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SUMMARY

Dopamine modulation of nucleus accumbens (NAc) circuitry is central to theories of reward 

seeking and reinforcement learning. Despite decades of effort, the acute dopamine actions on 

the NAc microcircuitry remain puzzling. Here, we dissect out the direct actions of dopamine on 

lateral inhibition between medium spiny neurons (MSNs) in mouse brain slices and find that they 

are pathway specific. Dopamine potently depresses GABAergic transmission from presynaptic 

dopamine D2 receptor-expressing MSNs (D2-MSNs), whereas it potentiates transmission from 

presynaptic dopamine D1 receptor-expressing MSNs (D1-MSNs) onto other D1-MSNs. To our 

surprise, presynaptic D2 receptors mediate only half of the depression induced by endogenous and 

exogenous dopamine. Presynaptic serotonin 5-HT1B receptors are responsible for a significant 

component of dopamine-induced synaptic depression. This study clarifies the mechanistic 

understanding of dopamine actions in the NAc by showing pathway-specific modulation of lateral 

inhibition and involvement of D2 and 5-HT1B receptors in dopamine depression of D2-MSN 

synapses.
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Burke and Alvarez find that, in the nucleus accumbens, dopamine depresses or potentiates lateral 

inhibition between projection neurons, depending on the specific synapses isolated. Dopamine 

depression of D2-MSN GABA transmission involves activation of 5-HT1B receptors, suggesting 

that cross-talk between monoamines and receptors plays a role in accumbens circuit function.

Graphical Abstract

INTRODUCTION

Monoamine neuromodulators, such as dopamine (DA) and serotonin (5-HT), are found in 

the central nervous system of all vertebrates (Azmitia, 2007; Barron et al., 2010). These 

monoamines have evolved from a common origin, which is reflected in shared molecules 

used for loading of synaptic vesicles and for monoamine degradation. The common 

evolutionary origin is also evident in the high degree of sequence homology found in their 

receptors (Le Crom et al., 2003; Yamamoto and Vernier, 2011). Their divergence across 

the phylogeny has allowed monoamines to play a central role in regulation of diverse brain 

functions critical for survival, including sensory perception, motor control, and emotional 

regulation.

The nucleus accumbens (NAc), part of the ventral striatum, receives some of the highest 

DA innervation in the mammalian brain. Acting as a limbic-motor interface, the NAc drives 

motivated behaviors that are critical for survival, from flexible approach and reward seeking 
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or punishment avoidance to reinforcement learning. DA modulation of NAc circuitry is 

central to all current theories of how the NAc integrates cognitive and emotional information 

to drive behavior (Floresco, 2015; Ikemoto and Panksepp, 1999; Mogenson et al., 1980; 

Nicola, 2007; Pennartz et al., 1994). The NAc projection neurons, known as medium spiny 

neurons (MSNs), release GABA and neuropeptides. They receive excitatory inputs from the 

prefrontal cortex, thalamus, amygdala, and hippocampus that encode limbic and cognitive 

information (Britt et al., 2012). MSNs integrate these inputs and their information to help 

orchestrate the motor patterns that drive the aforementioned behaviors. As a neuromodulator, 

DA is thought to shape the integration of afferent information by modifying the cell 

excitability and synaptic transmission in the NAc microcircuitry (Burke et al., 2017; Tritsch 

and Sabatini, 2012).

The timescale of DA actions and whether DA signals for movement, motivation, salience, 

learning, or a combination of these functions is still debated (Berke, 2018; Berridge, 2007; 

Bromberg-Martin et al., 2010; Coddington and Dudman, 2019; Hamid et al., 2015; Kim et 

al., 2020; Lloyd and Dayan, 2015; Salamone and Correa, 2012; Schultz, 2016). Here we 

argue that the exact role of DA in the NAc remains unresolved in part because we still 

lack a complete understanding of DA modulation of NAc microcircuitry. Understanding the 

acute actions of DA at the cellular and synaptic level will reveal the circuit mechanisms 

underlying the cognitive and motivational processing that takes place in the NAc.

A powerful way by which DA is poised to shape afferent integration in the NAc is by 

modulating the extent of local inhibition. MSNs extend a wide network of local collateral 

axons in addition to their long-range projections to the targets outside of the striatum. 

These local axon collaterals form GABA synapses onto neighboring MSNs in the NAc and 

provide a powerful source of lateral inhibition among MSNs (Burke et al., 2017; Chang 

and Kitai, 1985; Czubayko and Plenz, 2002; Taverna et al., 2004; Tunstall et al., 2002). 

Previous work from our lab and others has demonstrated that this local network of inhibitory 

synapses between MSNs can suppress MSN excitability and output, regulating locomotion, 

the behavioral response to cocaine, and flexible goal-directed learning (Dobbs et al., 2016; 

Lemos et al., 2016; Matamales et al., 2020).

The acute actions of DA on NAc lateral inhibition remain unclear. Neither the net effect 

of DA nor the identity of receptors involved has been fully identified. In the NAc, DA 

receptors are expressed on a variety of inputs and cell types, including MSNs, which can 

be segregated into D1 receptor (D1R)-expressing direct pathway MSNs (D1-MSNs) and 

D2 receptor (D2R)-expressing indirect pathway MSNs (D2-MSNs). Although many earlier 

reports suggest that DA inhibits GABA synapses in the NAc through Gs/olf-coupled D1Rs 

and not through Gi/o-coupled D2Rs (Hjelmstad, 2004; Nicola and Malenka, 1997; Pennartz 

et al., 1992; Taverna et al., 2005), others have suggested that DA depresses lateral inhibition 

in MSNs through D2R activation (Kohnomi et al., 2012). These discrepancies may result 

from multiple factors: (1) a combination of direct and indirect effects of DA on the NAc 

circuitry (Corkrum et al., 2020); (2) a lack of selectivity in drugs used to target DA receptors 

(Millan et al., 2001); or (3) the ambiguous nature of the synapses examined, such as the 

unidentified MSN subtype recorded from and the lack of specificity in the stimulated GABA 

inputs. Over the past decades, transgenic mice have allowed discrimination of genetically 
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identified cells in the slice and selective pathway stimulation with channelrhodopsin (ChR2) 

or paired recordings. Using these tools, recent studies have shown that D2Rs depress GABA 

transmission from D2-MSNs, whereas D1Rs facilitate GABA transmission from D1-MSNs 

in the dorsal striatum (Tecuapetla et al., 2009; Wei et al., 2017), and that in the NAc, D2Rs 

depress D2-MSN→D1-MSN synapses (Dobbs et al., 2016). These studies suggest complex 

DA modulation of NAc lateral inhibition, which may depend on the specific synaptic 

partners. Using bath application pharmacology, none of these studies addressed the time 

course of DA actions on NAc lateral inhibition.

Thus, many questions remain unanswered. Does DA differentially modulate NAc lateral 

inhibition depending on the precise pre- and postsynaptic MSN subtype? Which receptors 

are involved in DA modulation of NAc lateral inhibition? What is the timescale of DA 

actions on lateral inhibition? In this study, we address these questions using transgenic mice 

and optogenetics. Specifically, we sequentially isolate the different synaptic connections 

between MSN subtypes that comprise the network of lateral inhibition and test how DA 

(endogenously released or exogenously applied) affects synaptic transmission using whole-

cell recordings and optogenetic stimulation. We find that DA has fast and potent effects on 

lateral inhibition that differ depending on whether D1-MSNs or D2-MSN synaptic terminals 

are stimulated. DA potentiates GABA transmission from D1-MSN synapses onto other 

D1-MSNs and depresses transmission from D2-MSN synapses. Surprisingly, a significant 

portion of the depression induced by exogenously applied DA requires activation of 5-HT1B 

receptors (5-HT1BRs). This study provides crucial insight into DA’s role in modulating 

NAc output and, in turn, motivated behavior by facilitating a better understanding of the 

acute modulation of this network of lateral inhibition by DA.

RESULTS

DA potentiates D1-MSN → D1-MSN synapses and depresses D2-MSN → D1-MSN synapses

We began by probing the actions of exogenous applied DA onto this local network of 

GABA synapses formed by axon collaterals from D1-MSNs and D2-MSNs onto D1-MSNs 

(Figure 1A). To record D1-MSN → D1-MSN synapses in the NAc core, D1-MSNs were 

transduced with Cre-dependent ChR2-eYFP through intra-NAc viral vector injection in 

double-transgenic Drd1-Cre;Drd1a-TdTomato mice (Figure 1B). Postsynaptic D1-MSNs 

were identified based on red fluorescence, and putative D2-MSNs were identified as 

unlabeled. In ex vivo brain slices, we performed whole-cell voltage-clamp recordings from 

tdTomato-expressing D1-MSNs while stimulating axons from D1-MSNs with brief light 

pulses (Figure 1D). Optogenetic evoked inhibitory postsynaptic currents (oIPSCs) were 

recorded until reaching a stable 10-min baseline period, after which DA was applied via 

bath perfusion. A concentration of 30 μM was chosen because it is within the range of 

concentrations reached at synapses following electrically stimulated DA release (Marcott 

et al., 2014; Patriarchi et al., 2018). In the presence of DA, GABA transmission at D1-

MSN → D1-MSN synapses showed a small but significant potentiation to 111% ± 3% of 

baseline (p < 0.01; Figures 1D, 1E, and 1H; full statistics in Table S1). Note that, under 

these conditions, where the same MSN subtype recorded was also stimulated, optogenetic 

stimulation resulted in a combined oIPSC and direct ChR2-mediated current in the recorded 
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cell. In these cases, the ChR2 current was pharmacologically isolated from the synaptic 

current at the end of the experiment by applying GABA-A receptor blockers, and it was 

subtracted from the oIPSC. All measurements reported here are from the subtracted oIPSCs 

(STAR Methods; Figure S1).

To assess DA effects on D2-MSN → D1-MSN synapses, D2-MSNs were transduced with 

Cre-dependent ChR2-eYFP through intra-NAc viral vector injection in Adora2a-Cre;Drd1-

tdTomato mice (Figure 1C). The same concentration of DA (30 μM) now significantly 

depresses GABA transmission to 14% ± 2% of baseline (p < 0.0001; Figures 1D, 1E, and 

1H). This pronounced suppression of GABA transmission from D2-MSN inputs contrasted 

with the potentiation observed at D1-MSN → D1-MSN synapses (p < 0.0001; Figure 1H).

