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Abstract

Dopamine D2-autoreceptors play a key role in regulating the activity of dopamine neurons and 

control the synthesis, release and uptake of dopamine. These Gi/o-coupled inhibitory receptors 

play a major part in shaping dopamine transmission. Found at both somatodendritic and axonal 

sites, autoreceptors regulate the firing patterns of dopamine neurons and control the timing and 

amount of dopamine released from their terminals in target regions. Alterations in the expression 

and activity of autoreceptors are thought to contribute to Parkinson’s disease as well as 

schizophrenia, drug addiction and attention deficit hyperactivity disorder (ADHD), which 

emphasizes the importance of D2-autoreceptors in regulating the dopamine system. This review 

will summarize the cellular actions of dopamine autoreceptors and discuss recent advances that 

have furthered our understanding of the mechanisms by which D2-receptors control dopamine 

transmission.
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 Introduction

The dopamine system is comprised of three major divisions that include the 

mesocorticolimbic, striatonigral and tuberoinfundibular systems. These systems play critical 

roles in neuronal actions that range from cognition, locomotion, and reward processing to 

neuroendocrine function (Missale et al., 1998, Beaulieu and Gainetdinov, 2011). While the 

majority of dopamine receptors are located on non-dopamine neurons, dopamine receptors 

(autoreceptors) are also present on dopamine neurons themselves. These autoreceptors play 

a key role in regulating the dopamine system by providing feedback inhibition that controls 
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cell firing and the synthesis, release, and uptake of dopamine. This review will focus on the 

cellular actions of dopamine autoreceptors in the mesocorticolimbic and striatonigral 

systems and discuss the role that these receptors play in regulating activity in the ventral 

tegmental area (VTA) and substantia nigra (SNc) and controlling the release of dopamine in 

projection areas.

 Dopamine D2-autoreceptors – Location and Behavioral Functions

Dopamine receptors (D1–D5) are members of the large, rhodopsin-like (Class A), seven 

transmembrane superfamily of G-protein coupled receptors (GPCRs). The five mammalian 

receptor subtypes are divided into two major groups that form the D1-like (D1 and D5) and 

D2-like (D2, D3, and D4) receptors. Members of the D1-family are located on non-

dopamine neurons and stimulate neuronal signaling via Gαs/olf to activate adenylyl cyclase 

(AC) and increase cAMP levels. In axon terminal regions, the activation of D1-receptors 

leads to increases in excitability and promotes transitions to the up-state via increases in 

NMDA receptor, L-type calcium channel and sodium channel currents (Surmeier et al., 

2010).

Dopamine D2-like receptors are inhibitory. These receptors couple to Gαi/o to inhibit AC 

and calcium channels, and activate inhibitory G-protein activated inwardly rectifying 

potassium channels (GIRK) (Neve et al., 2004, Beaulieu and Gainetdinov, 2011). The 

majority of D2-like receptors are found on non-dopamine neurons and mediate numerous 

brain functions, playing major roles in regulating locomotor activity, cognition and 

motivation (Missale et al., 1998, Beaulieu and Gainetdinov, 2011). As such, D2-receptors 

are important pharmacological targets for treatment of a variety of psychiatric diseases 

(Missale et al., 1998, Beaulieu and Gainetdinov, 2011). D2-receptors are found at a high 

density in the striatum, nucleus accumbens, and olfactory tubercle, and to a lower extent in 

the hippocampus, amygdala, hypothalamus and cortical regions (Missale et al., 1998, 

Schmitz et al., 2003, De Mei et al., 2009, Beaulieu and Gainetdinov, 2011).

Autoreceptors on dopamine neurons are comprised of the D2-subtype of dopamine 

receptors. These autoreceptors are located on the soma and dendrites of midbrain dopamine 

neurons in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) as 

well as on their axon terminals in projection areas (Missale et al., 1998, Romanelli et al., 

2010, Beaulieu and Gainetdinov, 2011). As feedback regulators, autoreceptors modulate 

activity directly through the activation of a potassium conductance and indirectly through 

downstream control of the expression of tyrosine hydroxylase and the plasma membrane 

dopamine transporter to modulate dopamine dependent transmission. Activation of these 

receptors decreases both excitability of dopamine neurons and the release of dopamine. 

