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Abstract

The neuromodulator dopamine (DA) is essential for regulating learning, motivation, and 

movement. Despite its importance, however, the mechanisms by which DA influences the activity 

of target cells to alter behavior remain poorly understood. In this review, we describe recent 

methodological advances that are helping overcome challenges that have historically hindered 

the field. We discuss how the employment of these methods is shedding light on the complex 

dynamics of extracellular DA in the brain as well as how DA signaling alters the electrical, 

biochemical and population activity of target neurons in vivo. These developments are generating 

novel hypotheses about the mechanisms through which DA release modifies behavior.
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Bridging the actions of DA from cells to behavior

The neuromodulator DA is firmly established as a key regulator of learning, motivation, and 

movement under both physiological and pathological conditions [1,2]. Over the past several 

decades, significant efforts have been devoted to revealing how DA contributes to behavior 

in mammals by characterizing the activity of DA-releasing neurons in the substantia nigra 

pars compacta (SNc) and ventral tegmental area (VTA) in vivo, and by dissecting the effects 

of DA on target cells in vitro. These studies provide the foundations upon which current 

models of DA function are built. In vivo studies established, for example, that DA neurons 
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show a variety of discharge patterns that have broadly been assigned to one of two categories 

called tonic and phasic [3,4]. Tonic refers to the spontaneous – possibly cell-intrinsic [5,6] – 

firing of 2 to 8 action potentials per second that provide target neurons with a basal level of 

DA and has been proposed to serve a permissive role in movement [2]. Phasic refers to brief 

(a few hundred milliseconds-long) increases or decreases in firing of DA neurons (i.e. bursts 

and pauses, respectively) that have been strongly linked to encoding of reward prediction 

errors (RPEs) and promoting reinforcement learning [2].

Upon release, DA can act on any one of 5 subtypes of G protein-coupled receptors (GPCRs) 

D1 through D5, which can localize to various cellular compartments (e.g., soma, dendrites 

or axons) and target cells (e.g., excitatory and inhibitory neurons, as well as glial cells). 

These receptors segregate into two families, depending on the class of G protein they 

activate: D1-like receptors (D1 and D5) couple to Gαs/olf to stimulate cyclic adenosine 

monophosphate (cAMP) production by adenylate cyclases, whereas D2-like receptors (D2, 

D3 and D4) couple to Gαi/o to inhibit adenylate cyclases and cAMP production [7]. cAMP 

activates several effector molecules, the main one being protein kinase A (PKA), which 

acts as a key regulator of cellular function through protein phosphorylation. However, the 

specific physiological mechanisms and time course through which intracellular effectors 

recruited by DA modulate the activity of target neurons to affect behavior remain poorly 

understood. In this review, we first discuss new approaches for studying the dynamics of 

DA release in vivo. We then consider some of the challenges associated with studying the 

functional effects of DA signaling on target cells and discuss how novel approaches to study 

of DA signaling in vivo are challenging traditional models of DA function. This review 

mainly focuses on dopaminergic neurons of the SNc and VTA and their densest target – the 

striatum – in the nervous system of rodents.

Understanding DA through its release dynamics

A key element to understanding how DA functions is to define when and where DA is 

released during behavior. Microdialysis and voltammetry both provide quantitative measures 

of DA concentration, but these methods have notable limitations: microdialysis lacks the 

ability to resolve fast DA signals, and voltammetry is relatively difficult to implement in 

behaving animals [8]. Extracellular spike recordings from SNc and VTA neurons have been 

used extensively in vivo as a proxy for DA release in the striatum. However, the validity 

of this approach has been called into question; one study, for instance, reported that the 

slow changes in DA in the ventral striatum that correlate with a rat’s motivation to engage 

in an operant task are not reflected in the firing rate of VTA neurons [9]. Others, building 

upon prior work [10–14], showed that acetylcholine (ACh) release in striatal slices from 

mice and primates is sufficient to evoke action potentials in DA axons via direct activation 

of nicotinic ACh receptors on DA terminals [15,16]. Although the extent to which these 

mechanisms contribute to DA release in vivo remains unknown, it is clear at this point that 

the release dynamics of DA on both fast and slow timescales cannot be presumed to be a 

simple outcome of DA neuron firing, but needs to be directly and specifically monitored in 

the brain region of interest during behavior.
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Two imaging techniques have been adopted to address this need. The first relies on the 

expression of bright and sensitive genetically-encoded calcium indicators (GECIs) like 