DA modulation of D1-MSN transmission depends on the postsynaptic target

We next assessed DA’s effect when activating inputs from other D2-MSNs. We found that 

DA also depressed D2-MSN → D2-MSN GABA transmission to 16% ± 3% of baseline (p 

< 0.0001; Figure 1H). There was no significant difference in the degree of DA depression at 

D2-MSN → D1-MSN synapses and D2-MSN → D2-MSN synapses (p = 0.99; Figures 1F–

1H). Conversely, when activating D1-MSN→D2-MSN synapses, application of DA resulted 

in no significant change in GABA transmission, just a trend toward a decrease (92% ± 4% 

of baseline after DA, p = 0.08; Figures 1F–1H). This result contrasts with the potentiation 

seen at D1-MSN→D1-MSN synapses. Thus, DA differentially affects GABA transmission 

at D1-MSN synapses, depending on the postsynaptic target, whereas DA suppresses synaptic 

transmission from D2-MSNs independent of the postsynaptic MSN target.

DA modulation of D2-MSN transmission depends on a presynaptic mechanism

So far, we found that DA acutely and equally depresses transmission from indirect pathway 

D2-MSNs onto neighboring D1-MSNs and D2-MSNs. This observation suggests that DA 

has a presynaptic site of action at D2-MSNs, where activation of presynaptic D2R decreases 

the probability of neurotransmitter release from D2-MSNs, which agrees with previously 

published data from the dorsal striatum (Guzmán et al., 2003; Tecuapetla et al., 2009). To 

examine this issue more closely in our NAc preparation, we analyzed the percent coefficient 

of variation (CV) of the oIPSC amplitudes during the baseline period and after DA 

application. The CV of IPSC amplitudes varies as a function of the presynaptic probability 

of transmitter release. Therefore, a decrease in oIPSC amplitude with a concomitant increase 

in the CV, and vice versa, suggests a presynaptic mechanism underlying the change in 

amplitude. Indeed, we found a significant increase in CV at both synapses with presynaptic 

D2-MSNs, from a CV of 20% ± 1.2% before to 83% ± 10% after DA in D2-MSN→D1-

MSN synapses and from 14% ± 3% to 49% ± 9% after DA in D2-MSN→D2-MSN 

synapses (p = 0.001 and p < 0.05; Figure 1I). The CV at D1-MSN → D1-MSN synapses 

changed from 18% ± 2.5% to 14% ± 1.5% after DA and at D1-MSN→D2-MSN synapses 

from 10% ± 1.2% to 11% ± 1.1% after DA. In both cases, the CV changes by DA were 

not significant (p = 0.16 and p = 0.38, respectively; Figure 1I), suggesting that DA’s 

effects on D1-MSN synapses are not presynaptically mediated. However, in both cases, the 

change in oIPSC amplitude is modest, and this could preclude us from detecting a CV 

change in this dataset. Thus, the observed CV changes when transmission was driven from 
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presynaptic D2-MSNs are largely consistent with a presynaptic site of action of DA at 

D2-MSN→MSN synapses, which is likely to involve a decrease in probability of GABA 

release from D2-MSN terminals.

Endogenously released DA from midbrain axon terminals depresses lateral inhibition from 
D2-MSNs

Although bath application of DA allows control over the pharmacology, the temporal and 

spatial profile of DA signaling evoked by bathing the entire slice for minutes at a time is 

likely very different from the conditions experienced by DA receptors in vivo. Thus, we next 

tested whether DA released from midbrain DA neuron axons modulates D2-MSN lateral 

inhibition.

Double transgenic/knockin mice with Cre expression in striatal D2-MSNs and midbrain 

DA neurons were transduced with Cre-dependent ChR2-eYFP in the NAc, as in previous 

experiments, and Cre-dependent ChrimsonR-tdTomato in midbrain DA neurons that project 

to the NAc (Figure 2A). Using fast scan cyclic voltammetry (FSCV) to detect DA, we 

confirmed that ChrimsonR stimulation (single and trains of light pulses) evoked DA 

concentration transients in the NAc core (Figures 2B, S2A–S2C, and S1D). Amplitudes 

of DA transients were relatively stable when evoked by a train of pulses every 2 min 

(10th/first amplitude = 0.89; Figure S2E). To evoke GABA release from D2-MSNs, ChR2 

was activated with 405 nm to minimize spectral overlap with ChrimsonR, and pulse width 

and power were optimized to avoid triggering DA release (Figure S2F). A stable 10-min 

baseline of evoked oIPSCs was recorded from unlabeled MSNs in the NAc core while 

stimulating D2-MSN axon collaterals (paired pulses, 405 nm, 50-ms interval, every 20 s; 

Figure 2C). DA release was evoked every 2 min with ChrimsonR stimulation of DA axons 

(10 pulses at 20 Hz, 620 nm). The train started 1 s before GABA release stimulation and 

led to a reproducible reduction in amplitude of ~25% that recovered within 1 min (Figures 

2D and 2E). Averaged oIPSC amplitudes before and after DA neuron stimulation show 

that stimulation of DA neuron axons caused a significant depression to 77% ± 2% of the 

pre-stimulation value (p < 0.0001; Figures 2F and 2G). The amplitude recovered within 1 

min. The CV of oIPSC amplitude increased from 17% ± 3% before to 29% ± 4% after 

stimulation of DA neurons (p < 0.01; Figure S3A). The paired pulse ratio (PPR; 50-ms 

interval) of IPSCs also increased from 1.8 ± 0.3 to 2.6 ± 0.7 immediately after DA neuron 

stimulation (p < 0.01; Figure S3B). The increases in CV and PPR are consistent with 

a presynaptic site of action and suggest that the depression is mediated by lowering the 

probability of GABA release at D2-MSN terminals. These results indicate that stimulation 

of DA neuron axons in the NAc is sufficient for acutely and reversibly depressing GABA 

transmission from D2-MSNs on a timescale of milliseconds to seconds. We speculate that 

this acute suppression of lateral inhibition among MSNs would lead to transient changes 

in the threshold for MSN excitability, creating a short time window for amplification of 

incoming excitatory inputs to the NAc to modulate ongoing activity and set the stage for 

plasticity.
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Cocaine prolongs synaptic depression by endogenously released DA, which is partially 
insensitive to D2R antagonists

In search of evidence that DA mediates ventral tegmental area (VTA) terminal-induced 

depression, we tested the effect of cocaine, a blocker of monoamine transporters. We 

reasoned that blocking DA reuptake with cocaine would prevent DA clearance and increase 

DA concentration near the release site. If the depression is mediated by DA, then cocaine 

would prolong the depression of GABA transmission but would have no effect if the 

depression is mediated by glutamate or GABA, two other neurotransmitters known to be 

co-released from midbrain DA neuron axons (Adrover et al., 2014; Stuber et al., 2010; 

Tecuapetla et al., 2010; Tritsch et al., 2012). Application of 3 μM cocaine significantly 

increased the magnitude and time course of depression after DA stimulation (p < 0.0001; 

Figure 2F). First, we observed that cocaine produced a lasting depression of oIPSC 

amplitudes, causing the oIPSC to remain significantly depressed after each DA stimulation 

train (p < 0.0001; Figures 2F and S3C). This effect of cocaine raised concerns about possible 

occlusion of the acute effect of DA neuron stimulation. To circumvent this concern and 

compare the acute effects with and without cocaine, the data were normalized to the pre-DA 

stimulation amplitude of each condition (Figures 2G and 2H). DA neuron stimulation in 

the presence of cocaine produced significant acute depression of D2-MSN IPSCs to 82% 

± 3% of the pre-stimulation amplitude (p < 0.01; Figure 2G). As predicted, cocaine also 

prolonged depression of oIPSC amplitude, which remained lower even 21 s after DA neuron 

stimulation, significantly different from the no-cocaine condition (p < 0.05; Figure 2H).

We next hypothesized that DA D2Rs, likely expressed on D2-MSN terminals, were 

responsible for the synaptic depression of GABA transmission after stimulation of midbrain 

DA neuron axons. To test this hypothesis, slices were pretreated with the D2R-like 

antagonist sulpiride (10 μM) before applying cocaine and then stimulating DA neurons. 

Sulpiride significantly attenuated the acute effects of DA neuron stimulation compared with 

cocaine alone (p < 0.05; Figure 2I). However, to our surprise, a portion of acute depression 

persisted after DA neuron stimulation, where D2-MSN IPSC amplitude was reduced to 90% 

± 4% of the pre-stimulation amplitude (p < 0.05; Figure 2G). These results suggest that DA 

D2Rs contribute to, but are only partially responsible for, the synaptic depression driven by 

DA neuron stimulation in the presence of cocaine.

DA depresses D2-MSN lateral inhibition via two mechanisms: D2R dependent and 
independent

Puzzled by the findings that the D2R-like antagonist sulpiride was unable to fully block 

the depression induced by endogenous neurotransmitter released from DA neurons in the 

presence of cocaine, we sought to validate the finding with exogenously applied DA. In 

brain slices pretreated with sulpiride (10 μM), exogenous application of DA (30 μM) was 

still able to significantly depress D2-MSN → D1-MSN transmission. oIPSC amplitude 

decreased to 49% ± 8% of baseline (p < 0.01; Figure 3A), about half the depression driven 

by DA in the absence of D2R antagonism. To validate the pharmacology, we next tested 

DA in brain slices from mice with targeted deletion of D2Rs from D2-MSNs (iMSN-Drd2 

knockout [KO] mice: Adora2a-Cre;D2loxP/loxP mice) (Lemos et al., 2016). In slices from 

these cell-specific KO mice, DA depressed D2-MSN → MSN oIPSC amplitude to 50% ± 
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8% of baseline (p = 0.001; Figure 3B). The magnitude and time course of DA depression 

were similar and overlapping in wild-type (WT) slices pretreated with sulpiride and slices 

from mice lacking D2Rs in D2-MSNs (p = 0.99; Figure 3C). Under both conditions, 

depression by DA was significantly attenuated compared with untreated WT slices (WT + 

sulpiride, p < 0.05; iMSN-Drd2KO, p < 0.01; Figure 3C). Together with the previous results 

from midbrain neuron stimulation, these experiments provide further evidence that DA 

depresses D2-MSN lateral inhibition through two processes: direct activation of presynaptic 

D2Rs and a D2R-independent mechanism.

DA depression involves another G-protein-coupled receptor with a 4-fold shift in IC50

To address the D2R-independent depression, we sought to determine whether the 

remaining depression by DA involves a class of G-protein-coupled receptors (GPCRs). 

N-ethylmaleimide (NEM) is a sulfhydryl alkylating agent that uncouples pertussis toxin-

sensitive Gi/o proteins from their receptors (Shapiro et al., 1994). In slices from iMSN-

Drd2KO mice pretreated with NEM (50 μM), D2R-independent depression was significantly 

attenuated compared with untreated slices (p < 0.0001 versus WT + sulpiride and versus 

iMSN-Drd2KO; Figure 3C). In fact, in NEM-treated iMSN-Drd2KO slices, DA failed to 

depress D2-MSN → MSN GABA transmission (114% ± 118% of baseline, p = 0.20; Figure 

S4A), which suggests that the D2R-independent depression by DA is mediated by Gi/o 

signaling.

