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Abstract

Complex motivated behavioral processes, such as those that can go awry following substance
abuse and other neuropsychiatric disorders, are mediated by a distributive network of neurons that
reside throughout the brain. Neural circuits within the amygdala regions, such as the basolateral
amygdala (BLA), and downstream targets such as the bed nucleus of the stria terminalis (BNST),
are critical neuroanatomical structures for orchestrating emotional behavioral responses that may
influence motivated actions such as the reinstatement of drug seeking behavior. Here, we review
the functional neurocircuitry of the BLA and the BNST, and discuss how these circuits may guide
maladaptive behavioral processes such as those seen in addiction. Thus, further study of the
functional connectivity within these brain regions and others may provide insight for the
development of new treatment strategies for substance use disorders.

Introduction

The amygdala, located within the medial temporal lobe, is divided into at least 13 distinct
subnuclei; the most clearly defined being the basolateral amygdala (BLA), the lateral
amygdala (LA), and the central amygdala (CeA) (Amaral and Price 1984; Amunts et al.

2005). The CeA connects the amygdala proper with the extended amygdala, located between

the amygdala and the nucleus accumbens (NAc). The extended amygdala is comprised of
the bed nucleus of the stria terminalis (BNST) as well as other interconnected nuclei such as
the dorsal substantia innominata (Cassell et al. 1999).

Primary functions of the amygdala include emotional learning and regulation (Phelps and
LeDoux 2005), memory formation (Packard and Cahill 2001), and reward processing
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(Baxter and Murray 2002). The BNST is made up of a vast array of cell types including
GABAergic and glutamatergic efferent populations, as well as GABAergic and cholinergic
interneurons (Ju and Swanson 1989; Ju et al. 1989). Overlapping with these populations are
cells expressing an assortment of neuropeptides including NPY, CRF, enkephalin,
dynorphin, and substance P (Kozicz et al. 1997). The BNST is involved in sustained fear
behaviors (Walker and Davis 2008; Walker et al. 2009), anxiety-like behaviors (Walker and
Davis 1997; Cecchi et al. 2002; Walker and Davis 2008), and stress induced reinstatement
of drug seeking (Erb et al. 2000; Erb et al. 2001; Erb et al. 2001; Wang et al. 2001).

Human neuroimaging studies have provided strong evidence for the role of the amygdala
and extended amygdala structures in drug and alcohol addiction. A meta-analysis of data
collected from fMRI and PET studies revealed that the amygdala and nucleus accumbens
(NAC), an area that receives dense innervation from the amygdala, show the most robust
neural activation in response to drug-associated cues (Chase et al. 2011). Additionally, two
functional fMRI studies found correlations between NAc activity and drug cravings (Kufahl
et al. 2005; Risinger et al. 2005). Changes in the amygdala have also been associated with
alcohol use disorders. An MRI study found that the amygdala is smaller in children of
parents with alcohol use disorders (Hill et al. 2001). Furthermore, gray matter is decreased
in the medial prefrontal cortex (mPFC), a region that receives strong innervation from the
amygdala, in patients with alcohol use disorders (Pfefferbaum et al. 1998).

In this review we outline amygdala and BNST afferent and efferent connectivity, as well as
animal studies that have implicated these circuits in the development and maintenance of
drug addiction.

Role of BLA in addiction

The amygdala is thought to be necessary for attributing emotional value to cues that predict
salient events. The BLA, in particular, has an integral role in processing affective states
(Phelps and LeDoux 2005). Importantly, the BLA has been implicated as a critical
modulator of reinstatement of drug seeking in rodents (Fuchs et al. 2005). Lesions of the
BLA disrupt cue-induced reinstatement of cocaine self-administration (Meil and See 1997),
conditioned reinforcement for a natural reward (Burns et al. 1993), and disrupts the
acquisition of cocaine seeking during a second order schedule of reinforcement (Whitelaw et
al. 1996). However, BLA lesions alone do not disrupt self-administration for cocaine (Meil
and See 1997) or natural reinforcers (Corbit and Balleine 2005), suggesting the BLA plays a
critical role in secondary reinforcement of natural rewards and drugs of abuse.

