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Abstract The hypothalamus is a neural structure critical

for expression of motivated behaviours that ensure survival

of the individual and the species. It is a heterogeneous

structure, generally recognised to have four distinct regions

in the rostrocaudal axis (preoptic, supraoptic, tuberal and

mammillary). The tuberal hypothalamus in particular has

been implicated in the neural control of appetitive moti-

vation, including feeding and drug seeking. Here we

review the role of the tuberal hypothalamus in appetitive

motivation. First, we review evidence that different regions

of the hypothalamus exert opposing control over feeding.

We then review evidence that a similar bi-directional

regulation characterises hypothalamic contributions to drug

seeking and reward seeking. Lateral regions of the dorsal

tuberal hypothalamus are important for promoting rein-

statement of drug seeking, whereas medial regions of the

dorsal tuberal hypothalamus are important for inhibiting

this drug seeking after extinction training. Finally, we

review evidence that these different roles for medial versus

lateral dorsal tuberal hypothalamus in promoting or pre-

venting reinstatement of drug seeking are mediated, at least

in part, by different populations of hypothalamic neurons

as well as the neural circuits in which they are located.
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Introduction

The hypothalamus is a functionally heterogeneous struc-

ture that is critical for expression of three basic classes of

motivated behaviour: ingestive, defensive and reproductive

behaviours, necessary for survival of the individual and the

species [1]. The hypothalamus is located in the ventral

section of the diencephalon [2]. It is a heterogeneous

structure, divided into four rostrocaudal regions: preoptic

(approximately 0.00 to -1.20 mm from the bregma),

supraoptic (approximately -1.20 to -2.00 mm from the

bregma), tuberal (approximately -2.00 to -3.20 mm from

the bregma) and mammilary (approximately -3.20 to

-4.50 mm from the bregma) (Fig. 1a) [1, 2]. There are

three distinct longitudinal zones in the medial lateral plane

(periventricular, medial and lateral). The periventricular

zone contains a series of nuclei that comprise the neuro-

endocrine system. Swanson [1] proposed that the medial

zone is organised into a series of distinct cell groups

forming ‘behavioural control columns’ for expression of

complex, coordinated motivated behaviours. The lateral

zone is less differentiated, but believed to be important for

behavioural state and arousal mechanisms [1]. The focus of

this review is on the tuberal hypothalamus and its control

over appetitively motivated behaviours. The tuberal

hypothalamus has dorsal and ventral regions. The main

nuclei in the dorsal region are the dorsomedial hypothala-

mus (DMH), perifornical hypothalamus (PeF) and lateral

hypothalamus (LH). In the ventral region, the ventromedial

hypothalamus (VMH) and arcuate (ARC) are the main

nuclei (Fig. 1b).

The hypothalamus was among the first brain regions

implicated in reward and appetitive motivation. Early

studies employing intracranial self-stimulation showed that

rats would readily learn to press a lever to obtain brief focal
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electrical stimulation of hypothalamus [3]. Similarly,

lesion studies showed that destruction of hypothalamic

tissue caused profound changes in appetitive (e.g., feeding,

drinking, sex) motivational states (e.g., [4]). However,

concerns with the specificity of the techniques used in these

early studies combined with the discovery of the cate-

cholamines and development of pharmacologic tools to

target them shifted attention away from the hypothalamus

and towards the role of dopamine and the striatum. In

recent years, attention has returned to the role of the

hypothalamus in appetitively motivated behaviour. This

has been due to at least three developments. The first was

elegant molecular and genetic studies allowing a precise

understanding of the role of specific hypothalamic regions

and molecular signaling pathways in regulation of feeding

and body weight [5]. The second was the discovery of

several novel neuropeptide families expressed in the

hypothalamus and subsequently implicated in reward and

drug seeking [6]. The third was increased understanding of

the complex neurocircuitry in which the hypothalamus sits

[1]. Consequently, there is now significantly improved

understanding of the role of the hypothalamus in appetitive

motivation.

Here we review evidence linking the hypothalamus to

appetitive motivation and the seeking of drug rewards. We

focus on the tuberal hypothalamus because this is the

hypothalamic region important for appetitive motivation

[2]. We first review evidence implicating the hypothalamus

in the regulation of feeding. We then review evidence

implicating the hypothalamus in regulation of drug seek-

ing. The common underlying theme is that distinct regions

of the tuberal hypothalamus make functionally distinct

contributions to these behaviours. Lateral regions of the

tuberal hypothalamus are important for promoting appeti-

tive motivation and drug seeking, whereas medial regions

are important for inhibiting such motivation and drug

seeking. These distinct contributions are mediated, at least

in part, by different populations of hypothalamic neurons

as well as the neural circuits in which they are located.

In this review we use the term ‘reward’ to refer to

outcomes (e.g. food, sex and drugs of abuse) that are

positive reinforcers (i.e. animals will work to obtain them).

We use the term ‘appetitive motivation’ to refer generally

to the processes that direct behaviour towards obtaining a

reward. We use the term ‘drug seeking’ to describe the

seeking of drug, illicit and licit, rewards. We use the term

Fig. 1 Highly simplified schematic outlining the anatomical organi-

sation of the hypothalamus. a Schematic representation of the four

rostrocaudal regions and three mediolateral zones of the hypothala-

mus. This figure is adapted from Fig. 1 of [2]. A large number of the

subnuclei of the preoptic and supraoptic regions are omitted for

clarity, as they are not discussed within the text of this review.

Numbers represent mm from the bregma. b Schematic of a coronal

section of the tuberal hypothalamus depicting the anatomical

organisation of the tuberal hypothalamus discussed within this

review. Blue circles represent the distribution of orexin neurons,

and green circles represent the distribution of MCH neurons. ARC
arcuate nucleus, AH anterior hypothalamic nucleus, DMH dorsome-

dial nucleus, f fornix, LH lateral hypothalamus, LM, lateral

mammillary nucleus, LPO lateral preoptic area, MM medial mam-

millary nucleus, MPO medial preoptic nucleus, Pa paraventricular

nucleus, PeF perifornical nucleus, PeP, posterior periventricular,

PePO preoptic periventricular nucleus, PHA posterior hypothalamic

area, PMD dorsal premammillary nucleus, PMV ventral premamm-

illary nucleus, SuM, supramammillary nucleus, VMH ventromedial

nucleus
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‘reward seeking’ more broadly to describe seeking of drug

and/or non-drug rewards.

Hypothalamus mediates bi-directional control

over feeding

Early studies

A series of studies in the early 1950s provided the first

evidence that discrete regions in the brain are important for

motivated behaviour. Anand and Brobeck [7] studied the

effects of electrolytic hypothalamic lesions on feeding

behaviour in cats and rats. They demonstrated that lesions

of the lateral hypothalamus (LH) abolished feeding

whereas lesions of the medial hypothalamus caused ani-

mals to eat excessively. This functional dichotomy led to

the influential ‘dual-center’ theory of hypothalamic control

of motivated behaviour [4]. The central thesis was that the

overall influence of the hypothalamus on motivated

behaviour was the result of competition between excitatory

influences of lateral nuclei and inhibitory influences of the

medial nuclei. Feeding, for example, was considered a

motivationally excitatory event mediated by the LH. Sati-

ety, on the other hand, was considered a motivationally

inhibitory event mediated by medial hypothalamic nuclei,

potentially via direct inhibition of LH.

These early lesion studies were followed by intra-cranial

self-stimulation (ICSS) experiments showing that LH

supports robust self-stimulation in rats [8]. Importantly, LH

stimulation sites that supported ICSS were also shown to

elicit feeding [9, 10]. This was the first line of evidence

indicating that LH may be important for motivation more

generally, rather than just feeding. It was later shown that

LH stimulation-induced behaviour, such as feeding, could

be modified. For example, Valenstein et al. [11] reported

that LH stimulation could elicit drinking when food was

removed and a waterspout made available. Drinking

behaviour emerged during LH stimulation and persisted

when food was made available again. Thus, the behav-

ioural consequences of LH stimulation were variable if the

conditions permitted. Finally, in a review of the LH stim-

ulation literature at the time, Wise [12] noted that LH

stimulation influences behaviour by increasing motivation

rather than simply increasing activity in motor systems. For

example, LH stimulation had no effect on the animal when

it was tested in an environment where eating was inap-

propriate, such as an environment that elicits fear.

The role of the medial hypothalamus (MH) as an

inhibitor of LH-mediated motivated behaviour was also

revealed in the early self-stimulation literature. Stimulation

of the MH decreased both the LH ICSS and LH stimula-

tion-induced feeding [9, 10]. Porrino et al. [13] provided an

elegant demonstration of MH inhibition of LH self-stimu-

lation. They implanted rats with bilateral electrodes in both

LH and MH, and arranged that LH self-stimulation was

preceded by stimulation of MH. It was found that prior

stimulation of MH, at inter-pulse intervals of up to 15 s,

decreased the rate of LH self-stimulation. Interestingly,

there was a difference between dorsal and ventral MH.