We next assessed the concentration dependence of this remaining GPCR-dependent 

depression by DA. DA concentrations ranging from 100 nM to 300 μM were tested at 

D2-MSN→MSN synapses in iMSN-Drd2KO mice. We found that D2R-independent DA 

depression is concentration dependent at these synapses, and the IC50 was estimated to be 

37 μM (Figure 3D; curve fit data in Table S1). In WT Adora2a-Cre mice, the concentration-

response curve for DA depression at these synapses was shifted leftward 4-fold compared 

with that observed in iMSN-Drd2KO mice, with a significantly different estimated IC50 

of 9.1 μM DA (p < 0.001, extra-sum-of-squares F test). Thus, we found D2R-independent 

depression to require G-protein activity, to be concentration dependent, and to be active at 

low micromolar concentrations of DA.

A presynaptic mechanism for D2R-independent depression by DA

Two main pieces of evidence support a presynaptic mechanism for D2R-independent 

depression by DA. First, DA significantly increased the CV of the oIPSC amplitude in 

WT slices treated with sulpiride (from 17% ± 2% to 36% ± 9% after DA, p < 0.05) as 

well as in slices from iMSN-Drd2KO mice (from 17% ± 1% to 32% ± 4% after DA, p < 

0.05; Figure 3E). Second, in WT slices treated with sulpiride, DA significantly increased 

the PPR (50 ms interval) of oIPSCs compared with the ratios at baseline (from 0.59 ± 0.05 

to 0.85 ± 0.03 after DA, p < 0.05; Figure 3F), consistent with a presynaptic mechanism. 

These findings suggest that DA decreases the probability of GABA release from the synaptic 

terminals. However, neither result excludes an additional postsynaptic change in GABA 

receptor signaling after DA. Thus, we directly tested the effect of DA on GABA receptor-

mediated currents evoked by photo-uncaging of Rubi-GABA onto the slice (Rial Verde et 

al., 2008).

Burke and Alvarez Page 8

Cell Rep. Author manuscript; available in PMC 2022 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rubi-GABA is a chemically caged GABA compound that is uncaged to release GABA 

in the presence of blue light. We bath-applied Rubi-GABA (10 μM) to brain slices from 

Drd1-tdTomato mice and recorded from D1-MSNs. Blue laser stimulation was used to 

uncage Rubi-GABA and stimulate GABA currents on D1-MSNs without a contribution 

from presynaptic MSNs. In the presence of DA, the amplitude of the uncaged IPSC showed 

a small but significant increase to 107% ± 2% of baseline (p < 0.05; Figure 3G). This small 

but significant increase in GABA uncaging currents by DA (107% ± 2%) is comparable 

with the potentiation by DA at D1-MSN→D1-MSN synapses (111% ± 3%), suggesting 

that DA-mediated potentiation at D1-MSN→D1-MSN synapses is mediated by activation 

of receptors located in the postsynaptic D1-MSN (Figures 1E, 1H, and 1I). At D2-MSN 

→ MSN synapses, however, DA depressed transmission. Because DA did not replicate 

the depression when currents were evoked by uncaged GABA bypassing the presynaptic 

terminal, these results are consistent with a presynaptic site of action for DA at D2-MSN → 
MSN synapses for both the D2R-independent as well as D2R-dependent depression.

Activation of D2Rs in presynaptic D2-MSNs depresses MSN lateral inhibition

To understand the more tractable D2R-mediated inhibition by DA, we next used 

a full agonist at D2-like receptors. We directly assessed how D2R activation with 

quinpirole affected MSN → MSN transmission at the four possible combinations of 

synaptic partners: D2-MSN→D1-MSN, D2-MSN→D2-MSN, D1-MSN→D2-MSN, and 

D1-MSN→D1-MSN.

At D2-MSN → D1-MSN synapses, in which D2Rs are expressed only at the presynaptic 

site, 1 μM quinpirole caused a significant depression of GABA transmission to 44% ± 3% 

of baseline. As expected, quinpirole also increased the CV of the oIPSC amplitudes (from 

21% ± 3% to 47% ± 6%, p < 0.0001; Figure 4F). To our surprise, the quinpirole-induced 

depression recovered to only 76% ± 4% of baseline upon washout and further application 

of the D2-like receptor antagonist sulpiride (1 μM, all p < 0.0001; Figure 4A). In slices pre-

treated with sulpiride, quinpirole had no effect on synaptic transmission (sulpiride baseline, 

100% ± 2%; +quinpirole, 101% ± 4%; p = 0.88; Figure S5), suggesting that quinpirole 

induces some degree of long-lasting depression at these synapses.

At D2-MSN → D2-MSN synapses, in which pre- and postsynaptic neurons express D2Rs, 

quinpirole again depressed GABA transmission to 37% ± 5% of baseline. Interestingly, 

quinpirole depression was fully reversed by sulpiride application at these synapses (94% ± 

7% of baseline, p < 0.0001 for baseline versus quinpirole [quin] and quin versus sulpiride 

[sulp], p = 0.65 for baseline versus sulp; Figure 4B). Apart from the recovery, there was 

no significant difference in acute quin-mediated depression of D2-MSN → D1-MSN and 

D2-MSN → D2-MSN synapses (p = 0.54; Figure 4E). In addition, quin increased the 

CV of oIPSC amplitudes at D2-MSN → D2-MSN synapses (baseline, 23% ± 3%; quin, 

49% ± 3%; p = 0.001; Figure 4F), further suggesting that D2R-mediated depression is 

presynaptically mediated.

At D1-MSN → D2-MSN synapses, in which D2Rs are only expressed in postsynaptic 

neurons, quin application caused a very small but significant depression of GABA 

transmission to 91% ± 2% of baseline. The small depression was reversed by sulp to 96% 
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± 3% of baseline (p < 0.05 for baseline versus quin, p > 0.16 quin versus sulp and baseline 

versus sulp; Figure 4C), and it was not accompanied by changes in CV (from 13% ± 2% to 

14% ± 3% after quin, p = 0.31; Figure 4F).

At D1-MSN → D1-MSN synapses, quin and sulp application had no effect on GABA 

transmission (from baseline; quin, 102% ± 3%; sulp, 104% ± 8%; p = 0.95; Figure 4D). 

The lack of effect was expected because neither presynaptic nor postsynaptic neurons should 

express D2Rs. Despite reports of a small subpopulation of MSNs that coexpresses D1 

and D2Rs in the NAc core (~6%; Bertran-Gonzalez et al., 2008) or D1 and D3 receptors 

(mainly the NAc medial shell; Ridray et al., 1998), our finding here suggests that these 

subpopulations are unlikely to play a large functional role at these collateral synapses.

Thus, we conclude that quin mainly depresses transmission at synapses where presynaptic 

MSNs express D2Rs. The most parsimonious interpretation is that quin acts directly on 

D2Rs on D2-MSN axons. However, other cell types in the NAc also express D2Rs, 

including cholinergic interneurons, which have been shown to indirectly modulate synapses 

onto MSNs in slices (Augustin et al., 2018; Francis et al., 2019) and could therefore play 

a role in D2R-mediated depression of lateral inhibition. Although not completely excluding 

this possibility, the lack of depression at D1-MSN→D1-MSN synapses suggests that, in our 

preparation, D2R depression is mediated through D2Rs on D2-MSNs.

D2R-mediated depression accounts for half of the DA effect

The magnitude of depression by 30 μM DA is greater than that by 1 μM quin (86% ± 2% 

versus 56% ± 3% depression) (Figures 1E, 1H, and 4A). 3 and 10 μM quin depressed to 

the same extent as 1 μM (47% ± 10%, 48% ± 4%, and 44% ± 3% of baseline, respectively; 

Figure 4G), indicating that ~52%–56% is the maximal depression mediated by D2R at these 

synapses. However, DA depresses GABA transmission to a greater extent; 30 μM reduces 

the amplitude to 14% ± 2% of baseline and 100 μM to 7.4% ± 4% of baseline (p < 0.0001 

versus 1 μM quin; Figure 4G). Thus, DA depression is significantly larger than the maximal 

quin depression, consistent with our previous findings indicating a second mechanism of 

action for DA that is independent of D2Rs.

D1Rs are not involved in D2R-independent depression of D2-MSN lateral inhibition by DA

D1Rs are other well-known targets of DA that are highly expressed in the NAc. We 

examined whether D1R antagonism could attenuate D2R-independent depression using 

slices from iMSN-Drd2KO mice where the D2R-independent depression can be isolated. 

In the presence of the D1-like antagonist SCH23390 (2 μM), DA still depressed GABA 

transmission at D2-MSN → MSN to 51 % ± 7% baseline (p < 0.01; Figure 5A), similar 

to the no-antagonist condition and to 20 μM SCH23390 (32% ± 9% baseline, p = 0.38; 

Figure 5B). We also tested a cocktail of DA receptor antagonists containing another high-

potency D1-like antagonist, SKF83566 (1 μM); the D2-like antagonist sulp (10 μM); and 

the D4R antagonist L-745870 (1 μM). DA caused a similar depression in the presence 

of this antagonist cocktail (56% ±5% baseline; Figure 5B). Last, we tested whether the 

selective full D1-like agonist SKF81297 could mimic D2R-independent depression by DA. 

SKF81297 (10 μM) had no effect on D2-MSN lateral inhibition (93% ± 5% baseline, p = 

Burke and Alvarez Page 10

Cell Rep. Author manuscript; available in PMC 2022 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.29; Figure 5C). These results rule out involvement of any known DA receptor types in the 

D2R-independent portion of DA depression of D2-MSN lateral inhibition.