Thus, autoreceptors are key regulators of dopamine dependent transmission. While both D2- 

and D3- receptors are present on dopamine neurons (Rivet et al., 1994, Levant, 1997, 

Koeltzow et al., 1998, Beaulieu and Gainetdinov, 2011), the D3-receptor likely plays only a 

minor functional role as an autoreceptor, and the vast majority of autofeedback inhibition is 

thought to be mediated through the D2-receptor.
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Numerous studies have shown that activation of D2-autoreceptors leads to a reduction in 

locomotion and alters the motivating and reinforcing properties of drugs of abuse including 

psychostimulants like cocaine and amphetamine (Jackson and Westlind-Danielsson, 1994, 

Missale et al., 1998). As such, studies that have examined mice genetically lacking D2-

receptors (D2-null) have found these animals to have altered extracellular levels of dopamine 

(Benoit-Marand et al., 2001, Rouge-Pont et al., 2002, Schmitz et al., 2002, Lindgren et al., 

2003), and show reduced activity and decreased reinforcement to the rewarding effects of 

drugs of abuse including ethanol, cocaine and morphine (Baik et al., 1995, Maldonado et al., 

1997, Phillips et al., 1998, Cunningham et al., 2000, Chausmer et al., 2002). Detailed 

reviews of the behavioral actions mediated by autoreceptors can be found in (Jackson and 

Westlind-Danielsson, 1994, Missale et al., 1998, Beaulieu and Gainetdinov, 2011).

As D2-receptors are found on both the terminals of dopamine neurons and post-synaptically 

on non-dopamine neurons (heteroreceptors), historically it has been difficult to separate the 

physiological and behavioral role of autoreceptors from that of heteroreceptors. To 

distinguish between these two populations, two groups have recently generated conditional 

knock out mice in which D2-receptors have been deleted only from dopamine neurons 

(autoreceptor-null) (Bello et al., 2011, Anzalone et al., 2012). These knock out mice exhibit 

normal levels of D2-heteroreceptors, yet lack D2-autoreceptor mediated inhibition of 

dopamine release from dopamine terminals and hyperpolarizations measured in the cell 

body (Bello et al., 2011, Anzalone et al., 2012). Importantly, these animals are hyperactive 

and exhibit increased sensitivity to cocaine (Bello et al., 2011, Anzalone et al., 2012). This 

confirms the role of autoreceptors in regulating locomotor and reward-driven behaviors. As 

different genetic strategies were used to generate the two lines of autoreceptor null mice, 

there are several differences in the behavior and physiological actions between the two 

animals (Bello et al., 2011, Anzalone et al., 2012), however, both approaches confirm a key 

role of autoreceptors in regulating the dopamine system. This work largely supports past 

clinical observations that altered autoreceptor function correlates with changes in 

impulsivity and novelty seeking behaviors (Zald et al., 2008, Buckholtz et al., 2010).

 Short and Long Isoforms of the D2 Receptor and the Identity of the 

Autoreceptor

Alternative splicing of the mRNA encoding the D2-receptor results in two isoforms of the 

receptor, short (D2S) and long (D2L), which differ by 29 amino acids within the third 

intracellular loop (Bunzow et al., 1988, Dal Toso et al., 1989, Giros et al., 1989, Grandy et 

al., 1989, Monsma et al., 1989). As the third intracellular loop is involved in G-protein 

coupling, D2S and D2L can couple to distinct G-proteins (Montmayeur et al., 1993, 

Senogles, 1994, Guiramand et al., 1995). However, attempts to assign specific signaling 

roles for each isoform have been difficult due to conflicting results depending on the assay 

and cell line used (Neve et al., 2004). The D2S receptor has a higher affinity for dopamine 

and several benzamides (Castro and Strange, 1993, Malmberg et al., 1993) and more 

effectively inhibits adenylyl cyclase (Montmayeur and Borrelli, 1991). However, differences 

in the ability of D2S and D2L to activate subsequent downstream signaling cascades such as 
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MAP kinases and Akt/GSK-3β have made it difficult to conclusively assign distinct 

signaling roles for the two isoforms (Neve et al., 2004), (Romanelli et al., 2010)

The physiological roles for the long and short forms of the D2-receptor have been predicted 

based on studies using selective D2L knockout mice (Usiello et al., 2000, Wang et al., 2000). 

