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Regulation of dopamine system
responsivity and its adaptive and
pathological response to stress

Pauline Belujon† and Anthony A. Grace

Departments of Neuroscience, Psychiatry and Psychology, University of Pittsburgh, Pittsburgh, PA 15260, USA

Although, historically, the norepinephrine system has attracted the majority

of attention in the study of the stress response, the dopamine system has also

been consistently implicated. It has long been established that stress plays a

crucial role in the pathogenesis of psychiatric disorders. However, the neu-

robiological mechanisms that mediate the stress response and its effect in

psychiatric diseases are not well understood. The dopamine system can

play distinct roles in stress and psychiatric disorders. It is hypothesized

that, even though the dopamine (DA) system forms the basis for a

number of psychiatric disorders, the pathology is likely to originate in the

afferent structures that are inducing dysregulation of the DA system. This

review explores the current knowledge of afferent modulation of the

stress/DA circuitry, and presents recent data focusing on the effect of

stress on the DA system and its relevance to psychiatric disorders.
1. Introduction
Stress is generally defined as any stimulus that may create a challenge to the

homeostasis of an organism (for review, see [1]). Thus, stressful stimuli elicit

many physiological brain responses designed to react to a possible danger.

Indeed, activation of the hypothalamic–pituitary–adrenal (HPA) axis, which

triggers the ‘fight-or-flight’ response, is the major neuroendocrine and physio-

logical stress response to a threat from a dangerous situation [2]. The HPA axis

is a network of brain and peripheral systems; it contains the hypothalamus,

which releases corticotropin-releasing factor (CRF) and projects to the anterior

pituitary, which secretes adrenocorticotropic hormone (ACTH). The end

product of HPA axis activation (i.e. the release of glucocorticoids by the adre-

nal gland) serves to alert an organism to environmental and physiological

changes and to maintain homeostasis [3]. Therefore, the organism needs this

stress response in order to survive such situations; however, stress and

inadequate adrenocortical activity can be detrimental because it can precipi-

tate a number of pathological conditions, such as drug abuse [4], and major

depressive [5] or psychotic [6] disorders. The HPA axis is controlled by a

diverse set of afferents, and in particular by limbic system-associated regions

such as the prefrontal cortex (PFC), the nucleus accumbens (NAc), the amyg-

dala and the hippocampus [7]. Another core neuroendocrine response to

stressful stimuli is the activation of the autonomic nervous system, which

results in a rapid release of noradrenaline in the brain, by activation of locus

coeruleus (LC) neurons. The HPA axis and the LC–norepinephrine (NE)

system are the two main brain networks that are systematically associated

with stress. However, it has become more and more evident that the dopamine

(DA) system plays a key role in the response to stress, and in particular in the

pathological response observed in many psychiatric disorders. The DA system

plays a major role in the processing of natural and artificial rewards. Indeed, it

has been proposed that mesolimbic DA mediates the hedonic aspects of

rewarding stimuli [8], and that it acts as a learning signal for behavioural

reinforcement [9]. Numerous studies have also reported that DA release is

increased in response to aversive stimuli in animals, which suggests that DA
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is likely to be involved in motivation and attention processes

underlying the behavioural response to relevant stimuli,

whether aversive or rewarding [10,11]. Disruption in the

DA system has been implicated in numerous psychiatric

and neurological disorders, including schizophrenia, Parkin-

son’s disease, drug abuse and major depressive disorders

(MDDs). Although many studies have defined the basic

and pathological function of the DA system in the brain,

unravelling the complex afferent modulation of DA neuron

activity is crucial to finding adequate and effective thera-

peutic approaches to treat several disorders. Indeed, many

disorders are more likely to originate in afferent structures

involved in the control of the DA system. This review sum-

marizes current knowledge of afferent modulation of the

stress/DA circuitry, and presents recent data focusing on

the effect of stress on the DA system and its relevance to

psychiatric disorders.
:20142516
2. Stress and norepinephrine system
The catecholaminergic system has been repeatedly linked to

stress responses. In particular, the LC–NE system plays a criti-

cal role in the regulation of behavioural states, including the

stress responses, and may serve to enhance the state of arousal

in order to adapt to challenging situations (for review, see [3]).