5-HT1BRs mediate part of DA depression of D2-MSN lateral inhibition

Some studies have reported promiscuous binding and activation among monoamine 

receptors (Bhattacharyya et al., 2006; Conductier et al., 2011; Guiard et al., 2008; Oz et 

al., 2003; Root et al., 2015; Sánchez-Soto et al., 2018). Because α2-adrenergic receptors 

(α-ARs) and 5-HT1 BRs are expressed in the NAc and can act as heteroreceptors that 

presynaptically depress transmitter release (Matsui and Alvarez, 2018; Puighermanal et al., 

2020; Tiger et al., 2018; Uhlén et al., 1997), we next tested whether antagonists for these 

receptors could block D2R-independent depression by DA in iMSN-Drd2KO mice. An 

α-AR cocktail consisting of yohimbine (3 μM), RX821002 (10 μM), and prazosin (100 nM) 

had no effect on D2R-independent depression (53% ± 7% baseline; ACSF versus α-AR 

cocktail, p = 0.92), whereas pretreatment with NAS-181, a selective 5-HT1BR antagonist, 

significantly attenuated DA depression (79% ± 3% baseline; ACSF versus NAS-181, p 

< 0.01; α-AR cocktail versus NAS-181, p < 0.05; Figures 6A and 6C). In addition, 

pretreatment with an antagonists for adenosine A1 and A2A, muscarinic, cannabinoid, 

GABA-B, opioid, histamine H3, mGluR group II, nicotinic, or other 5-HT receptors had 

no effect on the D2R-independent depression in slices from iMSN-Drd2KO mice (p = 

0.82; Figure S6A). NAS-181 attenuated D2R-independent depression of D2-MSN lateral 

inhibition in WT (Adora2a-Cre) mice. In slices pretreated with sulp and NAS-181, DA 

depression (81% ± 10% baseline) was significantly attenuated compared with no antagonist 

treatment or sulp alone (p < 0.01 for NAS-181 + sulp versus sulp alone, NAS-181 + sulp 

versus no antagonist, sulp alone versus no antagonist; Figures 6B and 6D). To further 

validate this finding, we crossed mice with global deletion of 5-HT1BRs (5-HT1BKO) 

with Adora2a-Cre;D1-tdTomato mice to record D2-MSN→D1-MSN transmission. Again 

we observed attenuation of D2R-independent depression by DA (73% ± 4% baseline). The 

DA effect was reduced to the same extent in mice with genetic deletion of the 5-HT1BR 

as in WT slices pretreated with NAS-181 (NAS-181 + sulp versus 5-HT1BKO + sulp, p 

= 0.77; Figure 6D), which was also significantly different from WT slices pretreated with 

sulp (5-HT1BKO + sulp versus sulp alone, p < 0.05; Figure 6D), again suggesting that DA 

depresses lateral inhibition through D2Rs and 5-HT1BRs. These data offer strong evidence 

that activation of 5-HT1BRs is required for part of the DA depression of D2-MSN lateral 

inhibition.

We reasoned that direct activation of 5-HT1BR with a selective agonist should depress D2-

MSN GABA transmission. We tested the 5-HT1B/1D selective agonist sumatriptan (1 μM) 

on D2-MSN→D1-MSN synapses in WT mice and, as predicted, found robust depression of 

oIPSC amplitudes to 40% ± 4% of baseline (p < 0.0001; Figure 6E). Addition of quin (1 

μM) on top of sumatriptan further depressed oIPSC amplitudes to 14% ± 3% of baseline, 

significantly less than baseline (p < 0.0001) and sumatriptan alone (p < 0.001; Figure 6E). 

Combined sumatriptan and quin application depressed transmission to a greater extent than 

quin alone (p < 0.001; Figure 6F). These results are consistent with DA depressing D2-MSN 

lateral inhibition via combined actions on D2Rs and 5-HT1BRs.

Burke and Alvarez Page 11

Cell Rep. Author manuscript; available in PMC 2022 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D1-MSNs also express 5-HT1BRs (Sari et al., 1999), but DA produced no depression at 

D1-MSN→D1-MSN synapses (Figure 1H). We tested sumatriptan (1 μM) and found that 

it significantly depressed GABA transmission to 70% ± 5% of baseline at D1-MSN→D1-

MSN synapses (p < 0.01, Figure S7A). This depression was significantly less than at 

D2-MSN→D1-MSN synapses (p < 0.01; Figure S7B), implying lower potency of 5-HT1BR 

at D1-MSN→D1-MSN synapses and providing a possible explanation for the lack of DA 

depression at these synapses.

DA depression through 5-HT1BRs is neither enhanced nor occluded by selective blockers 
of the 5-HT transporter

So far, our study cannot rule out an indirect mechanism for involvement of 5-HT1BRs in 

DA-mediated depression. For example, DA application might somehow elevate extracellular 

5-HT concentrations in the slice by inducing 5-HT release or blocking 5-HT reuptake via 

the 5-HT transporter (SERT). To test these possibilities, we applied the selective 5-HT 

reuptake inhibitor citalopram (1 μM) (Matsui and Alvarez, 2018) to the slice before adding 

DA (30 μM) and recorded from D2-MSN→D1-MSN synapses in iMSN-Drd2KO mice. We 

predicted that, if DA is inducing 5-HT release by some indirect mechanism, citalopram will 

further enhance the 5-HT1B-mediated depression by DA. Alternatively, if DA is blocking 

5-HT reuptake via SERT, causing an increase in extracellular 5-HT levels (the DA affinity 

for SERT is higher than 5-HT), citalopram will occlude 5-HT1B-mediated depression by 

DA.

The experiments first showed that citalopram alone caused a small but significant reduction 

in oIPSC amplitude to 88% ± 4% baseline (p < 0.01; Figure 7A), suggesting the presence 

of a 5-HT tone in the slice. Addition of DA to the slice in the presence of citalopram 

further decreased oIPSC amplitudes to 43% ± 4% baseline (p < 0.0001 for comparisons 

with baseline and citalopram alone; Figure 7A). The depression of lateral inhibition caused 

by combined citalopram and DA, however, was not significantly different from that of DA 

alone in iMSN-Drd2KO mice (p = 0.52; Figure 7B). Because citalopram neither amplifies 

nor occludes the DA effect on 5-HT1BRs when increasing the extracellular concentration 

of 5-HT, we conclude that it is unlikely that endogenous 5-HT is mediating the 5-HT1BR-

dependent depression by DA. Thus, the most parsimonious explanation is that DA acts 

directly on 5-HT1BRs located in the presynaptic GABA terminals and activates these 

receptors to mediate a transient depression of synaptic transmission.

Regarding the remaining component of D2R-independent depression, the identity of the 

receptor(s) remains unclear. This remaining depression was insensitive to a range of 

antagonists (DAergic, adrenergic, muscarinic, nicotinic, GABA-B, cannabinoid, opioid, 

histamine, and adenosine as well as fast glutamate blockers present throughout this study; 

Figure S6A). However, our evidence suggests that a presynaptic (Figures 3E–3G) Gi/o-

coupled receptor (Figure S4) mediates the remaining component of the depression.
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Combined antagonists for 5-HT1BRs and D2Rs reverse and block the depression by 
endogenous DA in the presence of cocaine

D2R antagonism by itself was insufficient for blocking the acute depression induced by 

endogenous DA released using optogenetic stimulation of DA axons in the presence of 

cocaine (Figure 2G). Using a similar setup, we tested whether combined 5-HT1BR and 

D2R antagonists could completely block the acute depression. D2-MSNs and midbrain DA 

neurons were virally transduced with ChR2-eYFP and ChrimsonR-tdTomato, respectively, 

in Adora2a-Cre;DAT-Cre mice. As in the experiments shown in Figure 2, cocaine (3 μM) 

was included in the bath because it amplified the inhibition evoked by DA axon stimulation 

and validated the involvement of endogenous DA. We recorded oIPSCs in unlabeled MSNs 

to obtain a stable baseline before DA release was optogenetically evoked by train stimulation 

every 2 min for 20 min. Normalizing the oIPSC amplitudes to the pre-DA stimulation 

amplitudes and averaging epochs, we again found acute depression to 86% ± 3% baseline. 

The depression began 1 s after DA stimulation (p < 0.01 versus – 19 s), peaked at 21 s 

(70% ± 3% pre-stimulation, p < 0.0001 versus – 19 s; Figure 7D, blue), and reversed over 

the course of 1 min (Figure 7C, blue). We then applied sulp (10 μM) and NAS-181 (20 

μM) together in the bath and allowed 5 min for the drugs to equilibrate. We found that the 

combination of antagonists for D2Rs and 5-HT1BRs completely blocked acute depression 

after endogenous DA release. The antagonist combination significantly attenuated acute 

depression at all time points after DA axon stimulation (p < 0.01 for 1–61 s; Figure 7C). 

In contrast to pre-antagonist application, there was no effect of DA axon stimulation on 

oIPSC amplitudes 1 s (99% ± 2% pre-stimulation, p = 0.79 versus – 19 s) or 21 s (104% ± 

3%, p = 0.24 versus – 19 s) after stimulation compared with pre-DA stimulation amplitudes 

(Figure 7D, gray). Thus, the combined D2R and 5-HT1BR antagonists fully reverse acute 

depression of D2-MSN lateral inhibition by DA neuron stimulation in the presence of 

cocaine. These results strongly suggest that, in the presence of cocaine, the acute depression 

caused by endogenous DA release is mediated in part by 5-HT1BRs.

DISCUSSION

This study dissects out the modulatory role of the monoamine DA on local NAc GABA 

transmission, which provides a strong source of lateral inhibition among principal neurons. 

This topic has been addressed before, particularly in the dorsal striatum, but the results 

remained controversial and the interpretation puzzling. The present findings clarify the 

picture by showing that DA differentially modulates MSN→MSN lateral inhibition in a 

pathway-specific manner. DA greatly depresses GABA transmission from D2-MSNs to 

D1-MSNs and other D2-MSNs, whereas it has a small target-specific effect on D1-MSN 

transmission: small facilitation and depression at D1-MSN → D1-MSN and D1-MSN 

→ D2-MSN, respectively. We postulate that DA depresses D2-MSN lateral inhibition 

via presynaptic receptors, likely expressed at synaptic terminals, whereas DA differential 

effects on D1-MSN lateral inhibition depend on postsynaptic receptors. We also found that 

DA released from the terminals of midbrain DA neurons produces transient and reliable 

depression of D2-MSN synapses within 1 s. This depression is prolonged by cocaine 

and only partially blocked by D2-like receptor antagonists in the presence of cocaine. To 

our surprise, a significant portion of exogenous DA-induced depression is mediated by 
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presynaptic 5-HT1BRs. Thus, the results from this study reveal that DA bidirectionally 

modulates lateral inhibition among MSNs via multiple monoamine receptors and that it does 

so in a fast and transient fashion, which is expected to have important implications for the 

excitability of MSNs and NAc output. These results provide crucial information for a full 

understanding of how DA shapes NAc circuitry to exert its known effects on motivated 

behavior.

