
Chapter 17
Dopamine Receptor Subtypes in Reward
and Relapse

David W. Self

Abstract With the advent of subtype-selective ligands and dopamine receptor
knockout mice, the last two decades have seen an explosion in research on the
role of dopamine receptor subtypes in reward and relapse to drug-seeking behav-
ior. This chapter represents a relatively comprehensive review of this literature,
beginning with the ability of D1-like and D2-like receptor agonists to support self-
administration behavior and produce conditioned preference, and followed by the
modulation of natural reward, brain stimulation reward, and conditioned reward with
subtype-selective ligands and dopamine receptor knockout mice. Subsequent sec-
tions describe the modulation of drug and alcohol self-administration by dopamine
receptor subtypes, and role of dopamine receptor subtypes in relapse to drug and
alcohol seeking in animal models. Finally, down-regulation in dopamine receptors
following chronic drug self-administration is discussed in reference to differential
changes in dopamine receptor-mediated behavior, suggesting that better integration
between biological and behavioral data is needed in future studies.
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17.1 Introduction

Dopamine involvement in natural and drug reward is well established, but the role of
specific dopamine receptor subtypes in reward processes remains a topic of inten-
sive investigation. The most common approach to investigate dopamine receptor
function in reward employs pharmacological ligands with relatively good selectiv-
ity for D1-like and D2-like receptor classes, although their potential actions at other
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neurotransmitter receptors (e.g., serotonergic or noradrenergic) are often neglected.
Unfortunately, there have been far fewer studies targeting specific D1-like (D1 and
D5) or D2-like (D2, D3 and D4) receptor subtypes due to a lack of selective ligands,
and promising candidates that exhibit good selectivity under artificial conditions in
vitro are notorious for their lack of selectivity in vivo with further scrutiny. The
ability to differentiate between related dopamine receptor subtypes is even more
difficult when they play similar roles in behavior, but enhanced when related sub-
types mediate different behavioral effects. Another potential caveat is that opposing
behavioral effects are often mediated by pre- and post-synaptic receptors in the
mesolimbic dopamine system, leading to biphasic dose–effect curves for behav-
ioral responses. Given these considerations, recent advances in antagonist selectivity
profiles, especially in differentiating the effects of D2 and D3 receptor blockade,
have yielded compelling evidence for distinct receptor subtype actions in reward
and reward-seeking behavior.

Genetic deletion generally is more definitive for assessing dopamine receptor
involvement in natural and drug reward, although developmental compensation
must be considered especially when negative results are found. Another impor-
tant consideration is that behavioral responses in mice can differ substantially from
rats and primates, a caveat highlighted by uniformly inhibitory effects of D2-like
agonists on psychomotor behavior in mice over a wide dose range [1]. Dopamine
receptor knockout mice can be used to demonstrate definitive selectivity of novel
and putative subtype-selective ligands in vivo, most notably when their behavioral
effects are completely attenuated with the deletion of a specific dopamine recep-
tor subtype. However, the interpretation of behavioral changes that result from
brain-wide receptor deletion can be complicated by competing effects of dopamine
receptors in different brain regions on neural circuits regulating natural and drug
reward. The recent advent of inducible and localized genetic deletion strategies in
mice is a powerful approach that circumvents problems relating to developmental
compensation, and provides anatomically discrete loss of specific dopamine recep-
tor subtypes, but this approach has yet to be applied to studies on natural and drug
reward. Conversely, transgenic approaches to investigate gain of dopamine receptor
function have not been widely used due to the need to limit expression to cells that
naturally express the dopamine receptor subtypes. Recent advances in D1 and D2
promoter-driven transgenics will be pivotal to modulate dopamine receptor function
in the appropriate cell types in future studies.

Using anatomically discrete microinfusion of dopaminergic ligands, studies have
found that dopamine receptors play different roles in mediating or modulating
reward processes in different brain regions. For example, dopamine receptors in
ventral striatal regions mediate primary rewarding effects. Thus, transient dopamine
receptor activation in these regions is sufficient to support self-administration behav-
ior when receptor activation is a consequence of the behavior. In contrast, dopamine
receptors in neocortical or amygdala regions can modulate reward evaluation,
choice, or the formation of conditioned environmental (Pavlovian) associations that
acquire their own rewarding properties secondary to the role of dopamine recep-
tors in primary reward. These regional effects, in turn, are determined by dopamine



17 Dopamine Receptor Subtypes in Reward and Relapse 481

receptor localization on specific neuronal subpopulations such as interneurons or
projection neurons, and differential coupling to G protein signaling pathways, fur-
ther illustrating the complexities of delineating the mechanism of dopamine receptor
subtypes in reward.

In addition to reward, dopamine receptors play a prominent role in eliciting
appetitive or approach behavior, a phenomenon distinguishable from reward itself
by the fact that behavioral responses follow rather than precede dopamine recep-
tor stimulation. The seminal work of Schultz and colleagues [2, 3] found that
environmental predictors of reward availability activate midbrain dopamine neu-
rons, and other studies have shown that dopamine release in forebrain regions is
sufficient to elicit appetitive behavior directed at obtaining reward. This behavior
often is referred to as reward-seeking behavior, and is widely studied in animal
models of drug and alcohol addiction to simulate craving and relapse in humans.
Thus, dopamine receptors mediate two crucial aspects of addictive behavior: (1)
they mediate primary reward when stimulated consequential to self-administration
behavior and (2) they elicit reward-seeking behavior during periods of forced
abstinence.

This chapter reviews the role of dopamine receptor subtypes in reward and
reward-seeking behavior. Initial sections review earlier work establishing that
dopamine receptor agonists serve as primary rewards in self-administration stud-
ies. Other studies that use dopamine receptor agonists to induce a conditioned place
preference are described; a more commonly used but indirect measure of drug
reward. Subsequent sections discuss the role of dopamine receptor subtypes in natu-
ral reward, brain stimulation reward, conditioned reward, and self-administration of
abused drugs and alcohol. In each section, intracranial studies that elucidate regional
sites of dopamine receptor action and genetic deletion of specific receptor subtypes
are reviewed where available with an emphasis on differential roles for D1-like and
D2-like receptors. In later sections, the role of dopamine receptor subtypes in relapse
to drug- and alcohol-seeking behavior is discussed. In a final section, alterations in
dopamine receptors produced by chronic drug self-administration are highlighted
together with discrepant changes in dopamine receptor-mediated behavior, suggest-
ing the need for better integrative models of biological and behavioral change in
drug addiction. Clearly, dopamine receptors play a role in several other aspects of
reward-related behavior that are beyond the scope of this chapter.

17.2 Dopamine Receptor Subtypes that Mediate Primary
Reward

The fact that selective and directly acting dopamine receptor agonists will support
self-administration behavior indicates that dopamine receptors mediate a primary
rewarding stimulus. The earliest study supporting this notion found that drug-naïve
female rats will learn to perform a novel lever-press response to receive intra-
venous injections of the direct dopamine receptor agonist apomorphine, and will
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maintain stable dose-dependent responding for several weeks after acquisition [4].
Apomorphine self-administration is abolished by pretreatment with the dopamine
receptor antagonist pimozide. A subsequent study found that depletion of endoge-
nous brain catecholamines with alpha-methylparatyrosine treatment has no effect on
apomorphine self-administration, but attenuates self-administration of the indirect
agonist amphetamine [5]. These early studies clearly established a role for dopamine
receptor stimulation in mediating primary reward and are often overlooked in more
modern theoretical formulations of dopamine receptor function in reward-related
behavior. Thus, in addition to serving as a primary reward, various other func-
tions ascribed to dopamine include signaling reward prediction error [6], increasing
incentive salience or wanting [7], enhancing the impact of conditioned environ-
mental stimuli on instrumental responding [8], and reducing psychological effort
requirements to obtain rewards [9]. These and other attributes suggest a complex
multi-functional role for dopamine in reward processing and execution of instru-
mental behavior, but they do not belie the fact that dopamine receptor stimulation is
in itself sufficient to mediate primary rewarding events.

17.2.1 Self-Administration of D1-Like and D2-Like Receptor
Agonists

In addition to apomorphine, animals will self-administer intravenous injections of
agonists selective for either D1-like or D2-like receptors. Early studies with the
prototypical but partial D1-like receptor agonist found that intravenous infusions of
SKF 38393 fail to support self-administration behavior [10]. Subsequent studies
found that higher efficacy D1-like agonists such as SKF 82958 and SKF 81297
will support self-administration in rats, mice, and monkeys, and even in drug-
naïve animals (Fig. 17.1a) [11–16]. Similarly, several studies found that D2-like