The LC–NE system is activated by a large variety of stressors,

including restraint [12], footshocks [13] and social stress [14]. In

particular, after stress exposure, there is an increase in the

activity of LC neurons [15], as well as an increase in the NE

turnover in regions to which LC neurons project [16]. Lesions

of the LC fail to prevent HPA axis hyperactivity in response

to chronic stress but attenuate neuroendocrine hormonal

responses to acute restraint stress [17], suggesting that the

LC–NE system promotes physiological responses to stress.

Moreover, activation of LC neurons with CRF has the same be-

havioural effect as acute stress [18]. However, the LC does not

project directly to the HPA axis but also to various stress-

related structures such as the amygdala and the hippocampus,

which in turn send projections to the HPA axis [19]. The ven-

tral subiculum of the hippocampus (vSub), the primary output

of the hippocampus, receives dense innervation from the

LC–NE system [20] and is implicated in the processing of con-

textual information [21]. As such, the vSub is a key structure in

the stress response, because the context in which the stressor

takes place is essential to effectively guide the adaptive

response of an organism [22]. This is consistent with an

increase in the expression of Fos in the hippocampus in rats

exposed to various stressors, including restraint, swim and

novelty stress [23]. Studies have shown that the LC–NE

system is a potent modulator of vSub neuron activity, inducing

an inhibition or activation of vSub neurons, which can contrib-

ute to stress adaptation [24]. Moreover, footshocks activate the

majority of neurons in the vSub, which is correlated with

responses to LC stimulation in vSub neurons [25]. The vSub

innervates several limbic forebrain structures, such as the

PFC and the amygdala, that in turn have projections to hypo-

thalamic paraventricular neurons, suggesting that the vSub has

an upstream influence on limbic stress integration [26], which

might affect homeostasis. The amygdala, and in particular

the basolateral nucleus (BLA), which also receives a strong

LC projection [19], is similarly activated during stress [27],

and reciprocal activation exists between vSub and BLA
inputs [25]. Levels of NE increase in the BLA during stress

exposure [28], and the BLA neurons themselves respond to

stressful stimuli that have been shown to also activate LC

neurons [29]. Maintained or repeated stressors produce mor-

phological effects on the hippocampus and BLA, such as

dendritic atrophy in the hippocampus, and increases in den-

drites and spine density in the BLA [30]. A strong correlation

exists between synaptic plasticity and morphological changes

in spines [31]. For example, acute stress induces an increase

in adrenergic-dependent long-term potentiation in the BLA

[32], which suggests that dysfunctional stress integration, as

observed in psychiatric disorders, may involve dysregulation

in this circuitry. As mentioned, the mPFC is also a crucial com-

ponent in the responses to stressful stimuli. It is selectively

activated by psychological and social stressors [33], and is

known to modulate neuroendocrine function during stress

via modulation from the LC–NE system [34]. Moreover,

long-term potentiation in the BLA–PFC pathway is inhibited

by prior exposure to inescapable stress [35], as well as disrup-

tion of synaptic plasticity in the PFC–BLA pathway [36],

suggesting that these reciprocal interactions might also play a

significant role in the stress response.

Although, historically, the NE system is associated with

stress responses, several studies have also implicated the

DA system in the stress response.
3. The dopamine system
Neurochemical studies have demonstrated that the DA system

is activated by maintained stressful stimuli [37]. Repeated

restraint stress alters the response of the mesolimbic DA

system to a stressor, and repeated stressors such as tail-pinch

facilitate the acquisition of self-administration of psychostimu-

lants such as cocaine and amphetamine (for review, see [37]).

Neonatal lesions of the ventral tegmental area (VTA) alter the

normal hormonal response to stress in adults, indicating that

the DA system may have an influence on the HPA axis [38].