BLA afferents

The BLA receives strong innervation from the thalamus, hippocampus, and medial
prefrontal cortex (Fig 1A) (Ottersen 1982; Albanese and Minciacchi 1983; van Vulpen and
Verwer 1989). The BLA also receives dopaminergic innervation from the ventral tegmental
area (VTA, Fig 1A) (Albanese and Minciacchi 1983), and this circuit may underlie
behavioral changes in drug addiction. Dopamine receptor antagonist in the BLA blocks cued
reinstatement of drug seeking behavior (See et al. 2001). Likewise, studies have shown
increases in extracellular dopamine in the BLA during the presentation of a cue that predicts
a cocaine reinforcer (Weiss et al. 2000). Dopamine receptor activation in vivo increases the
firing rate of fast-spiking interneurons, suggesting that dopamine release in the BLA
decreases the firing rate of BLA projection neurons (Rosenkranz and Grace 1999). Thus,
dopamine's role in cued reinstatement in the BLA is may be through suppressing BLA
output.
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Neurotransmission between the BLA and NAc is critically involved in reward-seeking
behavior and conditioned reinforcement (Everitt et al. 1999). The BLA sends a dense
glutamatergic projection to inhibitory medium spiny neurons in the shell and core of the
NAc (Fig. 1B) (Kelley et al. 1982; French and Totterdell 2003; Britt et al. 2012).
Interestingly, other striatal sub-regions such as the dorsal medial and dorsal lateral striatum
receive substantially less BLA innervation (Stuber et al. 2011; Britt et al. 2012). This
implies that BLA inputs to striatum are preferential for ventral striatal regions known to be
critical in driving motivated behavioral state. Further, BLA terminals in the NAc have lower
glutamatergic release probability than other glutamatergic inputs, such as the prefrontal
cortex and ventral hippocampus (Britt et al. 2012), suggesting that this circuit may function
as a high-pass filter, implying that burst firing of BLA neurons may be necessary to activate
postsynaptic NAC neurons.

Recent studies have demonstrated that BLA excitatory drive onto NAc neurons facilitates
reward-seeking behavior. Using a disconnection experiment, Ambroggi et al. (2008) found
that the interaction of BLA and dopamine afferents in the NAc facilitates reward-seeking
behavior in a discriminative stimulus response task. While both BLA and NAc neurons
responded to cues that predicted a reward, the BLA neuronal responses preceded those of
the NAc responses, suggesting that the neuronal activity of BLA neurons is driving the NAc
neurons to promote reward-seeking behavior (Ambroggi et al. 2008). Supporting this
hypothesis, the authors found that intact BLA-to-NAc circuitry is necessary for the
dopamine-mediated incentive cue-induced neuronal responses in the NAc (Ambroggi et al.
2008). Using optogenetics, we found that found that excitatory transmission from the BLA
to the NAc is both sufficient and necessary for reward seeking behavior (Stuber et al. 2011).
In vivo optical stimulation of BLA glutamatergic terminals in the NAc promoted self-
stimulation, while optical inhibition of this pathway reduced reward-seeking for sucrose. We
also found that the reinforcing effects of BLA terminal stimulation in the NAc require
dopamine signaling in the NAc (Stuber et al. 2011), further highlighting a critical interaction
between BLA glutamate release and dopamine signaling within the NAc.

Neurotransmission between the BLA and NAc is also involved in reward-seeking behavior
for drugs of abuse. Studies have indicated that intact BLA-to-NAc circuitry is necessary for
cocaine-seeking behavior (Di Ciano and Everitt 2004), and is critical in modulating opioid
reward salience (Lintas et al. 2012). Collectively, these studies support the hypothesis that
BLA excitatory drive onto NAc postsynaptic neurons is reinforcing, and that the
connectivity between the BLA and NAc facilitates behavioral responding to salient cues.

Along with directly regulating medium spiny neurons in the NAc, BLA neurons also
modulate dopamine terminal release in the NAc. In anesthetized experiments, electrical
stimulation of the BLA resulted in dopamine efflux in the NAc (Floresco et al. 1998). In
vivo, BLA modulation of dopamine terminals in the NAc is likely important for encoding a
cue that predicts a reinforcer (Jones et al. 2010).

The studies discussed above demonstrate that BLA excitatory drive onto NAc GABAergic
neurons, and BLA modulation of dopamine terminal release, is critical for reward-seeking
behavior and attributing emotional value to reward-predicting cues. While BLA glutamate
release may directly regulate presynaptic dopamine release in the NAc, it is also likely that
BLA inputs indirectly control dopamine release by activating NAc projection neurons that
feed back to the ventral midbrain (Xia et al. 2011; Watabe-Uchida et al. 2012). Due to the
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significant role that this circuit has on reward-seeking behavior, is also likely a critical
circuit that becomes deregulated during the development of drug addiction.