�

Fig. 17.1 (continued) of the D1- and D2-like agonists to a lower dose of cocaine
(267 μg/kg/injection). ∗Significantly different from 50%, P < 0.05. (c) Intranucleus accumbens
(NAc) shell self-administration of D1- and D2-like agonists. Groups of rats self-administered 100 nl
infusions containing 0.5 mM of the D1-like agonist SKF 38393, the D2-like agonist quinpirole, or
a mixture during the first three sessions. The SKF and quinpirole groups were switched to the mix-
ture for sessions 4 and 5, while the group initially trained on the mixture self-administered vehicle
in session 4. During sessions 1–3, rats receiving SKF + quinpirole obtained more infusions than
did rats receiving either drug alone (P < 0.001). The SKF and quinpirole groups exhibited higher
levels of self-administration in session 5, when SKF + quinpirole was given in place of SKF or
quinpirole alone, than in session 3 (P = 0.01). The replacement of SKF + quinpirole with vehi-
cle in session 4 diminished self-administration (P = 0.02). (d) The D1-like agonist SKF 82958
induces dose-dependent conditioned place preferences with minimal pairings (2 drug, 2 saline).
Data are expressed as mean ± S.E.M. difference in preference for the drug- minus saline-paired
side. Symbols indicate post-test scores differ from saline/saline pairing (SAL; ∗P < 0.05, ∗∗P <
0.01), or from pretest scores (††P < 0.01). Reproduced with permission from (a) Self and Stein
[11], (b) Manzardo et al. [21], (c) Ikemoto et al. [25], and (d) Graham et al. [43]
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Fig. 17.1 (a) Self-administration of the D1-like agonist SKF 82958 in drug-naive rats. Data points
show the mean daily number of self-injections (± S.E.M.) of groups self-administering SKF
82958 at a dose of 10 μg/kg/injection or saline over 15 consecutive test sessions (∗SKF 82958
differs from saline, P < 0 05). High response rates in the initial test sessions are due to lever-
press training for food pellets prior to self-administration testing. (b) In choice tests, rats prefer to
self-administer a moderate dose of cocaine (800 μg/kg/injection) to either the D1-like agonist SKF
82958 (10 μg/kg/injection) or the D2-like agonist (+)-PHNO (1 μg/kg/injection), but exhibit a sim-
ilar preference for cocaine and a mixture of the D1- and D2-like agonists. Rats prefer the mixture
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receptor agonists are self-administered intravenously by rats, mice and monkeys
(reviewed by [17]), including highly D2-like selective agonists such as quinpirole,
7-OH-DPAT, and (+)-PHNO [10, 18–22]. In contrast to the self-administration of
D1-like agonists in drug-naïve animals, D2-like agonists are self-administered only
when substituted for drugs such as cocaine in animals with extensive prior self-
administration training. Whether drug-naïve animals will learn to self-administer
D2-like agonists has not been systematically studied, and there are no reports of
experimentally or drug-naive animals acquiring D2-like agonist self-administration,
but studies have found that quinpirole and 7-OH-DPAT generally fail to support
self-administration in monkeys without prior cocaine self-administration training
[23, 24]. These findings indicate that D1-like receptor stimulation is sufficient to
mediate primary rewarding effects, but it is not clear whether selective D2-like
receptor stimulation is capable of mediating primary reward. One possible explana-
tion is that D2-like agonists maintain self-administration behavior once acquired by
enhancing the conditioned rewarding properties of lever-press behavior associated
with primary rewards during previous training (see Section 17.3.3). Furthermore,
D2-like receptors apparently can augment the magnitude of reward mediated by
D1-like receptor stimulation, since rats prefer to self-administer co-injections of
D2-like with D1-like receptor agonists over cocaine, but cocaine is preferred over
injections of D1-like receptor agonists alone (Fig. 17.1b) [21]. Moreover, genetic
deletion of D1 receptors abolishes the reinforcing effects of a D2-like agonist in mice
[16], further indicating that D2-like receptors fail to independently mediate primary
reward.

Intracranial self-administration studies indicate that the ventral striatum contains
D1-like and D2-like receptors that are important for mediating primary rewarding
effects. Rats will learn to self-administer a cocktail containing both D1-like and
D2-like receptor agonists into the nucleus accumbens shell (Fig. 17.1c), but not
the core subregion [25]. While neither agonist alone supports self-administration
behavior, only the partial D1-like receptor agonist SKF 38393 has been tested, and
so it is possible that high efficacy and selective D1-like receptor agonists would
support self-administration behavior in the nucleus accumbens shell. Interestingly,
infusion of cocaine into more ventral olfactory tubercle regions more effectively
supports self-administration behavior than infusion in the nucleus accumbens shell,
an effect blocked by co-infusion with either D1-like or D2-like antagonists [26].
Dopamine receptors in the medial prefrontal cortex also support self-administration
behavior, since rats will self-administer dopamine (or cocaine) into this region, and
the effects are blocked by co-infusion with a D2-like but not a D1-like antagonist
[27–29]. Whether animals would self-administer selective D1-like or D2-like ago-
nists directly into the medial prefrontal cortex or other brain regions is unknown.
Other studies found that cocaine is self-administered directly into the dopamine cell
body region of the posterior ventral tegmental area in mice and rats, which may
be mediated by D1-like receptor modulation of serotonergic excitation of dopamine
neurons [30, 31].

Some studies suggest that the hedonic impact of rewards may be dissociable
from dopamine receptor stimulation and its role in goal-directed behavior. Thus,
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for example, depletion of central dopamine has no effect on hedonic responses
to natural reward in animals [7]. In humans, indirect dopamine agonists such as
cocaine and amphetamine induce euphoria, but the dopamine receptor agonist apo-
morphine produces nausea and dysphoria, an effect that may involve peripheral
dopamine receptor activation [32]. The D2-like receptor agonist bromocriptine pro-
duces little subjective effects on its own [33], and neuroleptic drugs that block
D2-like receptors fail to consistently attenuate subjective reports of euphoria with
amphetamines or cocaine in humans [34, 35]. In contrast, however, acute blockade
of D1-like receptors with ecopipam (SCH 39166) attenuates cocaine-induced eupho-
ria in human cocaine addicts [36], although chronic blockade of D1-like receptors
actually enhances cocaine euphoria potentially due to compensatory changes [37].
These findings suggest that the primary rewarding effects of direct dopamine recep-
tor stimulation may be dissociable from hedonic responses in animals and that
D1-like, but not D2-like, receptors may play a role in drug-induced euphoria in
humans.

17.2.2 Conditioned Place Preference with D1-Like and D2-Like
Receptor Agonists

Conditioned place preference has been widely used as an indirect measure of the
rewarding properties of dopamine receptor agonists. In conditioned place prefer-
ence, animals will prefer an environment associated with primary rewarding stimuli
over those paired with neutral stimuli. The environmental context acquires con-
ditioned rewarding properties that reflect the primary rewarding properties of the
dopamine receptor agonists. Several decades of research has shown differential
abilities of D1-like and D2-like receptor agonists to produce conditioned place pref-
erence [17, 38]. Early studies found that systemic administration of high doses
of the partial D1-like agonist SKF 38393 actually produces a place aversion [39,
40], reflecting dysphoric effects, and this effect is blocked by a D1-like but not a
D2-like antagonist [39, 41]. However, subsequent studies found that the higher effi-
cacy D1-like agonists SKF 82958 (Fig. 17.1d), SKF 81297, and the non-benzazepine
agonist ABT-431 will produce a conditioned place preference [42, 43]. Interestingly,
the long-acting full D1-like agonist A-77636 produces a place aversion potentially
due to profound receptor internalization [43, 44]. In this sense, place aversions with
A-77636 and the partial D1-like agonist SKF 38393 resemble strong place aver-
sions that are found with D1-like receptor blockade [45], suggesting that a loss of
D1-like receptor tone produces dysphoria in animals. Together, these studies gener-
ally agree with self-administration studies indicating that selective D1-like receptor
stimulation is sufficient to mediate primary rewarding effects.

Systemic treatment with D2-like agonists such as quinpirole, 7-OH-DPAT, or
bromocriptine can produce a conditioned place preference, a place aversion, or have
no effect depending on rat strain, dose, and other experimental conditions. Systemic
administration of quinpirole at doses thought to activate post-synaptic receptors pro-
duces a weak conditioned place preference in Wistar [39, 41], Lister-hooded [46],
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and Long–Evans rats [40], while it is ineffective in Sprague Dawley rats unless they
have received repeated cocaine injections prior to conditioning [43]. Similarly, 7-
OH-DPAT has been shown to produce a conditioned place preference in Wistar
[47] and Sprague Dawley rats [48, 49] in some studies, but no effect in Swiss
Webster mice or Wistar rats in other studies [50, 51]. Place conditioning with low
doses that are thought to selectively activate D2-like autoreceptors actually produce
conditioned place aversions [52, 53]. The less selective D2-like agonist bromocrip-
tine has been shown to produce place preference in both rats and mice [54, 55].
Similarly, certain full efficacy and putative D3-selective ligands produce either a
place preference [56] or an aversion [52], while a novel D4 agonist is without effect
[57]. Together these discrepancies highlight the impact of strain differences, intral-
aboratory variability in place conditioning procedures, or the potential differential
influences of D2 and D3 receptors on reward substrates.

When infused into the nucleus accumbens, both D1-like and D2-like agonists
produce conditioned place preferences [40], whereas negative findings have been
found in the hippocampus and amygdala. However, dopamine receptors in the
hippocampus and amygdala can modulate place conditioning with other drugs
of abuse [58, 59], suggesting that dopamine receptors in these regions can alter
associative learning between rewarding stimuli and conditioned environments.
Results with place conditioning differ from self-administration studies by suggest-
ing that either D1-like or D2-like receptors in the nucleus accumbens can produce
rewarding effects in drug-naïve animals.

17.3 Modulation of Natural and Endogenous Reward
by Dopamine Receptor Subtypes

Given the fact that natural rewards, including highly palatable foods, water, and
sexual interaction, all increase dopamine levels in terminal regions, it is not surpris-
ing that dopamine receptors play a role in natural reward. Moreover, the rewarding
effect of electrical brain stimulation, or brain stimulation reward, also is mediated
by dopamine receptors to a major extent. While both D1-like and D2-like receptors
are implicated in natural reward, D1-like receptors in particular play an important
role in reward-related learning during initial establishment of stimulus–response
associations, whereas D2-like receptors play a prominent role in augmenting the
motivational salience of conditioned rewards after learning has occurred. These dif-
ferences suggest that D1- and D2-like receptors are involved in different phases of
acquisition and expression of rewarded behavior.

17.3.1 Modulation of Food, Water, and Sexual Reward
by Dopamine Receptor Subtypes

Pretreatment with either dopamine agonists or antagonists can reduce instrumental
responding for food rewards (e.g. [60]), but these effects usually reflect perfor-
mance or other rate-altering effects unrelated to reward impact. In sham-fed rats,
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where sucrose is ingested without instrumental requirements but prevented from
remaining in the stomach, both D1- and D2-like antagonists reduce preference
for rewarding sucrose [61–63]. Pretreatment with either D1- and D2-like agonists
also reduces food intake, but only D1-like agonists reduce sucrose-sham feed-
ing, consistent with a role for D1-like receptor stimulation in satiety mechanisms
for highly palatable reward [64]. In contrast, instrumental responding for high
sucrose content food pellets is increased by the D2-like antagonist raclopride, con-
sistent with an antagonist-like effect on reward processes surmountable by increased
self-administration behavior [65].

