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Basolateral amygdala and stress-induced hyperexcitability
affect motivated behaviors and addiction
BM Sharp

The amygdala integrates and processes incoming information pertinent to reward and to emotions such as fear and anxiety that
promote survival by warning of potential danger. Basolateral amygdala (BLA) communicates bi-directionally with brain regions
affecting cognition, motivation and stress responses including prefrontal cortex, hippocampus, nucleus accumbens and hindbrain
regions that trigger norepinephrine-mediated stress responses. Disruption of intrinsic amygdala and BLA regulatory neurocircuits is
often caused by dysfunctional neuroplasticity frequently due to molecular alterations in local GABAergic circuits and principal
glutamatergic output neurons. Changes in local regulation of BLA excitability underlie behavioral disturbances characteristic of
disorders including post-traumatic stress syndrome (PTSD), autism, attention-deficit hyperactivity disorder (ADHD) and stress-
induced relapse to drug use. In this Review, we discuss molecular mechanisms and neural circuits that regulate physiological and
stress-induced dysfunction of BLA/amygdala and its principal output neurons. We consider effects of stress on motivated behaviors
that depend on BLA; these include drug taking and drug seeking, with emphasis on nicotine-dependent behaviors. Throughout, we
take a translational approach by integrating decades of addiction research on animal models and human trials. We show that
changes in BLA function identified in animal addiction models illuminate human brain imaging and behavioral studies by more
precisely delineating BLA mechanisms. In summary, BLA is required to promote responding for natural reward and respond to
second-order drug-conditioned cues; reinstate cue-dependent drug seeking; express stress-enhanced reacquisition of nicotine
intake; and drive anxiety and fear. Converging evidence indicates that chronic stress causes BLA principal output neurons to
become hyperexcitable.
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INTRODUCTION
A critical component of the limbic system, the amygdaloid
complex, integrates information regarding fear and anxiety-
inducing stimuli, regulates emotional and behavioral responses,
and is involved in reward. Disruption of local GABAergic circuitry
regulating the activity of basolateral amygdala (BLA) principal
output neurons results in hyperexcitability of these neurons.
Hyperactive inputs from these BLA neurons appear to have a
significant role in disturbing the regulation of key brain regions
(that is, prefrontal cortex, nucleus accumbens and hindbrain)
governing cognition, motivation and autonomic responses.
The hyperexcitability of BLA principal neurons is associated with

behavioral disorders characterized by excessive fear and anxiety
(for review, see Prager et al.1). Hereditary (for example, autism and
attention-deficit hyperactivity disorder, ADHD2,3), congenital and
acquired abnormalities (for example, addiction) affecting neuro-
development (for example, ADHD4) or causing neurotrauma
(for example, post-traumatic stress syndrome) and dysfunctional
neuroplasticity (for example, addiction) give rise to these
behavioral disorders, which involve the amygdala and BLA. Not
only are emotional responses to fear and anxiety-inducing stimuli
affected, but disturbances of cognition, motivation and autonomic
activity are also part of these behavioral disorders.
The basal and lateral amygdala, designated as the BLA, is one of

13 amygdaloid regions. BLA contains the following three types of
cells: (i) most (80–90%) are glutamatergic pyramidal output
neurons (that is, principal neurons), similar to those in neocortex;

(ii) subsets of GABAergic interneurons (for reviews, see
Capogna5 and Pitkanen6) that frequently coexpress other
signature neuropeptides and phenotype-specific enzymes; and
(iii) neuroglial cells. These three cell types participate in the local
circuits (for example, feed-forward and feedback inhibition)
regulating the activity of local GABAergic neurons and the
principal output neurons that innervate multiple brain regions
involved in the orchestrated somatic and behavioral responses to
stressful stimuli.7 Primary afferents to BLA are also glutamatergic,
prominently from stria terminalis or originating from the lateral
amygdala (LA), the primary intra-amygdaloid input to BLA.8

This Review will emphasize stress-induced neuroplasticity in
BLA control mechanisms that eventuate in dysfunctional and
hyperexcitable BLA outputs to nucleus accumbens core (NAcc)
and abnormal motivated behavior, exemplified by drug addiction.
We begin with coverage of the physiological regulation of BLA by
neurotransmitter receptors expressed by interneurons and princi-
pal neurons. We then discuss the role of BLA inputs to NAcc in
processing affective information involved in the formation of
conditioned cues that promote goal-directed behavior. In the third
section, we review the effects of acute and chronic stress on the
induction of neuroplasticity involving receptor expression, signal-
ing and electrophysiological responses of BLA neurons and
intrinsic neural circuits. We also discuss stress-induced alterations
in the activity of afferent dopaminergic, noradrenergic and
glutamatergic inputs to BLA and synaptic responses. The
behavioral consequences of these changes in afferent inputs
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and intrinsic BLA neuron function are discussed in several
illustrative models, both animal and human. In section four, the
effects of stress on motivation, reward and drug-related behaviors
that depend on BLA and neural connections between BLA and
NAcc are reviewed. Lastly, section five integrates insights gleaned
from human brain imaging studies of regional reactivity to the
presentation of salient drug cues with results from animal models
of circuit neuroplasticity.

SECTION 1. REGULATION OF BLA NEURONS AND CIRCUITRY
THAT PROCESS INFORMATION DIRECTLY AFFECTING
EMOTION AND MOTIVATION
Hyperexcitability and GABAergic control mechanisms
Pathological disruption of GABAergic control mechanisms causes
hyperexcitability of the amygdala that has a key role in anxiety,
dysfunctional regulation of emotional responsiveness and excessive
vigilance.1,9,10 Anxiety due to hyperexcitability of the amygdala and
BLA is present in animal models and humans affected by
neuropsychiatric, neurodevelopmental and neurodegenerative dis-
orders. These include post-traumatic stress disorder (PTSD11),
autism/fragile X syndrome12 and Alzheimer’s disease.13

PTSD, in particular, develops after repeated exposure to environ-
ments that engender intense responses to stress and fear-inducing
stimuli. Targeted lesion of a very small subset of rat BLA GABA
interneurons, coexpressing neurokinin1r and somatostatin (3% of
total GABA interneurons), appears to be sufficient to impair the feed-
forward inhibition of BLA principal output neurons—resulting in
enhanced neuronal activity and anxiety behaviors.11 In contrast,
animals with greater numbers of BLA GABA interneurons are
relatively resistant to stimuli for unconditioned fear.14 In both
human and animal studies, traumatic stress alters the expression of
GABAA-R subunits.15–17 Polymorphisms in the α2 subunit of GABAA-R
predispose to PTSD, implicating genetic variation as a factor in the
vulnerability to stressors. Hence, the pivotal interaction of gene×
environment (for example, traumatic exposure in childhood)
determines the outcome of traumatic stress in adults.18