In these animals, D2S receptor expression levels are up regulated, replacing the expression 

of lost D2L receptors (Usiello et al., 2000, Wang et al., 2000). Biochemical and behavioral 

studies have confirmed that D2L knock-out mice exhibit a loss of responses thought to be 

associated with post-synaptic striatal dopamine D2-receptors, including D2-receptor 

antagonist induced catalepsy (Usiello et al., 2000) as well as post-synaptic inhibition of 

cAMP-regulated phosphoprotein, 32 kDa (DARPP-32), phosphorylation (Lindgren et al., 

2003). Mice lacking D2L receptors also exhibit increased consumption of both sugar water 

and ethanol, suggesting that imbalances in the ratio of D2S to D2L could contribute to 

increased alcohol drinking (Bulwa et al., 2011). Importantly, despite upregulation of D2S, 

D2L knock-out mice still exhibit autoreceptor-mediated actions on dopamine soma 

(hyperpolarization) and pre-synaptic terminals (inhibition of dopamine release) as well as 

quinpirole-mediated inhibition of locomotor activity and D2-receptor mediated inhibition of 

tyrosine hydroxylase activity (Usiello et al., 2000, Wang et al., 2000, Centonze et al., 2002, 

Rouge-Pont et al., 2002, Lindgren et al., 2003). These findings suggest that the D2L isoform 

is the primary heteroreceptor within the striatum and support earlier findings that the long 

form is expressed more strongly on medium spiny neurons than on dopamine terminals 

(Khan et al., 1998). As viral expression of both D2S and D2L in the striatum is sufficient to 

restore methamphetamine induced locomotor activity (Neve et al., 2013), post-synaptic 

differences between the two receptors are likely due to the target expression rather than 

differences in signaling.

While these same studies are often taken to suggest that the D2S isoform is the likely 

autoreceptor, both D2S and D2L receptors may function as autoreceptors in dopamine cells. 

In individually isolated SNc neurons, D2L mRNA is expressed in a greater proportion of 

cells than D2S and the expression of either isoform is able to equally suppress neuronal 

firing (Jang et al., 2011). Furthermore, in D2 receptor knockout mice, viral mediated 

restoration of either D2S or D2L in SNc neurons is sufficient to restore D2-receptor mediated 

inhibitory GIRK currents and D2-receptor mediated somatodendritic transmission (Neve et 

al., 2013). In conclusion, while it may be that D2L is the principle heteroreceptor, both D2S 

and D2L may serve as autoreceptors on dopamine neurons to regulate cellular activity and 

control pre-synaptic dopamine release.

 Actions of Dopamine Autoreceptors

Autoreceptors regulate the activity of dopamine cells through several mechanisms. Pre-

synaptic autoreceptors on nerve terminals regulate dopamine transmission by inhibiting the 

probability of vesicular dopamine release (Suaud-Chagny et al., 1991, Benoit-Marand et al., 

2001, Phillips et al., 2002), decreasing dopamine synthesis (Kehr et al., 1972, Wolf and 

Roth, 1990) and altering the uptake of dopamine (Figure 1) (Cass and Gerhardt, 1994, Wu et 

al., 2002, Truong et al., 2004). Somatodendritic D2-autoreceptors on VTA and SNc neurons 

inhibit the excitability of dopamine neurons and modulate the firing rate by activating a 
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hyperpolarizing potassium GIRK current (Aghajanian and Bunney, 1977, Lacey et al., 1987, 

Mercuri et al., 1997, Beckstead et al., 2004, Courtney et al., 2012). Autoreceptor feedback 

actions have been discussed in several reviews (Missale et al., 1998, Neve et al., 2004, 

Feuerstein, 2008, De Mei et al., 2009, Beaulieu and Gainetdinov, 2011). The next two 

sections will summarize what is known about the mechanisms underlying this feedback 

control and discuss recent work examining how local synaptic mechanisms tightly regulate 

the duration and extent by which D2-autoreceptors are activated.

 Role of D2-Autoreceptors in Regulating Dopamine Release in the 

Striatum

Dopamine autoreceptors are present on most axon terminals (Sesack et al., 1994, Delle 

Donne et al., 1996). The actions of autoreceptors have been best characterized in the 

striatum and nucleus accumbens. Pre-synaptic feedback inhibition of dopamine release 

likely plays a major role in regulating dopamine transmission, as dopamine release and 

signaling is well known to be inhibited by D2-receptor agonists and enhanced by D2-

receptor antagonists in vivo (Seeman and Lee, 1975, Stamford et al., 1991, Kennedy et al., 

1992).