BLA projections to the hippocampus

Along with robust projections to the NAc, the BLA also sends a dense excitatory projection
to hippocampal regions (Fig 1B). Areas that receive the strongest innervations from the
BLA include the entorhinal cortex, the ventral subiculum, and the perirhinal cortex
(Pitkanen et al. 2000). Most of the studies investigating BLA-to-hippocampus circuitry have
focused on fear conditioning and functional changes in the circuit following exposure to
aversive stimuli. Exposure to various uncontrollable and unpredictable stressors has been
shown to disrupt LTP in the CA1 region of the hippocampus (Shors et al. 1989; Diamond
and Rose 1994; Xu et al. 1997). BLA lesions block this stress-induced impairment in LTP
(Kim et al. 2005). Consistent with these findings, another study found that contextual fear
conditioning increased arc and c-fos, products of immediate-early genes, expression in the
hippocampus, which was significantly reduced following BLA pharmacological inactivation
(Huff et al. 2006). Immediate early genes are thought to represent changes in synaptic
strength, suggesting that amygdala drive onto hippocampal neurons may modulate synapses
necessary for processing aversive memories. Fear conditioning reliably induces a
physiological stress response (Rodrigues et al. 2009), and exposure to stress plays a vital
role in drug abuse and relapse (Sinha 2001). Thus, neural circuits that show physiological
changes in response to fear conditioning and stress are likely key modulators of stress-
induced relapse.

In addition to stress, cues paired with drug self-administration contribute to relapse like
behavior (Weiss et al. 2001). A recent study suggests that the BLA-to-hippocampus pathway
may also play a role in cue-induced relapse. Using a disconnection procedure, Wells et al.
(2011) found that intact connectivity between the BLA and the dorsal hippocampus is
necessary for cocaine memory reconsolidation and subsequent cue-induced cocaine self-
administration. Collectively, these studies demonstrate that amygdalar modulation of the
hippocampus is critical for both aversive and appetitive emotional memories, both of which
can become pathological in drug addiction.

BLA projections to the mPFC

The medial prefrontal cortex (mPFC) is likely critical in processing emotionally salient
information, as it facilitates to promote appropriate behavioral responding to these cues.
Deregulation of the mPFC is thought to occur in many neuropsychiatric disorders, such as
schizophrenia, depression, mood and anxiety disorders, as well as addiction (Kalivas 2009;
Benes 2010; Goto et al. 2010; Price and Drevets 2010). The mPFC, comprised of
glutamatergic pyramidal neurons and GABAergic interneurons, forms extensive connections
with distributed subcortical brain regions including a functional reciprocal connection with
the BLA (Fig 1B). Excitatory projections from glutamatergic neurons in the BLA synapse
preferentially onto glutamatergic and some GABAergic postsynaptic targets within layers
2/3/5 of the infralimbic, prelimbic, and orbitofrontal regions of the mPFC (Bacon et al.
1996; Peters et al. 2009). The infralimbic region of the mPFC also sends glutamatergic
projections back to GABAergic cells of the CeA and to intercalated (ITC) cell masses within
the amygdala, while the prelimbic region of the mPFC projects primarily to pyramidal cells
in the BLA (Pare and Smith 1993; McDonald et al. 1996). Studies have implicated the BLA-
to-mPFC pathway as integral for processing information about cues related to appetitive and
aversive environmental stimuli that come to drive conditioned behavioral responses (Quirk
and Mueller 2008).
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A hallmark of many neuropsychiatric disorders, including drug addiction, is cognitive
inflexibility and exaggerated behavioral responses to emotionally salient environmental
cues. Analogously, mice that learn an appetitive Pavlovian conditioning task display high
inflexible stimulus-driven behavior following extended training. Studies in rats have shown
that extinction of conditioned fear, a form of cognitive flexibility whereby a new learned
association is formed that overrides a previous stimulus-driven behavioral response, depends
on an intact mPFC (Morgan et al. 1993; Morgan and LeDoux 1995; Morgan and LeDoux
1999), and that communication between the amygdala and mPFC suppresses conditioned
fear responses (Garcia et al. 1999). Concerning the extinction of inflexible responses to
appetitive stimuli, a neural circuit including regions of the mPFC and BLA has been heavily
implicated in the extinction of drug-seeking behaviors (Fuchs et al. 2007; Peters et al. 2008;
Fuchs et al. 2009). Another feature of drug addiction that this neural circuit is thought to be
critically involved in is impulsive, stimulus-driven behavioral responses to drug-related
cues. Supporting this hypothesis, functional disruption of the BLA-to-mPFC significantly
increased risky-choice decision-making in rats, mirroring the impulsivity seen in addiction
(Churchwell et al. 2009; St Onge et al. 2012).

