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Introduction

After undergoing initial treatment for addiction to
drugs of abuse, an individual’s risk of relapse remains high'.
Exposure to stressful stimuli greatly increases an individual’s
risk for relapsing into drug- and alcohol-seeking behavior®*.
Relapse into substance abuse upon stress exposure suggests
a close relationship between the stress-response circuitry
and the reward-seeking circuitry of the brain. The extended
amygdala is anatomically situated to participate in both
stress and reward circuitry’. Further, norepinephrine (NE)
in the extended amygdala has been shown to play a critical
role in rodent behavioral models of stress-induced relapse
into drug-seeking behavior, and to modulate neural activ-
ity in the extended amygdala®'%. Recent clinical trials have
shown certain noradrenergic drugs to be effective in attenu-
ating stress-induced drug cravings in humans'*". There-
fore, a better understanding of how NE modulates synaptic
transmission in the extended amygdala may provide insight
into the underlying mechanisms of stress-induced relapse
into drug-seeking behavior, and lead to the identification
of new pharmacological therapies. This review will discuss
previous findings regarding the role of NE in rodent models
of stress-induced reinstatement, as well as findings regarding
the role of NE in modulating synaptic transmission in the
extended amygdala.

Anatomy of the Extended Amygdala and Its Noradrener-

gic Innervation

Stress-induced rein-
statement

The anatomy of the extended amygdala is critical
for its ability to engage both reward and stress circuitry in
the brain. The central nucleus of the amygdala (CeA) and
the bed nucleus of the stria terminalis (BNST) are key com-
ponents of the extended amygdala'®'”. The CeA and the
BNST are embryologically related'®, and interconnect with
one another'”®, with the CeA exerting inhibitory influ-
ence over the BNST'®2"22, To participate in stress-response
circuitry, the BNST sends an inhibitory projection to the
paraventricular nucleus (PVN) of the hypothalamus®>4.
The projection from the BNST to the PVN influences the
release of ACTH?, which in turn leads to the activation of
the body’s stress response***. The CeA has some direct con-
nections to the PVN?, but can also modulate stress activity
indirectly through the BNST?%. The BNST also projects to
the nucleus accumbens (NAc)* and sends an excitatory pro-
jection to the ventral tegmental area (VTA)**?; these pro-
jections, along with a projection to the hypothalamus, allow
the BNST to modulate reward circuitry *'. Therefore, the
extended amygdala may play a key role in the integration of
stress and reward.

The extended amygdala receives an array of synap-
tic inputs that can modulate its neural activity®’. Modula-
tion of synaptic activity in the extended amygdala can have
a profound impact on stress-induced reinstatement'"'>32,
Two examples of such inputs include excitatory glutamater-
gic inputs, such as from the basolateral amygdala (BLA)'%,
and noradrenergic inputs®. The CeA receives its noradren-
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ergic input primarily from the A2 cell group of the nucleus
tractus solitaris (NTS) through the ventral noradrenergic
bundle (VNAB)**%, with a small amount of noradrenergic
input arising from the locus coeruleus (LC)**. The BNST
receives very dense noradrenergic innervation through the
ventral noradrenergic bundle (VNAB) from the Al and A2
cell groups in the NTS*¥%. The densest noradrenergic
input is to the ventral BNST, with the dorsal BNST also
receiving noradrenergic input®. NE has been shown to be
elevated in the extended amygdala during both stress and
withdrawal**%; further, NE plays an integral role in stress-

induced relapse into drug-seeking behavior!'>#.

