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Abstract
The nucleus accumbens (NAc) is a terminal region of mesocorticolimbic dopamine (DA) neuronal projections from the 
ventral tegmental area. Accumbal DA release is integrated by afferents from other brain regions and by interneurons, which 
involve a diversity of neurotransmitters and neuropeptides. These integrative processes, implicated in the pathobiology 
of neuropsychiatric disorders, are mediated via receptor subtypes whose relative roles in the regulation of accumbal DA 
release are poorly understood. Such complex interactions are exemplified by how selective activation of opioid receptor 
subtypes enhances accumbal DA efflux in a manner that is modulated by changes in neural activity through GABA recep-
tor subtypes. This review delineates the roles of GABAA and GABAB receptors in GABAergic neural mechanisms in NAc 
that participate in delta- and mu-opioid receptor-mediated increases in accumbal DA efflux in freely moving rats, focusing 
on studies using in vivo brain microdialysis. First, we consider how endogenous GABA exerts inhibition of accumbal DA 
efflux through GABA receptor subtypes. We also consider possible intra-neuronal source of the endogenous GABA that 
inhibits accumbal DA efflux. As NAc contains GABAergic neurons that express delta- or mu-opioid receptors, inhibition of 
accumbal GABAergic neurons is a candidate for mediating delta- or mu-opioid receptor-mediated increases in accumbal DA 
efflux. Therefore, we provide a detailed analysis of the effects of GABA receptor subtype ligands on delta- and mu-opioid 
receptor-mediated accumbal DA efflux. Finally, we present an integrative model to explain the mechanisms of interaction 
among delta- and mu-opioid receptors, GABAergic neurons and DAergic neurons in NAc.
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Abbreviations
Allylglycine	� l-allylglycine
DA	� Dopamine
GAD	� Glutamic acid decarboxylase
NAc	� Nucleus accumbens
VTA	� Ventral tegmental area

Introduction

The ventral striatum/nucleus accumbens (NAc) has been 
implicated in the regulation of multiple aspects of behaviour 
and in the pathobiology of neuropsychiatric disorders, and 
a critical element in these functions is its role as a terminal 
region for mesocorticolimbic dopamine (DA) neuronal pro-
jections from the ventral tegmental area (VTA: [1–3]). In the 
NAc, release of DA is integrated by afferents from distal and 
proximal brain regions and by interneurons, which involve 
a diversity of other neurotransmitters and neuropeptides [3, 
4]. Furthermore, the integrative actions of essentially all of 
these neurotransmitters and neuropeptides are mediated via 
receptor subtypes whose differential roles in the regulation 
of DA release in NAc remain poorly understood.

These complex interactions in regulating accumbal DAer-
gic neural activity are exemplified by (1) enhancement of 
accumbal DA efflux onto DA receptor subtypes following 
selective activation of opioid receptor subtypes [5–9], two 

 *	 Tadashi Saigusa 
	 saigusa.tadashi@nihon-u.ac.jp

1	 Department of Pharmacology, Nihon University School 
of Dentistry at Matsudo, 2‑870‑1 Sakaecho‑Nishi, Matsudo, 
Chiba 271‑8587, Japan

2	 School of Pharmacy and Biomolecular Sciences, Royal 
College of Surgeons in Ireland, St. Stephen’s Green, 
Dublin 2, Ireland

http://orcid.org/0000-0001-6325-9616
http://crossmark.crossref.org/dialog/?doi=10.1007/s43440-021-00249-9&domain=pdf


972	 T. Saigusa et al.

1 3

families of G protein-coupled receptors, and (2) modula-
tion of this effect by changes in neural activity through 
γ-aminobutyric acid (GABA) receptor subtypes [10–13]. 
This integration of neuronal effects prompts a number of 
challenging questions as follows: (a) To what extent do 
these effects of opioid drugs involve delta- and/or mu-opi-
oid receptors? (b) To what extent do such effects involve 
higher-level subtypes such as delta1-, delta2- and mu1-opi-
oid receptors? (c) To what extent do the modulating actions 
of endogenous GABA on these opioid receptor-mediated 
effects on accumbal DA efflux involve GABAA vs. GABAB 
receptors? (d) To what extent can we illuminate these ques-
tions and capture answers in a parsimonious neuronal net-
work model?

For more than a decade, we have conducted microdialy-
sis studies on accumbal DA efflux involving meticulous use 
of selective agonists (both exogenous and endogenous) and 
antagonists at opioid and GABA receptor subtypes in an 
effort to illuminate such complexities. Here, we review these 
findings and integrate them with the findings of other inves-
tigators to derive a parsimonious neuronal network model in 
a manner that can also be used as a template for other neu-
ronal systems. This review describes the GABAergic neural 
mechanisms in NAc that are involved in delta- and mu-opi-
oid receptor-mediated increases in accumbal DA efflux. In 
particular, we focus on findings from neuropharmacologi-
cal studies that use in vivo microdialysis techniques. These 
methods allow local application of GABAergic and opioid 
drugs into NAc through a semipermeable microdialysis 
membrane by reverse dialysis and simultaneously analyse 
changes in accumbal DA levels. Accordingly, we are able to 
investigate the involvement of GABAergic and opioid neural 
activity in the regulation of accumbal DA efflux in freely 
moving rats.

First, we will briefly summarise the characteristics of 
DAergic and GABAergic neurons in NAc and then consider 
how endogenous GABA exerts inhibitory roles on accumbal 
DA efflux through GABA receptor subtypes. Next, we will 
discuss possible intra-neuronal sources of the endogenous 
GABA that inhibits such accumbal DA efflux. Furthermore, 
NAc is known to contain GABAergic neurons that incor-
porate delta- and mu-opioid receptors [14, 15]. Agonists at 
delta- and mu-opioid receptors have been shown to enhance 
accumbal DA efflux through two mechanisms: one involv-
ing opioid receptors that are sensitive to the non-selective 
opioid receptor antagonist naloxone; the other involving opi-
oid receptors that are insensitive to naloxone (for review, 
see [9]). Thus, inhibition of GABAergic neurons in NAc 
could be involved in delta- or mu-opioid receptor-medi-
ated increases in accumbal DA efflux. Therefore, we will 
overview the effects of GABA receptor subtype-selective 
ligands on delta- and mu-opioid receptor-mediated accumbal 
DA efflux to enhance understanding of the mechanisms of 

functional interactions among delta- or mu-opioid receptors 
and GABAergic and DAergic neurons in NAc.