Pathway specificity of DA actions

The pathway selectivity observed in the NAc is broadly in agreement with results from 

the dorsal striatum but with some differences. Researchers have consistently demonstrated 

that, in the dorsal striatum, DA mainly modulates GABA transmission presynaptically, 

depressing release from presynaptic D2-MSNs and facilitating release from presynaptic 

D1-MSNs (Guzmán et al., 2003; Tecuapetla et al., 2007, 2009; Wei et al., 2017). Although 

we did observe a potentiation at D1-MSN→D1-MSN synapses, we found no evidence of a 

presynaptic mechanism through the CV analysis. This could be due to the small effect size 

of the potentiation observed that prevents us from resolving differences in CV. Alternatively, 

the failure to detect a change in CV could be interpreted as evidence of a postsynaptic 

mechanism of DA in D1-MSN transmission. The latter is further supported by the fact 

that DA produced the same small potentiation on currents evoked by uncaging GABA on 

D1-MSNs. Last, the fact that DA has a different effect on D1-MSN→D2-MSN synapses 

also supports a postsynaptic site of action. These target-specific effects of DA have not 

been reported before. Given the relative scarcity of D1-MSN→D2-MSN synapses based on 

paired recording data (Planert et al., 2010; Taverna et al., 2008; Wei et al., 2017), it is not 

surprising that DA modulation of this specific synaptic pair has been less studied.

Our results also agree with previous reports that D2R activation depresses MSN→MSN 

synapses in the NAc (Dobbs et al., 2016; Kohnomi et al., 2012). Previously published 

results from the NAc, however, showed that DA depression of electrically stimulated 

GABA currents onto MSNs was blocked by D1-like but not D2-like receptor antagonists. 

DA depression was mimicked or occluded by D1-like agonists, which suggested that, 

in the NAc, DA depresses GABA transmission through D1Rs (Hjelmstad, 2004; Nicola 

and Malenka, 1997; Pennartz et al., 1992). Similarly, when using paired recordings from 

subtype-unidentified MSNs, Taverna etal. (2005) found that this synapse is depressed by 

DA and by a D1-like agonist. Electrical stimulation recruits a mixed population of axon 

terminals, both MSN subtypes, interneurons, and ventral pallidum (VP) back-projections, 

which complicates a direct comparison of results and might explain the difference. 

Differences in animal species (mouse versus rat) and the NAc subregions being recorded 

are other factors that may account for the apparent discrepancy between our and previous 

data using paired recording. For example, the NAc shell and core display heterogeneity in 

D1R signaling, DA transmission, and psychostimulant-induced adaptations (de Jong et al., 

2019; Kourrich and Thomas, 2009; Saddoris et al., 2013; Corkrum et al., 2020 Kohnomi 

et al., 2012, 2017). There are reported differences in D1R and D2R signaling between the 

dorsal striatum and NAc shell (Gangarossa et al., 2013; Gerfen et al., 2008; Marcott et al., 

2018). The evidence indicates that the NAc shell has distinctive properties and that the DA 
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effects on the NAc core assessed in this study are broadly similar to those described for the 

dorsal striatum.

Timescale of DA actions

This study found that DA released from midbrain VTA neurons depresses D2-MSN 

synapses on a millisecond-to-second timescale. The 20-s sampling interval for oIPSCs 

precluded us from determining the time course of this depression with higher time 

resolution. Future experiments and strategies will be needed to study the exact time course 

of the depression, including the time window between DA release and MSN GABA 

release that leads to maximal IPSC depression. The acute depression driven by DA neuron 

stimulation was rapid in onset, occurring within 1 s of DA stimulation. This depression 

is prolonged by cocaine. Our results add to accumulating evidence that DA release from 

midbrain projections in the striatum can exert effects on postsynaptic targets on subsecond 

timescales (Lahiri and Bevan, 2020; Marcott et al., 2014; Shin et al., 2017). Unlike the 

rapid effects of DA neuron stimulation on D1-MSN excitability in the dorsal striatum, 

which persist for minutes (Lahiri and Bevan, 2020), the depression of synaptic transmission 

observed here is transient and reversible within 1 min. This short-acting acute depression by 

endogenously released DA suggests a possible mechanism where DA, through disinhibition 

of neighboring MSNs (Dobbs et al., 2016), can transiently shape NAc circuitry to modulate 

moment-by-moment behavior to invigorate actions (Hamid et al., 2015; Nicola, 2010; 

Puryear et al., 2010; Roitman et al., 2004; Da Silva et al., 2018; Wang and Tsien, 2011). 

By increasing cell excitability through reduction of synaptic GABA, DA could lower the 

threshold for plasticity at a set of inputs whose activation are time locked to the DA signals 

(Reynolds et al., 2001). The plasticity-inducing effect of DA would then be selective for 

inputs arriving within an effective time range, whereas other inputs that are active before 

or after this time window would be unaffected. Under this hypothesis, the transient nature 

of the DA depression could then also assist in driving reinforcement learning. Interestingly, 

one recent study suggested a narrow time window (~1 s) in which DA signaling drives 

learning (Lee et al., 2020). Thus, by identifying the molecules and pathway specificity of 

DA control over GABA inhibition among NAc MSNs, the current study offers possible 

synaptic mechanisms underlying the known role of DA in plasticity and learning (Augustin 

et al., 2018; Goto and Grace, 2005; Shindou et al., 2019; Steinberg et al., 2013; Yagishita et 

al., 2014).

Involvement of 5-HT1BRs

A critical revelation from this study is the involvement of 5-HT1BRs in DA actions on 

synapses. About half of the exogenous DA-induced depression of the lateral inhibition from 

D2-MSN is driven by activation of presynaptic D2Rs, as expected, given the known role of 

D2Rs in depressing GABA release in the striatum and NAc (Dobbs et al., 2016; Tecuapetla 

et al., 2009). To our surprise, however, a significant portion of DA-induced depression is 

insensitive to antagonists for all known types of DA receptors. This resistant portion of DA 

depression is largely blocked by a 5-HT1BR antagonist and genetic KO of the 5-HT1BR 

gene. We also found that DA axon stimulation induces a transient depression of D2-MSN 

lateral inhibition that is enhanced by cocaine and not fully blocked by a D2R antagonist. 
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Combined application of D2R and 5-HT1BR antagonists fully reverses and prevents acute 

depression by DA neuron stimulation in the presence of cocaine.

Cooperative interactions

Our findings raise the possibility of cooperative interactions between D2Rs and 5-HT1BRs, 

which both depress lateral inhibition in the NAc. Agonists for 5-HT1BRs and D2-like 

receptors together depressed transmission to a greater extent than D2-like receptors alone. 

This cooperative depression seems likely to be relevant in vivo in the presence of cocaine, 

which blocks reuptake of both monoamines. With cocaine, roughly half of the acute 

synaptic depression caused by DA neuron stimulation is mediated by 5-HT1BRs. Our 

findings do not completely rule out the involvement of D2R-5-HT1BR heterodimers in this 

depression. However, we consider this possibility highly unlikely because the DA depression 

is preserved in animals lacking D2Rs in D2-MSNs. The 5-HT1B antagonist also blocks 

DA-mediated depression in iMSN-Drd2KO mice, which lack D2Rs.

Monoamine receptor cross-talk and pharmacology

Early efforts to characterize the rat 5-HT1BR suggested that it displays low affinity for 

DA (Hoyer, 1988; Markstein et al., 1986; Peroutka and Snyder, 1979). However, the 

lack of selective blockers for 5-HT1BRs at the time cast doubt over the interpretation 

of these experiments (Schoeffter and Hoyer, 1989; Van Wijngaarden et al., 1990). 5-HT 

receptor pharmacology is complex, in part because of profound heterogeneity among species 

(McCorvy and Roth, 2015), which is particularly relevant to our findings. For example, 

human and rat 5-HT1BRs share more than 93% sequence homology and have similar 

affinity for 5-HT. However, a single amino acid substitution in the human threonine355 

for asparagine351 in rats confers rat 5-HT1BRs with 100-to 1,000-fold greater affinity 

for adrenergic antagonists and altered binding to classic 5-HT ligands (Adham et al., 

1994; Metcalf et al., 1992; Oksenberg et al., 1992). The mouse 5-HT1BRs carries 

the same asparagine residue and reportedly has a similar pharmacology as the rat 5-

HT1BR (Maroteaux et al., 1992). Less is known about mouse 5-HT1BRs because current 

efforts regarding therapeutic drug development and pharmacology have largely focused 

on human 5-HT1BRs (Rodríguez et al., 2014). Our current findings point to a need 

for further examination of mouse 5-HT1BR pharmacology. D2-MSNs express 5-HT1BRs 

(Puighermanal et al., 2020). Similar to D2Rs, 5-HT1BRs are GPCRs that couple to Gi/o 

proteins and are expressed on presynaptic terminals, where they mediate heterosynaptic 

depression of neurotransmitter release (Tiger et al., 2018). We found that the 5-HT1B/1D 

agonist sumatriptan depressed D2-MSN→D1-MSN synapses as well as D1-MSN→D1-

MSN synapses (Figures 6E and S7A), consistent with recent work (Pommer et al., 2021). 

In addition, in the striatum, 5-HT1BRs are expressed on glutamate inputs and cholinergic 

interneurons, where they can depress glutamate and acetylcholine release (Dölen et al., 

2013; Mathur et al., 2011; Matsui and Alvarez, 2018; Virk et al., 2016).

Because of their common evolutionary history, monoamine transmitters share many of 

the release and degradation machinery, including vesicular monoamine transporter 2 and 

monoamine oxidase (Yamamoto and Vernier, 2011). There are many reports of cross-talk 

between monoamines, including reuptake transporters (Larsen et al., 2011; Morón et al., 
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2002; Shen et al., 2004) and receptors (Conductier et al., 2011; Comil and Ball, 2008; 

Cornil et al., 2008; Guiard et al., 2008; Lanau et al., 2002; Root et al., 2015; Yang et 

al., 2014; Zhang et al., 2004). There are also reports that DA decreases GABA release in 

the striatum through α2 receptors (Zhang and Ordway, 2003; Zhang et al., 1999). We did 

not observe an effect of adrenergic antagonists on DA-mediated depression in our study, 

arguing against involvement of ARs. In addition, DA has been shown to activate 5-HT1A, 

5-HT2A, 5-HT2C, and 5-HT3 receptors, although with lower potency and efficacy than 

5-HT (Bhattacharyya et al., 2006; Oz et al., 2003; Woodward et al., 1992). At the 5-HT2A 

receptor, DA exhibits biased signaling compared with 5-HT, suggesting the possibility of 

distinctive signaling profiles (Soman et al., 2020). To our knowledge, a direct determination 

of the affinity or efficacy of DA at mouse 5-HT1BRs remains to be done.

