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Dopaminergic control over the tripartite synapse

Jeroen P.H. Verharen, Johannes W. de Jong, Stephan Lammel*

Department of Molecular and Cell Biology and Helen Wills Neuroscience Institute, University of 
California Berkeley, Berkeley, CA 94720, USA

Abstract

In this issue of Neuron, Corkrum, Covelo et al. demonstrate an unexpected role for dopamine D1 

receptors on astrocytes located in the nucleus accumbens, a key structure of the brain’s reward 

system. Activation of these receptors mediates dopamine-evoked depression of excitatory synaptic 

transmission, which contributes to amphetamine’s psychomotor effects.
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Astrocytes have classically been thought to support various physiological functions in the 

central nervous system, including the establishment of the blood-brain barrier and the 

regulation of the extracellular ion balance. However, evidence is emerging that astrocytes 

also directly mediate neuronal excitability (Araque et al., 2014), thus playing a role in 

cognition and behavior. In addition to controlling the metabolic milieu of a neuron, 

astrocytes may also directly secrete chemical transmitters including glutamate, TNF-α, and 

ATP (Araque et al., 2014). In line with these findings are several recent papers that showed 

that astrocytes can directly affect cognition, including reward-related behaviors. For 

example, astrocytes mediate approach and avoidance through action in the ventral tegmental 

area (Gomez et al., 2019), depression-like behavior through the lateral habenula (Cui et al., 

2019), and the rewarding effects of morphine through the striatum (Skupio et al., 2019).

While relatively little is known about the function of astrocytes in the reward system, the 

role of the neurotransmitter dopamine (DA) in reward-related behaviors is well established. 

In particular, midbrain DA neurons projecting to the nucleus accumbens (NAc) in the ventral 

striatum are known to play a key role in motivation and reward learning. Within the NAc, 

DA directly binds to D1-like or D2-like receptors on medium spiny neurons (MSNs) — the 

GABAergic neurons that comprise the majority of cells in the striatum — to establish 

motivated action through basal ganglia output structures (Bariselli et al., 2019).
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In addition to the direct effects of DA on striatal MSNs, it has long been known that DA 

affects local glutamate release within the NAc, which is secreted by axon terminals of 

corticolimbic brain structures, including the amygdala, prefrontal cortex and hippocampus. 

For instance, slice electrophysiology experiments have shown that extracellularly applied 

dopamine depresses glutamatergic neurotransmission within the NAc (Harvey and Lacey, 

1997), a phenomenon that is thought to be involved in the development of drug addiction 

(Wolf, 2016). However, the exact mechanism behind this DA-induced glutamatergic 

synaptic depression was not fully understood. In this issue of Neuron, Corkrum, Covelo et 
al. (Corkrum et al., 2020) demonstrate that these effects are mediated by local astrocytes, 

forming a tripartite synaptic complex with glutamatergic projection neurons and MSNs 

within the NAc core that is under direct control of midbrain DA cells (Figure 1).

Corkrum, Covelo et al. start their paper with a surprising observation: optogenetic 

stimulation of VTA DA neurons in mice robustly increased Ca2+ levels within astrocytes in 

the NAc — an effect that was abolished after treatment with a DA D1 (but not D2) receptor 

antagonist. In addition, the authors used electron microscopy to show that D1 receptors are 

located directly on the astrocytic membrane. These findings suggest that VTA DA neurons 

activate astrocytes through direct effects of DA on astrocytic D1 receptors. To confirm this 

notion, the authors showed that viral deletion of the D1 receptor under control of the 

astrocyte-specific promotor GFAP prevented DA from increasing Ca2+ levels in astrocytes.