Does endogenous GABA exert inhibition 
of accumbal DA efflux through GABAA and/
or GABAB receptors?

The NAc and GABAergic systems

The NAc is a terminal area of mesolimbic DAergic neurons 
originating from the VTA that also receives non-DAergic, 
non-GABAergic excitatory projections from limbic nuclei 
such as the amygdala [16], hippocampus [17] and prefrontal 
cortex [18]. In addition, NAc sends GABAergic efferents to 
the ventral pallidum as well as to the VTA [19–21]. There 
are two types of GABA-containing striatal cells, called spiny 
and aspiny GABAergic nerve cells, on which GABA recep-
tors are located [22]. It is suggested that the former cells are 
accumbal output neurons [23] and that the latter cells are 
interneurons [24, 25].

GABA receptors consist of two major subtypes, namely 
GABAA and GABAB: the GABAA receptor is an inhibitory 
ionotropic receptor that consists of five subunits arranged 
around a ligand-gated Cl− channel, which is opened to medi-
ate inhibition via activation of the GABA binding sites; the 
GABAB receptor belongs to the metabotropic G-protein cou-
pled receptor superfamily that consists of seven transmem-
brane domains and mediates slow and prolonged inhibitory 
action via activation of Gi/o-type proteins, inhibiting ade-
nylate cyclase, activating inwardly rectifying postsynaptic 
K+ channels and inactivating presynaptic voltage-gated Ca2+ 
channels.

GABAA and GABAB receptors are both distributed in 
NAc [22]. While both spiny and aspiny nerve cells in NAc 
contain GABAA receptors, immunoreactivity for its subunits 
is heterogeneously distributed [22]. GABAB receptors are 
reported to play a role as both autoreceptors and hetero-
presynaptic receptors in NAc [26] or as hetero-presynaptic 
receptors in other brain regions [27–29], and GABAB recep-
tors are not localised on axonal terminals that contain glu-
tamic acid decarboxylase (GAD), the key enzyme for gen-
erating GABA from glutamate [30].

Both GABAA and GABAB receptors exert inhibitory 
roles in the regulation of basal accumbal DA efflux

GABAA receptors and basal accumbal DA efflux

The GABAergic system in VTA is known to regulate 
accumbal DAergic activity [31]. For example, neuro-
chemical studies have shown that GABAA receptors within 
VTA exert an inhibitory role on accumbal DA release. 
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Intra-tegmental infusion of a GABAA receptor agonist 
decreased [32] and of a GABAA receptor antagonist 
increased [33] extracellular levels of DA in NAc of freely 
moving rats, respectively. Behavioural studies have also 
indicated that accumbal GABAA receptors can exert an 
inhibitory role on accumbal DAergic activity. For exam-
ple, the non-competitive GABAA receptor antagonist pic-
rotoxin enhanced [34, 35] and GABAA receptor agonists 
reduced [34, 36] hyperlocomotion induced by DA receptor 
agonists, respectively.

In vivo microdialysis studies have also revealed that 
GABAA receptors within NAc exert inhibitory control 
on accumbal DA efflux. The GABAA receptor antago-
nist bicuculline has been found to increase accumbal DA 
efflux in freely moving rats when infused into VTA [33] 
or directly infused into NAc ([10, 37, 38]; Table 1). Intra-
accumbal infusion of the GABAA receptor agonist musci-
mol decreased accumbal DA efflux in halothane-anaesthe-
tised rats [39]. However, it is notable that muscimol either 
failed to alter [38] or increased [40] accumbal DA efflux in 
freely moving rats when directly infused into NAc through 
the microdialysis probe. In fact, in agreement with these 
reports [38, 40], and in contrast to neurochemical evidence 
that local infusion of a GABAA receptor agonist into VTA 
reduced accumbal DA efflux [32], we have found that basal 
accumbal DA efflux was increased by intra-accumbal infu-
sion of a high dose, but not a low dose, of muscimol ([10]; 
Table 1). The stimulatory effects of muscimol on DA 
efflux that we observed were indeed mediated by accum-
bal GABAA receptors, because intra-accumbal infusion of 
a low dose of bicuculline, which failed to alter basal DA 

efflux, significantly inhibited the increase of accumbal DA 
efflux induced by muscimol [10].

There is both behavioural and electrophysiological evi-
dence that GABAergic interneurons exert inhibitory con-
trol on mesolimbic DAergic neurons via GABAA receptors 
in NAc. That bicuculline increased accumbal DA efflux is 
in accordance with this notion; thus, inhibition of GABAA 
receptors on the terminals of mesolimbic DAergic neurons 
would remove inhibitory control of these neurons and, 
accordingly, increase release of DA in their terminal areas, 
i.e. NAc. Specifically, we proposed that intra-accumbally 
applied bicuculline acted directly at GABAA receptors on 
the terminals of mesolimbic DAergic neurons and, accord-
ingly, removed inhibitory GABAergic control of these 
neurons [10]. However, because muscimol also increased 
accumbal DA efflux, it is evident that this drug did not 
stimulate GABAA receptors on the terminals of mesolimbic 
DAergic neurons. A likely candidate may be GABAA recep-
tors located on the cells and/or terminals of GABAergic 
interneurons that impinge upon the terminals of mesolimbic 
DAergic neurons. Thus, we proposed that intra-accumbally 
applied muscimol acted at GABAA receptors on GABAergic 
interneurons to inhibit their inhibitory control of DAergic 
neurons and, accordingly, disinhibited these neurons [10].