Ventral MH stimulation decreased LH ICSS at small inter-

pulse intervals (0.1–1 s), while dorsal MH stimulation

decreased LH ICSS at the larger inter-pulse intervals

(2–20 s). These data indicate that although the ventral and

dorsal medial hypothalamus exerts inhibitory control over

LH, the exact mechanism of such control may differ

between them. Regardless, these data indicate that

increased activity in both the ventral and dorsal MH can

serve to decrease LH-dependent behaviours.

It is important to note that these historical lesion and

stimulation data provided early signs that the LH and MH

control complex motivational states and are not simply a

neural ‘feeding centers’. Moreover, although the tech-

niques used in many of these early studies have been

superseded, many findings have been validated by modern

techniques. For example, stimulation of LH neurons by

infusions of the excitatory amino-acid NMDA, which has

no effect on fibers of passage, increases food intake [14],

whereas cell-body-specific lesions of the LH decrease

feeding [15, 16]. Furthermore, the discovery of the neural

substrates of leptin-mediated feeding inhibition (see [5] for

review), and the discovery of orexigenic and anorexigenic

neuropeptides have greatly increased our understanding of

the hypothalamic control over feeding. Remarkably, mod-

ern molecular neuroscience is converging on a similar

understanding to that promoted by early lesion and self-

stimulation studies.

Molecular evidence linking hypothalamus to feeding

The discovery of leptin as a satiety signal greatly increased

our understanding of the neural mechanisms of feeding.

Leptin regulates energy intake via a negative feedback

system, which is mediated in large part by the hypotha-

lamic ARC. Leptin receptor mRNA expression is most

dense in the medial tuberal hypothalamic nuclei ARC,

VMH and DMH [17]. Two distinct populations of neurons

are found within the medial and lateral ARC. Medial ARC

neurons promote feeding, and are identified by their

expression of neuropeptide Y (NPY) and agouti-related

peptide (AgRP) [5]. In these neurons, leptin receptor acti-

vation increases signaling cascades that inhibit cellular

activity [18, 19]. Lateral ARC neurons inhibit feeding, and

are identified by their expression of cocaine and amphet-

amine-regulated transcript (CART) and a-melanocyte-

stimulating hormone (aMSH) [5]. Kristensen et al. [20]
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showed that CART expression, specifically in ARC neu-

rons, is significantly decreased in leptin-deficient ob/ob

mice compared to wild-type littermates. Furthermore,

intravenous (i.v.) administration of leptin increases c-Fos

expression in CART/aMSH ARC neurons [21]. In sum-

mary, leptin can decrease feeding by both inhibiting NPY

ARC neurons and activating CART ARC neurons.

Importantly, this role for ARC is dependent on modulating

activity at downstream targets.

ARC neurons mediate their effects on feeding via pro-

jections to other regions of the hypothalamus, including

dense projections to both the medial and lateral dorsal

tuberal hypothalamus (e.g. [22, 23]). This anatomical

organisation has led to the proposal that ARC is the nodal

point in the hypothalamic regulation of energy balance

[24]. In this model, ARC acts as a sensory structure that

detects energy levels in the blood stream (i.e. leptin) and

communicates this information to other regions of the

hypothalamus. This role for ARC as a primary sensory

structure that in turns projects to regions in the tuberal

hypothalamus (i.e. DMH, PeF and LH) suggests that tub-

eral hypothalamic neurons are second-order neurons in the

‘‘bottom-up’’ (i.e. from the periphery) control of feeding

[24]. This is important, because as reviewed below, these

same tuberal hypothalamic neurons can be activated to

regulate drug and reward seeking in a ‘‘top-down’’ manner

from cortical regions.

VMH, located in the ventral part of the tuberal hypo-

thalamus (Fig. 1b), is critical for the inhibition of feeding,

or satiety (see [5] for review). However, there is also evi-

dence that DMH (Fig. 1b), located in the dorsal tuberal

hypothalamus, is also important for satiety expression. One

line of evidence comes from study of the satiety factors

cholecystokinin (CCK) and CART. Continuous i.p. infu-

sion of CCK-8 (the octapeptide of CCK), via indwelling

catheters, reduces meal sizes [25], whereas i.c.v. infusion

of CART dose-dependently reduces feeding [20, 26]. The

satiety-inducing effects of CCK are dependent on DMH.

For example, DMH lesions abolish CCK-induced inhibi-

tion of feeding [27], and intra-DMH infusion of CCK

reduced food intake for up to 24 h [28]. Finally, CCK [28,

29] and CART [26] increase c-Fos expression in the DMH

and periventricular hypothalamus (PVH).

Surprisingly, intra-DMH infusions of CART increase

feeding [30]. One possible explanation is that i.c.v. CART

infusions may disinhibit DMH, potentially via activation of

neurons in the arcuate nucleus (ARC), whereas intra-DMH

infusion of CART directly inhibits DMH neurons. The

CART receptor has not been cloned; however in vitro

experiments indicate it is a G-protein coupled receptor that

signals via Gi/o, supporting an inhibitory post-synaptic

effect [31]. As such, intra-DMH infusion of CART may

increase feeding via inhibition of DMH neurons. Indeed,

there is some evidence that pharmacological manipulations

of medial hypothalamic neurons can remove an inhibitory

control over feeding. Will et al. [32] demonstrated that

functional inactivation of DMH, via muscimol, increased

high fat feeding. Thus, pharmacological experiments

investigating the neural mechanisms of satiety have iden-

tified the medial hypothalamus as a structure that exerts

inhibitory control over feeding.

The promotion of feeding by LH is best demonstrated by

the presence of orexigenic neuropeptide expression. The

neuropeptide orexin is expressed primarily in dorsal tuberal

hypothalamic (both medial and lateral) neurons [33, 34].

The prepro-orexin gene encodes two peptides, orexin A

and orexin B [33], also known as hypocretin A and hyp-

ocretin B [34]. Sakurai et al. [33] were the first to

demonstrate that i.c.v. infusion of both orexin A and orexin

B dose-dependently increases food intake in rats. Further-

more, Sakurai et al. [33] showed that 48-h food deprivation

increases hypothalamic prepro-orexin mRNA. Another

orexigenic peptide, melanin-concentrating hormone

(MCH), is also expressed in the dorsal tuberal hypothala-

mus, as well as the dorsally adjacent zona incerta [35]. Qu

et al. [36] demonstrated that i.c.v. infusion of MCH

potently induces feeding in mice, indicating MCH also

promotes feeding. Interestingly, orexin and MCH are

expressed in distinct populations of neurons in the hypo-

thalamus [23]. These pharmacological studies provide

evidence that neuropeptides expressed in LH promote

feeding.

The orexin system is also important for arousal, main-

taining alertness and preventing transition into sleep [37].

Consistent with a role in arousal, narcolepsy is associated

with deficits in the orexin system [38–40], and orexin

neurons are more active during periods of arousal such as

wakefulness [41] or after injections of the stimulant

amphetamine [42]. The multiple functions of orexin may

be a consequence of the fact that orexin neurons are

expressed in both the lateral and medial dorsal hypothala-

mus [34, 43]. Evidence for functionally distinct

populations of orexin neurons based on their anatomical

location (medial or lateral) has been demonstrated (see

[44]) and will be discussed in detail below.

In summary, modern molecular neuroscience has

strongly implicated the tuberal hypothalamus in regulation

of feeding. Of particular importance here are findings that

the lateral dorsal (i.e. LH) and medial dorsal (MDH)

regions of the tuberal hypothalamus exert opposing influ-

ences on feeding. Neurons in the lateral dorsal regions

promote feeding, whereas neurons in the medial dorsal

regions appear to promote satiety and/or inhibit feeding.

This dichotomy in the control of feeding is revealed by the

actions or orexigengic neuropeptides such as orexin and

MCH as well as the anorexigenic actions of neuropeptides
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such as CART and CCK. This work not only confirms the

findings from early studies on hypothalamic ICSS, it also

suggests a model of the function of hypothalamic contri-

butions to motivated behaviour with lateral regions

promoting, and medial regions inhibiting, appetitive

motivation. In the following sections we review the evi-

dence that precisely such an organisation characterises

tuberal hypothalamic contributions to drug seeking.

The hypothalamus and drug seeking

In models of drug seeking, animals, typically rats, are

trained to respond for a drug reward so that emission of a

particular behaviour (e.g. lever pressing) is reinforced via

delivery of a drug reward (e.g. intravenous cocaine or

delivery of alcohol to a drinking cup). Under these con-

ditions, responding increases. Responding can then be

extinguished by arranging that the behaviour no longer

produces the drug reward. This extinction does not per-

manently erase the drug-seeking response. Evidence from a

variety of recovery phenomena such as reinstatement,

spontaneous recovery and renewal [45, 46], suggests that

the original association remains largely intact after

extinction training [45–47]. Consequently, extinction is

thought to involve new learning that masks, or inhibits, the

original drug-seeking response [48]. Thus, in these models,

animals can express low levels of drug seeking due to the

active inhibition of drug seeking imposed by prior extinc-

tion training or they can express high levels of drug seeking

due to reinstatement caused by presentations of drug-

associated stimuli, stressors or the drug itself. In this sec-

tion we review the accumulating evidence that the

hypothalamus is important for promoting drug seeking

during reinstatement as well as for inhibiting drug seeking

after extinction.