The selective activation of autoreceptors in vivo has long been thought to arise from these 

receptors having a much higher affinity for dopamine than heteroreceptors. However, despite 

this assumption, the affinity of autoreceptors for dopamine has yet to be directly determined 

with a functional assay. While D2 receptors can exist in both high and low affinity states 

(Sibley et al., 1982), the high affinity state is found only in membrane preparations in the 

absence of sodium without the addition of GTP. In sodium-containing solutions with normal 

concentrations of GTP, agonist binding is in the low affinity (uncoupled) state. As such, 

studies in intact cells have found that by far the greatest proportion of functionally relevant 

D2-receptors are in the low affinity state (Sibley et al., 1983, Schoffelmeer et al., 1994, Ford 

et al., 2009). Accumulating evidence has begun to question the biological actions of the high 

affinity state of the autoreceptor (Skinbjerg et al., 2012, van Wieringen et al., 2013). Rather 

than a difference in binding affinity, a large receptor reserve of D2-autoreceptors in the 

striatum (Yokoo et al., 1988) may instead account for the inhibition of dopamine release that 

is induced by low concentrations of dopamine agonists.

 1) Regulation of Dopamine Release

The major action of D2-autoreceptors is to regulate the exocytotic release of dopamine from 

axon terminals (Palij et al., 1990, Kennedy et al., 1992, Benoit-Marand et al., 2001, Phillips 

et al., 2002, Rouge-Pont et al., 2002, Schmitz et al., 2002, Benoit-Marand et al., 2011, 

Anzalone et al., 2012). Following release, dopamine activates these autoreceptors to 

decrease the probability of dopamine release to subsequent presynaptic stimulation. The 

duration of this inhibition varies between in vivo and in vitro studies, but generally occurs 

over a range from several hundred milliseconds up to several seconds (Benoit-Marand et al., 

2001, Phillips et al., 2002), (Schmitz et al., 2002). This transient inhibition may limit excess 

dopamine release during prolonged bursts of action potentials (Benoit-Marand et al., 2001).
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Many Gi/o-coupled GPCRs inhibit transmitter release at pre-synaptic terminals in the central 

and peripheral nervous system (Wu and Saggau, 1997). A common mechanism by which 

these receptors regulate transmitter release is via G-protein βγ-mediated inhibition of 

voltage-gated calcium channels (Herlitze et al., 1996, Ikeda, 1996). D2-receptors inhibit 

both the P/Q- and N-type calcium channels (Cardozo and Bean, 1995) that are responsible 

for the calcium entry triggering dopamine release (Phillips and Stamford, 2000). However, 

several Gi/o coupled GPCRs have been found to inhibit transmitter release independent of 

Ca2+ channel inhibition in dopamine neurons, including D2-receptor mediated inhibition of 

glutamate co-release (Congar et al., 2002) and kappa-opioid receptor inhibition of 

somatodendritic dopamine release (Ford et al., 2007). Other work has shown that 

autoreceptor inhibition of dopamine release also occurs at steps downstream from calcium 

entry (Congar et al., 2002). This has led to the suggestion of a novel mechanism mediated 

through a hyperpolarization via voltage-dependent potassium channels (Kv1.2) (Fulton et al., 

2011, Martel et al., 2011). Blocking Kv1.2 channels or using Kv1.2-null mice reduces 

quinpirole-dependent inhibition of dopamine release in the striatum (Fulton et al., 2011, 

Martel et al., 2011). Thus, autoreceptors were concluded to induce a local inhibition of 

voltage-dependent conductance that suppressed dopamine release. Whether this is a 

conserved mechanism within dopamine neurons remains unknown. Different mechanisms 

likely regulate dopamine release at axon and dendritic terminals since autoreceptor-mediated 

inhibition of somatodendritic release occurs by the activation of the G-protein activated 

inwardly rectifying potassium channels (GIRK), not Kv1.2 channels (Beckstead et al., 2007, 

Ford et al., 2007). Autoreceptor inhibition therefore likely occurs via different pathways at 

different terminals.