GABAB receptors and basal accumbal DA efflux

Activation of accumbal GABAB receptors has been found to 
induce suppression of locomotor activity [35] and blockade 
of accumbal GABAB receptors has been found to increase 
DA levels in NAc [37]. Because enhancement of locomo-
tor activity can be elicited by activation of accumbal DA 

Table 1   Summary of effects of 
GABAA and GABAB receptor 
ligands on endogenous and 
opioidergic facets of accumbal 
dopamine efflux

Effects of GABAA and GABAB receptor (R) ligands on each of (a) baseline, (b) allylglycine-induced 
increase, (c) δ1-R-mediated increase, (d) δ2-R-mediated increase and (e) μ1-R-mediated increase in accum-
bal dopamine (DA) efflux of freely moving rats. Low doses of GABA-R ligands that failed to alter baseline 
accumbal dopamine levels were chosen for co-administration experiments with allylglycine, δ1-, δ2-, and 
μ1-R agonists (b–e). Numbers indicate references

Accumbal DA efflux GABAA-R GABAB-R

Agonist Antagonist Agonist Antagonist

Muscimol Bicuculline Baclofen Saclofen

(a) Baseline Enhanced Enhanced Failed to affect Enhanced
[10] [12]

(b) Allylglycine-induced increase Failed to affect Failed to affect Inhibited Failed to affect
[54] [54]

(c) δ1-R-mediated increase Failed to affect Failed to affect Inhibited Failed to affect
[11] [13]

(d) δ2-R-mediated increase Inhibited Failed to affect Inhibited Failed to affect
[11] [13]

(e) μ1-R-mediated increase Enhanced Failed to affect Failed to affect Enhanced
[10] [12]
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receptors [41], these findings suggest that accumbal GABAB 
receptors exert inhibitory control of accumbal DAergic 
activity. Indeed, studies on the role of GABAB receptors in 
modulating cocaine-induced increase in accumbal DA have 
provided additional evidence for such an effect [42].

In line with these reports, we have found that higher 
doses of the GABAB receptor antagonist 2-hydroxysaclofen 
increase basal DA levels in accumbal dialysates in a dose-
dependent manner ([12]; Table 1). Nevertheless, systemic 
administration of a GABAB receptor agonist did not alter 
basal accumbal DA levels [43] and, more specifically, intra-
accumbal infusion of the GABAB receptor agonist baclofen 
failed to affect basal accumbal DA efflux [12]. Given the 
effectiveness of the antagonist and given the presence of 
functionally active GABAB receptors in NAc (see “The 
NAc and GABAergic systems”), this lack of any effect of 
the agonist may be due to high tonic GABAergic activity 
(ceiling effect). Nevertheless, these effects of GABAB recep-
tor antagonists are in accordance with earlier findings sug-
gesting that GABAB receptors are located presynaptically on 
DAergic nerve terminals in NAc and exert inhibitory control 
of accumbal DA efflux. As mentioned above (see “The NAc 
and GABAergic systems”), because GABAB receptors are 
reported to act as autoreceptors as well as hetero-presyn-
aptic receptors in NAc [26] and other brain areas [27–29], 
GABAB receptors should not be distributed on GAD-posi-
tive GABAergic neurons in the rat brain [30]. On this basis, 
GABAB receptors could be localised on accumbal DAergic 
nerve endings, but not on GABAergic interneurons.

We have provided neurochemical evidence that accumbal 
GABA plays an inhibitory role in the regulation of accum-
bal DA efflux through GABAB receptors as well as GABAA 
receptors located on DAergic nerve endings in NAc. Spe-
cifically, we found that intra-accumbal infusion of either the 
GABAB receptor antagonist saclofen or the GABAA recep-
tor antagonist bicuculline increases accumbal DA efflux of 
freely moving rats in a receptor-specific manner ([10, 12]; 
Table 1).

High tonic GABAergic activity through both GABA receptor 
subtypes located on DAergic nerve endings in NAc

That intra-accumbal infusions of GABAA or GABAB recep-
tor antagonists each enhance accumbal baseline DA efflux, 
while intra-accumbal infusions of either GABAA or GABAB 
receptor agonists do not decrease accumbal baseline DA 
efflux of freely moving rats (Table 1), requires explanation. 
On the basis of these and related data, the most parsimoni-
ous explanation is that GABAergic tonus is high at the level 
of both GABAA receptors and GABAB receptors located on 
DAergic nerve endings in NAc. Thus, antagonists are able to 
reduce these high levels of tonic activity, giving release from 
inhibition; in contrast, agonists are unable to further increase 

receptor activation beyond these already high tonic levels 
(ceiling effect) and are hence unable to exert further inhibi-
tion (floor effect). Therefore, below we consider possible intra-
cellular sources of endogenous GABA in NAc that subserves 
GABAergic tonus at the level of these GABA receptor sub-
types located on accumbal DAergic nerve endings.

What are the sources of endogenous GABA 
that inhibit DA efflux in NAc?

GAD and its two isoforms: differences in location 
and function in accumbal cells

GAD is the main enzyme that synthesises GABA from gluta-
mate and is the key enzyme for generating GABA for signal 
transduction between neurons. There are at least two distinct 
molecular isoforms of GAD, namely GAD65 and GAD67, 
where 65 and 67 refer to their molecular weights in kDa, 
respectively [44]. Evidence indicates that GABA generated by 
GAD65, but not by GAD67, is utilised for neurotransmission 
(for reviews see [45–47]) and GABA synthesised via GAD65 
is known to exert tonic inhibition [48]. In NAc, GAD is present 
in (a) interneurons [49–51], (b) glia cells [52], (c) tyrosine 
hydroxylase-positive neurons that arise in the substantia nigra 
pars compacta/VTA and terminate in NAc [53] and (d) out-
put neurons to the ventral pallidum and substantia nigra pars 
reticulata/VTA [19, 23].

Possible sources of extracellular GABA in NAc: 
insights from microdialysis experiments

While rat accumbal extracellular fluid collected by in vivo 
microdialysis contains appreciable amounts of GABA, these 
include moieties of GABA that could be released independent 
of neural firing. Accordingly, accumbal extracellular GABA 
levels are not fully sensitive to intra-accumbal infusion of the 
voltage-dependent Na+ channel blocker tetrodotoxin, which 
inhibits neuronal release of transmitters [54]. The following 
sources may contribute additionally to extracellular GABA: (a) 
non-vesicular, cytosolic and action potential-independent leak-
age mechanisms [55–57]; (b) reversal of GABA transporters 
[58]; and (c) release from astrocytes [59, 60]. Further studies 
are necessary to clarify the extent to which GABA acting at 
GABAA receptors and GABA acting at GABAB receptors have 
a similar or dissimilar origin.
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Allylglycine‑induced accumbal DA efflux and GABA 
receptor subtypes

GAD in GABAergic nerve endings regulates presynaptic 
GABAergic tonus at GABA receptor subtypes located 
on DAergic nerve endings