Promotion of drug seeking by lateral hypothalamus

Hypothalamic neurons, especially those in the LH, are

responsive to drug-associated stimuli and critical for the

expression of drug-seeking behaviours, including drug

seeking elicited by associated stimuli. As reviewed above

in Sect. 2.2, there are two important neuropeptide systems

in LH that contribute to the promotion of feeding: orexin

and MCH. This section will review some of the key evi-

dence supporting the claim that LH does not just mediate

the primary reinforcing effect of rewards such as food

or drugs of abuse. Rather, the LH also mediates the

behavioural impact of drug-associated stimuli whose

motivational significance is learned.

Studies using immunohistochemical detection of the

immediate early gene c-Fos as a marker of activity have

provided correlative evidence that LH is important for the

reinstatement of drug and reward seeking. LH neurons are

recruited by drug-associated stimuli. For example, cue-

induced reinstatement of alcohol seeking [49], and context-

induced reinstatement of sucrose [50], alcoholic beer [51]

and cocaine [52] seeking all increase c-Fos expression in

LH neurons. In a recent study, Marchant, Hamlin and

McNally [53] reported that functional inactivation of LH

via infusions of the GABA agonists baclofen and muscimol

abolished context-induced reinstatement of both sucrose

and alcoholic beer seeking. Thus, activity in the LH is

causally related to context-induced reinstatement of alco-

holic beer and sucrose seeking. It remains to be shown

whether LH is also causally important for context-induced

reinstatement of drug seeking for an intravenous reward

such as cocaine. However, given that Hamlin et al. [52]

showed increased c-Fos expression in the LH is associated

with reinstatement of cocaine seeking, this possibility is

likely.

The orexin system is important for the reinstatement of

extinguished drug seeking in animal models of relapse.

Systemic administration of SB 334867 prevents cue-

induced reinstatement of extinguished alcohol [54] and

cocaine seeking [55], as well as attenuating context-

induced reinstatement of cocaine seeking [56]. The orexin

system has also been implicated in stress-induced rein-

statement of drug seeking. I.c.v infusions of SB 334867

block footshock-induced reinstatement of cocaine seeking

[57]. Reinstatement of both alcohol and sucrose seeking by

Yohimbine, an a-2 adrenoreceptor antagonist that induces a

stress-like state, is also blocked by prior administration of

SB 334867 [58]. These studies show that orexin activity is

also important for drug seeking that is elicited by drug-

associated stimuli, or stressors.

Interestingly, it has also been shown that i.c.v. infusions

of orexin increased ICSS thresholds, indicating that orexin

may also mediate stressful or aversive motivational states

[57]. This is perhaps inconsistent with the idea that the

orexin system mediates reward. However, Harris et al. [44]

have argued that MDH orexin neurons are functionally

distinct from LH orexin neurons; specifically MDH orexin

neurons are important for arousal. Indeed, MDH orexin

neurons have different afferent inputs [59], and efferent

outputs [60] to LH orexin neurons, indicating they may

have different functions. We will review further evidence

that MDH orexin neurons mediate functions different from

that of LH in Sect. 3.2 below.

In an influential study, Harris et al. [44] demonstrated a

role for the LH orexin neurons in drug-seeking behaviour.

Using a conditioned place preference (CPP) model, they

showed that tests for morphine, cocaine or food CPP

were associated with increased c-Fos expression in LH

orexin neurons. Importantly, this effect was anatomically
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restricted to LH orexin neurons. There was no difference in

the percentage of orexin neurons expressing c-Fos in the

medially adjacent dorsal tuberal hypothalamus (i.e. MDH:

including both DMH and PeF). Activation of LH orexin

neurons, by infusion of the Y4 receptor agonist rat pan-

creatic polypeptide, reinstated extinguished morphine CPP.

This effect was blocked by systemic administration of the

orexin 1 receptor (OX1R) antagonist SB 334867. Finally,

intra-VTA infusion of orexin-A reinstated extinguished

morphine CPP, suggesting that LH orexin neurons mediate

CPP via projections to VTA. These results demonstrated

for the first time an important role specifically for orexin

neurons in the LH in mediating drug reward and drug

seeking.

Additional studies have demonstrated an important role

for LH orexin neurons in drug seeking in different exper-

imental paradigms. Increased c-Fos expression in LH

orexin neurons is associated with context-induced rein-

statement of alcoholic beer seeking [51], and the level of

responding during reinstatement is positively correlated

with the percentage of orexin neurons expressing c-Fos.

Interestingly, there was no specific activation of LH orexin

neurons during context-induced reinstatement of cocaine

seeking [52] or sucrose seeking [50]. Activation of LH

orexin neurons during context-induced reinstatement

appears to be specific to alcoholic beer seeking. A similar

finding was reported recently by Jupp et al. [61] who

showed that systemic injection of SB 334867 reduced the

motivational properties of alcohol but not sucrose. In con-

trast to these results is the finding that systemic injection of

SB 334867 attenuates context-induced reinstatement of

cocaine seeking [56]. However, Hamlin et al. [52] reported

that after cocaine self-administration, simply handling rats

and placing them in a test chamber increased c-Fos

expression in orexin neurons in both PeF and DMH. Thus,

systemic administration of SB 334867 may block the

arousal elicited by return to the testing chamber and so

prevent reinstatement of cocaine seeking indirectly.

Consistent with the idea that orexigenic LH peptides are

important for drug seeking, Chung et al. [62] recently

demonstrated a role for MCH in drug seeking. Using

whole-cell patch-clamp electrophysiology, they found that

bath applied MCH increases spike firing only in the pres-

ence of dopamine D1-like receptor (D1R) and D2-like

receptor (D2R) agonists, indicating that MCH depends on

dopamine to increase the activity of AcbSh neurons. MCH

is also important for the behavioural responses to cocaine.

For example, i.c.v. administration of MCH potentiated

cocaine-induced locomotor activity. Finally, Chung et al.

[62] demonstrated that the MCH system is also important

for reinstatement of extinguished cocaine seeking. Both

cue- and cocaine-induced, but not stress-induced, rein-

statements are blocked by i.c.v. administration of the

MCH1R antagonist TPI1361-17. Thus the MCH system is

important for the behavioural effects of cocaine as well as

reinstatement of extinguished cocaine seeking. Further

work is needed to specifically link these effects to LH

MCH neurons. However, it does provide further evidence

of the overlap between orexigenic mechanisms and drug

seeking.

Inhibition of drug seeking by the medial hypothalamus

As reviewed above, orexigenic neural mechanisms in the

lateral hypothalamus are co-opted by drugs of abuse and

are important mediators of drug-seeking behaviour. As was

reviewed in Sect. 2.2, an important conclusion from early

intracranial self-stimulation experiments and more recent

molecular neuroscience studies is that the lateral and

medial dorsal regions of the tuberal hypothalamus exert

opposing influences on appetitive motivation. The dem-

onstration that hypothalamic orexigenic mechanisms are

important for drug seeking raises the possibility that medial

dorsal hypothalamic anorexigenic mechanisms may inhibit

drug seeking. One approach to testing this possibility is by

studying the mechanisms that inhibit drug seeking after

extinction training, the behaviour that is observed during an

extinction test mediated by an active process of response

inhibition [48]. Thus, an extinction test has the ability to

provide an understanding of the neural substrates of this

response inhibition.

Recently, we provided evidence that MDH is important

for extinction expression, which is defined as the expres-

sion of an extinguished reward-seeking response [63]. In

this study, rats were initially trained to respond to 4%

alcoholic beer. After 7 days of self-administration training,

rats were given extinction training for 4 days. They were

tested for extinction expression the next day. Intra-MDH

infusion of CART, an inhibitory neuropeptide [31], dose-

dependently prevented the expression of extinction and so

reinstated responding. A similar result was found in rats

that were originally trained to respond to sucrose, indi-

cating a more general role for MDH in mediating

extinction expression. These results suggest that selective

inhibition of MDH, by CART, abolished the expression of

extinction and thus reinstated extinguished reward seeking.

An alternative explanation of these results is that intra-

MDH infusion of CART non-selectively increased drug

and reward seeking. As such, we completed a series of

control experiments to test this interpretation. We first

demonstrated that intra-MDH infusion of CART only

changed the responding in rats that expressed extinction.

There was no effect on responding when rats were tested

for context-induced reinstatement or in rats that were not

initially trained to respond for any reward. This indicates

that intra-MDH infusion of CART reinstated reward
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seeking by selectively inhibiting extinction expression.

Furthermore, we found that intra-LH infusion of CART

had no effect on extinguished responding, demonstrating

anatomical specificity of this effect. Collectively, these

data provide evidence that MDH is a structure that medi-

ates extinction expression by exerting inhibitory control

over reward seeking after extinction training.

Hypothalamic bi-directional control over drug seeking

is mediated by specific neural circuitry

The evidence reviewed above suggests functional differ-

ences between the LH and MDH in drug seeking. LH is

important in promoting reinstatement or relapse to drug

seeking, whereas MDH is important for inhibiting drug

seeking and hence in promoting abstinence. These oppos-

ing roles in promoting versus inhibiting drug seeking can

be linked to the neural circuits in which the LH and MDH

are located.