GCaMP6 [17] and its more recent variants [18,19] to infer DA release based on the activity 

of specific populations of DA axons. The other enables direct monitoring of extracellular 

DA levels by expressing a genetically-encoded fluorescent biosensor for DA belonging to 

the dLight [20,21] and GRAB-DA [22,23] families. Both methods are amenable to either 

one- or two-photon microscopy in behaving animals. One concern with these families of 

sensors is that they are typically overexpressed and might function to buffer signaling 

molecules (e.g. calcium or released neuromodulator) away from their intended molecular 

targets, thereby depriving sensor-expressing cells of important intracellular signaling 

cascades. Despite these caveats, studies employing these approaches have already yielded 

notable insights. For example, mesoscopic imaging revealed the existence of wave-like 

spatiotemporal patterns of DA axon activity across the medio-lateral axis of the dorsal 

striatum of mice during periods of immobility and in the absence of sensory stimuli [24]. 

Intriguingly, the directionality of these waves depended on the conditioning paradigm 

(Pavlovian vs. operant). Moreover, calcium imaging from DA axons in the striatum and 

cell bodies in the SNc and VTA demonstrated that DA neurons respond phasically not 

only to reward and to reward-predicting cues, but also to sensory, motor and cognitive 

variables [25–27]. This observation was independently confirmed using electrophysiological 

recordings from optogenetically-identified DA neurons [28–32]. In addition, optogenetic 

manipulations of DA neurons affect the probability of initiating movement [27] and 

contribute to resilience-associated behavior [33], further expanding the known influences 

of phasic DA beyond reward signaling.

Phasic increases or decreases in DA release may not be the only modes by which DA 

encodes reward-based signals. A recent study utilizing GCaMP6 photometry identified a 

slow increase in the activity of VTA axons ~10 minutes after thirsty mice consumed water 

[34]. This protracted ‘post-ingestive’ response was required for learning about the hydration 

properties of fluids, indicating that prolonged changes in DA levels may also contribute 

to behavioral reinforcement. This is consistent with other recent studies showing that RPE 

signals can manifest as slow, gradual ramps in the discharge of DA neurons and in the 

accumulation of extracellular DA in the striatum during operant tasks [35–37]. Together, 

these findings blur the simplistic distinction between tonic and phasic signaling and their 

respective roles in movement and learning, and suggest that DA signaling is far more 

complex than previously thought. Indeed, there is a growing appreciation that phenomena 

previously described as steady ‘tonic’ levels of DA, based on the seemingly-random 

spontaneous discharge of individual DA neurons, might actually reflect population-level 

DA ramps and periodic fluctuations that take place on time scales ranging from seconds to 

minutes or even hours [38,39].

The challenges of deciphering the actions of DA on target cells

Despite considerable progress in characterizing the activity of DA-releasing neurons and the 

dynamics of extracellular DA levels (see above), the specific physiological mechanisms and 

time course through which DA modulates the activity of neurons in target brain regions to 

affect behavior remain poorly understood (Figure 1A). An important challenge associated 
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with deciphering the effects of DA on downstream circuits is that DA release may occur 

via mechanisms beyond those established at canonical synapses: DA axons form varicosities 

[40], many of which are not competent to release DA through activity-dependent vesicular 

exocytosis [41,42] and undergo pronounced depression upon repeated stimulation [38,43]. 