Though GABA in the cytosol of GABAergic nerve end-
ings has been implicated in non-neuronal processes (for 
reviews see [46, 47]), cytosolic GABA is mainly used in 
neural transmission, i.e. extracellular GABA that is released 
by a vesicular-dependent mechanism in GABAergic nerve 
terminals is synthesised by GAD in the cytosol of GABAe-
rgic neurons. The vesicular GABA transporter located on 
synaptic vesicles of GABA in neurons of the rat brain [61] 
transports cytosolic GABA into synaptic vesicles that can 
release GABA from GABAergic nerve terminals [45, 62, 
63]. Since variation in amount of newly synthesised GABA 
in the cytosol can affect vesicular GABA levels [64] and, 
accordingly, the amount of GABA that can be released from 
the neuron, GAD in GABAergic nerve endings at least partly 
contributes to the strength of presynaptic GABAergic tonus 
mediated by GABA receptor subtypes on accumbal DAergic 
nerve endings. These assumptions were examined by in vivo 
microdialysis studies using the GAD inhibitor l-allylglycine 
(allylglycine) in which the effects of intra-accumbal infusion 
of allylglycine on DA levels in accumbal dialysates of freely 
moving rats were analysed.

The intra-accumbal infusion of allylglycine dose-depend-
ently increased DA levels in dialysates from NAc ([54]; 
Table 1). Since these effects of allylglycine were almost fully 
suppressed by intra-accumbal infusion of tetrodotoxin, it is 
concluded that these effects are substantially dependent on 
neuronal activity [54].

Activation of accumbal GABAB receptors, but not GABAA 
receptors, inhibits allylglycine‑induced increase 
in accumbal DA efflux

Intra-accumbal infusion of the GABAB receptor agonist 
baclofen, at a dose that did not alter basal accumbal DA 
efflux when administered alone, inhibited the allylglycine-
induced increase in accumbal DA efflux ([54]; Table 1). 
This effect of baclofen appeared to be mediated by GABAB 
receptors because co-administration of the GABAB receptor 
antagonist saclofen, at a dose that did not alter either basal or 
allylglycine-induced accumbal DA efflux when given alone, 
was able to counteract the effect of baclofen to inhibit allylg-
lycine-induced accumbal DA efflux ([54]; Table 1). The NAc 
contains GABA interneurons and GABAergic terminals of 
afferent neurons expressing an intense immunoreactivity 
to GAD [49–51]. Furthermore, NAc [26], like other brain 
regions [27–29, 65, 66], contains GABAB autoreceptors and 

GABAB hetero-presynaptic receptors, and GABAB recep-
tors are not localised on GAD67-positive axonal terminals 
in the rat brain [30]. Therefore, it appears that the GABAB 
receptors under discussion are hetero-presynaptic recep-
tors on DAergic terminals innervated by accumbal aspiny, 
GAD65-positive GABAergic interneurons. That inhibition 
of GAD dose-dependently increased accumbal DA efflux 
via GABAB receptors suggests that GABAergic tonus in the 
synapses involved is particularly high, in accordance with 
our previous report [12].

Behavioural [34–36], neurochemical [37–39] and immu-
nohistochemical [22] studies have revealed that NAc con-
tains functional GABAA receptors. However, GABAA recep-
tors that control accumbal DA efflux are not activated by 
GABA that is synthesised in NAc by GAD. This is because 
neither the GABAA receptor agonist muscimol nor the 
GABAA receptor antagonist bicuculline altered the effects of 
either a low dose or a high dose of allylglycine on accumbal 
DA efflux ([54]; Table 1); a study on the effects of a low dose 
of muscimol was incorporated because of evidence that the 
high dose used disinhibits accumbal GABAergic interneu-
rons that can increase accumbal DA efflux [11]. These data 
suggest that there is an allylglycine-insensitive GABA pool 
that could release GABA to exert inhibitory regulation on 
accumbal DAergic activity at the level of GABAA receptors.

Where does this allylglycine-insensitive pool of GABA 
originate? One possible candidate source is intra-vesicular 
GABA that has already been synthesised outside of NAc. 
Given the four different origins of accumbal GAD (see 
“GAD and its two isoforms: differences in location and 
function in accumbal cells”), the most likely candidate in 
this respect is tyrosine hydroxylase-positive neurons that 
arise in the substantia nigra and/or VTA and terminate in 
NAc. The GAD expressed in tyrosine hydroxylase-positive 
neurons may synthesise GABA for co-transmission with 
DA. Extracellular release of GABA from these neuronal 
terminals could reduce DA release and subsequently pre-
vent over-activation of DAergic neural activity in NAc [53]. 
Other possibilities are action potential-independent leakage 
mechanisms [55–57] and/or reversal of GABA transporters 
[58]. Further studies are required to clarify the actual source 
of this allylglycine-insensitive pool of GABA. The notion 
that allylglycine treatment induces a biphasic increase in 
accumbal DA efflux [54] is in accordance with the possible 
existence of two GABA pools [45, 62, 63].

Microdialysis studies with the GABA synthesis inhibitor 
allylglycine provide in vivo neurochemical evidence that in 
NAc newly synthesised GABA exerts an inhibitory tonus on 
accumbal DAergic activity at the level of GABAB receptors 
but not of GABAA receptors. These studies also indicate 
that there is an allylglycine-insensitive GABA pool that 
can release GABA to exert inhibitory control of accumbal 
DAergic neural activity at the level of GABAA receptors. 
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These results indicate that inhibition of GAD has direct 
consequences for the effects of stimulation or inhibition of 
GABAB receptors, but not GABAA receptors, on accumbal 
DA efflux.

Accumbal GABAergic neurons are known to express opi-
oid receptors, namely delta- and mu-opioid receptor sub-
types. Therefore, stimulation of these receptors could reduce 
GABAergic inhibitory regulation of accumbal DAergic 
nerve endings and thus subsequently enhance release of DA 
from DAergic nerve terminals. In the next section, we dis-
cuss the roles of GABA receptor subtypes in delta- and mu-
opioid receptor-mediated increases in accumbal DA efflux.

What are the roles of GABA receptor 
subtypes in delta‑ and mu‑opioid 
receptor‑mediated DA efflux in NAc?