 2) Regulation of Uptake

Following release, clearance of dopamine from the extracellular space is primarily 

determined by uptake by the dopamine transporter (DAT) (Schmitz et al., 2003, Ford et al., 

2010). D2-autoreceptors also regulate dopamine transmission by increasing the activity of 

DAT (Cass and Gerhardt, 1994, Dickinson et al., 1999, Mayfield and Zahniser, 2001, 

Schmitz et al., 2002, Wu et al., 2002, Benoit-Marand et al., 2011). This occurs at least 

partially via an increase in DAT cell surface expression after D2-receptor activation 

(Mayfield and Zahniser, 2001), and possibly through changes in the voltage dependence of 

uptake (Sonders et al., 1997), but see (Prasad and Amara, 2001).

While autoreceptors can increase DAT activity when saturating amounts of dopamine are 

applied, it is not clear whether levels of dopamine in vivo rise to high enough levels to 

engage this mechanism during periods of physiologically relevant activity. D2-antagonists 

do not alter the clearance of evoked endogenous dopamine when driven by a single stimulus 

(Benoit-Marand et al., 2001, Benoit-Marand et al., 2011), and the selective loss of D2-

autoreceptors does not alter DAT mediated dopamine uptake (Bello et al., 2011), yet see 

(Anzalone et al., 2012). This suggests that the tonic background firing of dopamine neurons 

does not raise the concentration of extracellular dopamine to levels high enough to activate 

D2-autoreceptor mediated DAT regulation (Kennedy et al., 1992, Beckstead et al., 2007). 

Autoreceptor mediated acceleration of uptake may therefore only occur during periods of 

Ford Page 6

Neuroscience. Author manuscript; available in PMC 2015 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



excessive D2-receptor activation or during prolonged trains of stimulation (Benoit-Marand 

et al., 2011).

 3) Regulation of Tyrosine Hydroxylase

A third mechanism by which terminal D2-receptors can change dopamine transmission is 

through the inhibition of tyrosine hydroxylase (Kehr et al., 1972, Wolf and Roth, 1990). This 

is a slow, long-lasting mechanism that differs from the sub-second feedback inhibition of 

dopamine release that occurs during burst firing. Reductions in TH activity likely occur via 

an inhibition of AC and a reduction in cAMP-PKA mediated phosphorylation in the 

regulatory domain of TH (Onali and Olianas, 1989, Harada et al., 1996, O’Hara et al., 1996, 

Lindgren et al., 2001, Anzalone et al., 2012). Down-regulation of tyrosine hydroxylase 

following prolonged autoreceptor activation leads to reductions in the filling of pre-synaptic 

dopamine vesicles (Pothos et al., 1998) and alters the distribution and expression of the 

vesicular monoamine transporter (VMAT) (Truong et al., 2004). Chronic changes in 

extracellular dopamine levels at axon terminals therefore likely regulate dopamine synthesis 

and transmission through several overlapping mechanisms.

 Role of Autoreceptors in Regulating Dopamine Cell Excitability via 

Somatodendritic Transmission

Midbrain autoreceptors modulate the firing of dopamine neurons (Bunney et al., 1973, 

Aghajanian and Bunney, 1977, Lacey et al., 1987, Mercuri et al., 1997) by activating an 

inwardly rectifying GIRK conductance (Lacey et al., 1987, Kim et al., 1995). While 

dopamine neurons in the VTA and SNc express both Kir 3.2 (GIRK2) and Kir3.3 (GIRK3) 

channels (Davila et al., 2003), D2-receptors couple primarily to GIRK2-containing channels 

(Beckstead et al., 2004). The activation of GIRK channels at resting membrane potentials 

leads to efflux of potassium, which hyperpolarizes dopamine cells (Figure 2).

Multiple classes of neurotransmitters and neuromodulators, including catecholamines, 

activate GIRK channels to evoke slow inhibitory post-synaptic potentials (Luscher and 

Slesinger, 2010). Upon agonist binding, Gi/o coupled GPCRs undergo a conformational 

change, leading to Gα-subunit exchange of GDP for GTP. In a membrane-delimited manner, 

the activation of Gα liberates Gβγ subunits that bind to GIRK channels and allow them to 

open (Pfaffinger et al., 1985, Logothetis et al., 1987, Reuveny et al., 1994, Wickman et al., 

1994, Huang et al., 1995). In the resting state, Gi/o G-proteins likely form a pre-coupled 

macromolecular complex with GIRK channels (Riven et al., 2006). Channel opening occurs 

via local rearrangement of Gβγ and rotation of GIRK cytoplasmic domains (Riven et al., 

2006, Whorton and MacKinnon, 2013). Depending on the receptor, the metabotropic 

activation of GIRK currents proceeds after a lag of ~50–100 ms (Surprenant and North, 

1988, Sodickson and Bean, 1996, 1998, Ford et al., 2009).