Once released, DA is believed to act via volume transmission, binding to receptors that 

lie some distance away from release sites and that are not localized within well-defined 

postsynaptic specializations [44]. In addition, DA neurons also release DA through vesicular 

exocytosis from their soma and dendrites, where it acts on D2 auto-receptors to negatively 

modulate somatic firing [45,46].

Another major challenge is that unlike neurotransmitters such as glutamate and GABA that 

act on ligand-gated ion channels, DA acts exclusively through GPCRs. Thus, DA receptors 

do not directly evoke membrane currents that depolarize or hyperpolarize target neurons 

[7,47]. Instead, the actions of DA on any given cell vary with the type of receptor(s), 

second messengers and effector proteins expressed, and with the electrical and biochemical 

state of that cell, making the effects of DA remarkably diverse and highly cell- and context-

dependent. For example, in brain slices, DA has been shown to increase or decrease the 

release probability of presynaptic GABAergic and glutamatergic synapses, strengthen or 

weaken postsynaptic GABAergic and glutamatergic signaling, and elevate or depress the 

intrinsic excitability of neurons [7,48]. DA also alters synaptic transmission by evoking 

calcium signals and transmitter release from astrocytes [49,50], and promotes or hinders 

the formation of new dendritic spines and their structural plasticity [51–54]. Recent studies 

have also drawn attention to the fact that optogenetic manipulations need to be properly 

calibrated, as non-physiological stimulation can produce behavioral effects that endogenous 

DA release cannot [55].

Lastly, it is technically and conceptually difficult to appreciate the time course of modulation 

by DA; DA levels fluctuate constantly on both short and long timescales in vivo [2,38] 

and GPCRs impose their own temporal constraints, affecting cellular physiology over a 

multitude of time scales ranging from hundreds of milliseconds to minutes or even hours 

[56] (Figure 1B). Thus, the effects of DA on target neurons are complex and time-varying, 

and any simplification of DA signaling depicted in circuit diagrams as a generic ‘plus’ or 

‘minus’ sign should be approached with caution.

Classical view of DA modulation in the striatum

The striatum is a subcortical brain region whose neuronal population is largely composed 

of GABAergic spiny projection neurons (SPNs) that express either D1 or D2 receptors. The 

mutually exclusive expression of D1 or D2 receptors by SPNs is well established in the 

mouse, particularly so in the dorsal striatum [57]. This distinction may not be as clear in 

the ventral striatum or in other species, and other neurons in the striatum and elsewhere 

have been shown to co-express D1 and D2-type DA receptors. While the ultimate goal is to 

understand how DA acts in these more complex scenarios, a logical first step is to clarify 

the effects of D1 and D2 receptor activation in a system where they can be clearly separated 

at the cellular level. Within this framework, pioneering work in the rodent dorsal striatum 

converged on a model in which DA elevates the activity of D1 receptor-expressing striato-
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nigral SPNs and depresses that of D2 receptor-expressing striato-pallidal SPNs [58,59] 

(Figure 2). This view is largely supported by studies in dissociated preparations and brain 

slices utilizing prolonged pharmacological stimulation of DA receptors. For example, DA 

has been shown to promote the long-term potentiation (LTP) of glutamatergic synapses 

from neocortical projections that impinge on D1-SPNs and the long-term depression 

(LTD) of excitatory inputs onto D2-SPNs through a combination of pre- and post-synaptic 

mechanisms [60,61]. DA has also been suggested to bias striatal output in favor of D1-SPNs 

through short-term plasticity of postsynaptic glutamate receptors, and through presynaptic 

modulation of GABA release from SPN collaterals [7,57,62].