Additional subsets of BLA GABA interneurons, such as those
positive for somatostatin and parvalbumin (PV), selectively
mediate the acquisition of fear conditioning. The learned
association of footshock with auditory cues alters the inhibitory
function of these GABA interneurons, thereby disinhibiting
glutamatergic principal neurons that project to multiple brain
regions.19 Pharmacological studies have shown that activation or
inhibition of GABAA-R mediates anxiolytic or anxiogenic beha-
vioral responses, respectively,20 and enhanced expression of BLA
α2 subunit-containing GABAA-R has been associated with
increased anxiety in rats identified by selection, using contextual
fear conditioning.21 Lastly, repeatedly stressed rats show deficient
norepinephrine-induced GABAergic neurotransmission in BLA due
to impaired presynaptic α1A adrenoreceptors.22 Thus, by regulat-
ing the excitability of principal neurons, the GABAergic interneur-
onal network within the amygdala and BLA determines behavioral
responsiveness to external stimuli that induce anxiety and fear.
Pathological alterations of function within this GABAergic network,
induced by stimuli that cause severe stress and fear or tissue
damage (for example, traumatic brain injury), appear to be
sufficient to cause increased excitability of BLA principal neurons
—eventuating in disabling behavioral disorders such as PTSD and
generalized anxiety.23

Hyperexcitability and neuroplasticity
Altered excitability of BLA principal projection neurons can also
reflect intrinsic changes in these neurons or in non-GABAergic
inputs that modulate the excitability of principal neurons. Synaptic
processes that depend on altered expression and function of
neurotropins, synaptic receptors and neuronal signaling may

modify excitability. In addition, the intrinsic membrane excitability
of principal neurons may be affected.
Amygdaloid brain-derived neurotropic factor (BDNF), necessary

for synaptic neuroplasticity, is required for memory consolidation
of fear conditioning and extinction.24 A single-nucleotide
polymorphism in the BDNF gene (Val66Met) has been shown
to modify the stability and activity-dependent secretion of BDNF
and to cause dysfunctional BDNF signaling in humans.25 Conse-
quently, both amygdala-dependent fear conditioning and fear-
extinction learning are modulated by this and similar BDNF
polymorphisms.26 BDNF also modulates the generalization of fear
responses and may be associated with increased stress-induced
anxiety.27 Altered glutamatergic synaptic function in the centro-
medial amygdala (CEm) of mice with BDNF (Val66Met), which
mediates abnormal fear conditioning and extinction, might
involve dysfunction of glutamatergic projections from BLA to CEm
neurons.28

Afterhyperpolarization (AHP) of the neuronal membrane is an
integral mechanism controlling neuronal excitability. Intrinsic
excitability of BLA principal neurons is modulated by norepi-
nephrine and chronic exposure to stress, which activate β-
adrenergic receptors expressed on these neurons.29 Intraneuronal
trafficking of calcium-activated potassium channels (that is, SK)
that control the medium component of the AHP is modulated by
β-adrenergic receptors. Reduction of SK channel activity decreases
AHP and augments neuronal firing in dorsal striatum;30 similar
mechanisms operate in BLA (see Section 3). Thus, stress and
norepinephrine affect neuronal firing acutely by activating β-
adrenergic receptors and, on a more extended basis, by altering
the membrane AHP.

BLA neural network: feed-forward and feedback interactions
between BLA GABA interneurons and principal output neurons
Cortical and subcortical regions innervate BLA. The excitability of
BLA principal glutamatergic neurons is regulated by specific
subsets of BLA GABA interneurons.31 Calbindin-immunopositive
GABA interneurons, activated by glutmatergic cortical inputs,
induce feed-forward inhibition through synaptic contact with the
dendrites of principal neurons.32 PV-immunopositive BLA GABA
interneurons (~40% of BLA GABA interneurons) innervate the
soma of principal neurons and appear to mediate feedback
inhibition.5,31 Strong local inputs from principal neurons to PV+

interneurons appear to induce this feedback inhibition.33

Postsynaptically, principal neurons express primarily α2 subunit-
containing GABAA-R, whereas extrasynaptic GABAA-R, mediating
tonic GABAergic currents, are primarily assembled by principal
neurons from α5 subunits.34 These networks of GABA interneurons
control excitability of the BLA by regulating the resting firing rate
of principal neurons.8,35 Disrupted GABAergic regulation reduces
inhibitory inputs and usually produces hyperexcitability of BLA
principal neurons that contributes to emotional lability, anxiety
and disrupted motivation.1,36

Membrane receptors modulating the activity of BLA GABA
interneurons
Projections from multiple cortical and subcortical regions (see
Figure 1) modulate the activity of a wide range of receptors
throughout BLA (see Table 1) including the cannabinoid (CB1),
aminergic (for example, dopaminergic: DA-R), serotoninergic
(for example, 5HT1A), nicotinic cholinergic (nAChR), GABAergic
(for example, GABAB) and glutamatergic receptors (for example,
GluK1) expressed by BLA GABA interneurons. The following
receptors inhibit local GABA release through multiple presynaptic
signaling molecules: CB1, located on cholecystokinin-
immunopositive GABA interneurons that modulate the activity
of principal output neurons;37 5HT1A;

38 metabotropic GABAB,
which are primarily located on BLA GABA interneurons;39 and D2R.
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Dense dopaminergic projections from ventral tegmental area
(VTA)40 and substantia nigra innervate GABA interneurons,
coexpressing PV41 and D2R, and suppress GABA release.42 In
addition, suppression of the feed-forward inhibition of principal
neurons by GABA interneurons is mediated by D2R.43 In contrast,
activation of D1R on BLA projection neurons increases excitability
and firing.44,45 The net effect of increased dopaminergic input to
BLA appears to be increased BLA neural activity.

In contrast to presynaptic inhibition of GABA release, several
presynaptic receptors on GABA interneurons, such as adrenergic
receptors (that is, α1 A, α2), enhance GABA release.22,46 In addition,
kainate receptors increase BLA excitatory synaptic activity by
modulating the release of both GABA and glutamate within BLA.47

nAChRs,48 both homomeric α7 and heteromeric α4β2,
49,50 regulate

the BLA neural network. nAChRs, particularly α7, enhance both
excitatory and inhibitory synaptic activity, yet a net decrease in
BLA activity has been observed.50 An overall decrease in BLA
activity is also observed after optogenetic stimulation of basal
forebrain inputs to BLA, which activate both nicotinic and
muscarinic receptors. This decrease in BLA activity appears to
depend on the activation state of neuronal circuits within BLA—
requiring inactive principal neurons.32

Postsynaptic receptors for glutamate, GABA, serotonin and
other neurotransmitters also modulate the activity of GABA inter-
neurons. Both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPAR) and N-methyl-D-aspartate receptors
(NMDAR), containing a heterogeneous population of subunits,
are expressed postsynaptically on BLA GABA interneurons.51 Long-
term potentiation of GABA interneurons is mediated by AMPAR
lacking GluR2 subunits.52 These interneurons, which appear to be
part of the calbindin-immunopositive subset, provide feed-
forward inhibition of BLA principal neurons53 (see Figure 2).
Post-synaptic 5HT2, expressed on PV+ GABA interneurons,

Figure 1. Schematic representation of neural projections from
multiple brain regions to basolateral amygdala (BLA). The primary
neurotransmitters are identified. DRN, dorsal raphe nucleus; NTS,
nucleus tractus solitarius; SN, substantia nigra; VTA, ventral
tegmental area.