Water intake in thirsty mice is not affected by D1-like antagonists [66], while it
is reduced by both D1-like and D2-like antagonists in rats [67]. However, the con-
ditioned place preference to water availability in deprived rats is blocked by either
the D1-like antagonist SCH 23390 or the D2-like antagonist raclopride at doses
that have no effect on water intake during conditioning [67]. These findings sug-
gest that both D1- and D2-like receptors could play a role in primary water reward,
although blockade of Pavlovian learning processes independent of alterations in
primary reward strength also could account for these results.

In addition, dopamine receptors are implicated in the rewarding effects of sexual
interaction. Dopamine D2-like agonists promote while antagonists reduce motiva-
tional indices of copulatory behavior in male rats [68]. In contrast, the partial D1-like
agonist SKF 38393 does not influence copulation [69]. When male rats perform an
instrumental response to gain access to a receptive female, non-selective blockade
of D1- and D2-like receptors impairs this response [70], and the pursuit of receptive
females is reduced by systemic pretreatment with either D1- or D2-like antagonists
[71]. In female rats, high doses of the D2-like agonist quinpirole elicit sexual behav-
ior (lordosis) in non-receptive rats, while lower (presumably autoreceptor doses) are
effective in receptive rats [72], suggesting that receptivity disrupts the sensitivity
to post-synaptic D2-like stimulation. D1-like ligands are ineffective at modulating
this behavior. Many sexual responses in female rats may reflect actions in brain
regions unrelated to brain reward and motivational systems. However, a recent study
found that the preference for male pheromones in female mice is not blocked by
D1-like or D2-like antagonists, but is blocked by the D1-like agonist SKF 38393
[73], potentially reflecting a masking of the pheromone reward stimulus by tonic
D1-like receptor stimulation.

D1-receptor knockout mice are capable of acquiring instrumental responding
for sucrose or sweetened food reward, but acquire self-administration more slowly
despite no difference in sucrose intake when freely available [16, 74]. Thus, these
decrements may reflect performance rather than motivational deficits. In female D5
knockout mice, the ability of apomorphine to facilitate sexual receptivity is blocked,
whereas male D5 knockout mice show an impaired conditioned place preference to
environments paired with intromission, but not ejaculation [75]. D2 receptor knock-
out mice show impaired acquisition of instrumental response for sweetened milk
most likely due to Parkinson-like effects [76], but another study found no effect
on water self-administration [77]. D3 receptor knockout mice show no changes in
responding for food or water rewards [78]. The inability to regulate the degree of
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dopamine receptor inactivation, or to localize effects to specific brain regions, prob-
ably accounts for behavioral impairment and makes it difficult to assign a role for
specific dopamine receptor subtypes in natural reward in these knockout studies.

Dopamine levels in the nucleus accumbens are elevated by unfettered sucrose
consumption, but reverse microdialysis of either D1- or D2-like antagonists into
the nucleus accumbens fails to alter this behavior [79]. In contrast, microinfusions
of both D1- or D2-like antagonists into the nucleus accumbens core, but not shell,
reduce instrumental responding for normal chow pellets under more demanding pro-
gressive ratio schedules, which could reflect performance rather than motivational
effects [80]. Putative D3 and D4 antagonists are ineffective. When regular chow
is available under free-feeding conditions in food-deprived rats, neither D1- nor
D2-like receptor blockade in the nucleus accumbens impairs food intake, but the
number of feeding bouts is reduced [81], consistent with a role for nucleus accum-
bens dopamine receptors in incentive motivational responses, but not the regulation
of food intake. Kelley and colleagues found that a low dose of a D1-like antagonist
that does not impair instrumental performance will attenuate acquisition of respond-
ing rewarded by sucrose pellets when infused into the nucleus accumbens, but only
when co-infused with a similar low dose of an NMDA glutamate receptor antagonist
[82]. These results suggest that coincident activation of D1-like and NMDA recep-
tor signals are needed for reward-related learning. Post-trial infusions of the D1-like
and NMDA antagonists fail to alter acquisition of sucrose self-administration, but
post-trial infusion of a protein kinase A inhibitor (PKA) does impair acquisition,
suggesting that prior D1-like receptor activation of cAMP is important for consol-
idating these learned stimulus–response associations [83]. A similar relationship
for coincident D1-like and NMDA receptor activation and dependence on protein
kinase A is found in the medial prefrontal cortex [84]. Blockade of intra-amygdala
D1-like receptors also impairs acquisition of instrumental responses for sucrose
reward without affecting performance, suggesting that amygdala D1-like activity
is important in reward-related learning [85].

17.3.2 Modulation of Brain Stimulation Reward by Dopamine
Receptor Subtypes

Electrical stimulation of several brain regions will support self-stimulation behav-
ior, including the ventral tegmental area where dopaminergic cell bodies are located,
and the lateral hypothalamus where descending fibers of the medial forebrain bun-
dle activate dopamine neurons through direct and indirect pathways [86]. Forebrain
regions including the medial prefrontal cortex also support self-stimulation behav-
ior potentially through activation of dopamine neurons in the ventral tegmental area
[87]. The magnitude of brain stimulation reward can be determined in a response
rate-independent manner by measuring stimulus frequency (or intensity) thresh-
olds, or by parallel shifts in stimulus–response curves, valuable procedures given
that dopaminergic ligands can produce substantial effects on performance. Systemic
administration of either D1- or D2-like antagonists attenuate the rewarding impact
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of electrical brain stimulation (e.g.[88, 89]), whereas D3 antagonists are ineffective
[48, 90]. The rate–frequency curve is shifted rightward in D1 receptor knockout
mice [91], and D2 knockout mice require 50% more stimulus intensity to sup-
port self-stimulation [92]. Together these studies suggest that both D1 and D2
receptor subtypes play a necessary role in the rewarding effects of electrical brain
stimulation.

In contrast to antagonists, systemic administration of D1- and D2-like recep-
tor agonists produces differing effects on brain stimulation reward. Thus, the
prototypical but partial D1-agonist SKF 38393 is without effect [89] or inhibits
brain stimulation reward [93], although the facilitation of ventral tegmental self-
stimulation by SKF 38393 has been reported [94]. The full efficacy D1-agonist
SKF 81297 elevates brain stimulation reward thresholds in rats [95], while the less
selective D1-agonist SKF 82958 reduces thresholds in mice [96]. Pretreatment with
the non-benzazepine D1-agonist A-77636 also lowers thresholds in rats [97]. Given
the differential ability of these compounds to support self-administration behav-
ior and produce a conditioned place preference (SKF 81297 and SKF 82958), or
fail self-administration tests and produce a conditioned place aversion (SKF 38393
and A-77636), the relationship between facilitation of brain stimulation reward and
inherent rewarding properties of these compounds is unclear.

In contrast, pretreatment with the D2-like agonist quinpirole lowers the thresh-
old of brain stimulation reward [89, 98], while lower presumably autoreceptor
doses increase thresholds [98]. Although the D1-like agonist SKF 38393 is without
effect, co-administration with quinpirole augments the threshold lowering effects of
quinpirole alone, while the D1-like antagonist SCH 23390 attenuates this facilita-
tion, consistent with synergistic and enabling interactions between D1- and D2-like
receptors [99]. Pretreatment with the D2-like agonist 7-OH-DPAT has inconsistent
or biphasic effects [48, 95, 98, 100], with low doses attenuating and high doses
facilitating brain stimulation reward, consistent with biphasic activation of pre-and
post-synaptic D2-like receptors with increasing dose [101]. Similarly, 7-OH-DPAT
produces biphasic effects using a progressive ratio schedule of brain stimulation
reward that measures the amount of effort animals will exert to obtain brain stimu-
lation; low doses reduce and high doses increase the amount of effort exerted [102].
The less selective D2-like agonist bromocriptine also lowers self-stimulation thresh-
olds [103]. These results clearly indicate that stimulation of post-synaptic D2-like
receptors enhances the rewarding effects of electrical brain stimulation.

Intracranial infusion studies have identified the nucleus accumbens as a major
site for modulation of brain stimulation reward by D1- and D2-like receptors.
Nucleus accumbens infusions of either the D1-like antagonist SCH 23390 or the
D2-like antagonist raclopride attenuate brain stimulation reward, while the D3
antagonist (+)-UH232 and the D4 antagonist clozapine are ineffective [104, 105].
In contrast, agonist infusion studies have found that intra-accumbens infusions
of SKF 38393 (D1-like) enhance but infusions of quinpirole (D2-like) attenuate
brain stimulation reward, whereas medial prefrontal cortex infusions are inef-
fective [106]. Similarly, infusions of the D1-like agonist A-77636 into more
caudal nucleus accumbens regions lower stimulation thresholds, while quinpirole
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infusions elevate thresholds [97]. Another study found that nucleus accumbens infu-
sions of the D2-like agonist 7-OH-DPAT have no effect on brain stimulation reward
thresholds unless co-infused with AMPA glutamate receptor antagonists to remove
glutamatergic tone [107]. While the effect of D2-like agonists differs from systemic
administration, it is possible that local effects mediated by D2-like autoreceptors on
dopamine terminals in the nucleus accumbens reduce dopamine release in response
to brain stimulation reward. Given the reliance of D2-like receptor-mediated reward
on D1-like receptor tone in the nucleus accumbens, local inhibition of dopamine
release and D1-like tone could explain a lack of facilitation with direct activation of
post-synaptic D2-like receptors in the nucleus accumbens.

In this regard, infusions of either D1- or D2-like agonists into the dopamine
cell body region of the ventral tegmental area attenuate self-stimulation of the
ventral tegmental area, but not self-stimulation of the lateral hypothalamus [106].
Local D1-like receptor stimulation in the ventral tegmental area induces GABA
release that inhibits dopamine neurons [108], while D2-like autoreceptors directly
inhibit dopamine neuron firing. Infusions of D1- or D2-like agonists into the frontal
cortex or caudate-putamen are ineffective at modulating the rewarding effects of
ventral tegmental area stimulation [97]. However, infusions of the D2-like antag-
onists spiperone and pimozide into the medial prefrontal cortex will decrease
self-stimulation of the same site [109]. Together these studies implicate both D1
and D2 receptors, especially in the nucleus accumbens, in mediating the reward-
ing effects of electrical stimulation of midbrain dopamine neurons, while a role
for D3 receptors awaits further testing in D3 knockout mice or the availability of
more selective ligands. D4 and D5 receptors are not highly expressed in the nucleus
accumbens [110–112], but these receptors in other brain regions may play a role in
modulating brain stimulation reward.