Hypothalamic circuitry promoting drug and reward

seeking

In this section we review some of the major afferents of the

dorsal tuberal hypothalamus and the evidence for their

involvement in promoting and inhibiting drug seeking

(Fig. 2). We focus on afferents that have been implicated in

drug seeking and appetitively motivated behaviour.

Reward-related LH afferent projections

LH is anatomically placed to mediate motivated behaviours

via afferent projections from structures including AcbSh

[59, 64], PFC, the lateral septum, VTA [59] and amygdala

[65, 66].

Cortical?striatal?hypothalamic LH is unique among

hypothalamic structures because it is the only structure to

receive input from the striatum. Striatal projections to the

LH primarily arise from the medial AcbSh, but also include

some projections from the lateral AcbSh and Accumbens

Core (AcbCo) [67, 68]. There is emerging evidence sug-

gesting that AcbSh is important for drug seeking,

particularly in the context-induced reinstatement model.

Context-induced reinstatement of both sucrose and alco-

holic beer seeking is associated with increased c-Fos

expression specifically in ventral (AcbShV) AcbSh neurons

[50, 51]. The reinstatement specific c-Fos expression

in AcbShV is blocked by systemic administration of the

D1R antagonist SCH 23390 [50, 51]. Furthermore, intra-

AcbSh infusion of SCH 23390 blocks context-induced

reinstatement of heroin [69] and alcohol [70] seeking, and

intra-AcbSh infusion of the mGluR agonist LY 372968

blocks context-induced reinstatement of heroin [71] and

sucrose [72] seeking. Finally, AcbShV neurons that are

active during context-induced reinstatement project

directly to LH [53]. Thus, context-induced reinstatement of

reward seeking is associated with activation of a direct

AcbShV?LH pathway.

There is additional evidence for AcbSh regulation over

other LH-dependent reward behaviour. Consistent with

overlap in the neural mechanisms of drug seeking and

feeding, AcbSh-mediated feeding behaviours depend on

LH. Maldonado-Irizarry et al. [73] made the initial dis-

covery that blockade of AMPA and kainate receptors in the

medial AcbSh caused rats to eat voraciously. This effect

was specific to the medial AcbSh, because AcbCo infu-

sions had no effect on feeding. Furthermore, intra-AcbSh

infusions of GABA receptor agonists also increase feeding

in a similar manner [74]. To test whether this effect

was dependent on LH, Maldonado-Irizarry et al. [73]

Fig. 2 A model depicting the neural circuitry associated with

reinstatement of extinguished drug and reward seeking. The promo-

tion of reward seeking is proposed to be mediated in large part by a

circuit comprising the prelimbic prefrontal cortext (PL), ventral

nucleus accumbens shell (V), lateral hypothalamus (LH) and para-

ventricular thalamus (PVT). We are proposing that the continued

activation of this cortical-striatal-hypothalamic-thalamic-cortical

‘‘loop’’ is important for drug seeking during reinstatement. Multiple

outputs from this loop, such as to the ventral pallidum and brainstem,

enable expression of behaviour. Functional inhibition of all of these

structures attenuates reinstatement of reward seeking, indicating that

each node of this circuit is required to promote reward seeking.

Evidence for direct V?LH and PVT?V pathways is reviewed in

Sect. 3.1. Connections with this circuit and other structures implicated

in these behaviours are displayed in grey. AcbSh nucleus accumbens

shell, BLA basolateral amygdala, Dm dorsomedial accumbens shell,

glu glutamate, IL infralimbic prefrontal cortex, MDH medial dorsal

hypothalamus, VTA ventral tegmental area
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concurrently inactivated LH, via muscimol infusions, prior

to intra-AcbSh DNQX infusions, and found that this

attenuated DNQX-induced feeding, while not changing

locomotor activity. These findings suggest an important

role for AcbSh GABAergic medium spiny neurons (MSN)

in the control of feeding.

AcbSh GABAergic MSN appears to control feeding by

exerting tonic inhibition over a glutamatergic interneuron

in LH. Stratford et al. [75] demonstrated that LH infusions

of GABA receptor antagonists at the tuberal hypothalamic

level had no effect on feeding, indicating AcbSh does not

directly inhibit LH. However, LH infusion of the NMDA

receptor antagonist AP5 blocked AcbSh inactivation

induced feeding, suggesting that AcbSh projections to LH

mediate feeding via an intermediate glutamatergic projec-

tion. There is some anatomical support for this. Sano and

Yokoi [76] used a genetic approach to label MSN projec-

tion neurons in the entire striatum. They found that MSN

projections terminate primarily in the preoptic/supraoptic

region of LH, which contains glutamatergic neurons but is

anterior to all orexin and MCH neurons. This pattern of

connectivity has also been demonstrated by Thompson and

Swanson [77]. It implies that inactivation of AcbSh neu-

rons releases inhibitory control over glutamatergic

projections to the tuberal LH. Regardless of the specific

mechanism, functional inactivation of AcbSh increases

activity in LH neurons. Stratford et al. [75] found that

c-Fos expression in LH was greatly increased by AcbSh

inactivation. Millan et al. [78] reported similar findings in a

drug self-administration paradigm. Functional inactivation

of AcbSh, which reinstated extinguished alcoholic beer

seeking, also increased the expression of c-Fos in LH

neurons. Furthermore, concurrent inactivation of LH

blocked AcbSh-inactivation induced reinstatement.

Taken together, these findings suggest that an Ac-

bSh?LH pathway is critical for drug and reward seeking.

They also suggest that this pathway involves at least two

distinct populations of hypothalamic neurons: (1) gluta-

matergic neurons in the more anterior preoptic/supraoptic

LH, which receive direct input from AcbSh, and (2) neu-

ropeptidergic neurons located more caudally in the LH,

which receive input from the anterior LH glutamatergic

neurons.

The importance of cortical projections to AcbSh in

controlling reinstatement behaviour is yet to be specifically

tested. Cortical projections to the striatum are remarkably

topographical [79]. Cortical innervation of medial AcbSh

arises mainly from infralimbic prefrontal cortex (IL or

vmPFC), but also includes prelimbic prefrontal cortex (PL

or dmPFC) [79–81]. There are surprisingly few studies

examining the role of the PFC?AcbSh pathway in drug

seeking. Other cortical-striatal circuits have been demon-

strated as important for reinstatement of drug seeking. For

example, functional inactivation of dmPFC or AcbCo

blocks reinstatement of cocaine seeking elicited by cocaine

prime [82] or footshock stress [83]. AcbCo is thought to

mediate drug seeking via projections to ventral pallidum

[82, 84]. The importance of this cortical-striatal-pallidal

pathway in drug seeking is well documented [85]. How-

ever, there is less evidence that a PFC?AcbSh pathway is

important for drug seeking. Given the importance of AcbSh

in drug-seeking behaviour, more experimental data on this

circuit are warranted.

Amygdalo?hypothalamic Basolateral amygdala (BLA)

is important for attributing motivational value to condi-

tioned stimuli [86, 87], and bilateral lesions of BLA

attenuate cue-potentiated feeding [86, 88]. BLA may

mediate this effect via its effects on LH. The posterior BLA

sends direct projections to LH [65, 66], and Petrovich et al.

[89] demonstrated that disconnection of BLA and LH

abolished potentiation of feeding elicited by a food-asso-

ciated stimulus. In addition, Petrovich et al. [65] reported

that presentation of the food-paired stimulus increased

immediate early gene expression in BLA and orbitomedial

PFC neurons projecting to LH. Thus, cue-potentiated

feeding appears to be mediated by activation of a direct

BLA?LH pathway.

BLA is important for drug-seeking behaviour. For

example, context-induced reinstatement of sucrose [50],

alcoholic beer [51] and cocaine [52] seeking are each

associated with increased c-Fos expression in BLA. These

increases are not blocked by systemic administration of

SCH 23390 [50–52]. BLA is critical for context-induced

reinstatement of cocaine seeking because functional inac-

tivation blocks reinstatement [90]. Furthermore, opioid

signalling in BLA is also important because intra-BLA

infusion of naloxone dose-dependently attenuates context-

induced reinstatement of alcohol seeking [91]. BLA may

mediate drug seeking via projections to PFC. Fuchs et al.

[90] conducted disconnection experiments to determine

whether serial connections between BLA and PL are

important for context-induced reinstatement of cocaine

seeking. They found that both contra- and ipsilateral

inactivation of BLA and dmPFC attenuated reinstatement.

The finding that ipsilateral inactivation blocks reinstate-

ment complicates interpretation, but does suggest

functional interaction between BLA and dmPFC in con-

text-induced reinstatement of cocaine seeking. However, a

causal role for the BLA?LH pathway in drug seeking is

yet to be demonstrated.