Taken together, these results demonstrate the prominent role of the BLA-mPFC pathway in
the proper processing of emotional learning in response to salient cues in the environment.

Role of BNST in addiction

The BNST is considered to be a connective center between stress regions, including the
BLA, CeA, medial amygdala (MeA) and the paraventricular nucleus of the hypothalamus
(PVN), and brain reward centers, such as the ventral tegmental area (VTA) and nucleus
accumbens (NAc) (Silverman et al. 1981; Brog et al. 1993; Georges and Aston-Jones 2001;
Georges and Aston-Jones 2002; Jalabert et al. 2009). Importantly, the BNST s a critical
modulator of addiction-like behavior (Aston-Jones and Druhan 1999; Leri et al. 2002).
Chronic morphine administration increases AFosB levels in the BNST (Nunez et al. 2010).
Pharmacological inactivation of the BNST reduces both cue- and stress-induced
reinstatement of cocaine seeking (McFarland et al. 2004; Buffalari and See 2011). Multiple
electrophysiological studies have demonstrated robust synaptic plasticity can be induced
within the BNST, which is altered by drugs of abuse (Weitlauf et al. 2004). For example,
cocaine self-administration increases AMPA/NMDA ratio, a marker of excitatory synaptic
strength, in the BNST (Dumont et al. 2005). Additionally, chronic intermittent ethanol
exposure increases NMDA receptor efficacy via an upregulation in NR2B, which in turn
potentiates the induction of long term potentiation (LTP) (Kash et al. 2009; Wills et al.
2012). Taken together, these data suggest that chronic drug administration can increase
excitatory synaptic drive into the BNST. However, because the BNST is a heterogeneous
mix of different cell types and sub nuclei, parceling out the discrete neurons and subcircuits
that are enhanced by drug of abuse has presented a challenge.

BNST afferents
Glutamatergic and GABAergic inputs to the BNST

The BNST receives dense glutamatergic and GABAergic innervation from widespread brain
regions. Major excitatory inputs to the BNST include several cortical projections including
the caudal infralimbic cortex, prelimbic cortex, insula cortex, entrorhinal cortex, and caudal
orbital PFC (Fig 2A) (McDonald 1998). Additional glutamate inputs arise from the
hippocampus via the ventral subiculum, the BLA, parabrachial nucleus, the accessory
olfactory bulb and the main olfactory bulb (Fig 2A) (Cullinan et al. 1993; McDonald 1998).
A recent study examined the role of BLA glutamatergic inputs to the BNST on anxiety-like
behavior (Kim et al. 2013). Surprisingly, photostimulation of BLA glutamatergic inputs to
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the anterodorsal (ad) BNST resulted in the reduction of behavioral anxiety as well as
respiratory rate. Conversely, photoinhibition of the same pathway caused behavioral
anxiogenesis and increased respiratory rate.

The main source of GABAergic drive to the BNST comes from the CeA to which it sends
reciprocal projections (Fig 2A) (Dong et al. 2001; Li et al. 2012). Using a pharmacological
inactivation approach, Walker and Davis (1997) demonstrated that the CeA is involved in
conditioned fear, while the BNST is important in mediating unconditioned fear responses.
However, subsequent studies have revealed that the duration of exposure to a learned cue
regulates which part of the extended amygdala governs the expression of fear behavior.
While brief exposure to a cue recruited CeA, sustained presentation of a cue (on the order of
several minutes) recruited the BNSTs involvement in the behavioral manifestation of the
learned fear response (Walker and Davis 2008). Furthermore, pharmacological studies with
CRFR1 antagonists suggest that the feedback circuitry between the BNST and CeA is
actively involved in the sustained fear system (BNST) inhibiting the phasic fear system
(CeA) (Walker et al. 2009). Therefore, alterations in this circuitry, perhaps following
exposure to drugs of abuse, could lead to dramatic psychopathologies by increasing
behavioral responding to perceived vs. actual threats.