In an elegant set of follow-up experiments, the authors followed the neuronal cascade 

downstream of the astrocytic D1 receptor, to define the functional role of these receptors on 

the tripartite synaptic complex. Towards this aim, the authors simultaneously recorded from 

astrocytes and MSNs ex vivo, to demonstrate that the increase in astrocytic Ca2+ (observed 

after DA release) scales with the level of depression of glutamatergic synapses. This shows, 

perhaps unexpectedly, that astrocytes may be directly involved in regulating glutamatergic 

neurotransmission in the NAc core. To test this notion, the authors showed that 

chemogenetic activation of astrocytes alone was able to evoke depression of presynaptic 

glutamatergic terminals, demonstrating that astrocyte activation is sufficient for DA-

dependent modulation of glutamatergic synaptic physiology. In addition, DA-evoked 

glutamatergic synaptic depression was abolished after interfering with the normal 

functioning of astrocytic D1 receptor signaling, including the use of a mouse line with 

impaired astrocytic Ca2+ dynamics and the genetic deletion of astrocytic D1 receptors. This 

suggests that astrocytes are also necessary for DA-dependent depression of glutamatergic 

synapses.

After establishing the necessity and sufficiency of D1 receptor signaling on the astrocytic 

membrane to modulate glutamatergic signaling, the authors go one step further down the 

neuronal cascade, by identifying the receptor target on the glutamatergic presynapse in the 

NAc, downstream of the astrocyte. By combining ex vivo optogenetics, calcium imaging, 

electrophysiology and pharmacology, the authors provided compelling evidence that the 

effects are mediated by presynaptic activation of the adenosine A1 receptor by ATP/

adenosine released from astrocytes.
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Finally, the authors emphasized the relevance of their findings by demonstrating a role for 

astrocytic D1 receptors in behaviors that are known to rely on DA. They did this by showing 

that activation of astrocytic D1 receptors contributes to the locomotor hyperactivity observed 

after a systemic injection of amphetamine — a psychostimulant that increases 

monoaminergic transmission in the brain. Thus, impairing D1 receptor signaling in 

astrocytes within the NAc reduced hyperlocomotion of mice that were injected with 

amphetamine, while it had no effect on movement in animals that were injected with saline. 

This hints towards a role of astrocytic D1 receptors in mediating aspects of reward-related 

behaviors.

Together, Corkrum, Covelo et al. highlight an unexpected role for astrocytes in DA-

dependent synaptic plasticity in the NAc. By carefully examining the action of DA on the 

tripartite synapse, the authors demonstrate that DA evokes depression of excitatory synaptic 

transmission onto striatal MSNs through consecutive action on the astrocytic D1 receptor, 

intra-astrocytic Ca2+ signaling, and action of ATP/adenosine on the A1 receptor on 

presynaptic glutamatergic terminals.

As with many innovative papers, the findings of Corkrum, Covelo et al. open many avenues 

for future research. The most important one in this regard is to what extent astrocytes in the 

NAc contribute to the development of addiction. Importantly, the authors show that 

amphetamine-evoked hyperlocomotion is reduced, but not completely abolished, after 

disruption of the D1-receptor machinery in astrocytes, indicating that astrocytes are just one 

of several elements that contribute to the acute behavioral effects of amphetamine. Does 

deletion of astrocytic D1 receptors also prevent (or attenuate) the development of addictive-

like behaviors in a drug self-administration paradigm? And what is the role of astrocytic D1 

receptors in the physiological processes in which DA is involved, such as reinforcement 

learning?

Another important follow-up study would be to assess whether the effects observed by the 

authors extend beyond the core subregion of the NAc. The NAc comprises at least two 

additional subregions, the NAc medial shell and NAc lateral shell, which have been shown 

to be heterogeneous in terms of anatomy, connectivity and function (de Jong et al., 2019), 

and the direct rewarding effects of psychostimulants are usually attributed to the NAc medial 

shell. In addition, the experimental setup of the current study involved electrical stimulation 

of excitatory inputs to the NAc and consequently the identity of their anatomical origin 

remains unknown. Different NAc afferents are also known to target distinct NAc subregions 

and may play different roles in the behavioral responses to drugs of abuse (Pascoli et al., 

2014). Thus, future experiments may explore whether the DAergic modulation of the 

tripartite synaptic complex occurs throughout the NAc and whether differences exist 

between glutamatergic afferents from distinct brain regions. In sum, the findings by 

Corkrum, Covelo et al. provide important new insights into the diverse modulatory effects of 

DA on the brain’s reward circuitry, and may spark a search for an entirely new branch of 

astrocyte-directed pharmacotherapies for addiction.
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Figure 1. 
Schematic representation of dopaminergic control over the tripartite synapse
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