Cortical?hypothalamic To date there have been few

studies examining cortical control of LH-mediated behav-

iours. Medial prefrontal cortex serves a critical role in the

reinstatement of drug seeking and the learned control over
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feeding (e.g. [82]). As reviewed above, Petrovich et al. [65]

showed that projections from vmPFC to LH are activated

by a cue that potentiates feeding in sated rats. Petrovich

et al. [92] have also shown that lesions of vmPFC block the

ability of a food-associated context to promote feeding,

indicating this cortical region is important. However, to

date there are no functional disconnection studies demon-

strating a causal relationship for cortical projections to LH

in the promotion of feeding or drug seeking.

Summary The LH is well positioned anatomically to

mediate appetitively motivated behaviours such as drug

seeking and feeding. The AcbSh?LH and BLA?LH

projections are the only pathways implicated in these

behaviours by both functional neuroanatomical and phar-

macological intervention. The involvement of an

AcbSh?LH pathway in drug seeking is particularly nota-

ble. The striatum and nucleus accumbens in particular have

long been associated with appetitive motivation and drug

seeking. The evidence reviewed here identifies LH as a

critical target of accumbens-mediated drug seeking.

LH efferent projections

Reward and arousal related efferent projections from LH

include VTA [60], PFC [93], lateral habenula and locus

coeruleus (LC) [94]. LH also sends projections to the

midline thalamus including the paraventricular thalamus

(PVT) [95, 96].

Hypothalamic?thalamic?cortical/striatal The hypo-

thalamus projects extensively to the midline thalamic

nuclei [97], including PVT. Hypothalamic-thalamic pro-

jections are thought to be an important way in which

information from the hypothalamus reaches the cortex [1,

97]. Hypothalamic neurons expressing different peptides

appear to synapse onto single PVT neurons projecting to

AcbSh [98], and PVT neurons are activated by hypotha-

lamic peptides [99]. Both orexin and CART neurons from

the tuberal hypothalamus project to PVT [95, 96]. PVT has

been proposed to function as an interface between the

hypothalamus and cortical-striatal projections (e.g. [100]).

For example, single PVT neurons send collateral axons to

both PFC and AcbSh [101]. Efferent projections from PVT

include PFC, medial AcbSh and BLA [102–105], and these

are thought to be glutamatergic [106]. Interestingly, these

structures have all been implicated in reward-related

behaviours. Thus, increased activity of PVT neurons may

serve to coordinate activity in cortical, striatal and amyg-

dala structures during drug-seeking behaviours.

Recent understanding of PVT function has been exten-

ded to include drug-seeking behaviours. Dayas et al. [49]

demonstrated activity in PVT neurons is associated with

reinstatement of alcohol seeking. In this experiment, rats

were trained to respond to ethanol in the presence of a

discriminative stimulus (S?), while another stimulus (S-)

was paired with unavailability of ethanol. After extinction,

in the absence of any stimuli, reinstatement could be

induced by presentation of S?, and this reinstatement was

associated with increased c-Fos expression in PVT.

Moreover, PVT lesions prevent context-induced reinstate-

ment of alcoholic beer seeking, showing that PVT

contributes to reinstatement across different drug rein-

forcers and models of reinstatement [107].

PVT may promote drug seeking via glutamatergic pro-

jections to PFC, BLA and AcbSh [102–106]. PVT

projections to AcbSh modulate dopamine release in AcbSh.

Using fast-scan cyclic voltammetry, Parsons, Li and Kir-

ouac [108] reported that stimulation of PVT in an

anaesthetised rat causes increased oxidation currents in

AcbSh, indicative of dopamine release. Remarkably, this

occurs after lidocaine inactivation of VTA, indicating that

PVT activity can modulate dopamine release in AcbSh

independently of dopamine neuron firing [108]. Given the

importance of AcbSh dopamine for drug and reward

seeking [69, 70], activation of this pathway is one potential

mechanism for reinstatement of drug seeking behaviour.

This possibility is supported by the finding that AcbSh

projecting PVT neurons are recruited during context-

induced reinstatement of reward seeking [107]. These

findings suggest that PVT projections to AcbSh are

important for drug seeking.

Alternatively, the PVT?AcbSh pathway may promote

drug seeking by acting on cholinergic interneurons in Ac-

bSh. There is evidence that thalamo-striatal projections

innervate striatal cholinergic interneurons [109, 110]. Op-

togenetic activation of cholinergic interneurons suppresses

activity in MSN output neurons and attenuates expression

of cocaine CPP [111]. Given that a decrease in MSN

activity is associated with consummatory behaviour [112–

114], and that functional inactivation of AcbSh can also

reinstate extinguished drug and reward seeking [78, 115],

activation of AcbSh cholinergic interneurons by PVT may

be another mechanism by which PVT promotes drug and

reward seeking. PVT projects extensively to the prefrontal

cortex [102, 103]; however, the role of a PVT-cortical

pathway in drug seeking is yet to be demonstrated.

The contribution of specific hypothalamic neuropeptide

projections to PVT in drug-seeking behaviours is unclear.

There are dense orexin terminal fibres in PVT [96], and

OX1R and orexin 2 receptor (OX2R) expression is high

there [116, 117]. Given the importance of orexin in drug-

seeking paradigms (e.g. [44, 118, 119]), orexin signalling

in PVT may be important for drug seeking. However, there

is no evidence to support this. Indeed, a recent study by

James et al. [120] found that blockade of OX1R in PVT had
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no effect on cue-induced reinstatement of cocaine seeking.

Moreover, orexin signalling in PVT may generate an

aversive motivational state [121–123] and antagonism of

OX2R in PVT blocks conditioned place aversion produced

by naloxone-precipitated morphine withdrawal [124]. In

summary, increasing evidence supports a role for PVT in

reinstatement of extinguished drug seeking. However, a

role of the specific LH?PVT pathway is yet to be shown.

Hypothalamic?brainstem LH projections to the mid-

brain and hindbrain include VTA, periaqueductal grey,

parabrachial nucleus and nucleus of the solitary tract [125].

Of these, projections to the VTA are well studied and of

significant interest given the widely accepted role of the

VTA in appetitive motivation and learning. LH orexin

neurons project to the VTA [60], and mRNA for the orexin

receptors is expressed in VTA neurons [116, 117]. Orexin

acts post-synaptically to increase cell firing in VTA neu-

rons that express both dopamine and GABA [126]. Intra-

VTA infusion of orexin increases dopamine dialysate lev-

els in accumbens [127], indicating that LH-induced

activation of orexin receptors in VTA has the potential to

increase dopamine signaling in AcbSh. Furthermore, intra-

VTA infusion of the OX1R antagonist SB 334867 attenu-

ates morphine CPP [127] and attenuates locomotor

sensitization associated with repeated cocaine administra-

tion [128]. Thus, VTA is an important target of LH

projections.

The LH?VTA orexin pathway is also important for

generating the context-drug reward associations that arise

in CPP preparations. Harris et al. [119] first demonstrated

that bilateral excitotoxic lesions of the LH prior to training

prevent the development of morphine CPP, indicating that

LH is necessary for the formation of morphine CPP. Harris

et al. [119] then showed that unilateral excitotoxic LH

lesions, combined with contralateral intra-VTA infusion of

SB 334867, blocked acquisition of morphine CPP. Cur-

rently there is only a single study implicating this pathway

in reinstatement of extinguished drug seeking. James et al.

[120] found that blockade of OX1R in VTA prevented cue-

induced reinstatement of cocaine seeking.

Summary The LH is an important site of convergence of

cortical, amygdaloid and ventral striatal inputs. LH neu-

rons, in turn, project extensively to the PVT and VTA.

With afferents from the ventral striatum, and efferents to

the PVT, which in turn projects to the cortex and striatum,

the LH is an important node in corticostriatal-thalamic

loops that control appetitive motivation and drug seeking.

This position is further reinforced by the finding that LH

neurons project to the VTA to influence dopamine neurons.

Dopamine serves an important role in modulating infor-

mation flow through corticostriatal-thalamic loops and has

been posited to facilitate the translation of activity in these

loops into behavioural actions (e.g. [129]). Although much

more work is needed, the evidence reviewed here suggests

that the LH is a critical component of the neural networks

maintaining motivation and promoting action.

Hypothalamic circuitry inhibiting drug seeking

The extinction of drug seeking is an active process that

inhibits drug seeking. The neural mechanisms of this

inhibition are beginning to be elucidated (e.g. [130, 131]).

In this section we will review evidence for the existence of

a circuitry involving MDH that actively inhibits drug

seeking after extinction training (Fig. 3).