Another important way in which DA is believed to alter striatal output is by dynamically 

modifying the somatodendritic excitability of SPNs. Stimulating DA receptors does not 

evoke any apparent changes in the resting membrane potential of SPNs, as these cells 

do not express G protein-gated inwardly rectifying potassium (GIRK) or hyperpolarization-

activated cyclic nucleotide–gated (HCN) channels [7,57]. However, DA affects the gating 

properties and conductances of several voltage-gated sodium, potassium and calcium 

channels that control how many action potentials SPNs fire in response to a constant 

excitatory input [7,47]. A recent study demonstrated that a single bout of optogenetic 

stimulation of DA axons evokes a robust increase in the intrinsic excitability of D1-SPNs 

[63], consistent with previous work using pharmacological activation of DA receptors 

[64,65]. The synaptic effects of DA arose within half a second, indicating that DA can 

rapidly adjust the gain of striatal output. Surprisingly, the effects of DA can be extremely 

long-lasting, persisting for over 10 minutes, suggesting that the excitability of D1-SPNs 

exposed to constant DA neuron firing in vivo may be persistently elevated (Figure 1B). 

Evidence for negative modulation of excitability in D2-SPNs has been harder to yield, 

with several studies showing inconsistent effects of D2 receptor agonists on voltage-gated 

potassium and sodium channels, and little-to-no effects on depolarization-evoked somatic 

spiking [66–69].

Despite these mechanistic insights, important questions remain about the specific 

modulatory effects of DA, their magnitude and time course, particularly in vivo and in 

behaving animals. Indeed, the striatal environment in vivo is markedly different from that 

ex vivo. First, SPNs in brain slices rest at a membrane potential approximately 20 mV more 

negative than in vivo, in part because SPNs are exposed to a constant barrage of excitatory 

synaptic inputs in the awake brain [70–72]. Second, extracellular DA levels are exceedingly 

low in striatal slices as DA afferents are severed, unlike the situation in vivo, where SPNs are 

constantly exposed to fluctuating DA levels [9,26,73]. It is therefore conceivable that some 

of the prolonged modulatory effects described in vitro are occluded in vivo. Lastly, striatal 

output is shaped by the dynamic interplay of many cellular and synaptic elements, including 

striatal interneurons and afferent activity patterns [74–76]. For instance, phasic activation 

of DA neurons can rapidly pause the spontaneous discharge of cholinergic interneurons 

via the activation of D2 receptors [77–80] and trigger a delayed burst of activity in these 

neurons through glutamate corelease [81,82]. In turn, acetylcholine release has been shown 

to modulate the activity of SPNs and striatal interneurons, as well presynaptic release 

from glutamatergic and dopaminergic afferents [10–16,83–91]. The modulatory effects of 

DA axons on striatal output can therefore only be adequately evaluated by factoring in 
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population dynamics during behavior. Indeed, recent work has begun to incorporate neural 

activity dynamics across recurrently-connected networks to better account for how DA 

shapes learning and behavior [92,93].

Novel insights into DA signaling in target neurons

Many of the methods discussed above that are used to record from DA neurons are 

also being utilized to identify and record from specific populations of DA-recipient 

neurons, including D1- and D2-SPNs. For example, the activity of these neurons can 

be monitored as a population using bulk fluorescence from fiber photometry [94–96], 

or at single-cell resolution using one-photon head-mounted miniature microscopes in 

freely behaving animals or two-photon imaging in head-restrained animals [97–101]. In 

addition, electrophysiology methods have been employed in combination with optogenetics 

to “phototag” recorded cells, thereby enabling spiking measurements from genetically-

identified DA-recipient neurons [102,103]. These recordings offer high temporal resolution 

but are typically lower-yield than imaging methods and do not easily allow for longitudinal 

recordings over days.