17.3.3 Modulation of Conditioned Reward by Dopamine Receptor
Subtypes

The repeated temporal pairing of hedonically neutral and temporally discrete envi-
ronmental stimuli (e.g., tones and lights) with response-independent delivery of
primary rewards (natural or drug) leads to the formation of conditioned reward.
Through Pavlovian conditioning, these stimuli acquire rewarding properties of their
own, and animals subsequently will learn to perform a novel instrumental response
when rewarded by presentation of the conditioned stimulus. The phenomenon has
major implications for control over behavior exerted by conditioned cues in drug
addiction, since these cues can trigger craving and relapse to drug use. Studies
by Robbins and Taylor showed that psychostimulants greatly enhance conditioned
reward by elevating dopamine levels in the nucleus accumbens and potentially other
regions [113–115].

The facilitation of conditioned reward by amphetamine is blocked by systemic
treatment with either D1- or D2-like antagonists [116]. When given alone, low
doses of D2-like antagonists can potentiate conditioned rewards, probably due to
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enhanced dopamine release with autoreceptor blockade, while higher post-synaptic
doses of D1-like and D2-like antagonists attenuate responding [117]. Systemic
administration of D1-like agonists also attenuate responding for conditioned reward,
potentially due to masking of temporally discrete reward-related signals with pre-
sentation of the conditioned reward [118]. In contrast, responding for conditioned
rewards is markedly enhanced by systemic pretreatment with D2-like agonists
[119]. Interestingly, the opposite effects of D1- and D2-like agonists on conditioned
reward are remarkably similar to their effects on drug-seeking behavior as discussed
in Section 17.5.1. The facilitation of conditioned reward by the D2-like agonist
bromocriptine is blocked by pretreatment with the D1-like antagonist SCH 23390
[120], indicating the necessary role for D1-like receptor tone on the expression of
D2-like receptor-mediated effects.

However, when directly infused into the nucleus accumbens, either the D1-like
agonist SKF 38393 or the D2-like agonist quinpirole facilitates conditioned reward
[121, 122], suggesting that the attenuation of conditioned reward by D1-like recep-
tor stimulation involves multiple or other brain regions. In any event, a necessary
role for both D1- and D2-like receptors in the nucleus accumbens is indicated by the
fact that antagonists for either receptor will block conditioned reward when infused
in this brain region [121]. Interestingly, infusions of the D2-like agonist 7-OH-DPAT
into the amygdala during the conditioning phase prevent the subsequent expression
of conditioned reward in a drug-free state [123], potentially due to D2-like autore-
ceptor inhibition of reward-related dopamine release in the amygdala. Similarly,
blockade of either D1- or D2-like receptors in the amygdala during conditioning
prevents the formation of conditioned reward for cocaine-associated cues [124].
These latter results suggest that stimulation of dopamine receptors in the amyg-
dala is important for establishing enduring learned associations between primary
and conditioned rewards, whereas the former results suggest that the expression
of conditioned reward requires stimulation of dopamine receptors in the nucleus
accumbens.

17.4 Modulation of Drug Self-Administration by Dopamine
Receptor Subtypes

Many studies have utilized dopaminergic ligands to study the role of dopamine
receptors in the rewarding effects of abused drugs. Given this vast literature, this
section will focus on drug self-administration studies, arguably the most perti-
nent animal model of human drug abuse available. The schedule requirements for
drug delivery in self-administration studies are an important consideration when
modeling distinct symptoms of addictive behavior. In studies where each drug
injection requires a low fixed number of instrumental responses (fixed ratio), an
animal’s preferred level of drug intake is not encumbered by performance demands
or by prolonged intervals of drug unavailability. Under these circumstances, ani-
mals titrate their preferred level of drug intake in a highly stable and dose-sensitive
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manner. For example, animals will compensate for a lowering in the injection
dose by increasing the rate of self-administration, and decrease self-administration
rates when the injection dose is increased. This relationship is reflected by an
inverted U-shaped self-administration dose–response curve, spanning subthreshold
doses that are too low to support self-administration, moderate but short acting
suprathreshold doses that are self-administered at increased rates, and higher doses
that are self-administered at reduced rates due to prolonged effects of the drug
injections. Systemic pretreatment with dopaminergic agonists such as apomorphine
reduces the rate of amphetamine self-administration by prolonging the interval
between successive self-injections [18]. Since this reduction resembles the effect
of increasing the injection dose of amphetamine, it is thought that generalized
dopamine receptor stimulation potentiates the satiating or other rate limiting effects
of self-administered amphetamine in an additive manner. Conversely, blockade of
post-synaptic dopamine receptors with systemic neuroleptic treatment increases
the rate of cocaine intake by shortening the time interval between successive self-
injections [125], similar to the effect of lowering the cocaine injection dose. Thus,
dopamine receptor blockade is thought to antagonize the impact of the cocaine injec-
tions in a manner surmounted by volitional increases in cocaine intake, and a similar
effect is produced when animals transit to more addicted biological states [126]. An
advantage of this approach is that the performance degrading effects of dopamine
receptor blockade are negated by increases in self-administration behavior.

While the stability of fixed ratio drug self-administration has its advantage,
self-administration rates on these schedules are not directly related to the magni-
tude of reward. For assessing reward magnitude, self-administration studies often
employ progressive ratio schedules, where the degree of effort (e.g., lever press-
ing) an animal will exert to obtain drug is used as an index of reward, rather than
the actual amount of drug consumed. In progressive ratio testing, the response
demands for each successive drug injection increase progressively during active
self-administration, and the highest ratio of lever presses/injection achieved before
animals quit responding (break point) measures a drug’s rewarding efficacy. Thus,
while dopamine receptor blockade can increase drug self-administration on fixed
ratio schedules (Fig. 17.2a), the same treatment can decrease self-administration on
progressive ratio schedules (Fig. 17.2b). The use of both schedules of drug reward is
a powerful combination for clarifying the contribution of specific dopamine receptor
subtypes in the regulation of drug intake (fixed ratio) and the motivation for drugs
when obtaining reward is more demanding (progressive ratio).

17.4.1 Modulation of Psychostimulant Self-Administration
by Dopamine Receptor Subtypes

The rewarding effects of psychostimulants such as cocaine and amphetamine
involve their ability to function as indirect dopamine receptor agonists. Given that
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Fig. 17.2 (a) Intranucleus accumbens shell infusions of the D1-like antagonist SCH 23390
(3.0 μg/side) or the D2-like antagonist eticlopride (10.0 μg/side) increase stabilized cocaine self-
administration (0.5 mg/kg/injection) on a fixed ratio 1:timeout 15 s schedule of reward.
Representative self-administration records for individual animals during baseline self-
administration one day prior to tests with intranucleus accumbens antagonist treatment. Upward
hatchmarks denote times of self-injection. (b) Similar intranucleus accumbens shell infusions of
SCH 23390 (1.25 μg/side) or eticlopride (10.0 μg/side) reduce cocaine self-administration on
a progressive ratio self-administration schedule. Individual cumulative response records show
that a saline-treated control achieves a ratio of almost 200 responses per injection (vertical dis-
tance between dotted lines on left) before quitting self-administration behavior, whereas animals
treated with SCH 23390 or eticlopride achieve less than 40 responses per injection. Adapted with
permission from (a) Bachtell et al. [157] and (b) Bari and Pierce [80]

both D1- and D2-like receptors play a role in mediating or modulating reward pro-
cesses, it is not surprising that systemic pretreatment with either D1- or D2-like
selective antagonists leads to compensatory increases in cocaine intake on fixed
ratio self-administration schedules in rats [127–130], and monkeys [131]. These
findings suggest that both D1- and D2-like receptors contribute to negative feedback
regulation of cocaine intake. Conversely, both D1- and D2-like receptor antagonists
decrease the amount of effort animals will exert to obtain cocaine or amphetamine
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when self-administered on a progressive ratio schedule [130, 132–134]. Since these
treatments increase self-administration rates on fixed ratio schedules, decreased self-
administration on progressive ratio schedule is likely due to reduced motivational
rather than performance effects. In contrast, systemic pretreatment with putative
D3 and D4 antagonists fails to increase cocaine intake on fixed ratio schedules
[135–138], but the D3 antagonists NGB 2904 and SB-277011A attenuate cocaine
reward on progressive ratio schedules [137, 138]. This differential sensitivity to
D3 antagonists with fixed and progressive ratio cocaine self-administration distin-
guishes these compounds from generalized D2-like receptor antagonists. Thus, D3
receptors may play a necessary role along with D1- and D2 receptors in cocaine
reward, while D1- and D2 (but not D3) receptors may be preferentially involved in
negative feedback regulation of cocaine intake.

Genetic deletion of D1 receptors dramatically decreases the number of mice
that will acquire cocaine self-administration [16]. In contrast, D2 receptor knock-
out mice acquire cocaine self-administration, and show increased cocaine intake
on fixed ratio schedules similar to the effect of D2-like receptor antagonists [135].
However, the ability of the D2-like receptor antagonist eticlopride to further elevate
cocaine intake is absent in D2 receptor knockout mice, indicating the effect primar-
ily reflects blockade of D2 and not D3 or D4 receptors as indicated by antagonist
studies in rats. These results support the notion that D1 receptors play a major role
in the primary rewarding properties of cocaine, while D2 receptors contribute to
cocaine’s rate-reducing effects.