Dopaminergic inputs to the BNST

The dorsal lateral (dl) dIBNST receives dopaminergic input from the VTA and PAG (Fig
2A) (Meloni et al. 2006). Microdialysis studies have shown that all major drugs of abuse
have the ability to release dopamine within the BNST, and recent studies have shown that
dopamine is released in the BNST to natural rewards as well as predictive cues associated
with intracranial self-stimulation of the medial forebrain bundle (Park et al. 2012; Park et al.
2012). Furthermore, dopamine signaling within the dIBNST in part mediates the reinforcing
effects of multiple drugs of abuse (Carboni et al. 2000). In vivo or in vitro cocaine increases
glutamatergic efficacy at synapses in the dIBNST via a presynaptic DR1 to CRFR1
dependent mechanism (Kash et al. 2008). Coincidentally, dopamine reduces inhibitory
signaling in the oval nucleus of the BNST via D2 receptors (Krawczyk et al. 2011).
Following cocaine self-administration, but not yoked cocaine or self-administration of
sucrose, however, there is a switch in this mechanism whereby dopamine signaling now
results in a D1 receptor dependent increase in inhibitory transmission that persists through
an extensive abstinence period (Krawczyk et al. 2011).

Noradrenergic inputs to the BNST

The BNST also receives a strong projection of noradrenergic (NE) neurons from the nucleus
of the tractus solitarius (NTS — A2 cell group), the ventral lateral medulla (VLM — Al cell
group) via the ventral noradrenergic bundle (VNAB) (Forray and Gysling 2004), and the
locus coeruleus (LC) (Fig 2A) (Myers et al. 2005). NE signaling (from the VNAB) within
the BNST influences several addiction-related behaviors including conditioned place
aversion to a chamber previously paired with opiate withdrawal and stress-induced
reinstatement to drug seeking (Delfs et al. 2000; Erb et al. 2000; Wang et al. 2001). In
addition NE signaling in the BNST mediates stress-induced anxiety-like behavior (Cecchi et
al. 2002).

Noradrenaline modulates BNST GABAergic and glutamatergic signaling in a complex
manor. Signaling at a, adrenergic receptors (a,-ARS) can inhibit both GABAergic and
glutamatergic projections (Egli et al. 2005; Shields et al. 2009). Meanwhile, signaling at a-
and B-ARs can increase both GABAergic and glutamatergic transmission through
presynaptic mechanisms (Dumont and Williams 2004; Egli et al. 2005; McElligott et al.
2010; Nobis et al. 2011). Interestingly, NE signaling in brain slices from morphine
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dependent rats increased IPSC frequency via a f-AR dependent mechanism, while activation
of a1-ARs increased frequency in both morphine dependent and control groups (Dumont
and Williams 2004). Moreover, activation of a1-ARs in the BNST can induce a long term
depression (LTD) of glutamatergic signaling (McElligott and Winder 2008). Although also
coupled to G4 G-protein receptors, this LTD is expressed and maintained by different
mechanism than the mGIuR5 LTD discussed above, and is not sensitive to treatment with
cocaine but induced by chronic stress (McElligott et al. 2010). This suggests that the two
LTDs may be expressed on different synapses. While it is currently unknown precisely how
these synaptic mechanisms contribute to the reinstatement and learned aversion discussed
above, plastic alterations downstream of NE signaling remains an intriguing possibility for
learned drug and/or withdrawal associations.

Serotonergic input to the BNST

The dorsal BNST receives serotonergic (5-HT) input via the dorsal raphe (Fig 2A) (Phelix et
al. 1992). Interestingly, recent studies from the Rainnie group have shown a differential
distribution of 5-HT receptors across multiple cell types within the anterolateral BNST and
that unpredictable stress alters the expression of 5-HT receptors within these neurons (in
particular decreases in 5-HT1A, increases in 5-HT1B and 5-HT7) (Guo et al. 2009).
Congruent with this, 5-HT1A activation in the BNST has been shown to reduce anxiety-like
behavior (Levita et al. 2004), while 5-HT2C agonist in the BNST results in anxiogenesis
(Fox et al. 2008), suggesting opposing roles for these receptors in BNST function. Very
recent studies have suggested that enhanced serotonergic signaling selectively within the
BNST potentiates fear learning (Ravinder et al. 2013). Although 5-HT signaling in the
BNST has not been examined with respect to addiction behaviors, the co-morbidity between
addiction and anxiety disorders (Koob 2009) would suggest that this modulatory system
could strongly impact drug-seeking behaviors.