Table 1. Amygdala and BLA receptors mediating neurotransmission

Type Location Function Comment Refs

GABA
GABAA PN Inhibit PN 5

GABAB Presynaptic GABA Inhibit GABA release ↑PN excitability 39

GABAB Postsynaptic GABA Inhibit GABA release 55

Cannabinoid
CB1 Presynaptic GABA Inhibit GABA release 37

Serotonin
5HT1A Presynaptic GABA Inhibit GABA release 38

5HT1A PN ↓ PN excitability 38

5HT2 Postsynaptic GABA ↑ GABA release Inhibit PN 54

5HT2A PN ↑ PN excitability 58

Dopamine
D1R PN ↑ PN excitability 44,45

D2R Presynaptic GAB Inhibit GABA release 42,43

Adrenergic
α1A Presynaptic GABA ↑ GABA release 22

α2 Presynaptic GABA ↑ GABA release 46

β Excite PN Via SK channel and AHP

Cholinergic
nAChRs-α7 Presynaptic GABA ↑ GABA release 48,49

M1 PN ↑ PN excitability 57

Glutamate
AMPAR Postsynaptic GABA ↑ GABA release LTP: GABA neuron 51,52

AMPAR PN Excite PN 56

NMDAR Postsynaptic GABA ↑ GABA release LTP: GABA neuron 51

NMDAR PNs Excite PN 56

Adenosine
A1 Presynaptic Glut Inhibit glutamate release 65

A2A PN ↑ PN excitability Inhibit AHP 62

Abbreviations: AHP, afterhyperpolarization; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; BLS, basolateral amygdala; LTP, long-term
potentiation; nAChR, nicotinic cholinergic receptor; NMDAR, N-methyl-D-aspartate receptor; PN, principal neuron.
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enhances excitability and GABA release, suppressing the activity of
principal neurons.54 Lastly, postsynaptic GABAB receptors hyper-
polarize a wide variety of GABA interneurons.55

Membrane receptors modulating activity of BLA principal neurons
In addition to the regulation of principal glutamatergic neurons by
local GABAergic feed-forward and feedback, multiple receptor
systems (see Table 1) located on the postsynaptic membrane of
principal glutamatergic neurons modulate their intrinsic excit-
ability. Glutamatergic inputs activate principal neurons through
both fast AMPAR and slower NMDAR.56 M1 muscarinic receptors,
predominant among the multiple muscarinic subtypes present
in amygdala, also increase the excitability of principal neurons.57

In addition, 5HT2A enhances excitability by increasing intra-
cellular calcium,58 whereas 5HT1A diminishes excitability by
hyperpolarization.38 Adenosine A2A receptors, expressed in BLA
at relatively high levels,59 are Gs-coupled,

60 thereby enhancing
cAMP signaling. Gs-coupled receptors, in amygdala and other
brain regions, increase neuron excitability and the probability of
firing by reducing membrane AHP.29,61 Similarly, A2A receptors
appear to increase the intrinsic excitability of BLA principal
neurons by inhibition of AHP62—a mechanism that is also affected
by stressors.63,64 In contrast to the excitatory effects of A2A

receptors, adenosine A1 receptors expressed on presynaptic
glutamatergic cortical inputs to BLA principal neurons reduce
excitation by inhibiting glutamate release.65 Lastly, dopaminergic
projections from VTA and substantia nigra innervate BLA principal
neurons.45 D1R activation decreases slowly inactivating K1
currents, thereby increasing excitability and firing of principal
neurons. In contrast, activated D2R increase input resistance.44,66

In summary, BLA inputs from multiple brain regions modulate
the activity of principal output neurons through direct effects on
subtype-specific receptors expressed by these neurons and GABA
interneurons. Local circuits regulate principal neurons through
feed-forward and feedback mechanisms. Both impaired GABA
regulation, which disinhibits principal neurons, and altered
intrinsic membrane properties (for example, AHP) of principal
neurons cause hyperexcitability of these neurons.

SECTION 2. BLA INPUTS TO NACC: ROLE IN PROCESSING
AFFECTIVE INFORMATION INVOLVED IN FORMATION OF
CONDITIONED CUES THAT PROMOTE GOAL-DIRECTED
BEHAVIOR
Neuroanatomy
NAcc medium spiny neurons are innervated by glutamatergic
inputs from several regions including BLA and by VTA

dopaminergic inputs.7,67,68 From BLA, monosynaptic glutamater-
gic projections converge on to NAcc distal dendrites and spines,69

whereas VTA efferents release both synaptic and extrasynaptic DA,
diffusely affecting neural circuits.70,71

Animal studies of electrophysiology
A complex interaction between BLA glutamatergic and VTA
dopaminergic inputs to NAcc is required for goal-directed
behaviors that depend on BLA–NAcc neural connections. The
critical function of BLA in triggering goal-directed behavior is
evident in that BLA neuronal responses to cues precede the
activation of NAcc neurons and cue-evoked excitation of NAcc
requires input from BLA. High-frequency activity of these BLA
projections stimulates increased NAcc activity that involves
modulation by activated D1R on medium spiny neurons.72–75

BLA electrical stimulation also appears to directly induce NAcc DA
release through NMDA receptor-dependent mechanisms, inde-
pendent of effects on VTA dopaminergic cell bodies.76

Animal studies of behavior
BLA is involved in associative learning in which conditioned
appetitive cues engender goal-directed behavior.77–81 In coordi-
nation with DA inputs to nucleus accumbens (NAc; the reward-
responsive interface connecting limbic and motor systems), BLA
interactions with NAc promote reward-seeking behaviors. Condi-
tioned cues that predict reward utilize neural circuitry connecting
BLA and NAc69,79,82 to modulate the goal-directed behavior
manifest by a set of motoric behavioral responses. These
excitatory connections are necessary for cocaine-seeking behavior
in rats under a second-order schedule;82 optogenetic experiments
demonstrate that they also facilitate, but are not required for
acquisition of motivated sucrose seeking in conjunction with Da
inputs to NAc.79 Chemical disconnection of BLA from NAc disrupts
appetitive second-order conditioned responses, which depend on
a secondary cue associated with the primary conditioned cue.
Therefore, BLA positively modulates primary conditioned
responses and is required for second-order responses. In addition,
BLA is required for cue-induced reinstatement of extinguished
cocaine-seeking behavior and for chronic stress-enhanced reac-
quisition of nicotine taking (discussed in Section 4).
Monosynaptic glutamate projections from BLA mediate affec-