Cortical?striatal?hypothalamic

The IL region of prefrontal cortex is important for

expression of extinction of drug seeking. This evidence

comes primarily from studies employing pharmacological

manipulations. Peters et al. [115] demonstrated that func-

tional inactivation of IL via infusions of baclofen and

muscimol prevented expression of extinction and so rein-

stated extinguished cocaine seeking. Peters et al. [115] also

Fig. 3 A model depicting the neural circuitry associated with the

expression of extinction of drug and reward seeking. The key feature

of this model is that this circuit inhibits reward seeking via inhibition

of activity in the cortical-striatal-hypothalamic-thalamic-cortical loop

promoting reinstatement. The extinction circuit converges onto the

reward-seeking circuit at two points, the lateral hypothalamus (LH)

and paraventricular thalamus (PVT). Evidence for direct Dm?LH

and MDH?PVT pathways is reviewed in Sect. 3.2. The AcbSh
nucleus accumbens shell, BLA basolateral amygdala, Dm dorsomedial

accumbens shell, glu glutamate, IL infralimbic prefrontal cortex, LHa
lateral hypothalamus anterior, MDH medial dorsal hypothalamus,

VTA ventral tegmental area
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showed that pharmacological stimulation of IL, via infu-

sions of the glutamate agonist AMPA, attenuates cocaine-

primed reinstatement. These findings demonstrate that

activity in the IL is sufficient to inhibit drug seeking. IL is

also important for the consolidation of extinction of drug

seeking. LaLumiere, Niehoff and Kalivas [132] demon-

strated that functional inactivation of IL after extinction

training sessions impaired retention of extinction. Finally,

Ovari and Leri [133] demonstrated that functional inacti-

vation of the IL robustly reinstated extinguished heroin

CPP. Together, these studies suggest that IL may be an

important site for the inhibition of drug seeking after

extinction training.

However, recent findings suggest that the role of the IL

in drug seeking is more complex. Bossert et al. [134]

reported that context-induced reinstatement of heroin

seeking was associated with neuronal activation in IL.

Bossert et al. [134] then showed that selective inactivation

of these activated neurons could prevent context-induced

reinstatement. This finding, in contrast to those reported

above, implicates the IL in expression of reinstatement.

The reason for the discrepancies between studies showing

IL contributions to extinction versus reinstatement remains

unclear. One potential account for this is the finding that

there are distinct populations of IL neurons projecting to

distinct regions of the ventral striatum (see below).

AcbSh is important for the expression of extinction.

Peters et al. [115] reported that functional inactivation of

AcbSh prevented expression of extinction and so reinstated

extinguished cocaine seeking. This effect has been repli-

cated in rats that were initially trained to respond to 4%

alcoholic beer [78], indicating that AcbSh mediates

extinction across different reinforcers. Peters et al. [115]

also provided evidence that cortical-striatal circuitry is

important for the inhibition of cocaine seeking. They

reported that disconnection of the IL?AcbSh pathway

inhibited expression of extinction of cocaine seeking.

However, ipsilateral IL-AcbSh infusions had the same

effect [115], which potentially limits conclusions regarding

the role of a direct IL?AcbSh pathway in extinction

expression.

Extinction training has been linked with plasticity of

glutamatergic receptor expression in AcbSh. Sutton et al.

[135] demonstrated that extinction of cocaine, but not

sucrose, seeking caused a transient upregulation of the

AMPA receptor subunits, GluR1 and GluR2/3, compared

to rats in abstinent conditions. Furthermore, the level of

extinction expression was positively correlated with GluR1

expression. This difference was also evident in a rein-

statement experiment, whereby rats with the highest

extinction-induced GluR1 expression levels showed lowest

levels of cue-induced reinstatement. Sutton et al. [135] also

showed that viral-mediated overexpression of both GluR1

and GluR2 subunits in AcbSh reduced cocaine seeking and

reduced stress-induced reinstatement. These findings pro-

vide evidence for a role of AcbSh glutamate signalling in

extinction expression. Finally, extinction-related plasticity

in glutamatergic systems is not limited to AcbSh. Knack-

stedt et al. [136] have shown that extinction of cocaine

seeking results in changes in Homer1b/c and mGluR5

expression in AcbCo. Taken together, these findings sug-

gest that the actions of glutamate in AcbSh may be critical

for the inhibition of drug seeking.

Indeed, there is evidence that a glutamatergic projection

from the BLA to AcbSh is important for the expression of

extinction of drug seeking. Millan and McNally [137]

showed that infusions of the AMPA receptor antagonist

NBQX into the AcbSh prevented the expression of

extinction. This effect was dose-dependent and specific to

extinction because the infusions had no effect in rats tested

under a progressive ratio schedule. It was then demon-

strated that disconnection of posterior BLA from AcbSh,

via infusions of baclofen and muscimol into the BLA in

one hemisphere and NBQX into the contralateral AcbSh,

disrupted expression of extinction. This shows that a

BLA?AcbSh glutamatergic pathway mediates expression

of extinction.

The LH is an important target of AcbSh projections

during the expression of extinction of drug seeking. As

reviewed in Sect. 4.1.1.1, pharmacological inhibition of

AcbSh increases feeding in an LH-dependent manner (see

[138] for review). Recently, Millan et al. [78] reported a

similar effect in a drug-seeking paradigm. The expression

of extinction of alcoholic beer seeking was abolished when

AcbSh was inactivated. Furthermore, this reinstatement

was associated with an increase in c-Fos expression in

hypothalamic neurons, including LH orexin neurons. In a

final experiment, Millan et al. [78] demonstrated that

functional inactivation of LH blocks AcbSh-inactivation-

induced reinstatement. This evidence is consistent with

other evidence demonstrating that the expression of

extinction is associated specifically with recruitment of a

direct dorsomedial (Dm) AcbSh?LH pathway [53]. Thus,

increased activation of an AcbShDm?LH pathway is

associated with the expression of extinction of alcoholic

beer seeking.

The results of Marchant et al. [53] indicate that an

AcbShV?LH pathway is recruited during reinstatement of

drug seeking, whereas an AcbShDm?LH pathway is

recruited during extinction expression. Therefore, there are

anatomically distinct populations of LH projecting AcbSh

neurons (i.e. dorsomedial or ventral) that are differentially

recruited during test for either reinstatement (AcbShV) or

extinction (AcbShDm). There is anatomical evidence that

these subregions of AcbSh sit within different circuits. For

example, AcbShDm only receives cortical input from IL
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[77], whereas AcbShV receives projections from PL and IL

[80]. Whilst IL also projects to AcbShV, there is some

evidence that single IL neurons do not project to both

AcbShV and AcbShDm. Injections of different retrograde

tracers into AcbShDm and AcbShV in the same rat reveals

retrograde labelled neurons in IL, but very few neurons are

double labelled (Fig. 1d of Ref. [77]). Thus, it is possible

that distinct populations of IL neurons project to either

AcbShDm or AcbShV, placing them in different sub-cir-

cuits. Furthermore, while AcbShV projects to VTA,

AcbShDm to VTA projections are sparse [77].

In summary, there is evidence for parallel, but ana-

tomically and functionally distinct AcbSh?LH pathways

controlling expression of reinstatement (AcbShV?LH)

and extinction (AcbShDm?LH) that may be controlled by

distinct populations of IL neurons. These findings identify

LH as an important point of convergence between the

neural circuits that initiate drug seeking to promote relapse

and the neural circuits that inhibit drug seeking to promote

abstinence. Understanding the nature of any interactions

that occur in LH between these two circuits remains an

important area for future investigation.

Cortical?hypothalamic?thalamic

Recent evidence suggests that expression of extinction is

associated with activation of a direct cortical?hypotha-

lamic pathway. Marchant et al. [63] demonstrated that IL

neurons projecting to MDH are recruited during the

expression of extinction of alcoholic beer seeking. To the

best of our knowledge this is the first evidence for acti-

vation in a specific cortical-hypothalamic pathway (i.e.

IL?MDH) that is recruited during extinction expression.

Marchant et al. [63] further demonstrated evidence for an

efferent pathway from MDH that is active during extinc-

tion expression, identifying increased activation in both

DMH and PeF neurons (i.e. MDH) that project to PVT

specifically in rats tested for extinction. In both cases,

increased activation in these pathways was seen in rats

tested for extinction compared to those tested with rein-

statement. Thus, increased activity in these pathways is

selectively associated with reduced behavioural output in

this paradigm.

Taken together, these results demonstrate that extinction

expression is associated with recruitment of both IL?MDH

and MDH?PVT pathways. It is tempting to predict that there

is a direct IL?MDH?PVT pathway mediating extinction

expression; however, in the absence of transynaptic tracing

(e.g., [139]), it is not possible to determine whether the same

MDH neurons receive IL inputs and project to PVT during

extinction expression, resulting in a direct IL?MDH?PVT

extinction pathway, or whether separate MDH neurons con-

tribute to these pathways.

In a final set of experiments, Marchant et al. [63] pro-

vided indirect evidence that the MDH?PVT pathway is

causally important for extinction expression. Using triple-

label immunofluorescence, they demonstrated that over

half of the MDH?PVT ‘extinction’ neurons expressed the

opioid pro-peptide prodynorphin. Prodynorphin is the

precursor to the opioid peptide dynorphin, a kappa opioid

receptor (jOR) preferring ligand [140]. Expression of jOR

mRNA is high in PVT [141, 142], as such Marchant et al.

[63] tested whether jOR signalling in PVT is sufficient to

induce extinction and so inhibit reinstatement of alcoholic

beer seeking. They found that intra-PVT infusion of the

jOR agonist U50488 significantly attenuated context-

induced reinstatement. Because jOR activation leads

to hyperpolarisation of the post-synaptic neuron via Gi/o

signalling [140], this manipulation likely blocked rein-

statement by inhibition of PVT neurons. Consistent with

this, excitotoxic lesions of PVT block context-induced

reinstatement [107]. Furthermore, intra-PVT infusion of

CART, which is expected to be inhibitory [31], also blocks

cocaine-primed reinstatement of extinguished cocaine

seeking [143].