Peptidergic input to the BNST

Several neuropeptides including corticotrophin releasing factor (CRF), neuropeptide Y
(NPY), dynorphin, and orexin also innervate and modulate activity within the BNST and
have been implicated in features of drug addiction. Early lesion studies suggest that the
BNST receives CRF from the CeA (Sakanaka et al. 1986), however this has yet to be tested
using more modern genetic approaches. Furthermore, the BNST contains CRF neurons that
have the potential to release CRF locally within the nucleus (Shepard et al. 2006). Infusions
of CRF directly into the BNST promote stress-induced cocaine reinstatement, whereas intra-
BNST administration of CRF antagonists blocks reinstatement of cocaine seeking and
morphine conditioned place preference following foot shock (Erb and Stewart 1999; Leri et
al. 2002; Wang et al. 2006). CRF mRNA is increased in the dorsal BNST following foot-
shock induced reinstatement of heroin seeking (Shalev et al. 2001). Moreover, increases in
extracellular CRF are observed in the BNST during acute withdrawal from ethanol (Olive et
al. 2002).

Akin to CRF, several regions that express NPY have been shown to project to the BNST (for
example the medial amygdala, CeA, and NTS); however, the BNST also contains NPY
immunoreactive cells, which could release NPY locally (Sakanaka et al. 1986; Ishizaki et al.
2003). Within the BNST, NPY has been shown to constrain GABA release via a NPY-Y?2
receptor mechanism (Kash and Winder 2006). Interestingly, this modulation is disrupted
following chronic stress in a stress/anxiety prone mouse strain but not a resilient strain (Pleil
et al. 2012).

The endogenous opiate dynorphin is expressed in BNST neurons and also in fibers that
innervated the BNST from the CeA (Marchant et al. 2007). Systemic administration of a
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kappa opioid receptor (KOR) selective agonist increases metabolism in the BNST (Hooker
et al. 2009). Additionally, KOR activation reduces GABAergic transmission from the CeA,
via a novel presynaptic mechanism involving the recruitment of extracellular signal
regulated kinase (ERK), suggesting that KORs are expressed on presynaptic CeA afferents
in the BNST (Li et al. 2012). These data, along with evidence supporting a synergistic effect
of dynorphin and CRF systems (Bruchas et al. 2009), suggest that dynorphin signaling in the
BNST may promote anxiogenesis.

Orexin-A modulation in the BNST increases anxiety-like behaviors and depolarize neurons
via a NMDAR dependent mechanism (Lungwitz et al. 2012). The BNST also receives a
dense orexinergic projection from the lateral hypothalamus (Baldo et al. 2003). Yohimbine,
while classically thought to inhibit ay-adrenergic receptors, impairs extinction from cocaine
conditioned place preference via an orexin 1 receptor (OX(1)-R) dependent mechanism.
Moreover, yohimbine can depress excitatory transmission in the BNST via an OX(1)-R
dependent mechanism (Conrad et al. 2012).

BNST efferents

BNST projections to the Ventral Tegmental Area

The BNST sends both a GABAergic and glutamatergic projection to the VTA, as observed
in retrograde tracing and electrophysiological studies (Fig 2B) (Cullinan et al. 1993;
Georges and Aston-Jones 2001; Georges and Aston-Jones 2002; Jalabert et al. 2009),
although a recent study using retrograde tracing and electron microscopy techniques showed
that this projection is primarily GABAergic (Kudo et al. 2012). Recently, we demonstrated
that these GABAergic and glutamatergic BSNT projection neurons synapse onto putative
VTA GABA neurons (Jennings et al. 2013). Kudo et al. (2012) confirmed this finding
anatomically by demonstrating that BNST GABAergic and glutamatergic terminals made
synaptic contact predominantly with tyrosine hydroxylase negative and GADG67 positive
dendrites within the VTA. VTA GABAergic neurons robustly inhibit VTA dopaminergic
neurons (van Zessen et al. 2012), and thus these BNST projections are likely inhibiting
(glutamatergic projection) or exciting (GABAergic projection) VTA dopaminergic neurons.
Our lab also found that activation of BNST GABAergic terminals in the VTA is rewarding
and anxiolytic, while activation of BNST glutamatergic terminals in the VTA is aversive
and anxiogenic (Jennings et al. 2013). Importantly, we showed that direct photoinhibition of
VTA GABAergic neurons resulted in both rewarding and anxiolytic phenotypes, which
recapitulated the findings from our BNST-VTA GABAergic terminal behavioral
manipulations. Additionally, we optically identified VTA-projecting BNST glutamatergic
and GABAergic neurons in vivo and showed that these two distinct neuronal populations
displayed opposing firing profiles in response to an aversive foot-shock stimulus. We found
that VTA-projecting BNST glutamatergic neurons displayed a net enhancement of activity,
whereas the firing rate of VTA-projecting BNST GABAergic neurons was predominately
suppressed. Interestingly, the firing profiles of both VTA-projecting GABAergic and
glutamatergic BNST neurons were similar between the foot-shock sessions and re-exposure
to the context in the absence of the foot-shock stressor. Collectively, these data indicate that
multiple BNST subcircuits to the VTA may play a prominent role in modulating different
components of drug addiction.