tive inputs to NAc.83,84 BLA inputs to NAcc positively regulate
unconditioned D1R-induced hyperlocomotion, and may exert a
tonic facilitative effect on D1R-dependent locomotion.72,85 In
contrast, prefrontal cortical (PFC) glutamate inputs to NAcc
tonically inhibit D2R-driven locomotion.85 From the perspective
of decision-making, the difference in the locomotive effects of
these two input circuits might reflect neural systems that result in
impulsive, goal-oriented behavioral responses to rewards versus
deliberate responses based on anticipating behavioral conse-
quences and inhibiting undesired movements (see Noel et al.86).
In a discrimination task, the reward-seeking behavioral response

to incentive cues depends on the integration of information from
both VTA dopaminergic and BLA glutamatergic inputs to NAc.87 In
BLA, the discriminative stimulus but not the neutral stimulus
evoked a late phase of prolonged neuronal firing, perhaps
encoding the incentive value of the cue, and the latency to
excitation was shorter than that in NAc. In addition, unilateral
inactivation of BLA reduced discriminative stimulus-induced
excitation of NAc neurons without affecting behavioral responses.
These findings indicate that excitatory BLA inputs drive NAc and
transmit information about conditioned appetitive cues that is
critical to behavioral responding to predictive cues. Other
investigators, studying primates in some experiments, have
reported that BLA encodes information about the value of stimuli
that predict reward.88,89

Figure 2. Schematic representation of GABA, glutamate and
dopamine neural inputs to a GABA interneuron (solid blue)
regulating a basolateral amygdala (BLA) principal neuron (solid
green) and directly to the principal neuron. The pre- and
postsynaptic excitatory (+) and inhibitory (− ) effects of each
neurotransmitter are shown, as are the glutamate and dopamine
projections to BLA.
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Although the mechanisms controlling both the integration
of DA and glutamate inputs by intrinsic NAc circuitry and
the behavioral consequences of this integration are not fully
elaborated, much is known. Although Da alone will not trigger
firing of NAc neurons, the release of Da from VTA projections to
NAc in response to conditioned cues is required to maintain or
restore incentive cue-dependent firing of NAc neurons in face of
tasks requiring high effort or flexibility in sustaining behavioral
responses.90,91 The release of Da in NAc also appears to maintain
engagement or facilitate re-engagement in reward-seeking
behavior, particularly if cue presentation is unpredictable.92

SECTION 3. BLA AND AMYGDALA RESPONSES TO STRESS:
NEUROPLASTICITY INVOLVING RECEPTOR EXPRESSION,
SIGNALING AND ELECTROPHYSIOLOGICAL RESPONSES
Intrinsic changes in BLA neurons and circuits in animals and
humans
In BLA, enhanced expression of α2 subunit-containing GABAA-R
has been associated with increased anxiety in rats identified by
behavioral selection using contextual fear conditioning.21,93 These
studies strongly suggest a hereditary basis for variable expression
of BLA α2 subunit-containing GABAA-R that directly correlates with
the anxiogenic outcome of contextual fear conditioning.
Stress and norepinephrine modulate the activity of BLA

interneurons (Table 2). The amygdala is densely innervated by
noradrenergic afferents from locus coeruleus and the nucleus of
the solitary tract.2,94 In rat BLA, footshock stress stimulates release
of norepinephrine, which in turn facilitates GABA release.95

Norepinephrine activates α1A adrenergic receptors, inducing
quantal GABA release by spontaneous, evoked and action
potential-independent mechanisms.22 On the basis of electro-
physiological properties, a subset of BLA GABA interneurons
respond to norepinephrine, which may mediate the effects of
local GABA interneurons on the memory of passive inhibitory
avoidance.96,97 Lastly, tailshock stress severely compromised the
α1A receptor-dependent release of BLA GABA, potentially
contributing to the hyperexcitability of BLA output neuron
mechanisms.22 Studies have also evaluated the effects of
restraint stress on the mRNA encoding α1 adrenergic receptors,
although limited to hypothalamus and midbrain. While a single
stress session increased mRNA levels in midbrain but not
hypothalamus, repeated stress reduced levels in both midbrain
and hypothalamus.98

Stress affects benzodiazepine binding to GABAA-R in rodent and
human amygdala. Studies in mice acutely exposed to social defeat
stress detected a transient increase in benzodiazepine receptor
binding within 20 min of stress.99 In contrast, positron emission
tomography (using [11C]-flumazenil) of individuals with combat-

related PTSD detected a reduction in benzodiazepine binding
within PFC and amygdala.100,101 In addition, maternal separation
without handling of rat pups from birth until postnatal day 14
caused a reduction in benzodiazepine receptors within central
and lateral amygdaloid nuclei and in γ2 subunits of the GABAA

receptor, which confer high-affinity benzodiazepine binding.102

These studies in rodent and human demonstrate consistent reduc-
tions in benzodiazepine binding to GABAA receptors induced by
chronic stress within PFC and amygdala. To the extent that these
findings are applicable to BLA, loss of these GABAA receptors is
likely to alter the excitability of the GABA interneuron network and
the regulation of principal output neurons.
Stress affects the expression of small conductance Kca channels

(SK) by BLA principal neurons. In a rodent model of chronic
adolescent stress, the social isolation of solitary housing through-
out adolescence and into adulthood induces hyperexcitability of
BLA principal neurons and increases anxiety-like behaviors in adult
rats.63 The calcium-activated potassium (Kca) channel activity
responsible for the medium component of membrane AHP is
reduced, accounting for the neuronal hyperexcitability. Reduced
BLA expression of the small conductance Kca channel (SK) is
observed, and a positive modulator of this channel restores
normal firing of principal neurons in vitro. Intra-BLA administration
of this positive SK channel modulator also reduces anxiety
behaviors. A similar channelopathy is involved in the hyperexcit-
ability of pyramidal neurons within the LA of rats chronically
exposed to stress. Thus, chronic stress-induced neuroplasticity
specifically alters the molecular expression of SK channels and the
electrophysiological responsiveness of BLA principal neurons,
resulting in reversible anxiety-like behavior. The disruption of
functional SK channels that dysregulates neuronal activity is also
involved in the neurobiological response to stressors such as fear
conditioning.103,104

Stress-responsive versus stress non-responsive rats show
differential sensitivity to the effects of stress on amygdaloid
afterhypolarization. The membrane properties of projection
neurons within both LA and basal amygdala (BA) were analyzed
in stress-vulnerable and stress-resilient adolescent and adult rats
exposed to chronic restraint stress.64 Stress-vulnerable rats are
characterized by heavier adrenal glands, lower body weights and
less time in the open arm of an elevated plus maze after chronic
restraint. Chronic stress enhances membrane excitability in both
amygdaloid regions of adolescent rats. However, BA excitability
differs between the stress-vulnerable versus resilient rats in that
the slow AHP (sAHP) is greater in the stress-resilient than in stress-
vulnerable and non-stressed controls, whereas the medium AHP is
unaffected. In contrast, the medium AHP in LA neurons, and not
the sAHP, is greater in stress-resilient and non-stressed controls
than in vulnerable adolescent rats. In adult rats, the sAHP of LA is

Table 2. Stress-induced neuroplasticity in BLA and amygdala (AMYG)