Limitations of the study

The involvement of 5-HT1BRs in DA-mediated suppression of lateral inhibition is shown 

here with exogenously applied DA and with endogenously released DA in the presence of 

cocaine. It remains to be determined where 5-HT1B receptors could be activated in the 

absence of transporter blockers. Other studies that manipulated DA transporter activity in 
vivo also provided evidence of physiological involvement of 5-HT receptors in the actions 

of DA in high-DA states (Parson etal., 1996). DA transporter KO mice display hyperactivity, 

which is attenuated by blocking 5-HT1BRs pharmacologically and with partial KO (Hall 

et al., 2014). Last, overexpression of 5-HT1BRs in NAc neurons increases locomotor 

sensitivity to cocaine and alters drug-seeking behavior (Furay et al., 2011; Hoplight et 

al., 2006; Nair et al., 2013; Neumaier et al., 2002; Pentkowski et al., 2012). It has 

been hypothesized that 5-HT1BRs act at MSN terminals in the VTA to promote cocaine 

locomotion. However, given our findings, we propose that 5-HT1BR overexpression may, 

in part, increase cocaine locomotion by enhancing suppression of lateral inhibition from 

D2-MSNs in the NAc, as shown by Dobbs etal. (2016).

Final conclusions

Our results add to the existing literature on cross-talk among monoamines and their 

receptors. Our findings also provide some of the strongest evidence that, in the mouse 

brain, DA can activate 5-HT1BRs to control synaptic transmission and, consequently, the 

degree of lateral inhibition among NAc neurons. Because the NAc receives dense DA 

innervation, whether this receptor cross-talk occurs at other synapses or in other brain 

regions needs to be explored in future studies. We show that DA has acute actions on NAc 

lateral inhibition that are pathway specific and that depression at synapses from indirect 

pathway D2-MSNs requires activation of presynaptic DA D2Rs and 5-HT1BRs, both likely 

expressed on presynaptic terminals of D2-MSNs.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Veronica Alvarez 

(alvarezva@mail.nih.gov).
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Materials availability—This study did not generate new unique reagents.

Data and code availability

• Data reported in this paper will be shared upon request to the Lead contact.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All experiments and procedures were approved by and performed in accordance 

with guidelines from NIAAA Animal Care and Use Committee. Adult male and 

female mice (median age = 10 weeks at surgery; 18 weeks at recordings) were used. 

Though small sample sizes precluded a rigorous test of sex differences, no obvious 

differences were observed, and data from male and female mice were pooled. To 

target MSN subpopulations for optogenetic expression, hemizygous Adora2a-Cre mice 

(B6.FVB(Cg)-Tg(Adora2a-Cre)KG139Gsat/Mmucd, GENSAT 036158-UCD) or Drd1-Cre 

mice ((B6.FVB(Cg)-Tg(Drd1-Cre) EY262Gsat/Mmucd GENSAT 30989-UCD) were used 

to target D2-MSNs or D1-MSNs, respectively (Gerfen et al., 2013; Gong et al., 2007). 

For the vast majority of experiments with Adora2a-Cre or Drd1-Cre mice, they were 

crossed with Drd1-tdTomato mice (B6.Cg-Tg(Drd1a-tdTomato)6Calak/J, JAX 016204 (Ade 

et al., 2011) to yield Adora2a-Cre;Drd1-tdTomato or Drd1-Cre;Drd1-tdTomato mice. To 

generate mice lacking the D2 receptor in D2-MSNs (iMSN-Drd2 KO mice) Drd2loxp/loxp 

mice (B6.129S4(FVB)-Drd2tm 1.1Mrub/J JAX 020631) were crossed with Adora2a-Cre 

mice or Adora2a-Cre;Drd1-tdTomato mice (Lemos et al., 2016). To simultaneously restrict 

viral mediated expression of ChR2 to D2-MSNs and ChrimsonR to midbrain dopamine 

neurons, hemizygous Adora2a-Cre mice were crossed with heterozygous DAT-Cre mice 

(B6.SJL-Slc6a3tm1.1(cre)Bkmn/J mice, JAX 006660) (Bäckman et al., 2006) to yield Adora2a-

Cre;DAT-Cre mice. 5-HT1B receptor knockout mice (5-HT1BKO) (Ramboz et al., 1995) 

were maintained on a BALB/c background (C.129-Htr1btm1Rhn/MpenJ) (provided by 

Dr. John Williams, Vollum Institute; currently JAX 029609) and crossed with Adora2a-

Cre;Drd1-tdTomato mice to generate 5-HT1BKO; Adora2a-Cre;Drd1-tdTomato mice on a 

mixed BALB/c/C57Bl6 background. All other mice in this study were maintained on a 

C57Bl6 background. Animals were group housed in 12-h light/dark cycle with food and 

water ad libitum. Brain slices were prepared during the light cycle (ZT4.5 ± 2).

METHODS DETAILS

Viral vector injections—Mice (>5 weeks, median = 10 weeks at surgery) were 

anesthetized with isoflurane (5% induction, ~2% throughout surgery) and placed in the 

stereotaxic device (Kopf Instruments). Adeno-associated viral (AAV) vectors were injected 

through a small glass pipette with a Nanoject II (Drummond Scientific) at a rate of ~130 

nL/min. Injection pipette was kept in place 5-10 min to allow diffusion, then slowly retracted 

over the course of 5 min to prevent backflow up the injection tract. To target ChR2 to 

D2- or D1- MSNs, a Cre-dependent vector encoding ChR2-eYFP (AAV5-EF1a-double 

floxed-hChR2(H134R)-EYFP-WPRE-HGHpA, 1 × 1013 vg/mL, Addgene# 20298-AAV5 or 
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AAV5-EF1a-DIO-hChR2(H134R)-EYFP, 4.5 × 1012 vg/mL, UNC Vector Core catalog# 

5EF1aChR2YFPDIO) was injected bilaterally into NAc core (250–300 nL/side; from 

bregma: AP, +1.2; ML, ±1.0; DV, −4.8 mm) of Adora2a-Cre or Drd1-Cre mice. For dual D2-

MSN/dopamine neuron stimulation experiments Adora2a-Cre;DAT-Cre mice were injected 

with Cre-dependent ChR2-eYFP in the NAc core (as above), as well as with Cre-dependent 

virus encoding ChrimsonR-tdTomato (AAV5-Syn-FLEX-rc [ChrimsonR-tdTomato], 5 × 

1012 vg/mL Addgene # 62723-AAV5) bilaterally into the ventral tegmental area (VTA) 

(350–500 nL/side; from bregma: AP, −3.1; ML, ±0.5; DV, −4.5 mm) for a total of four 

injection sites. Recordings were performed at least 2 weeks (6 for ChR2+ChrimsonR 

injected animals) after surgery to allow time for adequate expression. Prior to recording, 

viral expression in slices was confirmed by fluorescence visualization.

Slice preparation—Mice were anesthetized with isoflurane and transcardially perfused 

with 95%O2/5%CO2 oxygenated, ice-cold “cutting solution” (in mM: 225 sucrose, 119 

NaCl, 2.5 KCl, 0.1 CaCl2, 4.9 MgCl2, 26.2 NaHCO3, 1 NaH2PO4, 1.25 glucose, and 

3 kynurenic acid). Brains were removed, and sagittal slices (230 μm) were prepared 

with a vibratome (Leica VT1200) in ice-cold cutting solution (same as perfusion). After 

slicing, slices were transferred to a holding chamber containing 95%O2/5%CO2 oxygenated 

artificial cerebrospinal fluid (ACSF) (in mM: 124 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 

26.2 NaHCO3, 1 NaH2PO4, 20 glucose, and 0.4 ascorbate) and incubated at 33–34°C for 

at least 30 min. After incubation, slices were moved to room temperature (22°C–24°C) and 

covered to minimize light exposure until recording.

Electrophysiology—For recording, slices were transferred to the recording chamber 

mounted on an upright microscope (BX51WI, Olympus, USA) and perfused (~2 mL/min) 

with oxygenated ACSF (same as holding chamber) maintained at 31 ± 1°C. Cells were 

visualized with a 40x (0.8 NA) water-immersion objective illuminated with differential 

interference contrast. Whole-cell recordings were performed from MSNs in NAc core 

(generally below the anterior commissure along the whole rostral-caudal axis, from sagittal 

slices roughly corresponding to 0.8–1.45 mm lateral from bregma) with glass electrodes 

(2.0–4.0 MΩ) filled with a mixed CsCl/CsMeSO4 based internal solution (in mM: 60 CsCl, 

60 CsMeSO4, 10 HEPES, 0.2 EGTA, 4 Na-ATP, 0.4 Na-GTP, 10 phosphocreatine, and 4.4 

QX-314 pH = 7.3, ~310 mOsm). Cells were voltage clamped at −55 mV and data were 

collected using a Multiclamp 700B amplifier low-pass filtered at 2 kHz and digitized at 20 

kHz using pClamp v10.3 software (Molecular Devices). Access resistance was monitored 

throughout experiments, and cells were removed from analysis if it changed >15% from 

baseline period.

For optogenetic stimulation of ChR2 alone, a fiber optic (200 μm/0.22 NA) connected 

to a diode-pumped blue laser (473 nm; 25 mW; CrystaLaser) delivered single or paired 

pulse (50ms interval) stimulation (0.1–0.5 ms; ~0.2 mW) every 20 s to evoke optogenetic 

inhibitory post synaptic currents (oIPSCs).

After whole-cell break in, cells were given at least 10 min to dialyze internal solution before 

baseline recording began. For antagonist pretreatment experiments, antagonist was applied 

at least 3 min before beginning of baseline period. All experiments except those in Figures 2, 
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S2, S3, 7C, and 7D (DA axon stimulation) were performed in the presence of NBQX (5 μM) 

and CPP (5 μM) to block AMPA and NMDA receptors, respectively.

Dual ChrimsonR and ChR2 optogenetic stimulation—For dual ChR2 and 

ChrimsonR stimulation experiments, a 405 nm fiber coupled LED (Thor M405FP1) was 

used to stimulate ChR2 evoked oIPSCs every 20 s. Pulse width was kept at 0.5 ms and 

power level was kept below 1.4 mW to minimize possible activation of ChrimsonR (Figure 

S2F). ChrimsonR stimulation was delivered through the 40x objective centered on the 

patched cell from a high-powered white LED (Thor Solis1C) through a 620 nm excitation 

filter (Chroma ET620/60x). ChrimsonR stimulation was delivered as a 20 hz train of 10 

pulses (5 ms pulse width, 1.45 mW power measured at objective tip) beginning 1 s before 

ChR2 stimulation.

Cell identification—MSNs were identified based on size, lack of spontaneous activity, 

and low membrane resistance at whole cell break-in. D1-MSNs were identified visually by 

the presence of tdTomato and/or electrophysiologically by the presence of a ChR2 current 

in ChR2 transduced Drd1-Cre animals. D2-MSNs were identified by MSN characteristics 

combined with lack of Drd1-tdtomato fluorescence and/or the presence of a ChR2 current in 

ChR2 transduced Adora2a-Cre animals (putative D2-MSNs).