Dopamine neuron firing evokes local dopamine release in the VTA and SNc from 

somatodendritic sites (Geffen et al., 1976, Wilson et al., 1977, Cheramy et al., 1981, Groves 

and Linder, 1983, Rice et al., 1994, Nirenberg et al., 1996a, Jaffe et al., 1998, Beckstead et 

al., 2004, Ford et al., 2010, Courtney et al., 2012), and dopamine neurons make lateral 
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synaptic connections between dendrites (Wilson et al., 1977). Somatodendritically released 

dopamine leads to a robust hyperpolarization of most dopamine neurons and drives a 

temporary pause in their firing (Beckstead et al., 2004, Beckstead and Williams, 2007, Ford 

et al., 2010, Bello et al., 2011, Courtney et al., 2012). Autoreceptor feedback is therefore an 

important regulator in controlling activity and firing patterns of dopamine cells (Beckstead 

et al., 2004, Courtney et al., 2012). One notable exception to this form of lateral inhibition, 

however, occurs in mesocortical VTA dopamine neurons that project to the prefrontal cortex. 

These cells exhibit reduced levels of D2-receptors and GIRK channels and are therefore 

insensitive to autoreceptor-mediated feedback inhibition (Chiodo et al., 1984, Lammel et al., 

2008). Heterogeneity among dopamine neurons in regards to differential expression of DAT, 

VMAT2 and D2 receptors in subpopulations of TH+ dopamine neurons (Li et al., 2013) may 

further add to the complexity of somatodendritic signaling by autoreceptors.

The fact that dopamine neurons can release dopamine from somatodendritic sites has been 

well established (Geffen et al., 1976, Wilson et al., 1977, Cheramy et al., 1981, Groves and 

Linder, 1983, Kalivas and Duffy, 1991, Benoit-Marand et al., 2011). The mechanisms that 

have been proposed to regulate somatodendritic release, however, differ depending on the 

techniques employed. Unlike axon terminal dopamine release, somatodendritic release is 

thought to exhibit weak dependence upon entry of extracellular calcium and limited 

sensitivity to pharmacological manipulations (Adell and Artigas, 2004). There are, however, 

many conflicting reports. With the use of electrochemical techniques such as fast-scan cyclic 

voltammetry that use a carbon fiber to measure the extracellular concentration of dopamine, 

there are reports of both calcium-independent (Hoffman and Gerhardt, 1999, Chen and Rice, 

2001, 2002, Chen et al., 2006) and calcium-dependent (Jaffe et al., 1998, Ford et al., 2010) 

forms of release. While differences in the electrochemical methods used to measure 

extracellular dopamine may have contributed to the this variability, species differences 

among the animal models account for a significant portion of these differences (Courtney et 

al., 2012). In rats and mice, both the extracellular concentration of dopamine detected with 

fast-scan cyclic voltammetry and the physiological activation of somatodendritic D2-

autoreceptor mediated inhibitory post-synaptic currents (D2-IPSCs) are steeply dependent 

on the concentration of extracellular calcium (Courtney et al., 2012). This differs from 

measurements made in the VTA and SNc of the guinea pig, in which somatodendritic 

dopamine release was significantly less sensitive to changes in extracellular calcium (Chen 

and Rice, 2001, Courtney et al., 2012). Therefore, in both rats and mice, dopamine 

transmission may be regulated by similar mechanisms at both axon and dendritic terminals 

(Beckstead et al., 2004, Ford et al., 2009, Ford et al., 2010, Courtney et al., 2012).

At somatodendritic sites, both D2-receptors and DATs are found at extrasynaptic sites 

(Sesack et al., 1994, Nirenberg et al., 1996b). The presence of extrasynaptic autoreceptors 

has led to the conclusion that dopamine transmission occurs via a spill-over mechanism 

involving volume transmission (Fuxe and Agnati, 1991). Support for this hypothesis comes 

from the ability to easily detect electrically evoked dopamine within the extracellular space 

of the VTA and SNc with carbon-fiber electrochemistry. The long-lasting presence of 

dopamine, often for several seconds, suggests that low concentrations of dopamine may 

diffuse for extended distances from somatodendritic release sites (Rice and Cragg, 2008). 