Stress paradigm/molecular targets Outcome and species Refs

Masked-faces test ↑Threat-evoked AMYG activity in PTSD 109,110

↓GABAA-R In PTSD and rodent maternal separation 100–102

Activation of GR and β-adrenergic-R Altered basal electrophys. and LTP; rodent 124,125,129

Fear extinction ↓Excitatory synaptic transmission from mPFC to BLA PN; rodent 129

Dysfunctional α1A-R Impaired NE-induced GABA release causing PN hyperexcitability; rodent 22

SK channels/AHPs
↓ SK expression ↓ AHP, +PN hyperexcitability, ↑ anxiety; rodent 36,63,104

Str. ↑ slow AHP Only: BA of stress-resilient adolescent, rat and LA of stress-resilient adult 64,106

Str. ↓ medium AHP Only: LA of stress-sensitive adolescent 64,106

Abbreviations: AHP, afterhyperpolarization; BA, basal amygdala; electrophys, electrophysiology; GR, glucocorticoid receptor; LA, lateral amygdala; LTP, long-
term potentiation; mPFC, medial prefrontal cortex; NE, norepinephrine; PN, principal neuron; PTSD, post-traumatic stress disorder; R, receptor; SK, small
conductance Kca channel; Str., stress.
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greater in stress-resilient and non-stressed controls than in the
stress-vulnerable, and only the LA neurons of stress-vulnerable
rats are hyperexcitable. Thus, the effects of chronic stress on
membrane AHPs and the resultant neuronal hyperexcitability
depend on predisposing vulnerability or resistance to stress: stress
reduces LA neuron AHPs in both stress-vulnerable adolescent
(that is, medium AHP) and adult (that is, sAHP) rats, whereas stress
increases AHPs only in BA neurons (that is, sAHPs) of stress-
resilient adolescents. Therefore, stress only induces LA neuronal
hyperexcitability, thereby promoting anxiety, by reducing sAHP or
medium AHP in animals that are sensitive to stress; conversely,
stress only reduces the excitability of BA neurons, which protects
against anxiety, in animals that are stress-resilient.
The differential sensitivity to stress exhibited by inbred rodent

strains, such as BalbC versus C57BL6/J mice, demonstrates the
heritability of stress-responsive phenotypes.105,106 These two
strains differ in multiple behavioral and physiological phenotypes
including susceptibility to social defeat stress and anxiety
behaviors. At the cellular level, polymorphisms and differences
in stress-induced expression of BDNF within certain brain regions
(for example, NAc) are associated with the development of
behavioral phenotypes characteristic of susceptibility versus
resistance to chronic stress.107 On the basis of studies such as
these in inbred mice, it is plausible to postulate that differences in
BLA electrophysiological responses to chronic stress, observed in
stress-vulnerable versus stress-resilient males from an outbred rat
strain (that is, Sprague–Dawley), are due to genetic and epigenetic
variation between individual rats.
In addition to the foregoing effects of stress on BLA and

amydaloid function, human studies detect abnormal activity in the
amygdala of veterans with PTSD. In a controlled clinical
experiment, veterans challenged by the threatening presentation
of fearful facial images manifest exaggerated amygdaloid
responses.108 This study used a masked-faces paradigm that
emphasizes intrinsic amygdaloid responses.109,110 In comparison
with veterans without PTSD, the exaggerated responses, shown by
functional magnetic resonance imaging (fMRI), were only evoked
by general threat-related stimuli in individuals with PTSD. Thus,
intrinsic amygdaloid function demonstrates long-term stress-
induced neuroplasticity in individuals with PTSD. Other studies
posit additional deficits in the top–down regulation of the
amygdala by specific regions of the PFC and other cortical areas
(for review, see Rauch et al.111). Experimental animal models have
emphasized the roles of amygdaloid BDNF—tyrosine kinase B,
GABAergic and glutamatergic circuitry in abnormal fear condition-
ing and PTSD (for review, see Mahan and Ressler112).

Stress-induced alterations in the activity of afferent inputs to
rodent BLA and synaptic responses
Increased DA release by stressful stimuli affects BLA interneurons
and principal neurons. BLA and amygdala, in general, have a
moderate level of dopaminergic innervation from the VTA.
However, dopaminergic fibers densely innervate and modulate
the activity of principle output neurons and PV-positive GABA
interneurons of BLA.45,113 The net effect of increased DA input is
enhanced BLA activity mediated by the D2R-dependent reduction
in GABAergic inhibition of principal output neurons along with
D1R-driven excitation of these neurons42–44 (see Figure 2).
Amygdaloid DA levels are highly responsive to stress114 and to
the presentation of predictive cues such as those associated with
fear-inducing stimuli.115,116 In BLA, DA levels increase during both
discrimination learning and acute stress from footshock and
handling.117,118 Both systemic and direct administration of
dopaminergic agonists (especially D1R/D5 R) facilitate amygdala-
dependent behaviors, revealing a critical role for D1R/D5R in the
expression of conditioned contextual fear.116,119–121 Lastly,

activation of amygdaloid D3R is also reported to enhance
stimulus-reward learning.122

Stress-induced norepinephrine release in BLA and elevation of
plasma glucocorticoid facilitate electrophysiological changes in
BLA. In previous sections, we reviewed the effects of chronic
stress on SK channel expression by BLA principal neurons
and presynaptic a1A adrenoreceptor expression on BLA GABA
interneurons.22,29,46,123 Stress also modulates the induction of LTP
in BLA.124,125 Acute restraint stress (20 min), mild footshock stress
and initial exposure to nicotine all stimulate the hypothalamo–
pituitary–adrenal axis126 and noradrenergic neurons in
locus coeruleus and nucleus tractus solitarius,127 increasing the
activation of BLA glucocorticoid and β-adrenergic receptors and,
thereby, facilitating induction of LTP in vitro.124 However, another
study found that elevated-platform stress enhances baseline
electrophysiological responses in BLA and inhibits LTP induction
in vivo, whereas administration of corticosterone has no affect
on LTP.125

The effects of stress on BLA electrophysiology appear to be
specific to the stress protocol, in part due to the initial activation
of different brain regions by levels of physical versus psychogenic
stimuli that are unique to each paradigm.128 Prolonged
stress-induced neuroplasticity manifested by LTP, alterations in
baseline electrophysiology and altered expression of SK channels
and adrenoreceptors, may have a role in the consolidation of
emotional memories by the BLA.

