mice exhibited a slightly lower BPND than naïve WT mice (p<0.05). At 3 h 

after pretreatment by AMP, both WT and KO mice exhibited highly significant suppression 

of BPND (p<0.001), but BPND was not differentiated by genotype at this time point. A 

multi-linear model (Fig. 3b) found significant effects of genotype (p<0.01), pretreatment by 

AMP (p<0.001), and the interaction of genotype and AMP pretreatment (p<0.05). In the 

figure, color bars show the range of each effect as one standard error from the mean; a 

negative value corresponds to a reduction of BPND by the labeled effect, and a positive value 

means the effect was associated with higher values of BPND. This analysis shows that KO 

animals exhibited more recovery at 3 h after AMP treatment than WT animals, relative to the 

respective naïve baselines.

Fig. 4 repeats the same analysis on the acute AMP-induced response, ΔBPND. Consistent 

with the larger BPND in WT relative to KO mice, WT mice exhibited higher ΔBPND than 

KO mice in the naïve state (p<0.05). At 3 h after pretreatment, a second injection of AMP 

produced a significantly smaller response in WT mice (p<0.001) but not in KO mice. A 

linear model statistical analysis (Fig. 4b) showed significant effects of genotype (p<0.05), 

AMP pretreament (p<0.001), and the interaction of genotype and AMP pretreatment 

(p<0.01). At 3 h after AMP pretreatment, KO animals exhibited a much larger ΔBPND 

in response to acute AMP relative to the responses in naïve animals.

Fig. 5 normalizes BPND and AMP-induced ΔBPND to average values observed in naïve 

animals. While BPND showed slightly more recovery in KO than WT mice at 3 h after 

pretreatment by AMP, the relative difference in acute responses to a second dose (ΔBPND) 

was striking. Amphetamine-induced receptor occupancy (ΔBPND/ BPND) is compared in 

Fig. 5c. KO animals showed a conserved occupancy between naïve and AMP-pretreated 

states, whereas the acute AMP-induced occupancy in WT animals was reduced to about 40 

% of the naïve value (p<0.05), suggesting that the binding potential at 3 h after pretreatment 

of AMP in WT animals was dominated by receptors that were not functional.

The lower panels of Fig. 5 present a model-dependent interpretation of data using Eq. 

(1). For KO animals, amphetamine increased dopamine occupancies from 20 % to 44 % 

in the naïve state and from 57 % to 69 % in the post-treatment state. Applying these 

values to the external receptor occupancies in the WT state, measured data suggested 

internalization fractions for unbound receptors were 21 %, 48 %, and 59 % in conditions 

of naïve challenge, AMP-pretreated baseline, and AMP-pretreated challenge, respectively. 

In other words, data can be described by a model in which KO and WT animals respond 

similarly to AMP, except that pretreatment by 3 mg/kg AMP (i.p.) internalized about half of 
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the unbound receptors, blunting the subsequent AMP-induced occupancy 2-fold with respect 

to either AMP challenge in KO animals or the first AMP challenge in WT animals.

4. Discussion

Insensitive responses to receptor agonists (neurotransmitters or exogenous drugs), or even 

paradoxical increases binding potentials, have confounded PET occupancy studies for 

many radiotracers and receptor systems. A leading hypothesis for this effect is receptor 

desensitization and internalization, a homeostatic mechanism for response downregulation 

and intracellular signaling. Desensitization and internalization are serial processes in 

a cascade of downregulation events following prolonged agonist stimulation, with 

internalization ultimately leading to recycling or degradation of the receptors (Tian et al., 

2014). By comparing WT mice to β–arrestin-2 KO mice with compromised D2-receptor 

internalization, this study showed that KO mice maintain a consistent dopamine occupancy 

after pretreatement with AMP relative to the naive condition, whereas occupancy is severely 

reduced in WT mice on a repeated AMP challenge. Moreover, [11C]raclopride binding 

potentials recover more slowly in the natural state following infusion of AMP, as previously 

reported for different radiotracers. Both observations are consistent with a differential effect 

of receptor desensitization and internalization in these two cohorts.