GABAergic neurons and delta‑ and mu‑opioid 
receptor subtypes in VTA and NAc

Highly potent analgesics in clinical use are opioid receptor 
agonists and kappa-, delta- and mu-opioid receptor subtypes 
mediate these analgesic effects (for review see [67]). These 
opioid receptor subtypes belong to the G-protein coupled 
receptor superfamily. Kappa-, delta- and mu-opioid recep-
tors each consist of seven transmembrane domains and are 
coupled with Gi/o proteins to inhibit adenylate cyclase, open 
inwardly rectifying K+ channels, and inhibit voltage-gated 
Ca2+ channels. In general, these receptor subtypes are con-
sidered to mediate reduction in excitability and firing of 
neurons.

In particular, delta- and mu-opioid receptor agonists are 
known to enhance DAergic neural activity in NAc through 
delta- and mu-opioid receptor activation in VTA (for reviews 
see [68, 69]). Disinhibition of mesolimbic DAergic neurons 
due to inhibition of inhibitory inputs to DAergic neurons 
from local GABAergic neurons, which express delta- and 
mu-opioid receptors, appears to be involved in this increase 
in accumbal DAergic neural activity (for review see [69]). 
The NAc also contains delta- and mu-opioid receptors. In 
fact, when infused directly into NAc, delta- and mu-opioid 
receptor agonists increase accumbal extracellular DA levels 
in freely moving rats [70–72]. Therefore, the roles of delta- 
and mu-opioid receptors in regulating accumbal DAergic 
neural activity have been analysed using delta- and mu-opi-
oid receptor ligands (Table 2).

Delta1‑ and delta2‑opioid receptor‑mediated 
accumbal DA efflux and GABA receptor subtypes

The NAc contains delta-opioid receptors [14, 73, 74] that 
are encoded by a single gene [75] and exist as at least 

two types of pharmacologically distinct subtypes, namely 
delta1- and delta2-opioid receptors [76]. We have shown 
that intra-accumbal infusions of a delta1- and a delta2-opi-
oid receptor agonist each enhance accumbal DA efflux [11, 
13, 71]. Based on the expression of delta-opioid receptors 
on accumbal inhibitory neurons, many of which contain 
GABA, it has been suggested that delta-opioid recep-
tors reduce accumbal inhibitory neurotransmission [14]. 
Therefore, decrease in activation of accumbal GABAA and 
GABAB receptors that inhibit DA efflux in NAc may medi-
ate delta1- and delta2-opioid receptor agonist-induced 
increases in accumbal DA efflux. In order to obtain neu-
ropharmacological evidence to support these propositions, 
our group first analysed the effects of the GABAB receptor 
agonist baclofen, which inhibited allylglycine-induced DA 
efflux in NAc, on delta1- and delta2-opioid receptor-medi-
ated increases in accumbal DA efflux.

Delta1‑ and delta2‑opioid receptor‑mediated accumbal 
DA efflux are inhibited by activation of accumbal GABAB 
receptors

As shown in “Activation of accumbal GABAB receptors, 
but not GABAA receptors, inhibits allylglycine-induced 
increase in accumbal DA efflux”, intra-accumbal infu-
sion of baclofen supressed the increase in accumbal DA 
efflux induced by allylglycine (Table 1). Similar infusion 
of baclofen also supressed both accumbal delta1- and 
delta2-opioid receptor-mediated increases in accumbal DA 
efflux ([13]; Table 1). Since these effects of baclofen were 
counteracted by co-administration of the GABAB recep-
tor antagonist saclofen, it was evident that stimulation of 
accumbal GABAB receptors could inhibit both delta1- and 
delta2-opioid receptor-mediated increases in accumbal 
DA efflux. As a corollary, reduction in accumbal GABAB 
receptor-mediated inhibition of accumbal DAergic activity 
would be necessary to induce delta1-opioid receptor- and 
delta2-opioid receptor-mediated increases in accumbal DA 
efflux [13].

Table 2   Representative ligands to analyse the roles of delta- and 
mu1-opioid receptors in regulation of accumbal dopamine efflux

Numbers indicate references

δ1-R δ2-R μ1-R

Agonist
DPDPE

Antago-
nist
BNTX

Agonist
Deltor-
phin-II

Antago-
nist
Naltriben

Agonist
Endo-
mor-
phin-1

Antagonist
Naloxona-
zin

[9, 11, 13, 71] [9, 11, 13, 71] [8–10, 12]
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Delta2‑, but not delta1‑, opioid receptor‑mediated 
accumbal DA efflux is inhibited by activation of accumbal 
GABAA receptors

As discussed in “Activation of accumbal GABAB receptors, 
but not GABAA receptors, inhibits allylglycine-induced 
increase in accumbal DA efflux”, intra-accumbal infusion 
of the GABAA receptor agonist muscimol did not affect 
the increase in accumbal DA efflux that followed inhibi-
tion of accumbal endogenous GABA synthesis (Table 1). 
Notably, however, intra-accumbal infusion of muscimol did 
supress delta2-, but not delta1-, opioid receptor-mediated 
increases in accumbal DA efflux. As this effect of musci-
mol was counteracted by co-administration of the GABAA 
receptor antagonist bicuculline, stimulation of accumbal 
GABAA receptors inhibits delta2-opioid receptor-mediated 
increases in accumbal DA efflux. As a corollary, reduction in 
accumbal GABAA receptor-mediated inhibition of accumbal 
DAergic activity would be necessary to induce delta2-, but 
not delta1-, opioid receptor-mediated increases in accumbal 
DA efflux [11].

How do GABAergic and DAergic neurons interact in mu‑ 
and delta‑opioid receptor subtype‑mediated processes 
in NAc?

As discussed in “GABAergic neurons and delta- and 
mu-opioid receptor subtypes in VTA and NAc”, NAc 
expresses mu-opioid receptors [15] and selective stimu-
lation of accumbal mu-opioid receptors has been shown 
to enhance accumbal DA efflux [70–72]. It is known that 
mu-opioid receptors are further subdivided into mu1- and 
mu2-opioid receptors based on their differential sensitiv-
ity to the selective mu1-opioid receptor antagonist nalox-
anazine [76, 77]. Evidence indicates that mu1-, but not 
mu2-, opioid receptors in NAc mediate such increases in 
accumbal DA efflux, because naloxanazine readily inhib-
ited the increase in accumbal DA efflux induced by local 
administration of the endogenous opioid endomorphin-1 
[8]. As mentioned above, the GABAB receptor agonist 
baclofen, which inhibited allylglycine-induced increases in 
accumbal DA efflux, was able to suppress both delta1- and 
delta2-opioid receptor-mediated increases in DA efflux in 
NAc of freely moving rats (Table 1). These inhibitory 
effects of baclofen on accumbal DA efflux were counter-
acted by co-administration of the GABAB receptor antago-
nist saclofen. As was assumed from allylglycine-induced 
increases in accumbal DA efflux, these findings clearly 
suggest that not only delta1- but also delta2-opioid recep-
tor stimulation increases accumbal DA efflux by decreas-
ing the availability of endogenous GABA for stimulat-
ing accumbal GABAB receptors to inhibit DA release. If 
accumbal mu1-opioid receptor stimulation increases DA 

efflux through the same mechanisms as delta1- and delta2-
opioid receptor-mediated accumbal DA efflux, then endo-
morphin-1-induced accumbal DA efflux should be readily 
inhibited by co-administration of baclofen.