The electrophysiological state of the DA system of the VTA

has been extensively studied (for review, see [39,40]). Thus,

in vivo studies show that half of the DA neurons located in

the VTA are inactive and not firing spontaneously [41]. These

neurons are held at a constant hyperpolarized, inactive state

via an inhibitory GABAergic influence from the ventral palli-

dum (VP). Indeed, inactivation of pallidal afferents releases

the neurons from GABAergic inhibition, enabling them to

fire spontaneously [42]. Of those that are firing spontaneously,

two types of pattern are observed and regulated by different

systems. Thus, DA neurons display an irregular, single-spike

firing pattern (or ‘tonic’ activity), as well as a burst firing pat-

tern (or ‘phasic’ activity) [43,44]. The phasic pattern is

dependent on glutamatergic afferent input [44], in particular

those arising from the pedunculopontine tegmentum (PPTg)

[45]. Phasic burst firing is believed to be the behaviourally sali-

ent output of the DA system that modulates goal-directed

behaviour (for review, see [39]), and phasic changes in bursting

occur in response to a conditioned stimulus, or after a primary

reward, and have been shown to mediate prediction error

response in conscious primates [46] and rats [47]. Although

spontaneous motor behaviour is absent and sensory proces-

sing is dampened in anaesthetized animals, and burst

discharge to a stimulus response is non-existent, as shown

during the deep sleep phase in cats [48], burst properties and



rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142516

3
tonic discharge and their regulation are comparable with those

observed in behaving animals [49,50]. It should be noted that

in anaesthetized rats, burst discharge has been observed in

response to a visual stimulus after disinhibition of the superior

colliculus [51]. Moreover, in awake behaving animals, spon-

taneous bursts have the same properties as bursts produced

in response to a stimulus [49]. In addition, drugs that block

burst firing, such as NMDA antagonists injected into the

VTA [52], also interfere with learned responses [53]. Therefore,

spontaneous bursts studied in anaesthetized animals are analo-

gous in form and regulation with bursts produced in response

to a stimulus in awake behaving animals.

The pacemaker tonic firing activity, in contrast, supplies a

baseline DA activity state [42] that determines extrasynap-

tic DA concentrations. Activation of the vSub induces an

increase in the number of spontaneously active DA neurons

(i.e. population activity) but has no effect on firing rate or

bursting activity [54]. This has been shown to occur via a

polysynaptic pathway through the NAc and the VP [55].

Phasic activation of burst firing in DA neurons can only

occur in neurons that are depolarized and firing spon-

taneously; in contrast, a hyperpolarized DA neuron exhibits

a magnesium block of the NMDA channel and cannot burst

fire upon stimulation by NMDA [56]. Consequently, the

vSub controls the number of DA neurons that can be phasi-

cally activated by the PPTg by setting the tonic discharge of

DA neurons. Therefore, the PPTg provides the ‘signal’, and

the vSub is the ‘gain’ of this signal. The vSub plays a role

in context-dependent processing and its influence can vary

depending on the environment. Thus, in a benign context, rel-

evant stimuli will activate the PPTg, allowing the moderate

proportion of DA neurons that are set to be active by the

vSub to fire in bursts (figure 1a).
4. Stressors and environment
Responses to stress are dependent on the context. For example,

if a rat is exposed to a stressor, such as during contextual fear

conditioning, it will exhibit anxiety-like behaviours when

returned to the same environmental context [57]. The effect

of a stressor on the DA system varies markedly depending

on whether it is physiological, psychological or a noxious

stimulus. For example, a single noxious stimulus, such as a

footshock delivered in anaesthetized animals, has been

shown to induce a transient decrease of DA neuron firing

rate [58–60], and in some cases an increase [59,61]. It has

later been shown that the transient decrease in the firing rate

of DA neurons is located in majority in the medial portion of

the VTA, but that a transient excitation is located in the lateral

portion [62]. In contrast, when a noxious stimulus is adminis-

tered repeatedly over a set period of time, a condition which

has been shown to increase DA levels at post-synaptic sites

in behaving rats [63], a transient increase in DA neuron popu-

lation activity is induced. Unlike acute noxious stimuli, this

increase can be prevented by prior vSub inactivation [62].