In contrast to antagonist pretreatment, pretreatment with full efficacy D1- or D2-
like receptor agonists reduces cocaine self-administration on unrestricted fixed ratio
schedules, but the qualitative aspects of this reduction differ. Thus, pretreatment
with D1-like agonists suppress the initiation of cocaine self-administration, and pro-
duce downward shifts in the inverted U-shaped dose–response function in rats and
monkeys [139–142]. In contrast, pretreatment with D2-like agonists prolongs the
time interval between successive cocaine injections (post-injection pause), similar
to the effect of increasing the unit cocaine dose/injection, and produces a leftward
shift in the dose–response curve [20, 140, 141, 143–145]. As suggested above,
these results are consistent with the idea that tonic D1-like receptor stimulation
suppresses cocaine self-administration by supplanting and occluding the primary
rewarding effects of cocaine, whereas tonic stimulation of D2-like receptors poten-
tiates the rewarding effects of self-administered cocaine. Systemic pretreatment with
the D2-like agonist quinpirole has no effect on amphetamine self-administration on
a progressive ratio schedule [134]. However, when D1- or D2-like agonists are com-
bined with cocaine injections in monkeys self-administering on a progressive ratio
schedule, a situation where agonists are delivered in a discrete response-contingent
manner, both D1-like and D2-like agonists produce leftward shifts in the dose–
response curve compared to cocaine alone, indicating that either receptor contributes
to cocaine reward [146].

While studies with D3-selective antagonists have been informative, studies with
putative D3-selective agonists have been complicated by the fact that the behav-
ioral profile often resembles that of general D2-like agonists on fixed ratio cocaine
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self-administration, i.e., a prolonging of the interval between successive cocaine
injections consistent with an additive interaction with cocaine [136, 147]. Previous
studies suggested that the potency for this effect in vivo correlates with activity at D3
but not D2 receptor activation in vitro using a bioassay in cells expressing D2 or D3
receptors [148, 149]. However, other evidence suggests that D3 receptors actually
would oppose cocaine effects by opposing D1 receptor function when co-localized
on similar striatal neurons [150–152]. Furthermore, the ability to study the func-
tional effects of D3 receptors using partial D3-preferring agonists such as BP 897 is
complicated by their agonist/antagonist profiles at D2 and D3 receptors [153].

Intracranial infusion studies suggest that D1- and D2-like receptors in multiple
brain regions contribute to the modulation of psychostimulant self-administration by
dopamine receptor ligands. Infusions of either D1- or D2-like antagonists into the
nucleus accumbens mimic the rate-increasing effects of systemic antagonist admin-
istration on fixed ratio cocaine and amphetamine self-administration [154–157], an
effect illustrated in Fig. 17.2a. However, local stimulation of nucleus accumbens
D1- or D2-like receptors fails to recapitulate the reduction in cocaine intake pro-
duced by systemic agonist administration [157], although infusion of dopamine
itself does reduce cocaine intake on fixed ratio self-administration schedules [158].
These results may suggest that D1- and D2-like receptors in the nucleus accumbens
are saturated with dopamine during cocaine self-administration, or that co-activation
of both receptor classes and possibly in multiple brain regions is needed to produce
an additive interaction with cocaine to reduce self-administration rates. However,
viral-mediated over-expression of D2 receptors in the nucleus accumbens effec-
tively reduces the rate of fixed ratio cocaine self-administration [159], suggesting
that the amount of D2 receptors in the nucleus accumbens plays an important role
in regulating preferred levels of cocaine intake.

Increases in fixed ratio cocaine self-administration produced by local blockade
of nucleus accumbens D1- or D2-like receptors are paralleled by decreases in the
motivation for cocaine (but not food) on progressive ratio schedules (Fig. 17.2b)
[80, 160]. The motivational effects are selective for cocaine when infused in the
shell subregion, but responding for both rewards is blocked when antagonists
are infused in the core subregion potentially reflecting performance deficits [80].
Nucleus accumbens infusions of the D3 antagonist U99194A or the D4 antagonist
L-750,667 have no effect on cocaine reward in progressive ratio testing.

Fixed ratio cocaine self-administration is increased by infusing the D1-like antag-
onist SCH 23390 into several other dopamine terminal regions, including the medial
prefrontal cortex [161], insular cortex [162], bed nucleus of the stria terminalis
[163], and amygdala [156, 160, 162, 164]. Similar infusions of SCH 23390 in medial
prefrontal cortex reduce cocaine reward on progressive ratio schedules [161], but
not when infused in the amygdala [160]. These results illustrate that regulation of
cocaine intake and the motivation for cocaine are distinct behavioral phenomena
mediated by separate neural substrates. Interestingly, infusions of SCH 23390 in
the dopamine cell body region of the ventral tegmental area also increase cocaine
intake on fixed ratio schedules, and decrease the motivation for cocaine on progres-
sive ratio schedules [165], presumably acting on D1-like receptors located on the
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axons of GABAergic, serotonergic, or glutamatergic input to dopamine neurons.
Local blockade of D2-like receptors in the arcuate nucleus of the hypothalamus
increases fixed ratio cocaine intake potentially due to attenuation of cocaine-induced
β-endorphin release in the nucleus accumbens [166]. Together, these findings sug-
gest that dopamine receptors in multiple brain regions regulate cocaine reward
through vastly different mechanisms.

17.4.2 Modulation of Opiate and Nicotine Self-Administration
by Dopamine Receptor Subtypes

Like most drugs of abuse, opiate drugs including heroin and morphine, along with
nicotine, stimulate mesolimbic dopamine release that plays a major role in their
rewarding properties, although dopamine-independent mechanisms also exist for
opiate reward [167, 168]. Opiate and nicotine self-administration on fixed ratio
schedules can show compensatory increases in drug intake when the primary
receptors (opioid and nicotinic cholinergic) are blocked with antagonists in a sur-
mountable manner. However, the positive effects of dopamine receptor blockade on
opiate and nicotine self-administration, where present, generally show reductions
rather than increases in drug self-administration on fixed ratio schedules. This differ-
ence in the response may reflect an insurmountable blockade produced by blocking
dopamine receptors downstream from the primary opioid and nicotinic receptors in
reward pathways. Reductions in fixed ratio drug self-administration with dopamine
receptor blockade also are found when the rewarding effects are relatively weak,
and exhibit shallow inverted U-shaped dose–response curves as found with nico-
tine compared cocaine or heroin self-administration. Thus, it is important to control
for possible impairments in response performance by dopamine antagonists in these
studies. Given these caveats, there are far fewer reports of the modulation of opi-
ate or nicotine self-administration with subtype-selective dopamine receptor ligands
than with psychostimulant self-administration, which also could suggest that many
negative effects have not been reported.

The D1-like receptor antagonist SCH 23390 blocks the acquisition of heroin
self-administration in rats when given as a systemic pretreatment prior to daily
acquisition trials, but this treatment also reduces motor behavior and so perfor-
mance deficits are a consideration [169]. However, similar pretreatments with SCH
23390 infused directly into the nucleus accumbens fail to impair acquisition of
heroin self-administration despite decreases in motor behavior, suggesting that
D1-like receptors in the nucleus accumbens do not mediate opiate reward in self-
administration paradigms (but see [170]). Interestingly, D1 receptor knockout mice
readily self-administer the opioid receptor agonist remifentanil similar to wild-type
controls, despite impairments in cocaine self-administration [16]. Discrepancies
between pharmacological blockade and D1 receptor knockout could suggest a role
for D5 receptors, or involve species differences or compensatory changes with a total
loss of D1 receptors. Regarding the latter, chronic blockade of dopamine receptors
causes a compensatory sensitization in dopamine-independent opiate reward in rats
self-administering heroin [171].
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In contrast, D2 receptor knockout eliminates intravenous morphine self-
administration on either fixed or progressive ratio schedules, without affecting
acquisition of water self-administration [77]. Since dopamine-dependent opiate
reward is mediated by disinhibition of dopamine neurons in the ventral tegmen-
tal area, the loss of both pre- and post-synaptic D2 receptors complicates the
interpretation of these findings. A loss of autoreceptor inhibition of dopamine neu-
rons could occlude disinhibition by opiates. Pre- rather than post-synaptic sites
of action are supported by the finding that systemic administration of the D2-like
receptor antagonist sulpiride leads to extinction of intracranial morphine self-
administration directly into the ventral tegmental area, but sulpiride fails to alter
morphine self-administration directly into the nucleus accumbens [172]. The acqui-
sition of morphine self-administration infused directly into the lateral septum is
prevented by systemic administration of either D1- or D2-like receptor antago-
nists using a spatial discrimination Y-maze task less sensitive to performance issues
[173].

The ability of D1-like receptor stimulation to augment heroin reward is
indicated by the fact that co-injections of D1-like agonists with heroin cause
an additive leftward shift in the self-administration dose–response curve on a
progressive ratio schedule in monkeys, similar to their effect on cocaine self-
administration [146]. However, in contrast to cocaine self-administration, heroin
co-injected with D2-like agonists causes a rightward shift of the dose–response
curves, again, potentially due to D2-like autoreceptor stimulation counteracting
heroin’s ability to disinhibit midbrain dopamine neurons. Together, these findings
suggest that while dopamine-dependent opiate reward may involve post-synaptic
D1-like receptors similar to psychostimulant reward, dopamine-independent opiate
reward may play a major role especially when dopamine systems are chronically
compromised.