These findings support the conclusion that extinction

expression may be mediated by pathways that exert

inhibitory control over PVT, and that one such pathway is

the MDH?PVT dynorphin pathway. It is worth noting that

these studies suggest that cortical?striatal?hypothalamic

and cortical?hypothalamic?thalamic pathways are

recruited as a consequence of extinction training to actively

inhibit drug seeking, but are not necessarily recruited

during extinction learning. For example, in many of the

studies reviewed here, manipulations that prevented the

expression of extinction of drug seeking had no effect on

the initial learning of extinction. Such dissociation in the

brain mechanisms for the acquisition versus expression of

learning is relatively common and suggests that distinct

neural circuits are important for acquiring new learning

versus using that learning to influence behaviour.

Summary

The past 15 years has seen a renewed interest in the role of

the hypothalamus in appetitively motivated behaviour.

Elegant molecular studies have identified the hypothalamic

neuropeptides, cell signaling mechanisms and intra-hypo-

thalamic pathways critical for the control of feeding. More

recently, this has been extended to studies of the brain

mechanisms of drug seeking. We have argued here that the

hypothalamus is an important part of the neural circuitry

that promotes as well as inhibits drug seeking. It sits as a

key node in a corticostriatal-hypothalamic thalamic loop

important for the control of appetitive motivation and
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initiation of drug seeking, and as a key node in a cortical-

hypothalamic-thalamic loop for the inhibition of drug

seeking. The actions of hypothalamic-derived neuropep-

tides such as orexin and dynorphin are essential to

modulating activity in these loops and hence in promoting

versus inhibiting drug seeking.

There is extensive evidence that LH is important for

appetitive behaviours, encompassing feeding, drug reward

and reinstatement of drug seeking induced by associated

stimuli. The common element in these studies is that LH is

important for promoting approach behaviour directed

towards a reward. The function of LH therefore may be to

generate the motivation necessary for reward seeking,

rather than specific behavioural responses required to

obtain the goal. The demonstration that hypothalamic

orexigenic mechanisms mediate reinstatement of drug

seeking provides a rationale for expecting that antagonism

of orexigenic processes would inhibit drug seeking. As was

reviewed above, there is evidence to support this claim.

Thus, the continued activation of a cortical-striatal-hypo-

thalamic-thalamic-cortical ‘‘loop’’ is important for

initiating and maintaining drug seeking during reinstate-

ment. The corollary of this finding is that endogenous

neural substrates mediating anorexigenic functions can also

inhibit drug and reward seeking. Whilst the evidence

supporting this claim is less comprehensive, we have

reviewed the emerging evidence that some endogenous

anorexigenic structures mediate the inhibition of drug

seeking observed during an extinction test. In particular,

we propose that MDH may be important for inhibiting the

motivation necessary for drug seeking, particularly during

the expression of extinction of drug seeking.

Integration of the behavioural, neural circuitry, phar-

macological and molecular data reviewed here supports our

proposal that medial and lateral regions of the dorsal tub-

eral hypothalamus exert opposing effects on drug seeking.

The lateral region of the dorsal tuberal hypothalamus

promotes drug seeking, whereas the medial region of the

dorsal tuberal hypothalamus inhibits drug seeking. This

proposal is reminiscent of the dual-center theory of feeding

[4]. Interestingly a similar dissociation of functions has

been demonstrated in the context of aggressive behaviours.

Specifically, ‘defensive rage’, withdrawal behaviour, is

mediated by MDH, while ‘predatory attack’, approach

behaviour, is mediated by LH [144]. Ultimately, a more

parsimonious explanation of the function of the dorsal

tuberal hypothalamus in motivated behaviour may be that

the medial and lateral regions of the dorsal tuberal hypo-

thalamus promote approach to (lateral) versus withdrawal

from (medial) biologically significant events.
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receptors in the basolateral amygdala but not dorsal hippocam-

pus mediate context-induced alcohol seeking. Behav Brain Res

211(1):58–63. doi:10.1016/j.bbr.2010.03.008 (In Press, Cor-

rected Proof)

92. Petrovich GD, Ross CA, Holland PC, Gallagher M (2007)

Medial prefrontal cortex is necessary for an appetitive contex-

tual conditioned stimulus to promote eating in sated rats.

J Neurosci 27(24):6436–6441. doi:10.1523/jneurosci.5001-06.

2007

93. Oldfield BJ, Allen AM, Davern P, Giles ME, Owens NC (2007)

Lateral hypothalamic ‘command neurons’ with axonal projec-

tions to regions involved in both feeding and thermogenesis. Eur

J Neurosci 25(8):2404–2412. doi:10.1111/j.1460-9568.2007.

05429.x

94. Espana RA, Reis KM, Valentino RJ, Berridge CW (2005)

Organization of hypocretin/orexin efferents to locus coeruleus

and basal forebrain arousal-related structures. J Comp Neurol

481(2):160–178. doi:10.1002/cne.20369

95. Kirouac GJ, Parsons MP, Li S (2006) Innervation of the para-

ventricular nucleus of the thalamus from cocaine- and

amphetamine-regulated transcript (CART) containing neurons

of the hypothalamus. J Comp Neurol 497(2):155–165

96. Kirouac GJ, Parsons MP, Li S (2005) Orexin (hypocretin)

innervation of the paraventricular nucleus of the thalamus. Brain

Res 1059(2):179–188

97. Risold PY, Thompson RH, Swanson LW (1997) The structural

organization of connections between hypothalamus and cerebral

cortex. Brain Res Rev 24(2–3):197–254

98. Parsons M, Gilbert S, Kirouac J (2006) The paraventricular

nucleus of the thalamus as an interface between the orexin and

CART peptides and the shell of the nucleus accumbens. Synapse

59(8):480–490

99. Huang H, Ghosh P, van den Pol AN (2006) Prefrontal cortex-

projecting glutamatergic thalamic paraventricular nucleus-exci-

ted by hypocretin: a feedforward circuit that may enhance

cognitive arousal. J Neurophysiol 95(3):1656–1668. doi:10.1152/

jn.00927.2005

100. Kelley AE, Baldo BA, Pratt WE (2005) A proposed hypotha-

lamic-thalamic-striatal axis for the integration of energy

balance, arousal, and food reward. J Comp Neurol 493(1):72–85

101. Bubser M, Deutch AY (1998) Thalamic paraventricular nucleus

neurons collateralize to innervate the prefrontal cortex and

nucleus accumbens. Brain Res 787(2):304–310

102. Vertes RP, Hoover WB (2008) Projections of the paraventricular

and paratenial nuclei of the dorsal midline thalamus in the rat.

J Comp Neurol 508(2):212–237

103. Li S, Kirouac GJ (2008) Projections from the paraventricular

nucleus of the thalamus to the forebrain, with special emphasis

on the extended amygdala. J Comp Neurol 506(2):263–287. doi:

10.1002/cne.21502

104. Berendse HW, Groenewegen HJ (1991) Restricted cortical ter-

mination fields of the midline and intralaminar thalamic nuclei

in the rat. Neuroscience 42(1):73–102. doi:10.1016/0306-4522

(91)90151-d

105. Berendse HW, Groenewegen HJ (1990) Organization of the

thalamostriatal projections in the rat, with special emphasis on

the ventral striatum. J Comp Neurol 299(2):187–228

106. Christie MJ, Summers RJ, Stephenson JA, Cook CJ, Beart PM

(1987) Excitatory amino acid projections to the nucleus ac-

cumbens septi in the rat: A retrograde transport study utilizing

D[3H]aspartate and [3H]GABA. Neuroscience 22(2):425–439

107. Hamlin AS, Clemens KJ, Choi EA, McNally GP (2009) Para-

ventricular thalamus mediates context-induced reinstatement

(renewal) of extinguished reward seeking. Eur J Neurosci

29(4):802–812. doi:10.1111/j.1460-9568.2009.06623.x

108. Parsons MP, Li S, Kirouac GJ (2007) Functional and anatomical

connection between the paraventricular nucleus of the thalamus

and dopamine fibers of the nucleus accumbens. J Comp Neurol

500(6):1050–1063

109. Lapper SR, Bolam JP (1992) Input from the frontal cortex and

the parafascicular nucleus to cholinergic interneurons in the

dorsal striatum of the rat. Neuroscience 51(3):533–545. doi:

0306-4522(92)90293-B[pii]

110. Meredith GE, Wouterlood FG (1990) Hippocampal and midline

thalamic fibers and terminals in relation to the choline acetyl-

transferase-immunoreactive neurons in nucleus accumbens of

the rat: a light and electron microscopic study. J Comp Neurol

296(2):204–221. doi:10.1002/cne.902960203

111. Witten IB, Lin S-C, Brodsky M, Prakash R, Diester I, Anikeeva P,

Gradinaru V, Ramakrishnan C, Deisseroth K (2010) Cholinergic

interneurons control local circuit activity and cocaine conditioning.