The Role of Norepinephrine in the Extended Amygdala
in Stress-Induced Reinstatement

NE is released into the extended amygdala dur-
ing times of stress®*%. Similarly, neurons in the BNST,
and noradrenergic inputs to the BNST, are activated during
withdrawal from drugs of abuse®, leading to increased lev-
els of NE#647_ The release of NE during times of stress and
withdrawal affects behavior. Rodent behavioral models im-
plicate NE signaling in the aversive symptoms of withdraw-
al!2434648 a5 well as in behavioral responses to stressors®.
NE also plays a role in reinstatement of reward-seeking®, as
direct injection of NE into the extended amygdala has been
shown to reinstate cocaine-secking behavior®. Similarly,
mice lacking dopamine-f-hydroxylase (DBH), an enzyme
required for NE synthesis, do not demonstrate morphine-
induced conditioned place preference (CPP)*. Viral resto-
ration of DBH to the NTS, but not the LC, rescued the
morphine-induced CPP behavior*. At the integration of
stress and reward, NE in the extended amygdala has been
shown to be a key mediator of stress-induced reinstatement
of drug-seeking®>’. For example, lesioning of the VNAB
blocks stress-induced reinstatement of morphine-seeking'?.
These studies specifically implicate NE inputs to the extend-
ed amygdala in reward-seeking and stress-induced reinstate-
ment. Subsequent work has focused on the role of particular
noradrenergic receptors in stress-induced reinstatement.

Adrenergic Receptors Modulate Neuronal Signaling

NE is capable of modulating neurotransmitter re-
lease®® through its actions on adrenergic receptors (ARs).
There are nine different ARs” divided into three major
classes: O, receptors, O, receptors and P receptors®. Each
type of receptor has three subtypes: a -ARs are composed of
o, O, and g the o,-ARs are o, o, and o, and the
B-ARs are 3, B, and B,*. ARs are G-protein coupled recep-
tors that can modulate synaptic transmission through both

pre- and post-synaptic mechanisms. o,-ARs are linked to G
signaling, o -ARs are linked to G, _ signaling, and $-ARs are
linked to G_signaling™.

0,,-AR Agonists Block Stress-Induced Reinstatement of
Drug-Seeking

Activation of the o,-AR subtype has repeatedly
been shown to block stress-induced reinstatement!"'*.
Peripheral administration of o, agonists blocks stress-
induced reinstatement of heroin-seeking®, and cocaine-
seeking!**%. Specifically in the extended amygdala, . -ARs
can inhibit stress-induced reinstatement, as administration
of an a., agonist directly into the BNST blocks footshock-
induced reinstatement of morphine-seeking'?. Of note, a. -
ARs have been implicated in stress-induced reinstatement in
humans. Patients being treated for drug addiction who are
treated with o, agonists have improved relapse outcomes,
and show decreased stress-induced drug cravings'"°. There-
fore, activation of & -ARs by NE in the extended amygdala
appears to play a crucial role in attenuating stress-induced
reinstatement of drug-seeking in both rodents and humans,
and could provide an effective therapeutic target.

o,- and B-AR Antagonists Block Stress-Induced Rein-
statement of Drug-Seeking

B-ARs and o -ARs also play a role in stress-induced
reinstatement. Administration of 8,'° and 8, antagonists'*"!
into the CeA or BNST blocks stress-induced reinstatement
of cocaine-seeking in rodents'". Peripheral administration of
an o, antagonist, prazosin, can block footshock-induced re-
instatement of alcohol-seeking®. Therefore, while activating
o,,-ARs attenuates stress-induced reinstatement, blocking -
and a,-ARs appears to be necessary for a similar attenuation
of stress-induced reinstatement. However, while o -ARs in
the BNST have been shown to modulate the stress response,
B-ARs have not*’. For example, while injection of either o,
antagonists or 3, and P, antagonists in the BNST reduces
anxiety after stress”’, only the o antagonist reduces plasma
ACTH levels following stress*. Therefore, . -ARs” modula-
tion of the stress response likely does not contribute to at-
tenuation of stress-induced reinstatement.