SECTION 4. EFFECTS OF STRESS ON MOTIVATION, REWARD
AND DRUG-RELATED BEHAVIORS THAT DEPEND ON BLA,
AMYGDALA AND NEURAL CONNECTIONS BETWEEN BLA
AND NACC
Introduction: stress can shift goal-directed behavior to habitual
behavior or enhance the motivation for reward
Rodent studies have identified two neural systems corresponding
to two types of learning that control instrumental behaviors: goal-
directed versus stimulus-response habitual learning (for review,
see Balleine and colleagues129,130). In brief, in the acquisition and
expression of goal-directed learning, which involves several
regions (for example, insular cortex, prelimbic cortex and
dorsomedial striatum), the reward acquires incentive value that
establishes an association between an action and an outcome,
whereas stimulus-response conditioning, which involves the
prelimbic PFC and dorsolateral striatum, establishes only the
contingency between response behavior and reward. Using habit
strategies, which no longer involve evaluating the consequences
of action, behavior is insensitive to a change in the value of the
reward. In contrast, in incentive learning, behavior is sensitive to
the value of the reward (Table 3).
Stress, both acute and chronic, modulates interactions between

incentive and habitual learning involved in instrumental beha-
viors. Human clinical experiments show that stress (that is, socially
evaluated cold pressor) prior to instrumental training causes
subjects to become insensitive to the devaluation of food
reward.131 Animal research further establishes that exposure to
chronic stress prior to prolonged training causes frontostriatal
reorganization (that is, atrophy of medial PFC, hypertrophy of
dorsolateral striatum) that is associated with behavioral insensi-
tivity to changes in the value of outcomes.132 Thus, prior stress can
promote the shift to habitual behaviors at the expense of goal-
directed action. This stress-induced behavioral shift is mimicked
by co-administration of GRs and yohimbine, which enhance
activity of the noradrenergic system. As both agents are necessary
for mimicry, administration of a β-adrenergic antagonist prior to
stress is sufficient to prevent the shift from goal-directed to
habitual behavior.133
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Stress also affects the ‘wanting’ or motivation to obtain a
reward that is triggered by conditioned cues (for review of
wanting and liking, Pool et al.134). In humans, stress specifically
increases cue-induced wanting without affecting the ‘liking’ or
hedonic pleasure of a sweet reward.135 Taken together, stress
promotes habitual, ‘non-cognitive’ behaviors and amplifies the
motivation for appetitive reward. In the next subsection, we
address connections between BLA and NAcc that are involved in
stress-enhanced motivation for appetitive nicotine reward.

Animal studies of interactions between stress, drug-related and
other reward-related behaviors, and neural circuitry
Numerous animal studies have demonstrated a causal linkage
between acute effects of stress on the extended amygdala and
subsequent cue reactivity and drug self-administration (SA).136

Plasma glucocorticoid levels, elevated by stress, activate gluco-
corticoid receptors (GRs). The GR in D1R-positive postsynaptic
neurons innervating the VTA, specifically the GABAergic neurons
of NAc and glutamatergic neurons of PFC—modulate the function
of these GABA and glutamate neurons, altering the activity of
downstream VTA DA neurons. Absence of GR in these post-
synaptic neurons greatly reduces the reinforcing properties and
motivation to obtain cocaine, without affecting the acquisition of
operant cocaine SA.137 Both DA neuron-firing rate and burst
frequency are reduced by the absence of GR in these D1R-positive
neurons. Thus, glucocorticoids facilitate the motivation to take
addictive drugs and may enhance motivation when plasma levels
are elevated by stress.
Acute exposure to a stressor, which is known to reinstate

extinguished operant drug-seeking behavior (for example, for
nicotine and cocaine), is a model for relapse to drug-taking
behavior.136 Recent studies show that stress-induced reinstate-
ment of nicotine-seeking behavior depends on the activation
of circuits responsive to corticotropin-releasing factor.138

Corticotropin-releasing factor is also involved in the dysphoria
induced by withdrawal from nicotine.139 Blockade of CRF1-R in the
central nucleus of amygdala prevented the elevation of brain
reward thresholds (indicative of reduced brain reward function)
induced by mecamylamine-precipitated withdrawal from chronic
nicotine. Corticotropin-releasing factor-positive neurons in central
amygdala are also involved in mediating the effects of acute stress

on reinstatement of seeking other addictive drugs (for example,
cocaine).
Acute stress facilitates reinstatement of the extinguished

conditioned place preference (CPP) for morphine; facilitation by
stress depends on glucocorticoids. In a recent study, following
extinction of CPP, rats received either forced swim stress or
corticosterone, followed by an ineffective dose of morphine to
induce reinstatement.140 The physical stress of forced swim, but
not corticosterone alone, effectively induced CPP, and bilateral
intra-BLA microinjection of mifepristone (RU38486, a GR antago-
nist) prevented this induction. Thus, activation of GR in BLA by
stress appears to facilitate the rewarding effects of morphine. In
this model, activation of GR is necessary, but not sufficient to
reproduce the effects of stress.
Stress-induced reinstatement of CPP for nicotine also requires

intact circuitry within mouse BLA. Kappa opioid receptors
responsive to the opioid neuropeptide, dynorphin, have been
implicated in this effect of stress (that is, footshock-induced
reinstatement of nicotine preference).141 By selectively transfect-
ing and inhibiting a specific subset of BLA neurons, using designer
receptors activated by designer drugs (that is, DREADDs),
G-protein signaling through Gαi was found to mediate the kappa
opioid receptor-dependent inhibition of CaMKIIα-positive BLA
neurons (that is, glutamatergic output neurons). Thus, the effects
of acute footshock stress in the reinstatement of CPP for nicotine
appear to require inhibition of BLA principal output neurons by
kappa opioid receptors.
In addition to processing information related to stress, BLA has

long been implicated in reinstatement of drug-seeking behavior
stimulated by drug-conditioned cues and in sensitization to the
effects of repeated exposure to drug. Bilateral lesions of BLA are
known to prevent both cue-induced reinstatement of cocaine SA
and acquisition of cocaine-seeking under a second-order schedule
of reinforcement.142,143 Behavioral responses to drugs of abuse
sensitize following repeated exposure to drug. Repetitive admin-
istration of nicotine causes locomotor sensitization in which a
challenge dose of nicotine stimulates a significantly greater
locomotor response after abstinence from repeated exposures
to the drug. This sensitization is accompanied by increased
phosphorylation of proteins in the mammalian target of
rapamycin pathway (mTOR).144 In BLA and not CEA, proteins
downstream of mTORC1 become phosphorylated (for example,
p-p70s6k, p-4EBP). Both systemic and intra-BLA infusions of

Table 3. Effects of stress on instrumental behavior and on molecular determinants of behavior mediated by BLA, amygdala and BLA–NAcc
connections

Paradigm/molecular targets Effect of stress and Species Refs

Instrumental behavior Goal-directed behavior shifted to Habitual; rodent and human 129–132

•β-adrenergic-R antagonist blocks shift 133

Instrumental behavior Inc. ‘wanting'; no effect on ‘liking’; human 134

Operant cocaine SA Glucocorticoids facilitate and may Inc. motivation for drug? BLA role; mouse 137

Withdrawal from chronic Nic infusion CRF1-R antagonist in CEA Dec. dysphoria; rat 139

Reinstatement:
CPP for morphine (M)

Active BLA GR required for Str.-facilitated reinstatement of preference for M; rat 140

Reinstatement:
CPP for Nic

Activated BLA KOR required for Str.-induced reinstatement of preference for Nic; mouse 141