A burgeoning and promising avenue of research entails imaging of downstream molecular 

targets of DA receptors in specific cell types. In recent years, significant progress has been 

made in developing genetically-encoded optical sensors for intracellular cAMP levels and 

PKA activity [104–106]. Most of these sensors consist of protein sequences that undergo 

conformational changes upon physically binding to cAMP or being phosphorylated by PKA, 

and rely on Förster resonance energy transfer (FRET) or circularly permutated fluorescent 

proteins to generate photons that can be imaged by conventional fluorescence or lifetime 

microscopy and photometry. Their sensitivity and kinetics depend on the specifics of the 

molecular sensor being used, in much the same way that various calcium dynamics can be 

revealed using GCaMP variants that show different on/off binding kinetics and that localize 

to different subcellular compartments [17,18]. Importantly, these sensors reflect the net 

balance between the rate of cAMP production/PKA activation and the activity of enzymes 

catalyzing the degradation of cAMP (e.g., phosphodiesterases) and the dephosphorylation of 

PKA substrates (e.g., phosphatases). Thus, the fluorescence of PKA sensors may increase as 

a result of an elevation in cAMP or a decrease in the activity of intracellular phosphatases. 

An additional consideration is that these sensors should not be construed as reflecting DA 

receptor signaling exclusively or in its entirety, as DA receptors can signal through other 

pathways than adenylate cyclases, cAMP can activate other second messengers in addition 

to PKA, and other GPCRs and intracellular signaling cascades can converge onto the same 

effectors, including intracellular Gαq-coupled receptors, intracellular calcium levels and 

other protein kinases and phosphatases [107–110]. Still, these approaches have already led 

to a flurry of observations highlighting how incompletely-understood in vivo DA signaling 

is, as well as calling for significant revisions to the classic view that DA bi-directionally 

controls the discharge of D1- and D2-SPNs in equal yet opposite ways.

For instance, a recent study using fluorescent lifetime photometry of the PKA 

phosphorylation sensor FLIM-AKAR uncovered that net PKA activity in D1- and D2-SPNs 

in the nucleus accumbens is differentially sensitive to phasic increases and decreases in 
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DA [111]. During a behavior that elicited positive and negative RPEs, dopamine transients 

resulted in changes in PKA activity within seconds that lasted for tens of seconds. In D1-

SPNs, net PKA activity increased when extracellular DA levels rose, but it did not decrease 

when DA levels fell below baseline. By contrast, net PKA activity in D2-SPNs increased in 

response to phasic dips in extracellular DA, but remained unchanged upon phasic elevations 

in DA (Figure 2C, middle). This asymmetric modulation of PKA activity has been suggested 

to reflect differences in the basal occupancy of D1 and D2 receptors resulting from the 

higher affinity of D2 receptors for DA relative to D1 receptors [112]. However, previous 

work in vitro leveraging the ability of D2 receptors to recruit GIRK channels demonstrated 

that they are capable of detecting phasic increases in DA [113,114]. In addition, D1 and D2 

receptor-based fluorescent DA sensors are both capable of reporting increases and decreases 

in extracellular DA, suggesting that the observed asymmetric modulation of PKA may 

arise downstream of DA receptors. Other GPCRs expressed by SPNs converge on the same 

intracellular signaling cascades and compete with DA for PKA activation, the best-known 

being Gαi-coupled muscarinic M4 receptors in D1-SPNs and Gαs-coupled adenosine A2A 

receptors in D2-SPNs. It is therefore increasingly evident that the actions of DA on SPNs 

cannot be understood without also factoring in modulators like acetylcholine and adenosine, 

whose levels in the brain, like DA, vary dynamically ([90,115,116], as well as preliminary 

data from our group [117]). In fact, net PKA activity was surprisingly found to increase 

in D2-SPNs during locomotion because locomotion is also associated with an increase 

in adenosine, which counters the inhibitory effects of DA on adenylate cyclase via the 

activation of A2A receptors [115]. Similarly, a recent in vivo study reported that synaptic 

potentiation in SPNs necessitates synaptic depolarization to coincide with both an increase 

in extracellular DA and a decrease in ACh, consistent with the idea that Gαi-coupled M4 

receptors oppose the actions of DA on PKA signaling in D1-SPNs [118].