Noradrenergic Receptors Modulate Excitatory and In-
hibitory Transmission

Evidence suggests that the actions of NE in the
extended amygdala influence stress-induced reinstatement
of drug-seeking behavior; therefore it is important to un-
derstand how NE modulates synaptic transmission to elu-
cidate underlying mechanisms. There has been substantial
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evidence to support a heterosynaptic role for ARs in modu-
lating glutamatergic transmission’”*” and inhibitory trans-
mission® in the extended amygdala. The effect of NE on
synaptic transmission in the BNST appears to depend on
duration of NE action®, previous alterations in noradrener-
gic signaling®>®, as well as type of adrenergic receptor acti-
vated®. Studies have shown a,-ARs and o,-ARs to depress
excitatory synaptic transmission®®* as well as to modulate
inhibitory transmission’, while 3-ARs are capable of enhanc-
ing both excitatory transmission®” and inhibitory transmis-
sion®. Work has suggested that o -ARs are capable of dif-
ferentially regulating glutamatergic inputs to the extended
amygdala’(unpublished data). The activation of ARs relies
on many factors, such as duration of NE action, previous
alterations in NE signaling, and activation of other recep-
657, Further, ARs are capable of complex modulations
of synaptic transmission in the extended amygdala, such
as enhancement or depression of excitatory or inhibitory
transmission, and differential regulation of individual excit-
atory inputs to the BNST. Therefore, ARs can intricately
modulate synaptic transmission in the extended amygdala
in response to diverse stress and reward stimuli, and these
modulations may underlie stress-induced reinstatement.

tors

a,-ARs Modulate Excitatory Transmission in a Time-
Dependent Manner

Noradrenergic modulation of synaptic transmis-
sion in the extended amygdala depends on duration of
NE action. Extended application of NE to the BNST has
been observed to result in an o -AR-dependent long term
depression (LTD) of glutamatergic transmission in the
BNST?® through a postsynaptic mechanism®. However, with
a shorter application of NE, only a transient depression or
enhancement is seen®®. This LTD is disrupted in mice with
chronic alternations in adrenergic signaling, such as a,,-
AR- or NET-knockout mice®, or mice that have undergone
chronic stress or chronic ethanol exposure®®. The absence
of o -mediated LTD in the context of chronic disruption
of noradrenergic signaling suggests that o -ARs may be
important for long-term regulation of excitatory transmis-
sion in the extended amygdala, with prolonged dysregula-
tion of noradrenergic signaling interfering with the o -ARs’
ability to regulate transmission. Further, evidence suggests
a,-ARs dominate regulation of synaptic transmission after
prolonged exposure to NE by ultimately inducing LTD?,
regardless of whether the initial response to NE is a 3,-AR-
mediated increase in excitatory transmission, or an o,-AR-
mediated decrease of excitatory transmission®. In addition
to transient depression in excitatory signaling, acute appli-
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cation of NE to o -ARs causes a transient increase of in-
hibitory transmission through a presynaptic mechanism®.
Perhaps with prolonged stimulation by NE, o -ARs switch
from a short-term presynaptic mechanism that enhances in-
hibitory transmission, to a long-term postsynaptic mecha-
nism that depresses excitatory transmission®®. o -ARs
would then have the ability to depress activity in the BNST
both short-term, through enhancement of GABA, inhibi-
tory postsynaptic currents (IPSCs), and well as long term,
through LTD. The ability of a,-ARs to induce LTD in the
extended amygdala suggests a possible mechanism for a. -
ARs in modulating the stress-response after exposure to a
prolonged stressor. a.-ARs in the extended amygdala have
been shown to be capable of modulating the stress response,
with injection of o, antagonists into the BNST decreasing
levels of plasma ACTH*. By modulating excitatory or in-
hibitory transmission in the BNST, a,-ARs may modulate
the stress response by affecting the strength of the BNST’s
inhibitory projection to the PVN.