Locomotor sensitization to Nic Inc. phosphorylation of proteins in BLA rapamycin pathway; intra-BLA rapamycin blocks
sensitization; rat

144

Reacquisition
Nic SA post abstinence

BLA and connections to NAcc required for expression of Str.-enhanced Nic SA; rat 147,148

Craving first daily cigarette Stressful auditory scenario increased craving 150

Modulation of brain activity by stress and
smoking cues

Amyg deactivation by acute psychosocial stress predicts regional brain responses to
cues, detected by fMRI; human

151

Abbreviations: BLA, basolateral amygdala; CEA, central nucleus of amygdala; CPP, conditioned place preference; CRF, corticotropin-releasing factor; Dec.,
decrease; fMRI, function magnetic resonance imaging; GR, glucocorticoid receptor; Inc., increase; KOR, kappa opioid receptor; M, morphine; NAcc, nucleus
accumbens core; Nic., nicotine; R, receptor; SA, self-administration; Str., stress.
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rapamycin, a potent inhibitor of mTOR, block the initiation and
expression of locomotor sensitization to nicotine and the
phosphorylation of proteins downstream of mTORC1. Thus, the
rapamycin pathway in BLA is required for sensitization to repeated
exposures to nicotine.
Only 3–5% of human cigarette quitters are successful for 6–

12 months. Chronic stress is one of the most prominent inducers
of relapse to cigarette smoking145 and drug taking, yet very few
preclinical studies have focused on the relapse to drug taking
induced by chronic, repeated stress during drug abstinence.146 We
recently established a model for relapse to operant nicotine SA.147

Following stable acquisition of SA by rats with 23 h access to
intravenous nicotine in operant chambers, restraint stress was
imposed for 30 min on alternate days during an 8-day interval of
drug abstinence without extinction training. Following the fourth
and final stress session, rats were returned to home operant
chambers. Figure 3 shows that stress greatly increases the active
lever presses, nicotine infusions and motivation to obtain the drug
(that is, increased progressive ratio). In addition, stress increases
the number of infusions obtained during the inactive phase (that
is, lights on) of the light cycle.147

In further investigations, using chemical disconnection of serial
connections between brain regions, we found that BLA and
connections to NAcc are necessary for the expression of stress-
enhanced nicotine SA, as are connections between ventral
hippocampus and BLA (see Figure 4).148 We also observed
(unpublished studies) that both intravenous nicotine-stimulated
glutamate and DA release, sampled by in vivo microdialysis of
NAcc in freely moving rats, were significantly increased twenty-
fours after repeated stress (administered during abstinence from
nicotine SA). This enhanced release of DA was abolished by
inactivation of the ipsilateral BLA (glutamate response to
inactivation of BLA has not been evaluated). Thus, repeated stress
during abstinence increases the motivation to obtain nicotine and
the amount taken. Although BLA projects to other regions (for
example, cortical and dorsomedial striatum) involved in motivated
behavior, the response to stress described in the foregoing
experiments depends on intact BLA and connections to NAcc and
ventral hippocampus. The stress-enhanced reacquisition of
nicotine SA is associated with increased NAcc release of both
glutamate (targeting medium spiny neurons modulated by D1R)
and DA, which, in the case of DA, depends on intact BLA activity.
A recent study using real-time recording and optogenetic
phototagging, showed that BLA neurons, specifically those
connecting to NAc, were excited by cues predicting reward.149

In summary, both stress-induced reinstatement of extinguished
drug seeking and reacquisition of nicotine taking require specific
amygdaloid mechanisms, depending on the model and drug.
Acute stress-induced reinstatement of CPP for drug and drug SA
involve GR- and kappa opioid receptor-dependent mechanisms
within BLA and corticotropin-releasing factor in CEA, respectively,
and reacquisition of nicotine taking after chronic stress during
abstinence, which enhances motivation for nicotine, involves BLA
and its connections to NAcc. Therefore, BLA and CEA responsive-
ness to stress modulates multiple brain regions controlling craving
and motivation to take drug.

SECTION 5. DRUG ADDICTION, BLA AND STRESS:
INTEGRATION OF INSIGHTS FROM HUMAN CLINICAL AND
BRAIN IMAGING STUDIES WITH ANIMAL MODELS OF BLA
FUNCTION IN ADDICTION
Human clinical and fMRI studies of interactions between stress,
drug-related behaviors and neural circuitry
A controlled human laboratory study evaluated the effects of
stress on electing to smoke the first cigarette of the day and on
subsequent smoking.150 The randomized audio presentation of a

stressful personal scenario versus neutral scenario to an overnight
abstinent smoker reduces the resistance to smoke the first
morning cigarette and increases craving, which is diminished by
smoking. In addition, puff number increases and interpuff interval
declines while smoking the first cigarette after stress. In contrast to
these findings, the number of subsequent smoked cigarettes is
not affected by stress. Thus, acute stress increases craving for and

Figure 3. Repeated stress during abstinence increased the reacquisi-
tion of operant nicotine self-administration (SA). The reacquisition of
nicotine SA was measured under a progressive ratio (PR) schedule
begun immediately after the final stress on day 7 (30 min sessions of
restraint in a plexiglass cylinder on days 1, 3, 5 and 7 of abstinence
from nicotine SA) and followed by an FR5 (fixed ratio: 5 operant
lever presses required to obtain 1 infusion of nicotine) schedule. (a)
The number of nicotine injections and the final ratio completed
under a PR schedule during a 23-h session of reacquisition were
significantly increased by repeated restraint stress compared with
the non-stress group. (b, c) After the PR session, both nicotine
injections and active lever presses during 5 days of reacquisition
under an FR5 schedule were also significantly increased by stress
(repeated measure ANOVA: Po0.05). *Po0.05 versus non-stress
groups (t-test). #Po0.05 versus baseline during the final 3 days of
acquisition within group; †Po0.05 stress versus non-stress group at
same time interval (t-test). n= 5 and 7 for non-stress and stress
groups, respectively. Reprinted from Yu et al.147 with permission
from the publisher.
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decreases resistance to smoking the first cigarette of the day in
chronic smokers.
Functional MRI has been used to measure changes in human

regional brain activity induced by acute stress and then by
presentation of smoking-associated cues to chronic cigarette
smokers.151 Psychosocial stress per se modulates the activity of the
medial temporal lobe, which contains amygdala and hippocam-
pus, and other limbic structures. The magnitude of deactivation in
amygdala, hippocampus and NAc was used to define a brain index
of stress that correlates with increased MRI responses to cue
presentation in other brain regions such as medial PFC, medial
temporal lobe and in primary and association visual areas. Thus,
the brain response to acute psychosocial stress predicts sub-
sequent regional neural responsiveness to smoking-associated
cues, indicating that stress appears to enhance neural cue
reactivity, perhaps by increasing the incentive salience of
these cues.

