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            Abstract
The neurotransmitter dopamine is required for the reinforcement of actions by rewarding stimuli1. Neuroscientists have tried to define the functions of dopamine in concise conceptual terms2, but the practical implications of dopamine release depend on its diverse brain-wide consequences. Although molecular and cellular effects of dopaminergic signalling have been extensively studied3, the effects of dopamine on larger-scale neural activity profiles are less well-understood. Here we combine dynamic dopamine-sensitive molecular imaging4 and functional magnetic resonance imaging to determine how striatal dopamine release shapes local and global responses to rewarding stimulation in rat brains. We find that dopamine consistently alters the duration, but not the magnitude, of stimulus responses across much of the striatum, via quantifiable postsynaptic effects that vary across subregions. Striatal dopamine release also potentiates a network of distal responses, which we delineate using neurochemically dependent functional connectivity analyses. Hot spots of dopaminergic drive notably include cortical regions that are associated with both limbic and motor function. Our results reveal distinct neuromodulatory actions of striatal dopamine that extend well beyond its sites of peak release, and that result in enhanced activation of remote neural populations necessary for the performance of motivated actions. Our findings also suggest brain-wide biomarkers of dopaminergic function and could provide a basis for the improved interpretation of neuroimaging results that are relevant to learning and addiction.
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                    Fig. 1: Functional and molecular imaging of responses to rewarding stimulation.[image: ]


Fig. 2: Dissociable profiles of reward-evoked striatal dopamine release and BOLD activation.[image: ]


Fig. 3: Dopamine-dependent modulation of striatal fMRI signals.[image: ]


Fig. 4: Brain-wide consequences of striatal dopamine release evoked by rewards.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Intracranial self-stimulation in the presence and absence of 9D7.
Behaviourally shaped rats implanted with unilateral cannulae targeting the ventral striatum performed intracranial self-stimulation during continuous injection of 500Â Î¼M of the dopamine sensor 9D7 (blue) or saline vehicle (grey), under infusion conditions used for imaging experiments. The number of rewards received per trial is graphed, relative to rewards received before infusion, showing no significant difference between infusion of 9D7 versus saline. Error bars denote s.e.m. of data from nÂ =Â 5Â rats each.


Extended Data Fig. 2 Suppression of haemodynamic signals by contrast agents infused into the ventral striatum.
a, T1-weighted fMRI data from uninjected rats. Mean T1-weighted responses to LH stimulation from five rats that were not injected with MRI contrast agents, measured under conditions identical to those used for the injected rats in Fig. 1b. Negative haemodynamic signals in the ventricles are apparent (dotted box). b, Striatal voxels were scored on the basis of the T1-weighted signal change that they experienced following 50Â min of contrast agent infusion (9D7 dopamine sensor or BM3h-WT control protein). Uninjected rats were given a pseudo-score on the basis of the signal change experienced by spatially equivalent voxels in rats injected with 9D7. Box plots show T1-weighted responses evoked by LH stimulation over all voxels as a function of the injection score, in 5% bins, for uninjected rats (left), rats that received infusion of BM3h-WT protein (middle) and rats that received 9D7 (right). Grey shading indicates bins excluded from molecular imaging analysis owing to incomplete suppression of haemodynamic responses. c, Graphs equivalent to those shown in b showing the variation of T2*-weighted signal obtained using multi-echo analysis, as a function of injected contrast agent dose for injected rats or a pseudo-dose for uninfused rats. All box plots indicate median (white line), first and third quartiles (box), and full data ranges (whiskers) over voxels in each bin. Individual voxel intensities are means over five rats in each condition.


Extended Data Fig. 3 Baseline correction of dopamine fMRI data using T2*-dependent signals.
a, Echo time dependence of the slow component of the fMRI signal recorded in the presence of the 9D7 dopamine sensor in the ventral striatum. Variation of the slow positive signal with TE provides a basis for extracting the baseline time course using the ME-ICA approach. Error margins are omitted for graphical clarity. b, Quantitative maps of dopamine release formed after baseline correction using the ME-ICA signal. Features correspond closely to the maps in Fig. 2a, which were corrected using a baseline derived from the control BM3h-WT T1-weighted fMRI data, indicating that the choice of baseline correction method makes little difference to the outcome.