B-ARs Enhance Excitatory and Inhibitory Transmission
in the BNST

Prior alterations in noradrenergic signaling can in-
fluence which ARs are recruited by NE. For example, with
brief application of NE, a,-ARs have been shown to en-
hance IPSC frequency in the BNST®’; during acute with-
drawal from morphine, NE-treated slices also demonstrate
increased IPSC frequency through B-ARs*. Therefore, al-
though the overall outcome of enhanced inhibitory trans-
mission is the same whether through o - or 3-ARs, the phys-
iological circumstances under which NE is released in the
extended amygdala seem to influence whether or not $-ARs
are recruited. Brief application of NE to a slice might mimic
a brief stressor that predominantly acts through o -ARs. In
contrast, withdrawal may lead to long-term changes in NE
signaling that effect the basal activity of B-ARs, and thus
their likelihood of recruitment by subsequent NE signaling.
Further evidence suggests that the recruitment of 3-ARs by
NE depends on their initial state of activity before NE ap-
plication®. If enhanced excitatory transmission does not oc-
cur with initial NE application, subsequent treatment with
B-AR agonists will not lead to B-AR-mediated enhancement
of excitatory transmission®. However, if excitatory transmis-
sion does enhance with initial NE application, subsequent
B-AR agonists will cause a similar enhancement of excitato-
ry transmission®. Withdrawal may therefore influence the
initial state of B-ARs, increasing their likelihood of recruit-
ment by NE signaling. In other studies, -ARs have been
shown to enhance excitatory synaptic transmission through
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processes that rely on the activity of other receptors, such as
O(.z—ARSG and CRFR1 receptors”. Therefore, the initial state
of the B-ARs may also rely on signaling through other re-
ceptors. As a result, $-ARs may be poised to integrate stress
and reward information received from inputs that signal
though different neurotransmitters, for example integrating
NE neurotransmission with CRF neurotransmission. The
ability of B-ARs to enhance synaptic transmission in the
extended amygdala may rely on both prior noradrenergic
signaling, and on activation of other receptors.

0,,-ARs Mediate Short-term Depression of Excitatory
and Inhibitory Transmission

Like o,-ARs, a,-ARs depress synaptic transmis-
sion in the BNST through heterosynaptic mechanisms””.
Distribution of a.,,-ARs in the BNST suggests a prominent
role for a,,-ARs in modulating glutamatergic transmis-
sion. Immunohistochemical studies reveal that . ,-ARs in
the BNST are more broadly distributed than noradrenergic
terminals, and instead closely resemble distribution of glu-
tamatergic terminals’. Functionally, activation of a,-ARs in
the BNST leads to a decrease in excitatory transmission®”.
In a later study, application of a specific a.,,-AR agonist to
BNST slices led to a decrease in both excitatory and inhibi-
tory synaptic transmission’. Unlike o -ARs, the depression
of synaptic transmission by o -ARs occurs through a pre-
synaptic mechanism’. Also in contrast to o.-ARs, a,-ARs
may play a greater role in short term depression of synap-
tic transmission® (unpublished data). Studies have not yet
shown o,-ARs to be capable of modulating plasticity of the
BNST through LTD.

o,,-ARs Differentially Modulate Individual Inputs to the
Extended Amygdala

0,-ARs  may differentially regulate synaptic
transmission from individual inputs to the extended
amygdala®’(unpublished data). As in the BNST, NE signal-
ing in the CeA has been shown to heterosynaptically modu-
late glutamatergic transmission through OLZ—ARs9. Further,
NE has differential effects on the modulation of the gluta-
matergic inputs to the CeA from the parabrachial nucleus
and the BLA’. Application of NE depresses glutamatergic
transmission from the parabrachial nucleus to the CeA,
but had no effect on transmission between the BLA and
the CeA, with this effect depending on o,-AR activation®.
The differential modulation of glutamatergic transmission
by NE is a particularly interesting finding, as it suggests
that NE action through the o,-AR, for a similar duration
of time, could lead to afferent-specific effects on excitatory