As mentioned, these recent findings indicate that D1- and D2-SPNs specialize in the 

respective detection of phasic increases and decreases in DA. This notion is in line with 

previous theoretical models suggesting that both populations of SPNs serve independent, 

temporally-dissociated functions during learning [119,120], with D1-SPNs specializing in 

learning from unexpected rewards and positive outcomes (i.e. positive RPEs), and D2-SPNs 

specializing in signaling when expected rewards are omitted (i.e. negative RPEs). Indeed, 

experiments in brain slices showed that PKA-dependent structural plasticity is only engaged 

in D1-SPNs when DA levels increase [51] and in D2-SPNs when DA levels decrease [54]. 

These plasticity mechanisms have been proposed to underlie stimulus generalization during 

Pavlovian conditioning to sensory cues via D1 detection of DA phasic increases, whereas 

stimulus discrimination required D2 signaling in response to phasic DA decreases. [54]. 

DA dip-evoked structural long-term potentiation in D2-SPNs relied on the activation of the 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) downstream from PKA [54].

Of note, the time course of fluorescence changes of current sensors in response to brief 

elevations in DA are remarkably prolonged (10s of seconds to minutes) [111,115]. This 

raises fundamental questions about the ability of SPNs to resolve individual DA transients 

that occur on sub-second time scales, such as those evoked by RPEs that occur in 

close succession during Pavlovian and operant conditioning paradigms (see Outstanding 

questions).
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What about the effects of DA on the spiking output of target neurons? Several studies have 

leveraged the ability to express genetically-encoded calcium indicators in either D1- or D2-

SPNs to monitor the activity of both populations either simultaneously or in separate cohorts 

of mice. These studies have repeatedly found that calcium signals in D1- and D2-SPNs are 

comparable in time course and magnitude, indicating that striatal DA does not persistently 

depress D2-SPNs relative to D1-SPNs [94,98,100]. Instead, the spatiotemporal patterns of 

both D1 and D2 SPN activation are strongly correlated with ongoing behavior, with separate 

groups of neurons showing preferential activation during specific motor actions [95,97,101].

Importantly, SPN calcium activity is strongly modulated by acute pharmacological 

manipulations of DA signaling [98,100,101]: blocking DA receptors elevated the activity of 

D2-SPNs and depressed that of D1-SPNs, suggesting that decreasing DA levels unbalances 

striatal output towards D2-SPNs. By contrast, elevating DA receptor signaling using either 

pharmacological agonists or blockers of presynaptic DA transporters such as cocaine 

depressed the activity of both D1- and D2-SPNs within minutes while still biasing striatal 

output in favor of D1-SPNs (Figure 2C, right). This latter observation is inconsistent with 

classic models of DA modulation that predict a net potentiation of D1-SPN activity relative 

to baseline with elevated DA (Figure 2C, left). Interestingly, these modifications were most 

evident in the total number of D1- and D2-SPNs recruited during behavior, rather than in 

the frequency or amplitude of calcium transients displayed by individual SPNs, revealing an 

additional dimension of DA signaling at the level of neuronal populations [98].

It is important to note that the frequency of calcium transients in SPNs is significantly lower 

than the rate of action potential firing in SPNs, indicating that calcium imaging may not 

be appropriate for estimating the discharge of SPNs. Intracellular calcium signals in SPNs 

instead reflect bursts of action potentials [121,122] and may therefore best highlight somato-

dendritic calcium events likely to promote synaptic plasticity [123,124]. By modulating the 

likelihood that SPNs respond to glutamatergic inputs with a burst of action potentials and 

a rise in somato-dendritic calcium, DA may control the number of neurons positioned to 

participate in calcium-dependent synaptic plasticity.