When recording from and stimulating the same population with possible ChR2 expression 

(i.e., D2-MSN→D2-MSN synapses) ChR2 currents were identified by their quick onset 

compared to synaptic currents (<1ms from light on). In these recordings, the stimulation 

fiber optic was moved around the slice to minimize the amplitude ratio of the ChR2 current 

to the synaptic current. If unsuccessful, the cell was discarded. At the end of experiments 

with a ChR2 current, a GABA-A antagonist (gabazine 5 μM) was added to the bath that 

already contained AMPA and NMDA antagonists to block all fast synaptic transmission 

and isolate the ChR2 current. During analysis, an average of ~10 sweeps of isolated ChR2 

current was subtracted from each trace in the recording to isolate the synaptic current 

(Figure S1A). All analysis reported was performed on the isolated synaptic current.

Fast-scan cyclic voltammetry—FSCV was performed in NAc core from Adora2a-

Cre;DAT-Cre mice virally transduced with Cre-dependent ChrimsonR in midbrain DA 

neurons in separate slices from those used to record D2-MSN GABA. Carbon-fiber 

electrodes (CFEs) were prepared with a cylindrical carbon-fiber (7 μm diameter, ~150 

μm of exposed fiber) inserted into a glass pipette. Before use, the CFEs were conditioned 

with an 8-ms-long triangular voltage ramp (−0.4 to 1.2 and back to −0.4 V vs Ag/AgCl 

reference at 400 V/s) delivered every 15 ms. CFEs showing current >1.8 μA or <1.0 μA 

in response to the voltage ramp at ~0.6 V were discarded. During the recording, the CFEs 

were held at μ0.4 V versus Ag/AgCl, and the same triangular voltage ramp was delivered 

every 100 ms. DA transients were evoked by optical single pulse, or 10 pulses at 20 Hz 

stimulations using either 590 nm LED or 405 nm LED light through a fiber-optic (200 

μm diameter, 0.22 NA, ThorLabs). Data were collected using a Chem-Clamp amplifier 

(Dagan Corporation) low-pass filtered at 3 kHz and digitized at 100 kHz using an I/O board 

(National Instruments) with a custom written software VIGOR using Igor Pro (Wavemetrics) 

running mafPC (courtesy of M.A. Xu-Friedman). The current peak amplitudes of the evoked 
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DA transients were converted to DA concentration according to the post experimental 

calibration using 1 μM DA.

Drugs—Dopamine solutions were made fresh daily and kept covered in aluminum foil 

and on ice to minimize oxidation. All other agonist and antagonists were prepared as stock 

solutions (1:1000-1:10,000) in DI water or dimethylsulfoxide (DMSO) and diluted into 

ACSF prior to experiments. The bath concentration of Rubi-GABA perfusion was 10 μM. 

Cocaine HCl was obtained from the National Institute on Drug Abuse. Dopamine, NEM, 

kynurenic acid, and methysergide were obtained from Sigma. CPP, gabazine, SCH-23390, 

yohimbine, citalopram, and GR 127935 were obtained from Abcam. CGP 55845 was 

obtained from Hello Bio Inc. NBQX was obtained from Hello Bio Inc. and Abcam. 

Kynurenic acid was obtained from Hello Bio and Sigma. All other drugs were obtained 

from Tocris.

QUANTIFICATION AND STATISTICAL ANALYSIS

All plots displaying oIPSC amplitude time courses show averages of 3 sweeps per 1 min 

or 6 sweeps every 2 min, except in Figure 2E, which shows individual sweeps. Before 

averaging recordings, amplitudes were normalized to mean amplitude during baseline, 

defined as the 5–10 min period preceding drug application or DA neuron stimulation. For 

data in which drugs were bath applied, representative traces displayed are the average of 

the last 6 consecutive traces (2 min recording) of baseline and of drug application periods 

for a single cell. For endogenously stimulated dopamine release (Figure 2D), representative 

traces are averages of 6 nonconsecutive traces immediately preceding the dopamine neuron 

stimulation and 6 traces immediately following dopamine neuron stimulation from a single 

cell. Dopamine transients presented (Figures 2B and S2A) are average of 5–10 transients 

from a single recording.

oIPSC amplitude summary bar graphs represent average normalized oIPSC amplitude 

during the last 3–5 min of baseline period and drug wash. Coefficient of variation was 

calculated as (standard deviation/mean) * 100% during the same time periods as amplitude 

summary bar graphs. Electrophysiology data were analyzed using a combination of Clampfit 

(Molecular Devices), Excel (Microsoft), and Prism (Graphpad). FSCV data were analyzed 

using Igor Pro.

Statistical analyses were done using one way (ANOVA) and two-way repeated measures 

ANOVAs (2W RM ANOVA), and paired and unpaired t-tests, where appropriate, for IPSC 

amplitude comparisons, and Wilcoxon matched-pairs signed rank tests were used for for 

comparisons of CV and PPR data. Tests performed are reported in the figure legends 

and text. N’s reported represent individual cells/slices. Full statistical test information and 

animal numbers are presented in Table S1. Time course data are presented as mean ± 

SEM. Bar graphs are presented as mean ± SEM and/or individual data points. Results were 

considered significant at an alpha of 0.05. * denotes p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001; ns (non-significant) denotes p > 0.05.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DA modulation of nucleus accumbens lateral inhibition differs by synapse 

pair

• Endogenous DA depresses D2-MSN lateral inhibition within 1 s of release

• DA presynaptically depresses D2-MSN transmission through D2 and 5-HT1B 

receptors
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Figure 1. DA depresses D2-MSN lateral inhibition and produces a small potentiation of D1-
MSN→D1-MSN lateral inhibition
(A) Diagram showing recordings from D1-MSNs or D2-MSNs while evoking synaptic 

currents from local MSN axon collaterals expressing ChR2.

(B and C) Sagittal brain slices from (B) Drd1-Cre and (C) Adora2a-Cre mice, showing 

ChR2-eYFP in D1-MSNs in the NAc core (NAcC) and projections to the midbrain (B) or 

D2-MSNs and projections to the ventral pallidum (VP). DS, dorsal striatum; SNr, substantia 

nigra pars reticulata.
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(D–F) Representative oIPSC recorded from D1-MSNs (D) or D2-MSNs (F) before and 

during DA when stimulating D1-MSNs (blue/purple) or D2-MSNs (green/red).

(E–G) Time course of DA effect on normalized oIPSC amplitudes at D1-MSN → D1-MSN 

(blue) and D2-MSN → D1-MSN (green) synapses (n = 9, 7) (E) or D2-MSN → D2-MSN 

(red) and D1-MSN → D2-MSN (purple) synapses (n = 6, 10) (G).

(H) Summary of DA effect on D1-MSN → D1-MSN (blue), D2-MSN → D1-MSN (green), 

D2-MSN → D2-MSN (red), and D1-MSN→D2-MSN (purple) synapses (n = 9, 11, 6, 10). 

#, significance from baseline; *p < 0.05, Sidak’s test following two-way repeated measures 

(2W RM) ANOVA.

(I) CV of oIPSC amplitude before and during DA (shaded) for D1-MSN → D1-MSN (blue), 

D2-MSN → D1-MSN (green), D2-MSN → D2-MSN (red), and D1-MSN → D2-MSN 

(purple) synapses. *p < 0.05 Wilcoxon matched-pairs signed-rank test.

Scale bars: 200 pA, 20 ms. All error bars presented throughout manuscript represent SEM. 

See full statistics in Table S1.
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Figure 2. Transient depression of D2-MSN lateral inhibition induced by stimulation of DA 
neuron axons is prolonged by cocaine and partially blocked by a D2R antagonist
(A) Sagittal brain slice showing, in green, ChR2-eYFP in D2-MSNs with projections to 

the VP and, in red, ChrimsonR-tdTomato in midbrain DA neurons with projections to the 

striatum.

(B) DA transients measured with FSCV are evoked by optogenetic stimulation of 

ChrimsonR. Inset: current-voltage plot showing the characteristic oxidation and reduction 

peaks for DA.
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(C) Dual optogenetic stimulation of DA neuron axons with ChrimsonR to evoke endogenous 

DA release and D2-MSN with ChR2 to evoke GABA release while recording oIPSCs in 

MSNs.

(D) Top: the purple line shows the timing of paired pulses of 405-nm light used to 

activate ChR2, and the orange line shows the timing of a train of 10 pulses of 620-nm 

light to activate ChrimsonR. Bottom: representative trace before (black) and after (orange) 

stimulation of DA axons.

(E) Normalized oIPSC amplitudes at D2-MSN → MSN synapses at baseline without 

stimulation (black) and after (orange) train stimulation of DA axons every 2 min (arrows) (n 

= 11).

(F) Time course of oIPSC amplitudes before and after DA axon stimulation (8–10 epochs/

cell; 11, 7, 8). Orange symbols shows oIPSC preceded by train stimulation of DA axons. *, 

significant time × drug interaction, 2W RM ANOVA.

(G) Normalized amplitude of oIPSC evoked by D2-MSN stimulation before and after 

(orange fill) DA axon stimulation in control ACSF (black), cocaine (blue), and cocaine 

+ sulp (gray). Lines show paired data for a single slice. *p < 0.05, paired t tests.

(H and I) oIPSC amplitudes before and after DA axon stimulation under each condition, 

normalized to pre-stimulation (n = 11, 7, 8). *, significant interaction in 2W RM ANOVA 

(H, time × cocaine; I, time × suip). #p < 0.05, Sidak’s test.

See full statistics in Table S1.
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Figure 3. D2R-dependent and -independent mechanisms of presynaptic depression by DA
(A and B) Top: representative traces from D1-MSNs in WT (A) and MSNs in iMSN-

Drd2KO (B) of each condition. Scale bars: 100 pA, 20 ms. Bottom: time course of DA 

effect on D2-MSN evoked IPSCs recorded from D1-MSNs in WT animals in sulp (A, 

symbols) and from a mixed population of MSNs in iMSN-Drd2KO animals in ACSF (B, 

pink symbol). The green line shows data from WT in ACSF (Figure 1E). *p < 0.05, paired t 

tests.
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(C) Comparison of DA effect on D2-MSN lateral inhibition in WT in ACSF (green filled) 

and sulp (green outline) and in iMSN-Drd2KO in ACSF (pink filled) and 50 μM NEM (pink 

outline) (n = 6–11). *p < 0.05, Tukey’s post hoc tests following ANOVA.

(D) Concentration-response curves of DA depression of D2-MSN lateral inhibition in WT 

and iMSN-Drd2KO. See full curve fit information in Table S1.

(E and F) CV (E) and PPR (F) of oIPSC amplitudes before and during DA at D2-MSN → 
D1-MSN synapses in WT with sulp and in iMSN-Drd2KO in ACSF (E) (n = 6–9). *p < 

0.05, Wilcoxon rank test.