transmission. Differential excitatory modulation has impor-
tant implications for understanding the circuitry underlying
the relationship between stress and reward-seeking, as spe-
cific glutamatergic inputs could have a stronger influence on
synaptic transmission in the extended amygdala, contingent
on activation of c. -ARs. Further evidence of differential reg-
ulation of glutamatergic inputs to the extended amygdala
through o -ARs has been shown by increased c-fos expres-
sion after treatment with an o, agonist™. C-fos expression
following treatment with an a.,,-AR agonist may indicate
an excitatory role for a,,-ARs in modulating glutamatergic
transmission, which contrasts with previous work showing
a.,,-ARs depress excitatory transmission”. Unpublished data
using optogenetic approaches has also provided evidence for
a.,,,-AR-mediated enhancement of excitatory transmission.
Behaviorally, guanfacine, an a.,, agonist, was recently shown
to be less effective than prazosin at blocking yohimbine-
induced reinstatement of alcohol-seeking®®. The decreased
effectiveness of guanfacine could result from guanfacine en-
hancing excitatory transmission from certain inputs while
depressing others, therefore having less of an overall effect
on synaptic transmission in the extended amygdala. How-
ever, work still needs to be done to determine if glutama-
tergic inputs to the extended amygdala are indeed differen-
tially regulated by a,-ARs, and if so, how o,-ARs modulate
each of these inputs. Optogenetic approaches may provide
a powerful tool to resolve the effect of a,-AR activation on
specific inputs to the extended amygdala.

Conclusion

Evidence implicates ARs in the extended amyg-
dala as being important in stress-induced reinstatement of
drug-seeking. In the BNST, activation of o,-ARs depresses
excitatory synaptic transmission, enhances inhibitory syn-
aptic transmission, and modulates the stress response fol-
lowing prolonged exposure to stressors. Depressing excit-
atory transmission or enhancing inhibitory transmission in
the BNST could lead to decreased strength of the inhibi-
tory projection from the BNST to the PVN, and therefore
decreased inhibition of the PVN and an enhanced stress
response in the body. Therefore, a,-AR antagonists in the
extended amygdala may attenuate these effects on excitatory
and inhibitory transmission, thus attenuating the stress re-
sponse of the body, which is consistent with previous find-
ings of decreased plasma ACTH upon injection of a,-AR
antagonists into the BNST*. This attenuation of the stress
response likely does not contribute to o,-AR antagonists’
ability to block stress-induced reinstatement in the BNST,
as B-AR antagonists injected into the BNST also block re-
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instatement, but do not decrease plasma ACTH*. Perhaps
instead, block of stress-induced reinstatement is mediated
through changes in strength of the BNST projection to the
VTA. a,- and B-ARs seem to influence negative symptoms
of withdrawal, as o.,-AR agonists and B-AR antagonists can
block withdrawal-mediated conditioned place aversion®,
perhaps implicating reward, as opposed to stress, circuitry
in attenuating stress-induced reinstatement. Further, - and
a,-ARs may be critical in integrating information from
different inputs to the extended amygdala. $-ARs may in-
tegrate signals from different neurotransmitters, as -AR-
mediated increases in excitatory transmission rely on signal-
ing through other receptors, such as (12—AR6 and CRFR1%.
Activation of these other receptors may help to determine
the initial state of B-AR responsiveness to NE, thus deter-
mining subsequent response to 3-AR agonists®. Finally, a,-
ARs play a role in transient depression of excitatory trans-
mission, and may differentially modulate excitatory inputs
to the extended amygdala. Differential modulation would
allow for certain inputs to dominate regulation of synaptic
transmission in the extended amygdala, depending on the
neural context of information reaching the BNST. Integra-
tion of inputs to the extended amygdala, and modulation of
neural activity within the region, may allow noradrenergic
receptors to regulate stress-induced reinstatement to drug-
seeking.
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This paper provides further evidence for a potential excitatory
role for a,,-ARs’ modulation of glutamatergic transmission, as
measured by c-fos staining. This paper is interesting because it
contradicts with previous findings that show a.,,-ARs as depress-

ing excitatory transmission.
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