4.1. AMP-induced occupancy in WT and β-arrestin-2 KO mice

Using a within-scan challenge design, our study showed a highly blunted acute response 

to dopamine on a second challenge several hours of the first administration of a dopamine-

elevating stimulant. Because desensitization and internalization are arrestin-mediated 

processes, the simplest interpretation of the highly attenuated occupancy to a second AMP 

injection in WT but KO animals is that most receptors that contributed to BPND at the later 

time point in WT mice were not functional. Reduced competitive binding after pretreatment 

with AMP could result either from desensitization, in which a subset of surface receptors 

converts to lower affinity for binding to agonist (dopamine) but not antagonist (raclopride), 

or internalization, in which receptors are accessible to radioligand but not dopamine. In 

either case, a portion of the receptors available to raclopride are inaccessible to dopamine or 

bind with lower affinity than in the naïve state.

Although our occupancy results did not differ significantly by genotype during the first 

exposure to AMP, internalization of unbound receptors would be expected to increase the 

apparent occupancy, as shown by the model fit to data. We assumed no basal pool of 

internalized receptors; any such pool would require higher internalization fractions than 

reported here for all states. (Quelch et al., 2014b) estimated the internal pool of D2/D3 

receptors at baseline to contribute about 15 % to measurements of binding potential, which 

would imply an internalized basal pool of about 30 % of the total receptor population if the 

affinity shift described by (Guo et al., 2010) is correct.

4.2. Persistence of depressed BPND following AMP treatment

A prior study using [11C]MNPA and [11C]fallypride demonstrated that β–arrestin-2 KO 

mice exhibited more rapid recovery of binding potential relative to WT mice. Our study 
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reproduced this result for the commonly used radiotracer [11C]raclopride. Although the use 

of different radiotracers and time points limits comparisons, in both studies the relative 

magnitude of the differential effect was small: at the late time point, KO animals exhibited a 

15 % greater recovery of binding potentials than WT mice in our study (Fig. 5b) and about 

a 20 % greater recovery in the earlier study. The late time point selected for our study (3 

h between AMP pretreatment and the second challenge dose) was 1.5 h shorter than the 

earlier study, which presumably explains why we observed less overall recovery in binding 

potentials relative to the naïve state than the earlier study.

Interpretation of the persistence of BPND as an index of agonist-induced receptor 

downregulation is complicated by in vitro data that internalized D2 receptors can be 

accessed by raclopride, although the binding affinity to these receptors is reduced relative 

to surface receptors (Guo et al., 2010; Quelch et al., 2014b). If internalized receptors 

still contribute to measurements of BPND, this will mask some of the effect of receptor 

trafficking from the cell membrane surface to endosomes. Presumably, this can explain 

why BPND exhibited a much smaller relative effect of genotype in these studies than the 

occupancy to a repeated challenge.

4.3. Agonist-associated affinity shifts: implications

Our data suggest that contributions from a baseline pool of internalized D2/D3 receptors 

probably have a larger effect on occupancy than agonist-induced trafficking, which can 

dynamically modify ligand-receptor affinity. Raclopride, the radioligand employed in this 

study, has been reported to exhibit a 2-fold reduction in affinity to internalized receptors 

(Guo et al., 2010), but internalization in principle can also increase affinity through a 

“trapping” mechanism that prolongs the dissociation time (Chugani et al., 1988). Ligands 

that exhibit an increase in target affinity following agonist stimulation present an unfortunate 

paradox for measurement methods, because the two components of binding potential, 

affinity and receptor availability, change in opposite directions. This mechanism was posited 

for the spiperone radioligands and analogs, based upon measurements showing agonist-

associated increases in the dissociation time constant (Chugani et al., 1988).

Unfortunately, many current PET radioligands that are easily displaced by antagonists, 

including those targeting D1 receptors or mu opioids (Hume et al., 2007; Laruelle, 

2000; Quelch et al., 2014a), show little sensitivity to displacement by endogenous 

neurotransmitter or even exogenous agonists. If dynamic shifts in affinity underlie this 

problem, then one would expect insensitive radiotracers to exhibit increased affinity upon 

internalization, as suggested by the trapping mechanism proposed by (Chugani et al., 

1988) for spiperone. However, (Guo et al., 2010) reported similar affinity shifts for three 

radiotracers (raclopride, spiperone, PHNO) with very different sensitivities to dopamine. 