Intravenous nicotine is self-administered at modest rates by animals, but inhi-
bition of monoamine oxidase, as produced by compounds found in tobacco,
dramatically enhances nicotine self-administration in rats [174]. The enhanced nico-
tine self-administration is blocked by systemic pretreatment with D1-like receptor
antagonist SCH 23390. When nicotine is self-administered directly into the ventral
tegmental area, self-administration is reduced by systemic administration of SCH
23390 [175], or by co-infusion with the D2-like receptor agonist quinpirole [176],
the latter reflecting autoreceptors counteracting the ability of nicotine to excite
dopamine neurons. A high dose of the D3 antagonist SB-277011A reduces nicotine
but not food self-administration on a more demanding progressive ratio schedule,
even though this dose also impairs motor activity [177]. Another study found that
SB-277011A has no effect on stable fixed ratio nicotine self-administration at doses
that block nicotine-primed relapse to nicotine seeking in the absence of reward
[178]. Oral nicotine self-administration is increased by clozapine but not haloperi-
dol, potentially reflecting surmountable blockade of D4 receptors [179]. Together,
these studies suggest that both D1-like and D3 receptors play a role in the reward-
ing efficacy of nicotine, although the role of D2, D4, and D5 receptors remains
undetermined.
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17.4.3 Modulation of Alcohol Self-Administration by Dopamine
Receptor Subtypes

Studies on alcohol self-administration also support a role for dopamine receptors in
modulating alcohol intake and reward. Most studies measure volitional but freely
available alcohol consumption in a choice over water or sucrose, but some inves-
tigators employ instrumental responses rewarded by alcohol presentation. Previous
studies have found that either D1- or D2-like receptor blockade with SCH 23390 or
raclopride can reduce alcohol consumption, but with the caveat that similar doses
also reduce water intake [180]. Another study found that SCH 23390 and spiper-
one (D2-like) reduce water but not alcohol consumption [181]. Other studies using
alcohol-preferring rats found that D2-like blockade with spiperone slightly increases
alcohol intake, while the D1-like receptor antagonist SCH 23390 reduces consump-
tion [182]. The D1-like receptor antagonist SCH 31966, devoid of serotonergic
receptor activity, also reduces intake in alcohol-preferring rats, and at doses that
reduce sucrose but not water intake [183]. In contrast, the D2-like antagonist remox-
ipride fails to affect alcohol intake when instrumental responses are required, even
at doses that reduce appetitive responding in non-rewarded sessions [184]. Thus,
studies in rats suggest that D1- rather than D2-like receptors may be necessary for
alcohol reward.

In mice, pretreatment with either the D1-like agonist SKF 38393 or the D2-like
agonist bromocriptine reduces alcohol consumption, but the effect of bromocriptine
is reduced after mice are sensitized to alcohol exposure [185]. In alcohol-preferring
rats, SKF 38393 reduces alcohol intake similar to the D1-like antagonist SCH
23390, potentially reflecting the partial agonist properties of SKF 38393 or sati-
ating effects with D1-like stimulation [182]. Pretreatment with the D2-like agonist
quinpirole also reduces alcohol intake via dopamine autoreceptor effects as dis-
cussed below. However, pretreatment with the D2-like agonist 7-OH-DPAT at very
low presumably autoreceptor doses increases alcohol drinking [180]. The putative
D3 antagonist U99194A fails to alter preference for alcohol in mice [186], while
a high dose of the D3 antagonist SB-277011A reduces alcohol intake in rats [187,
188]. It is interesting that both D1 and D2 receptor knockout mice actually show
an aversion to alcohol [189, 190]; while loss of pre-synaptic D2 autoreceptors could
occlude the rewarding effects of alcohol that otherwise disinhibit dopamine neurons,
post-synaptic D2 receptor responses also could be involved in D2 receptor knockout
mice. In any event, findings in knockout mice strongly implicate dopamine in the
rewarding effect of alcohol.

When alcohol is self-administered directly into the ventral tegmental area, co-
infusion with quinpirole reduces self-administration to control levels, reflecting
the ability of direct autoreceptor stimulation to oppose alcohol-mediated disin-
hibition of dopamine neurons [191]. However, blockade of D1-like receptors in
dopamine terminal region of the nucleus accumbens with SCH 2390 also decreases
alcohol intake without altering the overall rate of instrumental responding [192].
Nucleus accumbens infusions of the D2-like receptor antagonist raclopride reduce
both intake and instrumental response rates [192, 193], potentially due to motor
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impairment. In the bed nucleus of the stria terminalis, D1- but not D2-like recep-
tor blockade reduces instrumental responding for alcohol while producing lesser
reductions in responding for sucrose [194].

Conversely, in a free choice procedure, intranucleus accumbens infusions of
SCH 23390 have little effect on alcohol preference in alcohol-preferring rats,
while the D2-like antagonist sulpiride dose dependently increases consumption
of alcohol without altering intake of sucrose or saccharine [195]. Microinfusion
of sulpiride into the ventral pallidum also increases alcohol intake under free
choice conditions, while SCH 23390 has little effect, although both antagonist
treatments elevate extracellular dopamine levels [196]. These findings suggest
that alcohol intake is differentially sensitive to blockade of dopamine receptors
under free choice or instrumental response procedures. D1-like receptors in the
nucleus accumbens and bed nucleus of the stria terminalis may play a neces-
sary role in regulating alcohol reward when instrumental responses are required.
In contrast, D2-like receptors in the nucleus accumbens and ventral pallidum
may mediate inhibitory feedback regulation of alcohol intake under free choice
conditions.

Stimulation of nucleus accumbens D2-like receptors with quinpirole infusions
increases instrumental responding for alcohol at low doses, opposite to the effect of
receptor blockade, but decreases responding at high doses [193, 197]. Infusions of
the D1-like agonist SKF 38393 have no effect. The increase in self-administration
with low dose quinpirole is prevented by co-infusion of either SKF 38393 or SCH
23390 [197], suggesting that D1-like receptor tone is important for the expression of
post-synaptic D2-like-mediated increases in alcohol self-administration. In contrast
to instrumental responding for alcohol, viral vector-mediated increases in nucleus
accumbens D2 receptors decrease both alcohol preference and intake in preferring
and non-preferring rats [198], indicating that the D2 receptor itself is sufficient to
regulate alcohol reward. Together these findings suggest that while stimulation of
D2-like receptors in the nucleus accumbens is sufficient to facilitate instrumental
responding for alcohol, increases in the amount of D2 receptors reduce alcohol
intake under free choice conditions consistent with negative feedback regulation
of intake discussed above.

17.5 Dopamine Receptor Subtypes in Relapse to Drug-Seeking
Behavior

In addition to playing a critical role in drug reward, the mesolimbic dopamine
system is a major neural substrate for drug-seeking behavior. The mesolimbic
dopamine system is activated by exposure to drug-related environmental cues,
stress, and other pharmacological stimuli that trigger relapse to drug seeking during
withdrawal [199–204]. Dopamine release in forebrain regions such as the nucleus
accumbens is sufficient to trigger relapse to drug seeking. Moreover, in some but not
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all cases, such dopamine release is necessary for environmental or pharmacological
stimuli to trigger drug-seeking behavior.

Relapse to drug seeking is reflected by approach behavior aimed at per-
forming responses that delivered drug injections on prior occasions during self-
administration. Like self-administration on progressive ratio schedules, most studies
measure the level of effort animals will exert to obtain drug when reward is withheld
as an index of drug-seeking behavior, and this behavior is thought to reflect want-
ing or craving that would precipitate relapse to drug use in humans [7, 205]. An
important distinction from self-administration behavior is that responding is mea-
sured in the non-rewarded or drug-free state either without or before reward
delivery.

The most commonly used method to model the propensity for relapse to drug
seeking is the extinction/reinstatement paradigm. The paradigm has face validity
because environmental and pharmacological stimuli that reinstate drug seeking in
animals also trigger drug craving in humans [206–208]. In the extinction phase of
this procedure, drug-seeking behavior is elicited by environmental and contextual
cues associated with drug use in the self-administration test chambers, and ulti-
mately diminishes with repeated training in the absence of drug reward. Following
extinction of drug-seeking behavior, the ability of specific experimenter-delivered
stimuli to elicit or “reinstate” drug-paired lever responding is measured. The rein-
statement of drug-seeking behavior can be induced by priming injections of drugs,
presentation of discrete or environmental cues associated with drug injections, and
by brief exposure to moderate intermittent footshock stress. There are numerous
extinction/reinstatement studies in rats and monkeys. However, there are very few
reports in mice, since commonly used strains do not exhibit effective reinstate-
ment of drug seeking with non-contingent priming injections of drugs [209, 210],
although alcohol-primed reinstatement of alcohol seeking has been reported in mice
[188]. More recently, the reinstatement paradigm has been adapted to the Pavlovian
conditioned place preference model of drug reward, but it is difficult to conceive
that conditioned place preference reflects drug-seeking behavior without volitional
drug self-administration on prior occasions. Furthermore, the role of dopamine
receptor subtypes in the reinstatement of volitional drug seeking markedly differs
from their role in the reinstatement of a drug-induced conditioned place preference
[43, 139].

Another model of drug-seeking behavior involves the use of second-order sched-
ules of drug self-administration, where initial responding is rewarded by discrete
cues predictive of ultimate drug availability. The second-order schedule illus-
trates the powerful control over drug seeking exerted by these cues. However,
since this cue-rewarded drug seeking declines without ultimate delivery of the
drug reward, it has been used less extensively to model long-term drug with-
drawal. Reinstatement paradigms, on the other hand, suffer from the fact that
drug seeking is triggered after extinction of the behavior, a situation vastly differ-
ent from human drug abuse where craving and relapse occur without extinction
experience.
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17.5.1 Modulation of Cocaine Seeking by Dopamine Receptor
Subtypes: Systemic Administration

Most work on the role of dopamine receptors in drug-seeking behavior has been
conducted in animals self-administering cocaine. As discussed above, cocaine
self-administration is reduced by systemic pretreatment with either D1- or D2-
like receptor agonists, suggesting that both receptors provide inhibitory feedback
regulation of cocaine intake during self-administration. Cocaine seeking in the
absence of reward also is strongly regulated by both D1- and D2-like dopamine
receptor classes, except that they mediate opposite effects on this relapse behavior
(Fig. 17.3a). Thus, selective stimulation of post-synaptic D2-like receptors is a pow-
erful trigger of cocaine-seeking behavior during or after responses extinguish [19,
139, 211–216]. Conversely, selective D1-like receptor stimulation is virtually with-
out effect, even when locomotor activation is similar to D2-like receptor stimulation
[139, 211, 214, 215]. In addition, pretreatment with full efficacy D1-like receptor
agonists will block the ability of a single cocaine priming injection, or the pre-
sentation of cocaine-associated cues, to reinstate cocaine seeking in the absence
of increased stereotypy [139, 142, 216–218]. Conversely, pretreatment with D2-
like agonists facilitates cocaine-primed reinstatement [139]. A similar D1-/D2-like
dichotomy regulates cocaine seeking in monkeys [219, 220] and also has been
shown in some studies to suppress and stimulate craving responses in humans,
respectively [221, 222]. The D3-preferring agonist PD 128,907 fails to mimic the
reinstating effects of D2-like agonists in monkeys [219]. Together, these stud-
ies suggest that D2 receptors play a major role in eliciting relapse to cocaine
seeking when environmental stimuli such as cocaine-related cues or stress acti-
vate the mesolimbic dopamine system [223], while high D1 receptor tone may
provide inhibitory regulation over cocaine seeking by satiating primary reward
processes.