When a physical stress is applied to the awake rat, such as

acute or restraint stress, there is an increase in DA neuron activity

that is also reversed by inactivation of the vSub [62]. Microdialy-

sis studies have also shown that DA is released in the striatum

in response to noxious stressors such as electric shock and

tail-pinch [64]. Stress has been shown to cross-sensitize

with amphetamine, because the acute amphetamine-induced
locomotor response, which is correlated with an increased

VTA activity [65] and an increased DA release in the NAc, is

enhanced [66] in a vSub-dependent manner [62]. Therefore, a

stress-induced hyperdopaminergic state is driven by the hippo-

campus, which is well known for its role in context dependency

[21]. This causes the DA system to be placed into a high respon-

sive state to amplify the response to a stimulus when it is

delivered in an activating context. Therefore, if a threat or specific

situation requiring high vigilance is present, the vSub will set

the DA system to a higher level of spontaneous activity, render-

ing it more reactive to deliver the appropriate response to a

significant stimulus (figure 1b).

When a stressor that had caused DA system activation is

subsequently removed, the system exhibits an opposite

response, a homeostatic event referred to as an opponent pro-

cess. According to this theory, first described by R. Solomon

in 1974 [67], emotions are pairs of opposites. When an

emotion, such as fear, is experienced, it will trigger an oppos-

ing emotion, such as relief (or withdrawal), after a period of

habituation, in order to avoid extreme emotions or withdraw

from a threatening situation. With repeated stimulations, the

opponent emotion becomes stronger, weakening the experi-

ence of the first emotion. Although it has been suggested

that acute stress induces persistent increase of DA release in

the NAc, recent studies have shown that 24 h after acute

restraint stress, the DA neuron population activity in the

VTA is markedly decreased [68]. Therefore, the initial acti-

vation of DA neurons during stress is followed by a

depression of DA activity, in parallel with an attenuated

amphetamine-induced locomotor response [68]. Such a

sequence of events would be expected to attenuate an

emotional reaction. This effect has also been described after

chronic cold stress, which induces a decrease of the DA popu-

lation activity in the VTA [69], indicating that chronic stress

induces long-lasting changes in the regulation of neuronal

activity of mesolimbic DA neurons. Therefore, the initial

DA activity increase during stress predisposes the system to

subsequent depression during withdrawal. For example, if

the stressor induces fear, an increase in DA activity would

facilitate escape and a delayed attenuation would weaken

the experience of the primary emotion if the stressor re-

occurs. Although the opponent process theory has long

been described, the neuronal circuitry underlying the DA

activity decrease has only recently begun to be elucidated.
5. The basolateral amygdala
The BLA is a limbic structure thought to attribute an emotio-

nal meaning to environmental stimuli by linking sensory

processing-related cortical regions to areas involved in the pro-

duction of emotional responses [70]. The importance of the

BLA in the emotional component of the stress response is now

clear (for review, see [71]). Stressful stimuli, such as footshock

or tail-pinch, induce activation of the amygdala [72,73], and

chronic as well as acute stressors increase activity of BLA neur-

ons [74]. Moreover, synaptic plasticity within the amygdala

[75] or in the amygdala–nucleus accumbens pathway [76] is

also affected by different stressors. Morphologically, chronic

[77] and acute [78] stress elicit a robust increase in spine density

and dendritic arborization of BLA spiny neurons. In addition,

stress can diminish the activity of GABAergic interneurons in

the BLA, suggesting a stress-induced increased responsiveness
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to emotional stimuli [79]. The BLA also receives dense noradren-

ergic afferents from LC neurons, which are activated by stressful

stimuli [80,81]. Furthermore, with repeated stressors, the NE

actions in the amygdala become more excitatory in nature [29].