(G) No DA depression of uncaged Rubi-GABA currents on D1-MSNs (n = 5). Top: 

representative traces of each condition. Scale bars: 50 pA, 50 ms. Bottom: time course 

(left) and mean IPSC amplitudes before and after DA (right). *p < 0.05 paired t test.

See full statistics in Table S1.
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Figure 4. Activation of D2R in presynaptic D2-MSNs depresses lateral inhibition onto other 
MSNs
(A–D) Effect of quin followed by sulp on D2-MSN→ D1-MSN synapses (A), D2-MSN→ 
D2-MSN synapses (B), D1-MSN→ D2-MSN synapses (C), and D1-MSN→ D1-MSN 

synapses (D). Top: representative traces of each condition. Scale bars: 100 pA, 20 ms. 

Bottom: time course (left) and mean oIPSC amplitudes (right) at baseline, quin, and sulp (n 

= 16, 12, 6, 7). *p < 0.05, Tukey’s test following RM ANOVA.

(E) Quin effect at all MSN synapse combinations. *p < 0.05, Tukey’s test following 

ANOVA.
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(F) CV of oIPSC amplitudes at baseline and quin for D2-MSN → D1-MSN (green), 

D2-MSN → D2-MSN (red), D1-MSN→ D2-MSN (magenta), and D1-MSN → D1-MSN 

(blue) synapses (n = 16, 12, 6, 7). *p < 0.05, Wilcoxon matched-pairs signed-rank test.

(G) Effect of higher concentrations of quin (n = 16, 4, 7) and DA (n = 6, 11, 6) on D2-MSN 

→ D1-MSN synapses. *p < 0.05, Dunnett’s test following ANOVA.

See full statistics in Table S1.
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Figure 5. D1Rs are not responsible for D2R-independent depression of D2-MSN lateral 
inhibition
(A) Effect of DA on D2-MSN → MSN synapses in iMSN-Drd2KO mice in the D1-like 

antagonist SCH23390 (n = 6). Top: representative traces of oIPSCs of each condition. Scale 

bars: 100 pA, 20 ms. Bottom: time course of DA effect in SCH23390 (pink) or without 

(black line; Figure 3B data). Right: mean oIPSC amplitude at baseline and during DA. *p < 

0.05, paired t test.
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(B) No effect of DA antagonist pretreatment on DA depression of D2-MSN → MSN 

synapses in iMSN-Drd2KO mice (n = 9, 6, 3, 8). DA antagonist cocktail = 1 μM SKF83566 

+ 10 μM sulp + 1 μM L-745870. ns, no significant difference; ANOVA.

(C) No effect of the D1-like agonist SKF89217 on D2-MSN → D1 MSN IPSCs in WT mice 

(n = 9). Top: representative traces of each condition. Scale bars: 400 pA, 50 ms. Bottom: 

time course (left) and mean oIPSC amplitudes at baseline and SKF89217 (right). Paired t 

test.

See full statistics in Table S1.
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Figure 6. 5-HT1BRs mediate part of the DA depression of D2-MSN lateral inhibition
(A) Effect of preincubation with antagonists for 5-HT1BR or α-AR cocktail on DA 

inhibition of D2-MSN → MSN synapses in iMSN-Drd2KO mice. Cocktail = yohimbine 

(3 μM), RX821002 (10 μM), and prazosin (100 nM). Top: representative traces of each 

condition. Scale bars: 200 pA, 20 ms. Bottom: time course of DA effect with antagonists 

(symbols) and control (line; Figure 3B data) (n = 9–6).

(B) Effect of NAS-181 + suip on DA inhibition of D2-MSN → D1-MSN synapses in WT. 

Top: representative traces of each condition. Scale bars: 200 pA, 20 ms. Bottom: time course 
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in NAS-181 + sulp (symbols), sulp alone (black line; Figure 3A data), or ACSF (green line; 

Figure 1E data) (n = 5).

(C) Summary of DA effect on D2-MSN → MSN synapses in iMSN-Drd2KO mice (n = 9, 6, 

9). *p < 0.05, Tukey’s test following ANOVA.

(D) Comparison of DA effect on D2-MSN → D1-MSN synapses in WTmice (green) or 

in 5-HT1BKO mice with sulp (orange) (n = 9, 6, 5, 6). *p < 0.05, Tukey’s test following 

ANOVA.

(E) Sequential effect of the 5-HT1B/1D agonist sumatriptan and quin on D2-MSN → 
D1-MSN synapses (n = 6). Top: representative traces of each condition. Scale bars: 100 pA, 

20 ms. Bottom: time course (left) and mean oIPSC amplitude at baseline, sumatriptan, and 

sumatriptan + quin (right). *p < 0.05, Tukey’s test following RM ANOVA.

(F) Effects of quin alone and sumatriptan + quin on D2-MSN → D1-MSN synapses (n = 16, 

6). *p < 0.05, t test.

See full statistics in Table S1.
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Figure 7. Contribution of endogenous DA, but not 5-HT, to the 5-HT1B-mediated depression of 
D2-MSN lateral inhibition
(A) Effect of the 5-HT reuptake inhibitor citalopram on DA inhibition of D2-MSN → 
D1-MSN synapses in iMSN-Drd2-KO mice. Top: representative traces of each condition. 

Scale bars: 200 pA, 20 ms. Bottom: time course (left) and mean oIPSC amplitude at 

baseline, citalopram, and citalopram + DA (right) (n = 7). *, significance by Tukey’s test 

following RM ANOVA.

(B) Effects of DA alone and citalopram + DA on D2-MSN → D1-MSN synapses in 

iMSN-Drd2-KO (n = 9, 7); t test.

(C) Left: dual-color optogenetic stimulation of D2-MSNs and DA axons while recording 

from MSNs. Center: time course of oIPSC amplitudes at D2-MSN→MSN synapses during 

endogenous DA release in 3 μM cocaine before (blue) and after (gray) 10 μM sulp + 20 μM 

NAS-181 (n = 7). Right: oIPSC amplitudes before and after midbrain DA neuron stimulation 
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were normalized to pre-stimulation (7–10 epochs). Orange symbols show oIPSCs preceded 

by train stimulation of DA axons. *, significant interaction in 2W RM ANOVA (time × 

antagonist). #p < 0.05, Sidak’s test.

(D) Summary oIPSC amplitudes before and 1 s after stimulation (orange), normalized 

to pre-stimulation, for cocaine (blue) and cocaine + sulp + NAS-181 (gray). *p < 0.05, 

Dunnett’s test following RM ANOVA.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

ChR2-eYFP (AAV5-EF1a-double floxed-
hChR2(H134R)-EYFP-WPRE-HGHpA, 1x1013 vg/mL

Addgene Cat# 20298-AAV5; RRID:Addgene_20298

ChR2-eYFP AAV5-EF1a-DIO-hChR2(H134R)-EYFP, 
4.5x1012 vg/mL

UNC Vector Core Cat# 5EF1aChR2YFPDIO

ChrimsonR-tdTomato (AAV5-Syn-FLEX-rc 
[ChrimsonR-tdTomato], 5x1012 vg/mL

Addgene Cat# 62723-AAV5; RRID:Addgene_62723

Chemicals, peptides, and recombinant proteins

Dopamine HCl Sigma Cat# H8502

NBQX disodium salt Hello Bio Cat# HB0443

NBQX disodium salt Abcam Cat# ab120046

(R)-CPP Tocris Cat# 0247

(R)-CPP Abcam Cat# ab120159

Cocaine HCl NIDA Drug Supply Program Cat# 9041-001

(RS)-(±)-Sulpiride Tocris Cat# 0894

N-Ethylmaleimide Sigma Cat# E1271

RuBi-GABA Tocris Cat# 3400

(−)-Quinpirole HCl Tocris Cat# 1061

SCH 23390 HCl Abcam Cat# ab120597

SKF 83566 hydrobromide Tocris Cat# 1586

L-745,870 trihydrochloride Tocris Cat# 1002

SKF 81297 hydrobromide Tocris Cat# 1447

Yohimbine HCl Abcam Cat# ab120239

RX 821002 HCl Tocris Cat# 1324

Prazosin HCl Tocris Cat# 0623

NAS-181 Tocris Cat# 1413

DPCPX Tocris Cat# 0439

Ketanserin tartrate Tocris Cat# 0908

Ritanserin Tocris Cat# 1955

GR 127935 HCl Abcam Cat# ab120523

Methysergide maleate salt Sigma Cat# M137

Scopolamine hydrobromide Tocris Cat# 1414

AM251 Tocris Cat# 1117

CGP 55845 HCl Hello Bio Cat# HB0960

Naloxone HCl Tocris Cat# 0599

SR95531 (Gabazine) Abcam Cat# ab120042

Kynurenic acid sodium salt Hello Bio Cat# HB0363

Kynurenic acid Sigma Cat# K3375
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REAGENT or RESOURCE SOURCE IDENTIFIER

Citalopram Abcam Cat# ab120133

Sumatriptan succinate Tocris Cat# 3586

Experimental models: Organisms/strains

Mouse: Drd1-tdTomato (B6.Cg-Tg(Drd1a-
tdTomato)6Calak/J)

The Jackson Laboratory JAX: 016204; RRID:IMSR_JAX:016204

Mouse: Adora2a-Cre (B6.FVB(Cg)-Tg(Adora2a-
Cre)KG139Gsat/Mmucd)

MMRRC MMRRC: 036158-UCD; RRID:MMRRC_036158-
UCD

Mouse: Drd1-Cre (B6.FVB(Cg)-Tg(Drd1-
Cre)EY262Gsat/Mmucd)

MMRRC MMRRC: 30989-UCD; RRID:MMRRC_030989-
UCD

Mouse: DAT-Cre (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J) The Jackson Laboratory JAX: 006660; RRID:IMSR_JAX:006660

Mouse: D2loxp/loxp (B6.129S4(FVB)-Drd2tm 1.1Mrub/J The Jackson Laboratory JAX: 020631; RRID:IMSR_JAX:020631

Mouse: 5HT1B−/−(C.129-Htr1btm1Rhn/MpenJ) Dr. John Williams, Vollum 
Institute

JAX: 029609; RRID:IMSR_JAX:029609

Software and algorithms

pClamp 10 (acquisition: 10.3; analysis: 10.7) Molecular Devices https://www.moleculardevices.com/

Prism (8.3.1) Graphpad Software https://www.graphpad.com

Illustrator (25.2.3) Adobe https://www.adobe.com

Excel (16.0.13127.21490) Microsoft N/A

Igor Pro 8 (8.0.3.3) WaveMetrics https://www.wavemetrics.com/
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