In contrast to these expectations, endomorphin-
1-induced accumbal DA efflux was not inhibited by the 
GABAB receptor agonist baclofen; rather, it was enhanced 
by the GABAB receptor antagonist saclofen and this 
effect of saclofen was counteracted by baclofen (Table 1). 
Accordingly, it is suggested that blockade of accumbal 
GABAB receptors enhances mu1-opioid receptor-mediated 
accumbal DA efflux. As differences were observed in the 
effects of GABA receptor ligands on increases in accumbal 
DA efflux induced by allylglycine, the delta-opioid recep-
tor agonists DPDPE and deltorphin-2, and endomorphin-1 
[10–13, 54], it is possible that GAD inhibition, delta1-, 
delta2- and mu1-opioid receptor stimulation in NAc 
enhance DA efflux through different GABAergic neural 
mechanisms (Table 1).

As described previously (“Activation of accumbal 
GABAB receptors, but not GABAA receptors, inhibits 
allylglycine-induced increase in accumbal DA efflux” and 
“Delta2-, but not delta1-, opioid receptor-mediated accum-
bal DA efflux is inhibited by activation of accumbal GABAA 
receptors”), the GABAA receptor agonist muscimol did not 
alter allylglycine-induced and delta1-opioid receptor-medi-
ated accumbal DA efflux, but did suppress delta2-opioid 
receptor-mediated accumbal DA efflux (Table 1). As these 
effects of muscimol were counteracted by the GABAA recep-
tor antagonist bicuculline, these results clearly suggest that 
decreases in the availability of endogenous GABA for stimu-
lating GABAA receptors could be at least partly responsi-
ble for the production of delta2-opoid receptor-mediated 
increases in accumbal DA efflux. If mu1-opioid receptor-
mediated accumbal DA efflux was induced through simi-
lar accumbal GABAergic mechanisms, muscimol should 
supress the increase in accumbal DA efflux induced by 
endmorphin-1. However, muscimol enhanced the increase 
in accumbal DA efflux induced by endmorphin-1 ([10]; 
Table 1). As these effects of muscimol were counteracted 
by bicuculline, stimulation of accumbal GABAA receptors 
appears to enhance mu1-opioid receptor-mediated accum-
bal DA efflux. That the GABAA receptor agonist did not 
influence GAD inhibitor- and delta1-opioid receptor agonist-
induced accumbal DA efflux, but inhibited and enhanced 
delta2- and mu1-opioid receptor agonist-induced DA efflux, 
respectively, clearly indicates heterogeneity in the mecha-
nisms of GABA-opioid interaction that regulate accumbal 
DA efflux (Table 1).

In the next section, we consider the differential involve-
ment of GABAA and GABAB receptor subtypes in how 
delta1-, delta2- and mu1-opioid receptors mediate increases 
in DA efflux in NAc.
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Heterogeneous GABAergic mechanisms 
in delta‑opioid receptor subtype‑ 
and mu1‑opioid receptor‑mediated 
accumbal DA efflux

In NAc, GABAergic neurons express delta-opioid recep-
tor subtypes and mu1-opioid receptors that are known 
to inhibit neural firing. Accordingly, synaptic interac-
tions between GABA and DA neurons via GABAA and/
or GABAB receptors should explain at least in part the 
mechanisms by which delta- and mu-opioid receptor sub-
types influence accumbal DA efflux.

Selective stimulation of delta- or mu-opioid recep-
tor subtypes each enhance accumbal DA efflux and these 
increases in DA efflux are similarly or differently influenced 
by co-administration of GABAB or GABAA receptor ligands 
(Table 1). Within NAc these differences in the effects of 
GABA receptor ligands on DA efflux indicate heterogeneity 
in (1) the expression of delta- or mu-opioid receptor sub-
types on GABA neurons that interact with accumbal DA 
neurons and/or (2) the expression of GABA receptor sub-
types on GABA neurons that exert inhibition of DA neurons.

For two reasons, delta- and mu-opioid receptors do not 
appear to be co-localised on GABAergic neurons that exert 
inhibitory control on accumbal DAergic nerve terminals. 
Firstly, in contrast to GABAB receptor agonist-mediated 
inhibition of both delta1- and delta2-opioid receptor-
mediated accumbal DA efflux, GABAB receptor stimula-
tion did not alter mu1-opioid receptor-mediated accumbal 
DA efflux (Table 1); furthermore, antagonism of GABAB 
receptors, which failed to alter either delta1- or delta2-opi-
oid receptor-mediated accumbal DA efflux, enhanced mu1-
opioid receptor-mediated accumbal DA efflux (Table 1). 
Second, stimulation of GABAA receptors, which inhibited 
delta2- but not delta1-opioid receptor-mediated accum-
bal DA efflux, enhanced mu1-opioid receptor-mediated 
accumbal DA efflux (Table 1).

Synthesis

The challenge now is to identify a neuronal network and 
associated processes that can integrate and explain the 
breadth and depth of findings reviewed in “Does endog-
enous GABA exert inhibition of accumbal DA efflux 
through GABAA and/or GABAB receptors?” to “Hetero-
geneous GABAergic mechanisms in delta-opioid receptor 
subtype- and mu1-opioid receptor-mediated accumbal DA 
efflux” on interactions between GABAA, GABAB, delta1-, 
delta2- and mu1-opioid receptors in regulating accumbal 
DA efflux (Table 1).