Therefore, the BLA is a strong candidate for mediating the

interactions between the DA system and the stress withdrawal

response. Indeed, inhibiting noradrenergic modulation of the

BLA with infusion of the beta-adrenergic antagonist proprano-

lol prevents the decrease in VTA DA neuron activity and the

stress-induced attenuation of amphetamine locomotor response

observed following restraint stress [68]. BLA neurons send pro-

jections to multiple structures known to influence VTA DA

neuron activity. Indeed, it has been shown that the BLA projects

to the VP [82] and the rostromedial tegmental nucleus [83].

Therefore, the amygdala can influence VTA activity via a com-

plex network. The VP is the principal output nucleus connecting
the forebrain to the midbrain reward circuitry. Recent studies

have shown that the effect of BLA manipulation on DA activity

after chronic mild stress (CMS) could be suppressed by inacti-

vation of the VP [84], suggesting that the decrease of DA

activity during stress withdrawal is mediated via the amyg-

dala–pallidal pathway. Therefore, during withdrawal from

sustained stress, hyperactivity of the BLA would inhibit DA

neurons via the VP, decreasing the impact of subsequent

behaviourally relevant stimuli (figure 1c).

Therefore, the ventral hippocampus and the BLA exert

equivalent, but opposite modulatory effects on VTA DA

neuron firing and on behavioural response to amphetamine.

The DA system is potently regulated by the integration of

distinct contextual, emotional and behaviourally salient

stimuli, and the output of the DA neurons provides a critical

feedback to these systems (especially the NAc) that regulate
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goal-directed behaviours. Interestingly, it has been shown

recently that the infralimbic prefrontal cortex exerts a bi-

directional control over DA neuron population activity in

the VTA [85] via the BLA and the ventral hippocampus,

suggesting a cortical regulation of stress-induced changes in

DA activity. Therefore, the balance within this circuit enables

an organism to adapt to its environment (figure 1)

and, conversely, disruption of this balance can lead to

maladaptive responses.
 g.org
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6. Pathological stress response and psychiatric
disorders

As reviewed earlier, stressors can cause an acute activation of

the DA system mediated by the ventral hippocampal circuit,

followed by a withdrawal response with a decrease in the DA

system activity driven by the amygdala. However, if this

normal acute stress response is prolonged, it can lead to

pathological consequences. Indeed, the deleterious conse-

quences of chronic stress are likely to underlie several

psychiatric conditions.

(a) Stress and depression
Anhedonia, or loss of interest or pleasure to normally rewarding

events, is a major symptom of many neuropsychiatric disorders,

including MDD. Although depression has been historically

associated with serotonin based on antidepressant drug actions,

basic science investigations have consistently linked anhedonia

to disruptions in the DA system [86]. Indeed, in rodents, lesions

of the DA system result in impairment of brain stimulation

reward behaviour [87], and DA blockade with dopamine D2

receptor antagonists disrupts conditioned reward associa-

tion [88], both leading to anhedonic-like states. In patients

with Parkinson’s disease, pharmacological data suggest that

besides the loss of the nigrostriatal DA system, degeneration

of the mesolimbic DA system also occurs [89], which can lead

to anhedonia [90]. Moreover, treatment of Parkinson’s disease

with DA receptor agonists such as pramipexole or L-DOPA

relieves anhedonia symptoms [87]. This is consistent with

animal models supporting that anhedonia is a complication of

Parkinson’s disease [87]. The DA system is associated with

reward prediction [9] and motivation [91], and it is hypoth-

esized that DA is necessary for the attribution of incentive

salience to motivational stimuli, transforming the perception

of a reward into a wanted incentive [10]. This is consistent

with disruptions of the motivation to seek out pleasurable

experiences described in individuals diagnosed with MDD [92].

The unpredictable CMS model, developed by Paul Will-

ner and co-workers in the 1980s [93], is a validated animal

model of human depression [94]. This model consists of

repeated exposure to a range of different and unpredictable

mild stressors over a sustained period of time, inducing

anxiety, despair and anhedonia in rodents (for review, see

[95]). Activation of VTA DA neurons in rats exposed to

CMS can rescue rats with this stress-induced depression-

like phenotype [96], particularly as assessed by sucrose

preference, which is a recognized indicator of anhedonia in

rodents [97]. Moreover, inhibition of VTA DA neurons can

acutely induce multiple depression-like behaviours [96].