Integration of human imaging studies of brain reactivity to salient
drug cues and animal models of drug seeking
Human imaging studies demonstrate activation of mesocortico-
limbic regions including amygdala, induced by the presentation of
salient cues associated with drugs (for example, nicotine, cocaine

and ethanol; for review, see Jasinka et al.152). These observations
fit with the drug-induced release of DA throughout mesocortico-
limbic regions by projections mainly from VTA, which has been
widely reported in animal and human studies. Animal studies have
characterized the receptors and neural mechanisms mediating DA
release and the role of BLA in responding to drug-conditioned
cues.77–81

Regional brain reactivity to the presentation of salient drug
cues, detected by fMRI, varies within and between human imaging
studies and individuals, reflecting bidirectional interactions with
the following factors: intensity and chronicity of drug use, depth
of addiction, relapse risk, responsiveness to treatment, stressor
exposure and abstinence and intensity of withdrawal.152 In
smokers, although smoking cue-induced reactivity in many brain
regions is positively associated with the degree of nicotine
dependence, a negative correlation was found in the amygdala.153

In contrast, amygdala responses to ethanol-associated cues are
positively correlated with the severity of ethanol addiction.154 In
summary, human brain imaging has the unique capacity to
illuminate individual differences in brain reactivity to cues,
reflecting the complex patterns and individual variation in human
addiction. Understanding the significance of these individual
differences will require further development of differentiated
animal behavioral models of addiction and analysis of the
underlying neural dysregulation.
Animal models of reinstatement of extinguished drug-seeking

behavior show that conditioned cues or stress acutely induce
drug-seeking behavior for multiple drugs (for reviews, see
Mantsch and et al.146 and Koob155). Bilateral lesions of rodent
BLA are known to prevent both cue-induced reinstatement of
cocaine SA and acquisition of cocaine seeking under a second-
order schedule of reinforcement.142,143 A complementary human
fMRI study showed that self-reported cigarette craving is positively
correlated with amygdala reactivity to the presentation of a
cigarette cue.156 In addition, an fMRI study (reviewed above
Dagher151) demonstrates that the reactivity of several brain
regions, including amygdala, to acute psychosocial stress predicts
subsequent regional brain reactivity to smoking-associated cues.
Lastly, in a study of individuals with heavy ethanol use,
both anxiety and depressive symptoms were positively correlated
with reactivity to gustatory ethanol cues in multiple brain
regions.157

These studies underscore the essential roles of BLA and
amygdala within the network of brain regions mediating diverse
behavioral and physiological responses to conditioned cues and
stressors. Both human fMRI research and the animal study of BLA
inactivation indicate the essential role of this region in craving and
craving-related behavioral responses to drug-conditioned cues.
fMRI findings also suggest that amygdala responses to acute stress
may modulate the effect of smoking-conditioned cues on the
activation of a network of brain regions. This human study coheres
with preclinical observations demonstrating that (i) stress acutely
induces craving for drug—manifest as reinstated drug seeking
behavior after extinction (discussed in section 4), and (ii) chronic
stress during abstinence amplifies the motivation to take drug—
due to enhanced signaling between BLA and NAcc.147,148

Furthermore, a complementary study indicates that glutamate,
released by BLA principal neurons projecting to NAc, is required to
promote motivated responding for natural reward (that is,
sucrose).79 Although these studies highlight critical BLA–NAc
monosynaptic connections, BLA connections to other brain
regions may also be involved.
In summary, both human imaging studies and animal models

indicate that drug-associated cues activate a multiregional neural
network that includes the BLA. Inactivation of BLA disrupts drug-
taking and drug-seeking behaviors. Human imaging studies show
that regional brain responsivity to salient cues varies between
individuals who differ by drug-related and environmental factors

Figure 4. Reversible disconnection of basolateral amygdala (BLA)
and nucleus accumbens core (NAcc) blocked the expression of
stress-enhanced operant nicotine self-administration (SA) during
reacquisition. GABA receptor agonists, baclofen and muscimol (B
+M), or vehicle, were microinjected unilaterally into BLA and
contralaterally into NAcc 30 min prior to reacquisition sessions on
d1 and 2 (indicated by arrows). Active lever presses and nicotine
injections are shown in a, b, respectively. *Po0.05 for within-group
comparisons of responses during reacquisition versus the final 3d of
acquisition (one-way ANOVA with post hoc Bonferroni comparisons);
#Po 0.05 for stress/B+M versus stress/vehicle on the same d (t-test).
Reprinted from Yu and Sharp148 with permission from the publisher.
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that affect brain function. Within this network of brain regions, the
degree of dependence on nicotine versus ethanol may have
opposite effects on amygdala reactivity. Both the acute cue-
induced reinstatement of drug seeking and the chronic stress-
enhanced motivation to take drug after abstinence require
activation of amygdala. Increased activity of amygdala, BLA and
neural projections to NAc appears to enhance the motivation for
drug reward.

CONCLUSION
Multiple neurotransmitters and receptors mediate the inter-
regional communication of information (for example, visual and
auditory) contributing to the emotive dimension of cognition and
behavior. Diverse experimental approaches, utilizing genetic,
molecular, electrophysiological, imaging and behavioral meth-
odologies in animals and humans, have established the pivotal
role of amygdala and BLA in processing and integrating this
emotive information, in coordination with multiple brain regions.
Chronic stress affects neural inputs to BLA, inducing neuroplas-
ticity that causes hyperexcitability of BLA principal neurons. Stress
disrupts the function of both intrinsic BLA GABAergic circuits (for
example, altered a1A adrenoreceptor expression) that regulate
principal neurons and the principal neurons (for example, altered
SK channels and AHPs), per se. This hyperexcitability of BLA
principal neurons is a major factor that sustains and exacerbates
abnormal behaviors in PTSD, addiction and other behavioral
disorders.
Both human imaging studies and animal studies indicate that

drug-associated cues activate a multiregional neural network that
includes the BLA. Within this network, the essential role of BLA is
evident in the disruption of certain drug-taking and drug-seeking
behaviors by inactivation of BLA. Both the acute cue-induced
reinstatement of drug seeking (for example, nicotine, cocaine and
heroin) and the chronic stress-enhanced motivation to take
nicotine after abstinence are mediated, in part, by activation of
amygdala and BLA. Human imaging studies also show that
regional brain responsiveness to salient drug cues differ between
individuals who vary by drug-related (for example, degree of
dependence) and environmental factors (for example, stressors)
that alter brain function. Thus, behavioral responses to drug cues
can show considerable variation among individual addicts.
Acute and chronic stresses augment both craving and

motivation for smoked cigarettes and nicotine by humans and
animals, respectively. Moreover, human brain imaging has
implicated amygdaloid responsiveness to acute stress as a
determinant of the level of brain activity stimulated by smoking
cues in multiple brain regions. The BLA and its glutamatergic
inputs to NAc are also required for motivated responding for
natural rewards. Stress-induced hyperexcitability of these projec-
tions from BLA principal neurons to NAc appears to enhance the
motivation for nicotine reward following abstinence from the
drug. In general, hyperexcitability of BLA principal neurons has a
major role in human addiction, anxiety and fear-related disorders.
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