The role that volume transmission plays in the physiological activation of D2-receptors is 
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not clear. Studies that have examined D2-receptor IPSCs suggest that dopamine transmission 

likely occurs in a much more localized manner (Beckstead et al., 2004, Beckstead and 

Williams, 2007, Ford et al., 2009, Ford et al., 2010, Courtney et al., 2012, Gantz et al., 

2013). Unlike the repetitive stimulations that are often required to produce slow IPSCs 

mediated by GABA, D2-IPSCs are readily evoked even by a single stimulus (Beckstead et 

al., 2004, Ford et al., 2009, Gantz et al., 2013). This suggests that pooling of dopamine in 

the extracellular space is not required for somatodendritic autoreceptor activation. 

Furthermore, following a single stimulus, D2-receptor IPSCs activate following a lag of 

~50–70ms (Beckstead et al., 2004, Ford et al., 2009). The rapid activation of these 

autoreceptor currents can only be mimicked by rapid application of a saturating 

concentration of dopamine (Ford et al., 2009). This indicates that somatodendritic 

autoreceptors are functionally active at somatodendritic sites in the low affinity state. While 

low dopamine concentrations (nM to μM) can be detected in the extracellular space with 

electrochemistry, the physiological concentration at autoreceptors that mediates 

somatodendritic transmission is at least several orders of magnitude greater (≥ 10 μM) (Ford 

et al., 2009). The time course of D2-IPSCs is therefore limited by the time course of D2-

receptor/G-protein/GIRK signaling and not the duration of the extracellular diffusion of 

dopamine (Ford et al., 2009, Ford et al., 2010). Thus, dopamine transmission in the VTA and 

SNc likely occur in a more localized manner rather than a volume transmission mode of 

signaling.

Recently, spontaneous vesicular release of dopamine has been reported to evoke small 

spontaneous autoreceptor mediated synaptic events (Gantz et al., 2013). These spontaneous 

IPSCs are kinetically similar to electrically evoked events suggesting that each is the result 

of a limited number or single quanta of dopamine activating a local set of post-synaptic D2-

receptors (Gantz et al., 2013). As both evoked (Beckstead et al., 2004, Courtney et al., 2012) 

and spontaneous (Gantz et al., 2013) release of dopamine transiently inhibit the firing of 

dopamine neurons, these local connections have significant functional effects in regulating 

the activity of dopamine neurons. Thus, dopamine release from somatodendritic sites can 

regulate the tonic level of dopamine firing as well as drive pauses in firing that follow bursts.

 Plasticity and Regulation of Autoreceptors by Rewards and Drugs of 

Abuse

The midbrain dopamine system plays a key part in reward related behaviors. Differences in 

the activity of dopamine neurons are associated with increased vulnerability to drug self-

administration (Marinelli and White, 2000). As this increase in vulnerability and impulsivity 

correlates with reduced midbrain autoreceptor inhibition levels in the VTA (Marinelli and 

White, 2000, Buckholtz et al., 2010), alterations in autoreceptor function may predispose 

individuals to increased risk-taking behaviors. This is supported by work showing that rats 

exhibiting increased responses to novel situations show higher levels of dopamine neuron 

firing during psychostimulant withdrawal (McCutcheon et al., 2009).

A common property of all drugs of abuse is that they increase the extracellular concentration 

of dopamine at both axon and somatodendritic terminals (Nestler, 2005, Luscher and 
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Malenka, 2011). Exposure to these drugs of abuse is known to induce long-term changes in 

the function and morphology of dopamine neurons, and these adaptive changes may 

contribute to the development of addiction (Luscher and Malenka, 2011, Lammel et al., 

2013). While alterations in excitatory glutamatergic inputs to dopamine neurons play a 

central role in addiction (Saal et al., 2003, Kalivas et al., 2009), alterations in autoreceptor 

mediated inhibition in the VTA are also known to occur following repeated psychostimulant 

and alcohol exposure (Henry et al., 1989, Wolf et al., 1993, Jones et al., 2000, Marinelli et 

al., 2003, Perra et al., 2011, Madhavan et al., 2013).