The lack of differentiation in affinity shifts between antagonist (e.g., raclopride) and agonist 

(e.g., PHNO) is perplexing, because receptor are expected to internalize in a low-affinity 

state (Ko et al., 2002), which would produce an affinity reduction in addition to ligand-

dependent environment-specific binding. Thus, the role that affinity shifts play in reducing 

the sensitivity of many radioligands for neurotransmitter, or in elevating the responsiveness 

to dopamine for agonist radiotracers like PHNO, remains unsettled.
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4.4. Limitations

Although mechanistic inferences from this study presumably pertain to human studies, is 

likely that internalization-related confounds are smaller in humans due to smaller agonists 

doses, which are limited for safety reasons. In principle, this paradigm could be employed to 

reevaluate D2 receptor internalization in schizophrenic versus control subjects (Weinstein et 

al., 2017) with the hope that a smaller effect size in humans might be partially compensated 

by a reduction of experimental variance, which is relatively high in mouse models due 

factors that are difficult to control (e.g., radioactive spillover from Harderian glands, 

radiotracer mass effects, small injection volumes).

Like most non-invasive imaging studies, this study is limited due to missing information that 

could only be obtained using invasive methods in additional cohorts. An autoradiographic 

study reported no significant differences between WT and β–arrestin-2 KO mice in densities 

of D1 or D2 receptors, dopamine transporters, or vesicular monoamine transporter-2 

(Sahlholm et al., 2017). We found that KO mice had a somewhat lower D2/D3 BPND, 

and the Sahlholm report found trends for lower levels of both D1 and D2 receptors; these 

subtle differences could be an adaptation to lower dopaminergic stimulation in the absence 

of arrestin-mediated downregulation of function.

We did not have a direct measurement of dopamine levels, so it is possible that some 

differences between WT and KO animals could be explained by different levels of dopamine 

release. Measured AMP-induced occupancies between cohorts were not different in the 

naïve state, but internalization associated with β-arrestin-2 could make occupancy an 

unreliable relative index of dopamine release in the two groups. A possible mechanism 

for this difference could be agonist-induced desensitization of D2 autoreceptors, which 

contribute to dopamine regulation. Agonist stimulation desensitizes but does not internalize 

autoreceptors (Robinson et al., 2017), and desensitized autoreceptors in WT animals could 

prolong dopamine release relative to KO animals. In principle, this potential difference 

between cohorts could explain studies that only measure the persistence of binding 

potentials (Skinbjerg et al., 2010), but downregulation of autoreceptor function would be 

expected to potentiate WT dopamine release on a repeated challenge and thereby potentiate 

occupancy, which is opposite the effect seen in this study.

Arrestins mediate D2-receptor internalization (Ito et al., 1999), and β-arrestin-2 KO mice 

are known to be deficient in D2 receptor internalization (Skinbjerg et al., 2009). However, 

functional differences between β-arrestins are not well understood, and one study implicated 

β-arrestin-1 rather than β-arrestin-2 in agonist-induced D2 receptor trafficking (Macey et al., 

2004). In other G-protein coupled receptor systems, non-arrestin internalization mechanisms 

have been reported to contribute to the internalization (Moo et al., 2021). Thus, it is possible 

that these β-arrestin-2 KO mice maintain some ability to desensitize and internalize D2 

receptors.

There are methodological limitations associated with small-animal imaging. The small 

brains of mice and the limited (1 mm) resolution of PET created regional partial volume 

contamination; in particular, activity from HG spreading into striatum presented an 

experimental error that we addressed by a standard correction technique. Prior studies had 
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worse spatial resolution and did not correct for this source of error (Skinbjerg et al., 2010; 

Thanos et al., 2002), but errors in the AMP-pretreated portion of our study were relatively 

larger than in the naïve state due to depression of binding in striatum but not HG. There was 

no indication, however, that this error differed by genotype. Lacking a suitable system for 

computed tomography (CT), we did not apply attenuation correction like many other small 

animals studies, but rather we counterbalanced animal positions in the multisubject cradle. 

While attenuation should have small effects on occupancy derived from within-subject 

measurements, absolute errors in multisubject mouse data without attenuation correction 

have been reported to be about 15 % [ref Habte 2013]. Finally, resolution limitations and 

limited extra-striatal binding of [11C]raclopride made it not possible to investigate dopamine 

release outside of striatum.

5. Conclusions

We employed a commonly used D2/D3-receptor radiotracer, [11C] raclopride, to show two 

phenomena consistent with dopamine-induced receptor trafficking in wild-type animals 

relative to β-arrestin-2 knockout animals: a prolonged reduction in binding potential 

and a decreased occupancy to a second dopamine challenge. These results implicate 

receptor desensitization and internalization as mechanisms that must be considered in the 

interpretation of PET measurements of occupancy when using direct or indirect agonists. 