Several studies have demonstrated that drugs of abuse perturb the BNST-VTA neural
circuit. VTA-projecting BNST neurons show increases in c-Fos activation during stress-
induced reinstatement of cocaine seeking (Briand et al. 2010). Additionally, bilateral
disconnection experiments, in which the BNST and VTA are both inhibited by
pharmacological methods, results in the reduction of a cocaine conditioned place preference
(Sartor and Aston-Jones 2012). Chronic morphine can increase evoked VTA EPSCs caused
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by electrical stimulation of the BNST (Dumont et al. 2008). The BNST also sends a
CRFergic projection to the VTA (Rodaros et al. 2007) and a recent study showed that
application of CRF could increase the frequency of spontaneous excitatory postsynaptic
currents on VTA-projecting BNST neurons using patch clamp electrophysiology. This effect
was abolished during withdrawal from chronic, intermittent ethanol exposure (Silberman et
al. 2013).

BNST projections to the Lateral hypothalamus

The lateral hypothalamus (LH) also receives a substantial projection from the BNST (Fig
2B) (Dong and Swanson 2004). Similar to the BNST, the LH is a heterogeneous structure
consisting of a diverse array of neurotransmitters and neuropeptides including neuropeptide
S, orexin, and melanin concentrating hormone (de Lecea et al. 1998; Sakurai et al. 1998).
Importantly, the LH has been identified as an area of the brain critical for drug-seeking
behavior (Aston-Jones and Harris 2004). For example, cocaine self-administration increases
excitatory drive on LH neurons (Yeoh et al. 2012). Additionally, lesions of the LH will
prevent the learning of a morphine conditioned place preference (Harris et al. 2007). A
recent study also demonstrated a role for the BNST-LH neural circuit in addiction-like
behavior. LH-projecting BNST neurons display increased c-Fos activation during cocaine
conditioned place preference (Sartor and Aston-Jones 2012). It has been hypothesized that
BNST afferents synapse onto orexin neurons within the LH, which is intriguing because
these neurons play a prominent role in drugs of abuse (Sakurai et al. 2005; Yoshida et al.
2006). Elevated c-Fos levels in LH orexin neurons are observed during morphine
withdrawal as well as after a morphine conditioned place preference task in dependent
animals (Georgescu et al. 2003; Aston-Jones and Harris 2004). However, pharmacological
inactivation of the BNST resulted in increased Fos induction in LH orexin neurons after a
cocaine conditioned place preference task, indicating that this projection may not be
perturbed during drug administration (Sartor and Aston-Jones 2012). Recently, Kim et al.
(2013) found that photostimulation of adBNST inputs to the LH resulted in behavioral
anxiolysis without altering respiratory rate or reward related behaviors, indicating that this
projection modulates a specific component of the anxiety-like state.

BNST projections to the Paraventricular nucleus

The paraventricular nucleus of the hypothalamus (PVN) is a brain region involved in the
maintenance of homeostasis and is a critical component of the hypothalamic-pituitary-
adrenal (HPA) axis. As described by Swanson and Sawchenko (1983), the PVN can be
delineated into two cell groups based on their projection targets: magnocellular and
parvocellular neurons. Magnocellular neurons are primarily oxytocinergic and
vasopressinergic, which project to the posterior pituitary whereas parvocellular neurons
contain CRF, vasopressin, and thyrotropin-releasing hormone (TRH) and project to the
anterior pituitary and spinal cord (Swanson and Sawchenko 1983; Barberis and Tribollet
1996). Importantly, the PVN receives a substantial GABAergic, as well as a CRFergic
projection, from the BNST (Fig 2B) (Roland and Sawchenko 1993; Champagne et al. 1998;
Dong et al. 2001; Dong and Swanson 2006). Through the use of anatomical tracing studies,
it appears the main GABAergic projections to the parvocellular region of the PVN are not
from the BNST (Roland and Sawchenko 1993). Therefore, it is hypothesized that BNST
GABAergic neurons synapse primarily onto neurons within the magnocellular region of the
PVN. Based on its integral role in HPA axis maintenance, the PVN has been implicated in
modulating addictive drugs. Stressors, including drugs of abuse, cause activation of the HPA
axis, which in turn leads to the release of adrenocorticotropic hormone (ACTH) and
glucocorticoids (O'Connor et al. 2000). CRF signaling within the PVN plays an important
role in HPA axis homeostasis as acute stressors, such as a cocaine injection, can increase
PVN CRF mRNA (Rivier and Lee 1994; Rotllant et al. 2007). Additionally, opiates,
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nicotine, and amphetamine can increase c-Fos levels in PVN CRF neurons (Laorden et al.
2000) (Matta et al. 1997) (Rotllant et al. 2007). Based on the prevailing literature, it appears
that the BNST neurons may synapse onto CRFergic cells within the PVN. Thus, it is likely
that drug administration increases BNST CRFergic drive onto PVN CRF neurons.