Unlike the long-term changes in excitatory transmission that occur within the VTA, less is 

currently known about the mechanisms underlying autoreceptor plasticity. Prolonged 

activation of D2-receptors via either low frequency electrical stimulation or exogenous 

application of dopamine drives long-term depression (LTD) at somatodendritic dopamine 

synapses (Beckstead and Williams, 2007). This form of LTD occurs through a calcium-

dependent post-synaptic mechanism involving autoreceptor desensitization (Beckstead and 

Williams, 2007, Perra et al., 2011). This form of plasticity may promote burst firing in 

dopamine neurons and may account for changes in dopamine cell activity that occurs 

following chronic exposure to drugs of abuse. Following withdrawal from chronic ethanol, 

autoreceptors exhibit increased sensitivity for D2-agonists as well as less desensitization 

(Perra et al., 2011). This occurs due to the down-regulation of calcium release from 

intracellular stores and activation of calmodulin-dependent protein kinase II (CaMKII) 

(Perra et al., 2011). As both drugs of abuse and natural rewards increase dopamine firing and 

release (Phillips et al., 2003, Tobler et al., 2005, Bromberg-Martin and Hikosaka, 2009, 

Cohen et al., 2012), changes in chronic food availability also promote D2-receptor 

desensitization in the midbrain (Branch et al., 2013). Post-synaptic LTD of autoinhibition 

may therefore be a common mechanism regulating dopamine neuron activity.

Lastly, somatodendritic D2-receptor transmission can undergo long-lasting increases in 

activity. A single dose of cocaine induces long-term potentiation of spontaneous D2-IPSCs 

in the SNc dopamine cells (Gantz et al., 2013). This suggests that, like the plastic changes 

that occur at excitatory glutamatergic synapses on dopamine neurons (Ungless et al., 2001), 

somatodendritic synapses are also dynamically regulated as a result of even a single 

exposure to cocaine.

 Conclusion

Dopamine receptors have long been known to regulate the activity of the mesocorticolimbic 

and striatonigral systems, playing a critical role in shaping the duration and extent of 

dopamine transmission. Recent cellular, synaptic and behavioral studies have begun to 

untangle the diverse roles that autoreceptors play in regulating dopamine release within the 

dopamine system. Future studies aimed at furthering our understanding of how dopamine 

feedback inhibition shapes the profile of dopamine signaling will provide further insight into 

the behavioral actions directed toward natural rewards and drugs of abuse that are mediated 

by the dopamine system.
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Highlights

• D2-autoreceptors provide feedback inhibition that regulates the activity of 

the dopamine system

• Axonal autoreceptors control the synthesis, release, and uptake of dopamine

• Midbrain autoreceptors mediate transmission controlling dopamine neuron 

firing

• This review summarizes the actions of D2-autoreceptors in regulating 

dopamine signaling
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Fig 1. 
Schematic illustrating D2-autoreceptor signaling and regulation of dopamine transmission at 

axon terminals in the striatum. At presynaptic terminals D2-receptors regulate the release, 

uptake and synthesis of dopamine. (1) Autoreceptors inhibit the probability of dopamine 

vesicle release by activating Kv1.2 channels and also potentially secondarily by inhibiting 

calcium entry through of voltage-gated calcium channels (VGCC). (2) Presynaptically D2-

receptors increase the rate of dopamine uptake by increasing the plasma membrane 

expression of DAT and also by direct interactions that increase the activity of existing DATs. 

(3) Long-term activation of D2-autoreceptors leads to decreased PKA-mediated 

phosphorylation of TH leading to decreased synthesis and packaging of dopamine in 

vesicles.
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Fig 2. 
Somatodendritic activation of D2-receptors mediates an inhibitory post-synaptic current that 

hyperpolarizes dopamine cells and causes a pause in firing. (A) Schematic illustrating the 

somatodendritic activation of D2-autoreceptors and GIRK2 channels in the VTA and SNc. 

GIRK2 channel activation and the associated efflux of potassium occurs though a G-protein 

βγ-mediated membrane delimited mechanism. (B) A train of extracellular stimuli evokes the 

local release of dopamine (modified from Courtney et al., 2012). The high concentration of 

dopamine activating D2-receptors leads to rapid activation of a D2-IPSC that is sufficient to 

cause a temporary pause in the firing of a VTA dopamine neuron.
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