Consider the neuronal networks of Figs. 1 and 2. Both 
GABAA and GABAB receptors are located postsynaptically 
on the terminals of accumbal DAergic neurons where they 
inhibit DA efflux; in addition, GABAA receptors, but not 
GABAB receptors, are also located presynaptically on the 
terminals of innervating GABAergic neurons where they 
inhibit GABA release onto postsynaptic GABAA receptors 
that inhibit DA efflux.

Each of delta1-, delta2- and mu1-opioid receptors are 
located presynaptically on the terminals of innervating 

Fig. 1   Upper panel: a model indicating how GABAergic interneu-
rons and dopaminergic neurons (DAergic nerve endings) interact 
in relation to GABAB as well as delta1- and/or delta2-opioid recep-
tors in the nucleus accumbens. Lower panel: a model indicating how 
GABAergic interneurons and dopaminergic neurons (DAergic nerve 
endings) interact in relation to GABAA as well as delta1-opioid 
receptors in the nucleus accumbens. Glial cells that may contribute to 
regulation of extracellular neurotransmitter levels are not included in 
both panels. The arrows indicate GABA and dopamine (DA) release 
from the respective nerve endings
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GABAergic neurons, where they also inhibit GABA release 
onto postsynaptic GABAB receptors that inhibit DA efflux. 
Delta2- and mu1-opioid receptors, but not delta1-opioid 
receptors, are also located presynaptically on the terminals 
of innervating GABAergic neurons, proximal to presynaptic 
GABAA receptors, where they inhibit GABA release onto 
postsynaptic GABAA receptors that inhibit DA efflux. How-
ever, delta1-/delta2-opioid receptors and mu1-opioid recep-
tors are not co-located; rather, they are located on distinct 
populations of GABAergic terminals.

Assume that tonic stimulation of accumbal GABAA and 
GABAB receptors by endogenous GABA is high. Then, (1) a 
GABAB receptor agonist would be without additional effect 
on DA efflux (ceiling effect), and (2) a GABAB receptor 
antagonist would reduce tonic GABAB receptor-mediated 
inhibition and increase DA efflux (Figs. 1 and 2, upper 
panels). If presynaptic GABAA receptors are more sensi-
tive to GABAA receptor agonists than postsynaptic GABAA 
receptors (see “GABAA receptors and basal accumbal DA 
efflux”), then (3) a GABAA receptor agonist would act pref-
erentially at presynaptic receptors to reduce tonic GABAA 
receptor-mediated inhibition and increase DA efflux, and 
(4) a GABAA receptor antagonist would act at postsynaptic 
receptors to reduce GABAA receptor-mediated inhibition 
and increase DA efflux (Figs. 1 and 2, lower panels).

Assume that delta1- and delta2-opioid receptor-mediated 
inhibition of tonic GABA release is similar between DA 
terminals containing GABAA and GABAB receptors. Then, 
(5) stimulation of presynaptic delta1- or delta2-opioid recep-
tors would reduce tonic GABAB receptor-mediated inhibi-
tion and increase DA efflux (Fig. 1, upper panel); following 
this reduced tonic activity through GABAB receptors, (6) a 
GABAB receptor agonist would act at postsynaptic GABAB 
receptors to inhibit enhancement of DA efflux due to stimu-
lation of delta1- or delta2-opioid receptors, and (7) a GABAB 
receptor antagonist would be without additional effect (floor 
effect) on enhancement of DA efflux due to stimulation of 
delta1- or delta2-opioid receptors. Also, (8) stimulation 
of presynaptic delta2-opioid receptors would reduce tonic 
GABAA receptor-mediated inhibition and increase DA efflux 
(Fig. 1, lower panel); following this reduced tonic activ-
ity through GABAA receptors, (9) a GABAA receptor ago-
nist would act at postsynaptic GABAA receptors to inhibit 
enhancement of DA efflux due to stimulation of delta2-opi-
oid receptors and (10) a GABAA receptor antagonist would 
be without additional effect (floor effect) on enhancement of 
DA efflux due to stimulation of delta2-opioid receptors. As 
delta1-opioid receptors are not co-located with presynaptic 
GABAA receptors, neither GABAA receptor agonists nor 
antagonists influence their effects on DA efflux.

Assume that mu1-opioid receptor-mediated inhibition 
of tonic GABA release on to GABA receptors is greater for 
DA terminals containing GABAA receptors than for those 
containing GABAB receptors. Then, (11) stimulation of 
presynaptic mu1-opioid receptors would exert only limited 
reduction in tonic GABAB receptor-mediated inhibition to 
only marginally increase DA efflux; following this limited 
reduction in tonic activity through GABAB receptors, (12) 
a GABAB receptor agonist would exert minimal additional 
effect and (13) a GABAB receptor antagonist would reduce 
tonic GABAB receptor-mediated inhibition and enhance 
DA efflux (Fig. 2, upper panel). However, (14) stimulation 
of presynaptic mu1-opioid receptors would induce marked 

Fig. 2   Upper panel: a model indicating how GABAergic interneu-
rons and dopaminergic neurons (DAergic nerve endings) interact in 
relation to GABAB as well as mu1-opioid receptors in the nucleus 
accumbens. Lower panel: a model indicating how GABAergic 
interneurons and dopaminergic neurons (DAergic nerve endings) 
interact in relation to GABAA as well as mu1-opioid receptors in the 
nucleus accumbens. Glial cells that may contribute to regulation of 
extracellular neurotransmitter levels are not included in both panels. 
The arrows indicate GABA and dopamine (DA) release from the 
respective nerve endings
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reduction of tonic postsynaptic GABAA receptor-mediated 
inhibition and increase DA efflux; then, (15) a GABAA 
receptor agonist would act preferentially at presynaptic 
GABAA receptors to further reduce tonic activity through 
GABAA receptors and enhance DA efflux, while (16) a 
GABAA receptor antagonist would exert only limited addi-
tional effect due to the marked reduction of tonic stimula-
tion of postsynaptic GABAA receptors (floor effect; Fig. 2, 
lower panel).