Concluding Remarks and Future Perspectives

In this review, we discussed how recent methodological advances are prompting a more 

nuanced and dynamical view of DA release and DA signaling in target neurons. These 

advances also blur the clear-cut distinction between phasic and tonic DA, and indicate that 

the differential effects of DA on reward-based learning vs. movement cannot simply be 

attributed to the patterns of DA neuron spiking or DA release. In addition, it is becoming 

increasingly clear that phasic DA does not exclusively signal RPEs, but also errors in 

sensory predictions (including from internal states) and in motor performance [125–127]. 

Classical notions of how DA acts in vivo on target neurons are also being revisited, as it 

is increasingly recognized that the effects of DA at the circuit-level are space-, time- and 

context-dependent, and as such cannot easily be inferred from single-cell studies in vitro. 

Much work therefore remains to understand how the rich patterns of DA release modify 

brain circuits to affect behavior over different time scales and in different contexts.
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To this end, first, chronic lesion and systemic pharmacological manipulations that lack 

specificity and allow for cellular/network adaptations need to be complemented by 

spatially- and temporally-precise (and carefully-calibrated) manipulations like opto- and 

chemogenetics to manipulate endogenous DA activity. Second, methods of single-cell 

resolution need to be employed more frequently, to properly document the diversity of 

responses that DA produces and to allow more nuanced understanding of their physiological 

roles. Third, in vivo mechanistic studies need to be expanded, using electrophysiological 

approaches capable of assessing subthreshold membrane dynamics. For instance, whole-cell 

recordings in awake, behaving mice [70,71] combined with opto-tagging [128] should 

be levied to investigate the effects of DA on intrinsic excitability and synaptic strength 

in a cell type-specific manner. Alternatively, voltage imaging methods could be used; 

these methods are improving continuously and are showing great promise in revealing 

subthreshold dynamics across many cells simultaneously [129–132].

While this review focused primarily on the role of DA in the striatum of rodents, DA 

is released throughout the brain, and its physiological actions are likely to display both 

similarities and differences across brain regions and species. As mentioned above, even in 

the context of cells expressing D1- or D2-type DA receptors, the effects of DA are likely 

to vary depending on the patterns of DA release, the concentration and time course of DA 

in the extracellular space, the constellation of GPCRs expressed by target cells, the release 

patterns of other neuromodulators, the number of cellular elements sensitive to modulation 

by GPCRs, and the timing of DA release relative to neuronal activity. Thus, studies of DA 

function in other brain areas including the cortex [133] hippocampus [134], amygdala [135–

137] and hypothalamus [138] of mammals as well as in the nervous system of songbird 

[127] , flies [139] and worms [140] will be key for garnering a holistic view of the range 

of modulatory mechanisms elicited by DA. Importantly, the approaches we reviewed here 

can be leveraged to study other neuromodulatory systems that work in concert with DA, 

including serotonin, norepinephrine and acetylcholine across several species. Such studies 

will provide a deeper appreciation of how neuromodulators exert their powerful effects on 

behavior in both health and disease.
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Outstanding questions

• How rapidly can DA alter the physiology of target cells in vivo to affect 

behavior, and how long do these effects persist?

• Are the effects of DA on neurons lacking HCN and GIRK channels 

necessarily downstream of PKA, and thus limited to the kinetics of PKA 

activation and deactivation?

• Do the kinetics of PKA signaling in subcellular compartments (e.g. dendritic 

spines) match those imaged in vivo across entire cells at the level of 

populations of neurons?

• If DA modulation only occurs on slow timescales, then what is the role 

of phasic signaling? And how can DA assign credit to specific actions and 

sensory stimuli that predict reward when its downstream signaling pathways 

remain elevated for tens of seconds?

• Are there yet undiscovered ways in which DA affects physiology on faster 

timescales than currently recognized? Could it be, for example, that PKA 

signaling in spines is faster than the signal reported by photometry, which is 

presumably driven mostly by much slower nuclear signaling?