Extended Data Fig. 4 Quantification of dopamine concentrations.
a, MRI per cent signal changes (%SC) as a function of dopamine concentration ([DA]) were estimated with respect to [DA]Â =Â 0Â Î¼M from the in vitro relaxivity of 9D7 and experimental parameters used in the imaging. b, To verify the absence of baseline contributions to dopamine maps obtained with 9D7, mock dopamine imaging was performed using the BM3h-WT control contrast agent. Signal changes induced by LH stimulation were observed in rats injected with the dopamine-insensitive contrast agent BM3h-WT, and mock dopamine maps were computed as described in â€˜Quantitative analysis of dopamine concentrationsâ€™ for molecular imaging experiments using the 9D7 sensor. Scale bar, 1Â mm. c, Number of rats contributing to data from each voxel in b. The results show that minimal dopamine concentrations were observed, indicating effective suppression of background or nonspecific signals to the T1-weighted data. d, Robustness of spatial features in dopamine and BOLD fMRI response maps was verified by examining average data across rats. Dopamine release or BOLD fMRI amplitudes from each individual rat that contributed to Fig. 2a, b were normalized to the mean response level and standard errors were computed to determine error margins, shown in grey shading in the cross-sections shown on the left (for dopamine) and right (for BOLD). These data indicate that the locations of peak dopamine responses in the ventromedial striatum are conserved among rats, whereas the BOLD responses are relatively uniform across the FOV. Scale bars correspond to 3Â Î¼M dopamine (left) and 1% BOLD signal modulation (right), before normalization. e, The number of rats contributing to each voxel of the dopamine data averages in d, as well as Fig. 2.


Extended Data Fig. 5 Imaging-independent estimation of dopamine release dynamics.
a, Amperometric recording was used to measure dopamine release elicited by LH stimulation. Lateral hypothalamus stimulation at 60-, 120- and 200-Hz frequencies was performed in medetomidine-sedated rats prepared in the same way as for functional imaging experiments. Amperometric recordings of a representative rat were obtained using carbon fibres calibrated after in vivo recording to obtain absolute measurements of dopamine concentration. b, Diagram of a kinetic model that accounts for the introduction of dopamine by synaptic release at the fixed rate Kin during stimulation, interconversion of free and 9D7-bound dopamine with rate constants kon and koff, and removal of free dopamine with the rate constant kout. c, Simulations were performed using parameters chosen to emulate the amperometry data in the absence of 9D7, with KinÂ =Â 1.3, 2.3 and 3Â Î¼MÂ sâˆ’1â€”corresponding to the three stimulus intensities of 60, 120 and 200Â Hz, respectivelyâ€”and a kout value of 1 sâˆ’1. Values of kon (0.013Â Î¼Mâ€“1Â sâˆ’1) and koff (0.03Â sâˆ’1) were derived from stopped flow binding data and empirical estimates of dopamine removal rate reported in a previous publication4. The top trace shows simulated free dopamine concentration in the absence of 9D7 (unperturbed dopamine), and the second trace from the top shows simulated free dopamine in the presence of 40Â Î¼M 9D7, revealing a modest buffering effect. The bottom two traces depict the simulated sensor complex concentration in the presence of 40Â Î¼M 9D7, as well as the total dopamine concentration under these conditions. These results reveal the expected broadening of total dopamine kinetics in the presence of the 9D7 sensor, but also show that the sensor complex concentration closely tracks total dopamine levels in the system.


Extended Data Fig. 6 Additional effects of dopamine receptor inhibition.
a, Scatter plots display the effects of dopamine inhibitors on the correspondence of mean dopamine concentration ([DA]) and BOLD amplitudes (%SC) evoked by LH stimulation. Each dot denotes one voxel in the absence of dopamine receptor blockers (left), or in the presence of SCHÂ 23390 and eticlopride (right). Dashed lines indicate best-fit line of proportionality between the two measures. The addition of D1 and D2 receptor blockers significantly improved the correspondence (F-test PÂ =Â 0.0019). b, Dopamine inhibition exerts a negligible effect on dopamine release per se. The 9D7 sensor was infused into the ventral striatum as for experiments in Figs. 1, 2, and multigradient imaging was performed to acquire fMRI data in the presence of systemic SCHÂ 23390 and eticlopride treatment. Maps of peak dopamine release computed as in the experiments of Fig. 2a reveal a distribution that corresponds closely to results in the absence of blockers, albeit with somewhat different spatial coverage (cyan outline) due to infusion variability among rats. Coordinates with respect to bregma are noted in the bottom right of each coronal slice. c, Mean time courses of NAc dopamine observed in the absence (cyan) and presence (dark blue) of treatment with D1 and D2 blockers. Shading denotes s.e.m. of five rats (â€“ blockers) or four rats (+ blockers). d, Comparison of mean peak dopamine-release amplitudes in absence (cyan) versus presence (dark blue) of D1 and D2 inhibitors, over three striatal regions for which data were obtained in both conditions. Error bars denote s.e.m. All differences were not significant with t-test PÂ â‰¥Â 0.07.