Science 330(6011):1677–1681. doi:10.1126/science.1193771

112. Krause M, German PW, Taha SA, Fields HL (2010) A pause in

nucleus accumbens neuron firing is required to initiate and

maintain feeding. J Neurosci 30(13):4746–4756. doi:10.1523/

jneurosci.0197-10.2010

113. Taha SA, Fields HL (2006) Inhibitions of nucleus accumbens

neurons encode a gating signal for reward-directed behavior.

J Neurosci 26(1):217–222. doi:10.1523/jneurosci.3227-05.2006

114. Taha SA, Fields HL (2005) Encoding of palatability and appe-

titive behaviors by distinct neuronal populations in the nucleus

accumbens. J Neurosci 25(5):1193–1202. doi:10.1523/jneurosci.

3975-04.2005

115. Peters J, LaLumiere RT, Kalivas PW (2008) Infralimbic pre-

frontal cortex is responsible for inhibiting cocaine seeking in

extinguished rats. J Neurosci 28(23):6046–6053. doi:10.1523/

JNEUROSCI.1045-08.2008

116. Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB,

Yanagisawa M, Elmquist JK (2001) Differential expression of or-

exin receptors 1 and 2 in the rat brain. J Comp Neurol 435(1):6–25

117. Trivedi P, Yu H, MacNeil DJ, Van der Ploeg LHT, Guan X-M

(1998) Distribution of orexin receptor mRNA in the rat brain.

FEBS Lett 438(1–2):71–75

596 N. J. Marchant et al.

123

http://dx.doi.org/10.1016/j.neulet.2008.04.016
http://dx.doi.org/10.1007/s00213-003-1393-2
http://dx.doi.org/10.1016/s0031-9384(02)00688-1
http://dx.doi.org/10.1016/s0031-9384(02)00688-1
http://dx.doi.org/10.1111/j.1460-9568.2007.05674.x
http://dx.doi.org/10.1016/j.bbr.2010.03.008
http://dx.doi.org/10.1523/jneurosci.5001-06.2007
http://dx.doi.org/10.1523/jneurosci.5001-06.2007
http://dx.doi.org/10.1111/j.1460-9568.2007.05429.x
http://dx.doi.org/10.1111/j.1460-9568.2007.05429.x
http://dx.doi.org/10.1002/cne.20369
http://dx.doi.org/10.1152/jn.00927.2005
http://dx.doi.org/10.1152/jn.00927.2005
http://dx.doi.org/10.1002/cne.21502
http://dx.doi.org/10.1016/0306-4522(91)90151-d
http://dx.doi.org/10.1016/0306-4522(91)90151-d
http://dx.doi.org/10.1111/j.1460-9568.2009.06623.x
http://dx.doi.org/0306-4522(92)90293-B[pii]
http://dx.doi.org/10.1002/cne.902960203
http://dx.doi.org/10.1126/science.1193771
http://dx.doi.org/10.1523/jneurosci.0197-10.2010
http://dx.doi.org/10.1523/jneurosci.0197-10.2010
http://dx.doi.org/10.1523/jneurosci.3227-05.2006
http://dx.doi.org/10.1523/jneurosci.3975-04.2005
http://dx.doi.org/10.1523/jneurosci.3975-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.1045-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1045-08.2008


118. Smith RJ, See RE, Aston-Jones G (2009) Orexin/hypocretin

signaling at the orexin 1 receptor regulates cue-elicited cocaine-

seeking. Eur J Neurosci 30(3):493–503. doi:10.1111/j.1460-

9568.2009.06844.x

119. Harris GC, Wimmer M, Randall-Thompson JF, Aston-Jones G

(2007) Lateral hypothalamic orexin neurons are critically

involved in learning to associate an environment with morphine

reward. Behav Brain Res 183(1):43–51. doi:10.1016/j.bbr.

2007.05.025

120. James MH, Charnley JL, Levi EM, Jones E, Yeoh JW, Smith

DW, Dayas CV (2011) Orexin-1 receptor signalling within the

ventral tegmental area, but not the paraventricular thalamus, is

critical to regulating cue-induced reinstatement of cocaine-

seeking. Int J Neuropsychopharmacol 14(05):684–690. doi:

10.1017/S1461145711000423

121. Li Y, Li S, Wei C, Wang H, Sui N, Kirouac GJ (2010) Changes

in emotional behavior produced by orexin microinjections in the

paraventricular nucleus of the thalamus. Pharmacol Biochem

Behav 95(1):121–128. doi:10.1016/j.pbb.2009.12.016

122. Li Y, Li S, Wei C, Wang H, Sui N, Kirouac G (2010) Orexins in

the paraventricular nucleus of the thalamus mediate anxiety-like

responses in rats. Psychopharmacology 212(2):251–265. doi:

10.1007/s00213-010-1948-y

123. Li Y, Li S, Sui N, Kirouac GJ (2009) Orexin-A acts on the

paraventricular nucleus of the midline thalamus to inhibit

locomotor activity in rats. Pharmacol Biochem Behav

93(4):506–514. doi:10.1016/j.pbb.2009.06.017

124. Li Y, Wang H, Qi K, Chen X, Li S, Sui N, Kirouac GJ (2011)

Orexins in the midline thalamus are involved in the expression

of conditioned place aversion to morphine withdrawal. Physiol

Behav 102(1):42–50. doi:10.1016/j.physbeh.2010.10.006

125. Zardetto-Smith AM, Moga MM, Magnuson DJ, Gray TS (1988)

Lateral hypothalamic dynorphinergic efferents to the amygdala

and brainstem in the rat. Peptides 9(5):1121–1127. doi:

10.1016/0196-9781(88)90099-x

126. Korotkova TM, Sergeeva OA, Eriksson KS, Haas HL, Brown

RE (2003) Excitation of Ventral Tegmental Area Dopaminergic

and Nondopaminergic Neurons by Orexins/Hypocretins. J Neu-

rosci 23(1):7–11

127. Narita M, Nagumo Y, Hashimoto S, Narita M, Khotib J,

Miyatake M, Sakurai T, Yanagisawa M, Nakamachi T, Shioda

S, Suzuki T (2006) Direct involvement of orexinergic systems in

the activation of the mesolimbic dopamine pathway and related

behaviors induced by morphine. J Neurosci 26(2):398–405. doi:

10.1523/jneurosci.2761-05.2006

128. Borgland SL, Taha SA, Sarti F, Fields HL, Bonci A (2006)

Orexin A in the VTA is critical for the induction of synaptic

plasticity and behavioral sensitization to cocaine. Neuron

49(4):589–601. doi:10.1016/j.neuron.2006.01.016

129. Haber SN, Fudge JL, McFarland NR (2000) Striatonigrostriatal

pathways in primates form an ascending spiral from the shell to

the dorsolateral striatum. J Neurosci 20(6):2369–2382

130. Millan EZ, Marchant NJ, McNally GP (2011) Extinction of drug

seeking. Behav Brain Res 217(2):454–462. doi:10.1016/j.bbr.

2010.10.037

131. Peters J, Kalivas PW, Quirk GJ (2009) Extinction circuits for

fear and addiction overlap in prefrontal cortex. Learn Mem

16(5):279–288. doi:10.1101/lm.1041309

132. LaLumiere RT, Niehoff KE, Kalivas PW (2010) The infralimbic

cortex regulates the consolidation of extinction after cocaine

self-administration. Learn Mem 17(4):168–175. doi:10.1101/lm.

1576810

133. Ovari J, Leri F (2008) Inactivation of the ventromedial pre-

frontal cortex mimics re-emergence of heroin seeking caused by

heroin reconditioning. Neurosci Lett 444(1):52–55. doi:

10.1016/j.neulet.2008.08.015

134. Bossert JM, Stern AL, Theberge FRM, Cifani C, Koya E, Hope

BT, Shaham Y (2011) Ventral medial prefrontal cortex neuronal

ensembles mediate context-induced relapse to heroin. Nat

Neurosci advance online publication. http://www.nature.com/

neuro/journal/vaop/ncurrent/abs/nn.2758.html#supplementary-

information

135. Sutton MA, Schmidt EF, Choi KH, Schad CA, Whisler K,

Simmons D, Karanian DA, Monteggia LM, Neve RL, Self DW

(2003) Extinction-induced upregulation in AMPA receptors

reduces cocaine-seeking behaviour. Nature 421(6918):70–75.

doi:10.1038/nature01249

136. Knackstedt LA, Moussawi K, Lalumiere R, Schwendt M,

Klugmann M, Kalivas PW (2010) Extinction training after

cocaine self-administration induces glutamatergic plasticity to

inhibit cocaine seeking. J Neurosci 30(23):7984–7992. doi:

10.1523/jneurosci.1244-10.2010

137. Millan EZ, McNally GP (2011) Accumbens shell AMPA

receptors mediate expression of extinguished reward seeking

through interactions with basolateral amygdala. Learn Mem

18(7):414–421. doi:10.1101/lm.2144411

138. Kelley AE (2004) Ventral striatal control of appetitive motiva-

tion: role in ingestive behavior and reward-related learning.

Neurosci Biobehav Rev 27(8):765–776
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