• Will sensors other than PKA, such as cAMP sensors, reveal dynamics on 

similar timescales?

• Are there DA signaling cascades that are independent from PKA and that 

enable more immediate forms of modulation?

• How does DA affect the intrinsic excitability of D1- and D2-SPNs, and the 

strength of synapses that impinge on them on both short- and long timescales?

• How is DA receptor signaling affected by other striatal modulators like 

acetylcholine or adenosine, which act on GPCRs and converge onto the same 

downstream effectors as DA receptors (i.e. cAMP and PKA)?
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Highlights

• Dopamine is an intensely studied neuromodulator that has been linked 

to reward signaling, motivation and movement production, and has been 

implicated in a multitude of neuropsychiatric diseases.

• Despite the established role of dopamine in health and disease, the molecular, 

cellular and circuit mechanisms of dopamine action in vivo remain poorly 

understood.

• New tools for monitoring the activity of dopamine neurons and extracellular 

dopamine in target brain regions have revealed that the patterns of dopamine 

release are considerably more complex and diverse than previously thought.

• Advances in cell type specific recording techniques, including intracellular 

effectors like calcium and PKA are challenging current understanding of the 

modulatory effects of dopamine on target cells.

Sippy and Tritsch Page 17

Trends Neurosci. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Unraveling the dynamics of dopamine’s molecular, cellular and circuit effects.
(A) Extensive research has addressed the ability of DA to alter behavior, and conversely, 

how behavioral state modulates DA release and function (blue). However, the specific 

mechanisms through which DA modifies the activity of target neurons and circuits in vivo 
to affect behavior are not fully understood. (B) Among the most poorly understood aspects 

is the exact time course of DA modulation in vivo, combining the activity patterns of 

populations of DA neurons and the kinetics of intracellular signaling cascades activated 

by DA receptors. The schematic shows the discharge of a single hypothetical DA neuron 

(top; each bar represents an action potential) and the resulting changes in extracellular 

DA concentration in target brain regions (blue). Bottom panels: the time course of any 

given modulatory effect (e.g. PKA activation, dendritic excitability, neuronal ensemble size, 
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etc.) varies with the kinetics of the signal transduction pathway recruited by DA. Slow 

kinetics limit the ability of target cells to detect and differentially respond to frequent phasic 

increases and decreases in extracellular DA, reporting instead slow changes in the mean 

discharge of populations of DA neurons. Note that distinct modulatory effects within a given 

cell can exhibit different kinetics, depending on the signal transduction pathway and/or 

effector being recruited.
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Figure 2. DA modulation of striatal output.
(A) Schematic of a mouse brain in the sagittal plane showing the striatum (gray) innervated 

by SNc and VTA DA neurons in the ventral midbrain (blue). (B) DA is widely believed 

to bias striatal output in favor of the direct pathway, which originates in striatal projection 

neurons (SPNs) expressing D1-type DA receptors. (C) Several models have been proposed 

to account for the effects of DA on the activity of D1- and D2-SPNs. Three models are 

shown, each depicting the net effect of DA on cellular processes positively correlated with 

‘neuronal activity’ (e.g. the probability that a SPN fires an action potential to a given 

synaptic input, or the likelihood that an action potential triggers the release of a synaptic 

vesicle) as a function of extracellular DA concentrations (top panels) or time (bottom 
panels). The classic model (left) posits that DA exerts roughly equal and opposite effects on 
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D1-SPNs and D2-SPNs. Two recent studies investigating PKA signaling [111] and synaptic 

plasticity [54] suggest that D1- and D2-SPNs specialize in the detection of phasic increases 

and decreases in DA, respectively (middle). Others (right), using cellular-resolution Ca2+ 

imaging from populations of SPNs, have reported that strong stimulation of D1 receptors 

paradoxically depresses D1-SPN activity while maintaining striatal output biased in favor of 

the direct pathway [98,100,101].
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