Importantly, this is the first in vivo PET study to show arrestin-mediated effects on 

receptor occupancy to a second dopamine challenge, which provides further evidence for the 

influence of internalization on dopamine D2 receptor binding potentials. Moreover, results 

suggest that radioligand displacement by agonist is highly dependent on the proportion of 

internalized receptors, a result that has implications for the interpretation of radioligand 

sensitivity to agonists and the development of next-generation radiotracers.
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Fig. 1. 
Experimental design and analysis. Wild-type (WT) or βarr2-knockout (KO) mice were 

pretreated with amphetamine (pre-AMP, 3 mg/kg IP) and then scanned by PET following 

injection of [11C]raclopride. For mice with two implanted tail catheters (n = 33 total), a 

second injection of AMP (1 mg/kg IV) was delivered at about 35 min into the scan. Data 

were analyzed using a pseudo-linear model variant of the simplified reference tissue model 

(SRTM) with inclusion of a single term to enable measurement of non-displaceable binding 

potential (BPND) and the AMP-induced shift in this quantity (ΔBPND, blue error envelope).
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Fig. 2. 
Binding potential (a, scale 1.5 to 5) and the AMP-induced changes in binding potential (b, 

scale 0.2 to 1.2) for wild-type (WT) and βarr2-knockout (KO) mice who were naïve or 

pretreated with AMP. Voxel-wise partial volume corrections have been applied to all maps. 

c) To create region-of-interest measurements from bilateral CPu, partial volume corrections 

were employed using a geometric transfer matrix with MRI-based anatomical segmentation 

of CPu (red), olfactory bulb (cyan), cerebellum (yellow), and brain remainder (green), plus 

Harderian glands defined from PET.
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Fig. 3. 
Persistence of BPND following injection of amphetamine (AMP, 3 mg/kg IP) in wild-type 

(WT) and βarr2 knock-out (KO) mice. a) Group results in drug-naïve and AMP-treated 

mice at 2.5 h after pretreatment. b) A linear model analysis showing effects of genotype 

(purple bars, p<0.01 **), response to AMP (green bar, p<<0.001 ***), and the interaction of 

genotype and AMP (red bar, p<0.05 *). Colored bars span the mean ± standard error of the 

effect.
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Fig. 4. 
Persistence of AMP-induced response (ΔBPND) following injection of amphetamine (AMP) 

in wild-type (WT) and βarr2 knock-out (KO) mice. a) Group results in naïve mice and 2.5 

h after pretreatment with AMP (3 mg/kg, IP). b) A linear model analysis showing effects 

of genotype (purple bars, p<0.05 *), response to AMP (green bar, p<0.001 ***), and the 

interaction of genotype and AMP (red bar, p<0.01 **). Colored bars span the mean ± 

standard error of the effect.
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Fig. 5. 
Results for BPND (a) and AMP-induced ΔBPND (b) normalized to the respective naïve-

state value in WT and KO mice. Occupancies (c) showed a significant post-treatment 

reduction (p<0.05) for WT but not KO mice. A model-dependent interpretation is shown 

in lower panels, using dark gray to indicate bound receptors, light gray to indicate 

unbound internalized receptors, and white to indicate unbound cell surface receptors. d) A 

classical occupancy model for KO animals that assumes a 20 % baseline occupancy derives 

occupancies of 44 %, 57 %, and 69 % in the three other conditions. e) An internalization 

model for WT animals that is constrained to match dopamine-driven external occupancies in 

KO mice derives internalization fractions for unbound receptors of 21 %, 48 %, and 59 % in 

the three non-baseline conditions.
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Table 1

Numbers of wild-type (WT) and β-arrestin-2 knock-out (KO) mice used in this study. Animals were either 

naïve to amphetamine (AMP) or pretreated by AMP (pre-AMP). When two tail catheters were implanted and 

patent, animals received a dose of AMP as a within-scan challenge to assess ΔBPND.

Measurement Pretreatment WT mice KO mice

BPND, ΔBPND Naïve 9 8

BPND, ΔBPND Pre-AMP 9 9

BPND only Naïve 8 6

BPND only Pre-AMP 0 1

Totals 26 24
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