Extended Data Fig. 7 ROIs used in brain-wide functional connectivity analysis.
Relevant ROIs were defined with respect to standard brain atlases and are shown here colour-coded by region: caudate-putamen (CPu), cingulate cortex (CCx), insular cortex (ICx), lateral hypothalamus (LH), lateral septal area (LS), motor cortex (MCx), nucleus accumbens (NAc), olfactory tubercle (Tu), secondary somatosensory cortex (S2) and ventral pallidum (VP). Coordinates of each slice relative to bregma are indicated. Voxel-level definitions of the LS, NAc, Tu and medial CPu are specified in Fig. 2d, and account for experimentally determined anatomical landmarks in the ventral striatum, as reflected in the MRI data.


Extended Data Fig. 8 Effect of intracerebrospinal fluid administration of D1 and D2 inhibitors on reward-induced brain activation.
Three rats were implanted with a cannula targeting the cerebrospinal fluid (CSF) at the cisterna magna and imaged during rewarding stimulation of LH. Maps show per cent signal change (%SC) before (top) and after (middle) infusion of a cocktail containing SCHÂ 23390 and eticlopride, both for voxels with significant activation in the pre-blocker condition (PÂ â‰¤Â 10âˆ’5). The bottom row shows the corresponding difference signal map. Labels in the top panel denote coordinates with respect to bregma. Filled arrowheads denote areas of reduced activation in the ICx and S2 region (âˆ’1.5Â mm) and in MCx (+1.5 and +2.5Â mm) observed upon dopamine receptor blockade and similar to effects observed with systemic inhibition treatment in Fig. 4a. Open arrowheads denote differences from the systemic treatment results along the midline (+3.5Â mm) and in ventral areas (âˆ’0.5 and +0.5Â mm) that probably received much higher doses of the inhibition cocktail owing to their proximity to the CSF infusion route.


Extended Data Fig. 9 Functional connectivity between striatal dopamine and distal BOLD signals before and after dopamine receptor blockade.
Regression analysis was used to determine the amplitude of dopamine-tracking signals (Î²DA, F-test PÂ â‰¤Â 0.05) observed throughout the brain in regions distal to 9D7 infusion sites in the ventral striatum using the same methods as for experiments shown in Fig. 4c, d. The analysis was performed on two groups of rats, one untreated with SCHÂ 23390 and eticlopride (top) (nÂ =Â 5) and one pre-treated with the cocktail of systemic D1 and D2 inhibitors (nÂ =Â 4). In each case, dopamine and BOLD data were obtained from the same rats, and Î²DA values reflect the shared variance of simultaneously acquired, temporally varying dopamine and BOLD signals across multiple individuals. Labels in the top panel denote coordinates with respect to bregma. Arrowheads highlight areas in which blockade of the D1 and D2 receptors substantially reduces tracking behaviour in the MCx (+2.5Â mm) and in ICx and S2 (âˆ’1.5Â mm).


Extended Data Fig. 10 Effect of ventral-striatal receptor blockade on reward-induced brain activation.
a, D1 and D2 inhibitors were intracranially infused into five rats implanted with cannulae targeting the ventral striatum, and imaged during rewarding LH stimulation. Maps show per cent signal change (%SC) before (top) and after (middle) administration of a cocktail containing SCHÂ 23390 and eticlopride, both for voxels with significant activation in the pre-blocker condition (PÂ â‰¤Â 10âˆ’5). The corresponding difference map is presented in Fig. 4e. Labels in the top panel denote coordinates with respect to bregma. Filled arrowheads denote areas of highly reduced activation in the ICx (âˆ’1.5Â mm) and MCx (+1.5 and +2.5Â mm) observed upon local blockade of the D1 and D2 receptors. Reduced activation in the Tu and ventral pallidum (open arrowheads) probably reflects direct effects of the locally infused dopamine blockers. b, A combination of dopamine inhibitors and a noradrenaline inhibitor was intracranially infused into four rats implanted with cannulae targeting the ventral striatum (vStr), and imaged during rewarding stimulation of LH. Maps show per cent signal change (%SC) before (top) and after (middle) infusion of a cocktail containing SCHÂ 23390, eticlopride and the Î±2 receptor antagonist yohimbine, both for voxels with significant activation in the pre-blocker condition (PÂ â‰¤Â 10âˆ’5). The bottom row shows the corresponding difference signal map. Filled arrowheads at bregma âˆ’1.5 and +1.5 denote areas at the intersection of ICx and S2, and also in MCx, in which the reduction of the BOLD signal parallels effects observed with blockade of the D1 and D2 receptors alone (a, Fig. 4e). Open arrowhead at bregma âˆ’1.5Â mm indicates an amygdalar region that may be sensitive to the addition of yohimbine in the treatment mixture.
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