Using the same model, our laboratory has shown that rats

exposed to CMS display an increase in immobility in the
behavioural despair forced swim test, and a substantial

decrease in DA neuron population activity [84]. This decrease

is restored by inactivating either the BLA or the VP. More-

over, activation of the BLA in non-stressed rats decreases

DA neuron population activity, similar to what has been

described in CMS rats—a state that is also reversed by block-

ing the VP [84]. This suggests that in depression, the decrease

in DA activity is mediated by the BLA–VP pathway. It

should be noted that VP neurons receive mono- and polysy-

naptic projections from the BLA [98], and therefore the effect

on DA neurons could be direct or involve intermediary gluta-

matergic regions. The BLA receives dense projections from the

infralimbic PFC (ilPFC). The ilPFC is the rodent homologue of

Brodmann area (BA) 25, a region that is known to be activated

in humans by acute sadness [99] and is hyperactive in

depression [99]. Indeed, therapeutic interventions that are

effective in treating MDD in humans restore activity in BA25

[100]. We found that in CMS rats, pharmacological inacti-

vation of the ilPFC results in disinhibition of the DA system,

restoring VTA DA neuron population activity to a level com-

parable with non-stressed animals [101]. It is now generally

viewed that MDD is a system-level disorder affecting inte-

grated pathways connecting select cortical, subcortical and

limbic structures [102,103]. Therefore, hyperactivity of the

ilPFC/BA25, shown to be hyperactive in MDD in humans

[104] and in CMS rodents, is inducing inhibition of VTA DA

neuron activity via the BLA–VP pathway (figure 2).

Therefore, there is a balance between two separate circuits

that activate or attenuate DA neuron responsivity: the ilPFC!
BLA!VP inhibit the DA system [84,101], whereas the vSub

! NAc! VP activate the DA system [54,55]. It has been

shown that acute (footshocks) and repeated/sustained

(restraint) stress activates the vSub [24,25,62], which induces

an increase in DA neuron population activity [62]. The conse-

quence of stress on the DA system might therefore be related to

its predictable or unpredictable nature [105,106]. The CMS is

an unpredictable procedure that always leads to depressive-

and anxiety-like behaviour [107], but predictable CMS such

as repeated restraint stress over a prolonged period of time

leads to hippocampal activation, possibly via NE [68], which

in turn activates DA neuron firing. Moreover, animals show

conditioned place preference for a context previously paired

with predictable shocks to the one paired with the same

intense unpredictable ones [108]. In humans, the inability to

control a stressful event has been proposed to contribute to

depression. In animals, inescapable stress is known to lead

to learned helplessness, and is a well-established model of be-

havioural depression. Approximately half of animals exposed

to uncontrollable stress developed learned helplessness (i.e. a

decreased propensity to escape subsequent stressors) [109].

The other half, which do not demonstrate learned helpless-

ness, may therefore have undergone alternate adaptations

that protect them from the detrimental effects of inescapable

stress. It has been shown recently that rats that exhibit helpless-

ness have a decrease of VTA DA population activity, in

particular in the medial regions, whereas non-helpless animals

have DA activity comparable with control animals despite

receiving the same number of shocks [110]. This is consistent

with a previous study showing that chronic stress selectively

decreases DA neuron population activity in the medial and

central tracks of the VTA [111]. Moreover, animals exhibiting

helplessness behaviour show dopamine depletion in the

caudate nucleus and nucleus accumbens, consistent with
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altered dopamine functioning of the mesolimbic pathway in