While systemic administration of D2-like but not D1-like receptor agonists is
sufficient to trigger cocaine-seeking behavior, both receptor types are necessary for
the expression of cocaine seeking. Thus, systemic pretreatment with either D1- or
D2-like receptor antagonists attenuates cocaine-seeking behavior elicited by prim-
ing injections of cocaine [217, 219, 224], discrete cues associated with prior cocaine
injections [217, 225], cues predictive of cocaine availability [213, 226], or exposure
to a cocaine-associated environmental context [227]. In monkeys, cocaine-primed
reinstatement is not reduced by the D3-preferring antagonists UH 232 and AJ-76
[219]. In rats, however, the D3 antagonist SB-277011-A reduces cocaine seeking
during initial extinction conditions [228], and reduces responding maintained
by cocaine-associated but not sucrose-associated cues with a second-order self-
administration schedule [229]. Similarly, the D3 antagonists SB-277011A and/or
NGB 2904 dose dependently attenuate cue-primed [230], cocaine-primed [138,
231], and footshock stress-primed [232] reinstatement of cocaine seeking following
extinction, without altering reinstatement of sucrose-seeking behavior [232]. Since
these compounds also reduce cocaine self-administration on progressive ratio self-
administration schedules, but fail to increase cocaine intake on fixed ratio schedules
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Fig. 17.3 (a) Left, systemic subcutaneous (sc) pretreatment with the highly selective D1-like
dopamine agonist SKF 81297 attenuates the ability of intravenous cocaine (2.0 mg/kg) priming
to reinstate cocaine-seeking behavior (non-rewarded responding on the drug-paired lever) in rats.
The priming injections of cocaine were given 30 min after pretreatment with SKF 81297 following
extinction of cocaine-seeking behavior in the reinstatement paradigm. Right, intraperitoneal (ip)
priming injections with the D2-like agonist 7-OH-DPAT trigger cocaine-seeking behavior (∗P <
0.05 compared to vehicle pretreatment). (b) When infused directly into the nucleus accumbens,
both D1- and D2-like agonists reinstate cocaine-seeking behavior in rats, with greater effects in the
medial core than medial shell subregions of nucleus accumbens (∗P < 0.05 compared to inactive
lever responses or vehicle-infused controls #P < 0.05). Reinstatement of non-rewarded lever-press
responding at the drug-paired lever is thought to model relapse behavior. Adapted with permission
from (a) Self et al. [139] and (b) Bachtell et al. [157]
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(unlike general D2-like antagonists), D3 receptors may play a distinct role in the
motivation for cocaine independent of regulation of cocaine intake as discussed in
Section 17.4.1.

17.5.2 Modulation of Cocaine Seeking by Dopamine Receptor
Subtypes: IntraCranial Administration

Although systemic D1-like agonist administration attenuates cocaine-seeking
behavior, infusion of SKF 81297 directly into the nucleus accumbens actually trig-
gers cocaine seeking in reinstatement paradigms [157, 233]. This effect involves
D1-like modulation of calcium/calmodulin-mediated kinase II and activation of
L-type calcium channels [234]. Nucleus accumbens infusions of D2-like ago-
nists also reinstate cocaine seeking [157, 233], an effect that may involve D2-like
receptor-mediated inhibition of cyclic AMP-protein kinase A signaling [235]. In
both cases, D1- and D2-like agonists induce more robust cocaine seeking when
infused into the medial core rather than the shell subregion as shown in Fig. 17.3b,
while lateral core infusions are ineffective [157, 233]. Such enhanced sensitivity of
dopamine receptor responses in the medial nucleus accumbens core may be impor-
tant for cocaine seeking elicited by cocaine-associated cues, since unanticipated
cues elevate dopamine levels in the core rather than shell [203, 236].

As shown in Fig. 17.4a, the reinstating effects of D2-like agonists in the nucleus
accumbens probably involve the D2 subtype, since the D3 agonist PD 128,907
and the D4 agonist PD 168,077 fail to mimic reinstatement of cocaine seeking
elicited by the D2-like agonist quinpirole [233]. Synergistic interactions between
D1- and D2-like receptors are demonstrated by the ability of subthreshold doses
of SKF 81297 and quinpirole to elicit far greater cocaine-seeking behavior when
co-infused in the nucleus accumbens than when infused alone (Fig. 17.4b) [237].
Similarly, cooperativity between D1- and D2-like receptors and a role for endoge-
nous dopamine receptor tone is indicated by the ability of the D1-like antagonists
to block cocaine seeking induced by D2-like agonists, while D2-like antagonists
block cocaine seeking induced by D1-like agonists, when co-infused in the nucleus
accumbens (Fig. 17.4c) [157, 237].

In contrast to direct activation of dopamine receptors, systemic priming
injections of cocaine preferentially elevate dopamine levels in the shell sub-
region of the nucleus accumbens [238, 239]. Blockade of either D1- or
D2-like receptors in the nucleus accumbens shell attenuates cocaine seek-
ing elicited by systemic cocaine priming injections [157, 240, 241]. Nucleus
accumbens infusions of the D3 antagonist U99194A and the D4 antagonist
L-750667 are ineffective [241]. However, nucleus accumbens infusion of the
D3 antagonist SB-277011A is effective at blocking reinstatement of cocaine
seeking induced by footshock stress [232], but SB-277011A fails to block
cue-maintained cocaine seeking on a second-order self-administration schedule
[242]. Since response-contingent cue presentation in second-order sched-
ules does not increase dopamine levels in the nucleus accumbens [236], it
is not clear whether local D3 blockade would attenuate reinstatement of cocaine
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Fig. 17.4 (a) Intranucleus accumbens shell infusions of the D2-like agonist quinpirole, but not the
D3 agonist PD 128,907 or the D4 agonist PD 168,077, elicit cocaine-seeking behavior in a rein-
statement paradigm in rats. Total number of responses (mean ± S.E.M.) on the drug-paired lever
differs from saline (∗P < 0.05). (b) Co-infusion of subthreshold doses of SKF 81297 and quin-
pirole into the nucleus accumbens shell reinstates cocaine seeking. Total number of drug-paired
lever responses differs from either SKF 81297 or quinpirole alone (∗P < 0.05). (c) Cross blockade
of reinstatement induced by intra-accumbens D1- and D2-like agonists by D1- and D2-like antago-
nists. Co-infusion of SCH 23390 or eticlopride in the nucleus accumbens blocks SKF 81297- and
7-OH-DPAT-induced reinstatement of cocaine seeking. #P < 0.05 compared to vehicle/agonist co-
infused controls. Adapted with permission from (a) Schmidt et al. [233], (b) Schmidt and Pierce
[237], and (c) Bachtell et al. [157]
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seeking induced by unanticipated cues that do elevate nucleus accumbens dopamine.
In any event, it appears that D1- and D2-like receptor stimulations in the nucleus
accumbens is both sufficient and in most cases necessary for induction of cocaine-
seeking behavior. Given the ability of systemic D3 antagonist administration to
block cocaine- and cue-mediated cocaine seeking, these findings suggest that
D3 receptors in other brain regions may be involved, while D3 receptors in the
nucleus accumbens could play a role in stress-induced relapse. Conversely, the fail-
ure to block cue- and cocaine-primed cocaine seeking with nucleus accumbens
infusions of D3 antagonists indirectly implicates D2 receptors in these behav-
iors, since D4 receptors are only marginally expressed in the nucleus accumbens
[110, 111]. Clearly, further investigation with multiple and selective D3 ligands is
needed.

Reinstatement of cocaine seeking by response-contingent cues is blocked by
local infusion of the D1-like receptor antagonist SCH 23390 in the amygdala, while
the D2-like antagonist raclopride is ineffective [243]. However, amygdala infu-
sions of the D3 antagonist SB-277011A reduce cue-maintained responding using a
second-order self-administration schedule [242]. These results suggest that D1-like
and D3 receptors in the amygdala may be critical for the expression of conditioned
reward mediated by cocaine-associated cues, similar to their role in the formation
of these associations during conditioning as discussed in Section 17.3.3. Cocaine-
primed reinstatement of cocaine seeking also is blocked by amygdala infusions of
the D1-like antagonist SCH 23390 [162].