Each of these effects (1)–(16) is in accordance with the 
experimental evidence described above (Table 1), indi-
cating that the mechanisms outlined in Figs. 1 and 2 are 
plausible candidates for integrative GABAergic-opioid 
regulation of DA efflux in NAc. The present models (lower 
panels in Figs. 1 and 2) imply that the GABAA recep-
tor agonist muscimol may act at postsynaptic GABAA 
receptors to reduce delta1-opioid receptor-mediated DA 
efflux, but it could act at presynaptic GABAA receptors to 
enhance mu1-opioid receptor-mediated DA efflux. Differ-
ences in changes in the available amount of endogenous 
GABA to act on GABAA receptors on accumbal DAergic 
nerve terminals after stimulation of delta2- or mu1-opioid 
receptors may explain the above-mentioned effects of mus-
cimol. Thus, the available levels of endogenous GABA 
would be high before delta2- (lower panel of Fig. 1) or 
mu1- (lower panel of Fig. 2) opioid receptor activation, 
but this amount would decrease after activation of these 
opioid receptor subtypes. On this basis, via reduced com-
petition from endogenous GABA, the exogenous GABAA 
receptor agonist would interact preferentially at GABAA 
receptors located on DAergic nerve terminals following 
stimulation of delta2-opioid receptors. The level of endog-
enous GABA available to postsynaptic GABAA receptors 
would also be high before mu1-opioid receptor activation, 
but this amount would markedly decrease after activation 
of mu1-opioid receptors. Due to this strong reduction of 
endogenous GABA acting at postsynaptic GABAA recep-
tors, which could not compete with the exogenous GABAA 
receptor agonist (floor effect), muscimol would interact 
preferentially at presynaptic, but not postsynaptic, GABAA 
receptors following stimulation of mu1-opioid receptors.

Further studies are necessary to confirm and elaborate 
these integrative mechanisms and resolve proposed dif-
ferences in the amounts of endogenous GABA available 
for acting at either GABAB or GABAA receptors to inhibit 
accumbal DA efflux in relation to selective activation of 
delta1-, delta2- and mu1-opioid receptors in NAc.

In the final section, we consider limitations in experi-
mental conditions and explanatory scope. Then, we offer 
a perspective of such accumbal GABAergic neural mecha-
nisms involved in delta- and mu-opioid receptor-mediated 
accumbal DA efflux in freely moving rats.

GABAergic mechanisms in basal, GAD 
inhibitor‑induced, delta‑opioid receptor 
subtype‑mediated and mu‑opioid 
receptor‑mediated accumbal DA efflux

Limitations

In addition to findings on the locations of delta- and mu-
opioid receptors and GABA receptor subtypes in NAc, 
the parsimonious neural network model presented in this 
review (Figs. 1, 2) is based on results from brain microdi-
alysis experiments measuring accumbal extracellular DA 
levels. Accumbal DA in microdialysis samples should be 
released extracellularly consequent to neural firing, as 
intra-accumbal administration of the voltage-dependent 
Na+ channel inhibitor tetrodotoxin strongly reduced DA 
levels [8, 54, 78]. These microdialysis studies, carried out 
in freely moving rats, used probes with a 2-mm dialysis 
membrane that could not distinguish between the core and 
shell regions of NAc. Therefore, the neuronal models pre-
sented in this review should be applied with caution to 
results obtained under other experimental conditions, such 
as analysis of DA levels in dialysates from anaesthetised 
experimental animals, species other than rats, and target-
ing specific sub-regions of NAc. Nevertheless, these mod-
els may be helpful for analysing results from experiments 
that use brain sections and isolated neurons.

As the models are simplified on the basis of synaptic 
relationships, other processes may be involved. For exam-
ple, while glial cells could participate in the regulation 
of extracellular neurotransmitter levels and may express 
GAD, the key enzyme for generating GABA from gluta-
mate, such processes are not reflected in these models. 
Furthermore, accumbal GAD has been found not only in 
interneurons but also in projections from the other loca-
tions in the brain (see “GAD and its two isoforms: dif-
ferences in location and function in accumbal cells”). As 
mentioned in “Activation of accumbal GABAB receptors, 
but not GABAA receptors, inhibits allylglycine-induced 
increase in accumbal DA efflux”, intra-vesicular GABA 
that has already been synthesised outside of NAc, such as 
in terminals of neurons that arise in the substantia nigra 
and/or VTA, is an important candidate for a source of 
allylglycine-insensitive GABA.

Delta1-, delta2- and/or mu-1-opioid receptors could be 
found not only on the terminals but also on the cell bodies 
of accumbal GABAergic interneurons [14, 15]. There may 
also be accumbal GABAergic output neurons with axon 
collaterals that input onto DAergic nerve endings to inhibit 
accumbal DAergic neural activity.
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Conclusions

Though the above limitations in terms of experimental con-
ditions and levels of explanation of results should be noted, 
the present review offers integrative models to explain opioi-
dergic and GABAergic regulation of accumbal DA efflux in 
the following terms. First, endogenous GABA strongly stim-
ulates GABAA and/or GABAB receptors on DAergic nerve 
endings in NAc. Furthermore, in NAc (1) GAD inhibitor-
sensitive, newly synthesised GABA exerts inhibitory tonus 
on DAergic neural activity at the level of GABAB receptors, 
but not GABAA receptors, and (2) there is a GAD inhibi-
tor-insensitive GABA pool that releases GABA and exerts 
inhibitory control of DAergic neural activity at the level of 
GABAA receptors. Second, NAc contains (1) GABAergic 
neurons that express delta1- and delta2-opioid receptors and 
inhibit DAergic neural activity through GABAB receptors 
on DAergic nerve endings, and (2) GABAergic neurons that 
express delta2-opioid receptors, but not delta1-opioid recep-
tors and inhibit DAergic neural activity through GABAA 
receptors on DAergic nerve endings. Third, NAc also con-
tains GABAergic neurons that express mu1-opioid receptors, 
but not delta-opioid receptors, and inhibit DAergic activity 
through GABAA and GABAB receptors on DAergic nerve 
endings. Finally, the magnitude of decrease in availability of 
endogenous GABA that interacts with GABAA and GABAB 
receptors to inhibit DAergic neural activity following stimu-
lation of mu1-opioid receptors differs from that following 
stimulation of delta-opioid receptor subtypes.

These integrative models illuminate, at the level of indi-
vidual receptor subtypes within an accumbal synaptic net-
work, how selective activation of opioid receptors enhances 
accumbal DA efflux onto DA receptors and the critical 
role of GABAergic mechanisms in regulating interactions 
between these two families of G protein-coupled receptors. 
As such enhancement appears to be a critical factor in opioid 
dependence and associated morbidity and mortality [5, 6], 
improved understanding of these synaptic mechanisms may 
also provide clues to remediation.
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