Based on its numerous downstream projection targets to critical brain structures that mediate
drugs of abuse, the BNST appears to be a crucial modulator of addiction. While the majority
of the studies discussed above have focused on general BNST circuit projections and
function, the advent of optogenetic strategies to dissect discrete BNST neural circuit
elements will shed light on their intimate connection with drugs of abuse.

Concluding remarks

While the studies discussed above imply a critical role for BLA and BNST connectivity in
different aspects of drug addiction, there remains a great lack of understanding for which
specific inputs or outputs are being activated or modulated and under what particular
behavioral conditions. Further studies of the functional connectivity within these circuits,
including the use of innovative techniques such as pharmacogenetic and optogenetic tools,
may provide clinically relevant insight into the fundamental neural circuit mechanisms
underlying addiction.
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Figure 1.
Schematic detailing BLA afferent and efferent connectivity (A) The BLA receives inputs

from the ventral tegmental area (VTA), thalamus (Thal), hippocampus (Hipp), and
prefrontal cortex (PFC). (B) The BLA sends projections to the Hipp, PFC, and nucleus
accumbens (NAc).
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Figure 2.

Schematic detailing BNST afferent and efferent connectivity (A) The BNST receives inputs
from the ventral tegmental area (VTA), nucleus tractus solitaries (NTS), dorsal raphe
nucleus (DRN), central amygdala (CeA), basolateral amygdala (BLA), hippocampus (Hipp),
and prefrontal cortex (PFC). (B) The BNST sends projections to the paraventricular nucleus
of the hypothalamus (PVN), VTA, and lateral hypothalamus (LH).
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Circuit Approach used Projection type Reference

VTA — BLA Tracing Dopaminergic (Albanese and Minciacchi
1983)

Thal — BLA Tracing Unknown (van Vulpen and Verwer 1989)

Hipp — BLA Tracing Glutamatergic (Ottersen 1982)

mPFC — BLA Tracing Glutamatergic (Ottersen 1982)

BLA — NAc Tracing, Optogenetics, behavior Glutamatergic (Kelley et al. 1982; Stuber et al.
2011)

BLA — Hipp Tracing Glutamatergic (Pitkanen et al. 2000)

BLA — BNST Optogenetics, behavior Glutamatergic (Kim et al. 2013)

BLA — mPFC Electron microscopy Glutamatergic (Bacon et al. 1996)

Cortex — BNST

Tracing, electron microscopy,
electrophysiology

Glutamatergic

(McDonald 1998)

CeA — BNST Tracing, optogenetics GABAergic (Dong et al. 2001; Li et al.
2012)

Hipp — BNST Tracing Glutamtergic (Cullinan et al. 1993)

PFC — BNST Tracing Glutamatergic (McDonald 1998)

VTA/PAG — BNST

Pharmacology

Dopaminergic

(Meloni et al. 2006)

NTS,VLM,VNAB — BNST

Anatomical, neurochemical, behavior

Noradrenergic

(Forray and Gysling 2004)

DRN — BNST Electron microscopy Serotonergic (Phelix et al. 1992)

BNST — VTA Tracing, optogenetics, behavior Glutamatergic And GABAergic | (Georges and Aston-Jones,
2001; 2002; Jalabert et al.,
2009; Jennings et al., 2013;
Kim et al., 2013; Kudo et al.,
2012)

BNST — LH Tracing Unknown (Dong and Swanson 2004)

BNST — PVN Tracing GABAergic, CRFergic (Roland and Sawchenko 1993;

Champagne et al. 1998; Dong
et al. 2001; Dong and Swanson
2006)
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