this model [112]. In the learned helplessness model, disruption

of synaptic plasticity in the vSub–NAc pathway, which is DA-

dependent [113,114], suggests that with unpredictable stres-

sors, the vSub! NAc! VP circuit is attenuated, whereas it

is activated with predictable stressors. Moreover, ketamine,

an NMDA antagonist and a novel fast-acting antidepressant

[115], has been shown to reverse the reduction in DA system

activity and restore LTP in the vSub–NAc pathway [110], sup-

posedly via the rapid induction of synaptic proteins in the

hippocampus [116], and reversing the stress-induced decrease

in spine density [117].
(b) Stress and addiction
There is substantial evidence that a significant association

exists between acute or chronic stress and the motivation to

abuse addictive substances (for review, see [4,118]). Lasting

increases in HPA axis function has been reported with the

chronic use of psychostimulants such as cocaine [119],

which activate the mesolimbic DA system. Indeed, acute

administration of psychostimulants such as cocaine or

amphetamine increases mesolimbic DA [120], but chronic

use and acute withdrawal downregulates the mesolimbic

DA pathway, leading to decreases in basal DA levels [121].

In humans, imaging studies have shown that there is a

reduction of DA transmission in the ventral striatum and

the frontal cortex in chronic cocaine users during acute and

prolonged withdrawal [122], and disruptions of synaptic

plasticity in the VTA and the NAc has been shown after

acute and chronic cocaine administration [123,124]. Acute

administration of psychostimulants also activates brain
stress systems such as the HPA axis, which results in

increases in plasma ACTH and corticosterone [125]. Irritabil-

ity, anxiety and emotional distress are common during early

abstinence from psychostimulants [126]. This negative affec-

tive state has been described after chronic use, and parallels

disruptions in the stress response and the DA systems

(for review, see [127]). According to the opponent process

theory of motivation [128], the positive emotion caused by

the reinforcing properties of a drug is followed by secondary

compensatory anhedonic processes that are opposite in

nature and longer in duration when compared with the initial

emotion. Therefore, after chronic use, the negative affective

state prevails during withdrawal, leaving the addicted indi-

vidual in a negative affective state (for review, see [129]),

increasing the risk of relapse even after protracted periods

of time. This negative state has been observed only after

chronic drug use; few studies have focused on the withdra-

wal-negative phase following acute drug injection.

However, it has recently been shown that an acute injection

of amphetamine induces a subsequent decrease of DA

neuron population activity 18 h after the injection, with this

decrease lasting for up to 72 h [130]. Moreover, either keta-

mine administration or BLA inactivation restores the

decrease in DA neuron activity [130], suggesting that hyper-

activity in the ilPFC! BLA!VP circuit, as observed in

MDD models, might be responsible for the negative withdra-

wal state that increases the risk of relapse even after an acute

injection of a psychostimulant. Therefore, the duration of the

negative affective state during withdrawal is likely to be

related to the duration of DA system activation. Indeed,

these results suggest that chronic drug use should induce a

prolonged risk of relapse, probably due to a prolonged
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decrease in DA neuron activity following withdrawal,

whereas acute drug use, which also induces a decrease in

DA neuron activity, might be responsible for a shorter with-

drawal but will probably drive a drug-naive individual to

take additional doses of the drug.

To better understand how drug administration can

induce a negative affective state and increase the risk of

drug relapse and drug-seeking behaviour, it is therefore cru-

cial to understand the pathophysiological disruptions in the

different circuits modulating the DA system, stress–BLA

pathways and the stress–vSub system circuit.
Proc.R.Soc.B
282:201
7. Conclusion
The DA system can play distinct roles in stress and psychia-

tric disorders. Indeed, stress-induced hyperactivity in the

ventral hippocampus can activate VTA DA neuron activity

via a vSub! NAc inhibition of the VP, leading to a
disinhibition of VTA DA neurons. However, following

stress withdrawal, there is a long-lasting compensatory

decrease in DA neuron activity via an ilPFC–BLA excitation

of the VP, leading to attenuation of DA neuron activity.

Therefore, although the DA system may form the basis of a

number of psychiatric disorders, the pathology is more

likely to originate in the afferent structures that are dysregu-

lating the DA neurons. Therefore, a therapeutic focus on

restoring normal function in these regions is likely to be

more effective than manipulating the DA system directly.
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