Modulation of neocortical dopamine receptors also regulates cocaine-seeking
behavior. Local blockade of D1- or D2-like receptors in the medial prefrontal cor-
tex with SCH 23390 and eticlopride, respectively, attenuates cocaine-primed relapse
to cocaine seeking without affecting food self-administration [244]. Another study
found no effect when specifically targeting the prelimbic subregion with SCH
23390 and raclopride [245]. However, this study found that blockade of D1-like,
but not D2-like, receptors in the medial prefrontal cortex attenuates relapse to
cocaine seeking induced by footshock stress. Cocaine- and cue-primed reinstate-
ment of cocaine seeking also is attenuated by D1-like blockade in the insular cortex
[162]. Interestingly, stimulation of D1-like receptors in the agranular insular area
of prefrontal cortex with SKF 81297 actually reduces cocaine seeking maintained
by cues on a second-order schedule of cocaine self-administration [246]. In this
sense, the agranular insular subregion of cortex represents the only brain site known
to date where a D1-like agonist attenuates cocaine seeking in a manner consis-
tent with systemic administration. However, focal D1-like receptor stimulation in
regions such as the nucleus accumbens may have different effects on limbic circuits
than when the same accumbens D1-like receptors are stimulated concomitant with
brain-wide D1-like receptor activation. For example, D1-like receptor stimulation of
prefrontal cortical afferents to nucleus accumbens alters the physiological response
to coincident D1-like receptor stimulation in nucleus accumbens neurons, produc-
ing excitatory rather than inhibitory effects [247]. If so, the behavioral responses
of such isolated and localized receptor activation could be epiphenomenal to more
natural situations.
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17.5.3 Modulation of Heroin, Nicotine, and Alcohol Seeking
by Dopamine Receptor Subtypes

Far fewer studies have been conducted on dopamine receptor involvement in relapse
behavior with other drugs of abuse. As found with cocaine-trained animals, rein-
statement of heroin-seeking behavior is induced by systemic administration of the
D2-like receptor agonist quinpirole, but only as long as animals remain sensitized
to D2-like receptor stimulation in withdrawal [19, 248]. Similarly, the D1-like ago-
nist SKF 82958 is ineffective and tends to reduce heroin seeking [211]. Systemic
pretreatment with the D1-like antagonist SCH 23390 or the D2-like agonist raclo-
pride blocks reinstatement induced by non-contingent heroin priming injections,
but fails to block relapse elicited by footshock stress [249]. However, generalized
blockade of both D1- and D2-like receptors with flupenthixol effectively blocks this
behavior [249], suggesting a role for dopamine in stress-induced relapse. Systemic
administration of SCH 23390, but not raclopride or the D3 antagonist NGB 2904,
attenuates reinstatement of heroin seeking induced by food deprivation [250], indict-
ing a specific role for D1-like receptors in the motivational effects of hunger on
heroin-seeking behavior. However, stimulation of D2-like receptors with 7-OH-
DPAT effectively reinstates food-seeking behavior in animals self-administering
food pellets, although D2-like antagonists fail to block food seeking elicited by
non-contingent priming with food pellets [251]. These results suggest that D2-
like receptor activation may underlie a fundamental mechanism for reward-seeking
behavior in the absence of primary reward, whereas both D1- and D2-like recep-
tors are necessary for expression of heroin seeking induced by heroin priming and
footshock stress.

Blockade of D1-like receptors in the nucleus accumbens shell reduces reinstate-
ment of heroin seeking induced by environmental contextual cues, whereas heroin
seeking elicited by discrete cues paired with prior heroin injections is reduced by
blockade of D1-like receptors in the nucleus accumbens core [252], consistent with
the ability of discrete cocaine-associated cues to induce dopamine release in the
core but not in the shell [236]. Cues that predict food availability will reinstate food-
seeking behavior, and this effect is blocked by local D1-like receptor blockade in the
nucleus accumbens [253].

Systemic administration of a novel D3 antagonist or SB-277011A attenuates
nicotine-primed reinstatement of nicotine seeking in rats, without affecting cue-
primed reinstatement or fixed ratio nicotine self-administration [178, 254]. Since
D3 antagonists also reduce nicotine self-administration on a progressive ratio
schedule (see Section 17.4.2), D3 receptors may be critical for the incentive moti-
vational effects of nicotine. Pretreatment with SB-277011A also blocks alcohol-
and cue-primed reinstatement of alcohol seeking in rats and mice [188, 255],
and the withdrawal-induced binge in alcohol consumption known as the alcohol
deprivation effect [255]. More generalized D2-like receptor blockade with remox-
ipride reduces alcohol-seeking behavior under initial extinction conditions at doses
that have no effect on instrumental responding for alcohol [184]. The effects of
systemic remoxipride on alcohol seeking are recapitulated by infusions of raclopride
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directly into the nucleus accumbens at doses that have no effect on alcohol
consumption [256, 257]. D1- and D2-like antagonists also attenuate alcohol seeking
induced by cues that predict alcohol availability in rats [258], and the D1-like antag-
onist SCH 23390 blocks renewal of alcohol seeking elicited by an environmental
context associated with alcohol self-administration [259]. These findings suggest
that both D1- and D2-like receptors, potentially in the nucleus accumbens, are
important for relapse to nicotine- and alcohol-seeking behavior, similar to cocaine
relapse. A role for D3 receptors in the motivation for nicotine and alcohol during
withdrawal also is strongly indicated.

17.6 Future Directions

With the advent of subtype-selective ligands and knockout mice, a vast body of
work on dopamine receptor function in natural and drug reward and in relapse to
drug-seeking behavior has accumulated in the past two decades. An equally expan-
sive literature has shown that chronic drug and alcohol use can change the amount
of D1- and D2-like receptors in specific brain regions in animals and more recently,
in humans using neuroimaging procedures. A major challenge for future work will
involve integrating observed changes in the amount of dopamine receptors in spe-
cific brain regions with changes in dopamine receptor regulation of reward and
relapse. The breadth of our current knowledge will facilitate this integration, but
it is important for future research to track changes in the biochemical, physiolog-
ical, and behavioral responses mediated by D1- and D2-like receptors as animals
transit from initial drug self-administration to more addicted biological states. It is
also important to identify premorbid alterations in D1- and D2-like receptors that
predispose individual vulnerability to drug and alcohol addiction.

For example, decreases in the amount of D2-like receptors in the nucleus accum-
bens of rats are predictive of impulsive behavior and early escalation of cocaine
self-administration [260], whereas increases in D2-like receptors that accompany
social dominance in monkeys are associated with resistance to initial propensity
for cocaine self-administration [261]. After self-administration is initiated, pro-
longed daily access to drugs leads to profound escalation in drug intake, along
with a greater propensity for relapse to drug seeking [126, 262, 263]. Animals
that escalate cocaine self-administration also show enhanced sensitivity to the
rate-altering effects of generalized dopamine receptor blockade on a fixed ratio
self-administration schedule[264] suggesting a loss of D1- and/or D2-like dopamine
receptor function with the transition to addiction. These results are consistent with
enduring reductions in cortical and striatal D2-like receptors that are found in human
cocaine, methamphetamine, heroin, and alcohol addicts [265–268].

These decreases in D2-like receptors are intriguing given that D2-like recep-
tor stimulation triggers relapse to drug-seeking behavior as discussed above.
Furthermore, animal data clearly show that chronic cocaine or heroin self-
administration [211, 216, 248], and opiate withdrawal [269], increases sensitivity
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to D2-like receptor-mediated behaviors. Similarly, rats with higher preferred levels
of cocaine intake are more sensitive to D2-like agonist-induced relapse to cocaine
seeking [216], consistent with the development of greater sensitization in D2-like
receptor responses in more addicted biological states. Conversely, rats with lower
preferred levels of cocaine intake are more sensitive to the ability of a D1-like
agonist to suppress cocaine-primed relapse to cocaine-seeking behavior [216],
potentially reflecting a compensatory neuroadaptation that prevents low intake ani-
mals from developing a more addicted phenotype. These opposing differences in
D1- and D2-like receptor regulation of cocaine seeking are paralleled by changes in
the unconditioned locomotor response to D1- and D2-like receptor challenge after 4
weeks withdrawal, where both D1- and D2-like receptors mediate directionally sim-
ilar behavioral effects (Fig. 17.5a–b). Furthermore, higher levels of cocaine intake
are positively correlated with sensitization in D2-like receptor responsiveness after 4
weeks withdrawal from self-administration, and negatively correlated with changes
in D1-like receptor responsiveness (Fig. 17.5c).

Thus, a challenge for future work will be to relate changes in the amount of D1-
and D2-like receptors in human drug abusers or in animal studies to seemingly dis-
crepant changes in behavioral responses mediated by dopamine receptors in animal
models of drug addiction. One possible explanation for these discrepancies could
involve the finding that chronic drug administration increases the amount of high
affinity (G protein-coupled) D2-like receptors in striatal regions, despite decreases
in the total amount of D2-like receptors [270–273]. Thus, drug-induced neuroadap-
tations that reduce the total amount of D2-like receptors often are associated with
increases in the amount of functional D2-like receptors. It would be interesting to
determine whether the amount of functionally coupled D2-like receptors parallels or
diverges from sensitization in D2-like receptor-mediated relapse in the same study.
In this regard, decreases in the amount of total D2-like receptor binding in striatal
subregions in human cocaine abusers fail to correlate with cocaine-induced eupho-
ria or cocaine-primed self-administration [274], which could reflect an inability to
measure functionally coupled D2-like receptors in vivo.

�

Fig. 17.5 Differential development of D1- and D2-like receptor sensitization in low and high
intake rats during withdrawal from chronic cocaine self-administration. (a) Low intake animals
develop D1-like receptor sensitization from early to late withdrawal, whereas high intake animals
develop greater D2-like receptor sensitization. Data in top panels show changes in cumulative
locomotor responses for dose–response tests (0.1–1.0 mg/kg) with the D1-like agonist SKF 81297
and the D2-like agonist quinpirole conducted before self-administration (pretest) and at early (2–3
days) and late (28–29 days) withdrawal (WD) times. (b) Locomotor dose–response data for low
and high intake animals challenged with the D1-like and D2-like agonists at late withdrawal.
Asterisks indicate that high differ from low intake animals ∗p < 0.05, ∗∗ p < 0.01. (c) Average
daily cocaine intake during the last 6 days of acquisition training is negatively correlated with
the change (�) in D1 responsiveness from early to late withdrawal (r = –0.507, p = 0.001), but
positively correlated with the change in D2 responsiveness (r = 0.686, p < 0.001) among indi-
vidual animals based on cumulative locomotor responses in dose–response tests. Reproduced with
permission from Edwards et al. [216]
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Given that D1- and D2-like receptors play such integral roles in reward and
relapse behavior, alterations in these receptors due to genetic or environmental fac-
tors will remain a major focus for addiction research. It is increasingly apparent that
changes in the amount of D1- and D2-like receptors in drug and alcohol addiction
belie a straightforward interpretation that integrates these findings with their func-
tional roles in reward and relapse phenomena. More work is needed to compare
changes in the amount of receptors with changes in D1-like and D2-like recep-
tor function using biochemical and physiological measures. It is imperative that
findings from multiple approaches ultimately converge with changes in behavioral
responses mediated by D1- and D2-like receptors before an unambiguous under-
standing of alterations in dopamine receptor function in drug and alcohol addiction
can be appreciated.
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