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INTRODUCTION

Many animal and human subjects can learn
to avoid punishment or noxious stimuli
by exploiting the sensory cues predict-
ing them. In cue-signaled active avoidance
(AA) learning, subjects first learn about the
predictive properties of cues and subse-
quently learn a behavioral strategy of an
avoidance response (e.g., crossing a hur-
dle that divides a two-compartment cage
in order to avoid a mild but unpleas-
ant footshock). AA learning develops with
fear reduction as an intervening variable
(Mowrer and Lamoreaux, 1946; Miller,
1948). If execution of avoidance action
occurs on the pursuit of seeking safety,
an overlap of recruitments of neurocir-
cuitry essential for reward processing and
for avoidance can be expected on the
basis of two-process theory. Recent insights
from two-way AA (2WAA) studies, which
integrate both Pavlovian and instrumen-
tal components, provide strong evidence
for the recruitment of emotional circuitry
centered on the amygdala and motiva-
tional circuitry centered around midbrain
dopaminergic structures. In this review, we
address the following: (1) the role of emo-
tional neurocircuitry in the formation of
AA, (2) the involvement of reward cir-
cuitry and its input-output pathways on
AA, and (3) the possible serial and par-
allel processing within and between these
circuitries.

ROLE OF EMOTIONAL CIRCUITRY IN AA
Pavlovian learning increases synaptic plas-
ticity in amygdala neurons (Tye et al.,
2008) that respond to cues predicting either

appetitive or aversive outcomes (Paton
etal., 2006; Tye and Janak, 2007). While the
amygdala has been studied extensively for
its involvement in fear processing (LeDoux,
2000), recent studies highlight the amyg-
dala as a key substrate during acquisition of
AA. Studies indicate that different subnu-
clei of the amygdala contribute differently
to the acquisition of an avoidance strat-
egy and to the consolidation of avoidance
memories. Bilateral electrolytic lesions of
the basolateral amygdala (BLA) (Segura-
Torres et al., 2010) and pre-training infu-
sion of an NMDA antagonist into the BLA
impair the acquisition of 2WAA learning
(Savonenko et al., 2003). Central amyg-
dala (CeA) lesions disrupt the acquisition
of an AA response but have no effect on
the retrieval of a previously acquired AA
response (Roozendaal et al., 1993). How-
ever, for animals that failed to acquire
2WAA after 3 days of training, CeA lesions
actually improved AA learning (Choi et al.,
2010). Thus, the BLA appears important
for all phases of AA learning whereas the
role of the CeA appears to be limited to
acquisition and complex, potentially facili-
tating or impeding AA learning depending
on the specific AA response, and/or innate
individual differences in AA learning
ability.

During the initial stages of AA acquisi-
tion, the expression of conditioned freezing
to the CS can interfere with AA learning. In
such situations, the infralimbic prefrontal
cortex (IL) exerts feed forward inhibition
of the amygdala to reduce the expression of
freezing responses to the CS while sparing
the predictive association between the CS

and US, which is necessary for AA learning
(Moscarello and LeDoux, 2013). Studies
on rabbits trained to induce wheel rota-
tion to avoid shock during CS™ presenta-
tions confirm the involvement of amygdala
(LA, B, and Ce), cingulate cortex, thala-
mus, and auditory cortex in the acquisi-
tion and retention of AA (Smith et al.,
2001). Intra-BLA infusion of muscimol sig-
nificantly affected the acquisition of dis-
criminative avoidance with two tones but
did not affect the CR to both CS after
overtraining (Poremba and Gabriel, 1997,
1999).

ROLE OF MOTIVATIONAL CIRCUITRY IN
AA

Given the heterogeneity of the ventral
tegmental area (VTA), it is not surprising
that dopamine (DA) neurons play differ-
ent roles ranging from signaling reward
and mediating motivation to coding aver-
sion, salience, uncertainty, and novelty
(Horvitz, 2000; Bromberg-Martin et al.,
2010; Ilango et al., 2012; Lammel et al.,
2014). Additional complexity became evi-
dent after the discovery of subsets of
DA neurons co-transmitting glutamate in
the nucleus accumbens (NAc) shell (Stu-
ber et al., 2010), GABA in the dor-
sal striatum (Tritsch et al., 2012) and
GABA in the lateral habenula (LHb) (Sta-
matakis et al., 2013) raising several specific
questions about the involvement of this
system.

Here, we will discuss the tonic and
phasic DA release associated with sig-
naled AA. Briefly, DA antagonists impair
AA responses, and electrical stimulation
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of reward circuitry facilitates AA [see
reviews by Salamone (1994) and Ilango
et al. (2012)]. NAc DA release increases
during the first training block of 2WAA
and progressively decreases in the sec-
ond training block as the number of AA
responses increase (Dombrowski et al.,
2013). Signaled AA learning progresses
with the increase of tonic DA release
in medial prefrontal cortex (mPFC) and
reaches its peak during the formation
of the first successful avoidance trails
(Stark et al.,, 1999, 2001). Elevated DA
release in mPFC was also found in a
training scenario in which two differ-
ent cues were first associated with the
same meaning (signaling Go response) and
were subsequently associated with differ-
ent meanings (Go and NoGo) (Stark et al.,
2004).

Recent studies implicate the relevance
of the phasic DA signal to punishment pre-
diction and avoidance. During the safety
period, in both avoidance and escape, DA
release in the NAc was increased (Oleson
et al., 2012). Furthermore, brief electri-
cal stimulation applied to the LHb con-
tingent to the AA response (i.e., at the
initiation of the safety period) impaired
acquisition but not retention of 2WAA
(Shumake et al., 20105 Ilango et al., 2013;
Shumake and Gonzalez-Lima, 2013). Stud-
ies utilizing viral gene therapy in DA
deficient mice showed that shock escape
and learning 2WAA require DA signaling
in both the amygdala and striatum. And
after overtraining (which is more resis-
tant to extinction), DA signaling in the
striatum alone was sufficient to maintain
2WAA. In contrast, restoring DA signaling
in the PFC and amygdala was insufficient
to maintain AA (Darvas et al., 2011). Care-
ful lesion experiments in different regions
of the striatum confirmed that NAc core
and dorsolateral striatum (DLS) lesions
delayed 2WAA acquisition without dis-
rupting the ability to acquire AA. In con-
trast, dorsomedial striatum (DMS) lesion
did not affect the early phase but decreased
2WAA after six training sessions (Wendler
et al., 2014). Pre-training infusion of D1
or D2 antagonist into the DLS did not
affect the number of AA responses dur-
ing training but significantly decreased AA
responses during the retention test 24 h
later (Boschen et al., 2011; Wietzikoski
etal., 2012).

Also, the laterodorsal tegmental nucleus
(LDTg) and pedunculopontine tegmental
nucleus (PPTg), which send glutamatergic
and cholinergic projections to the mid-
brain, play an important role in 2WAA
(Mena-Segovia et al., 2008; Lammel et al.,
2012). Bilateral lesions of the PPTg com-
pletely abolished the acquisition of 2WAA
(Fujimoto et al., 1989). Rats with ipsilat-
eral disconnection of the SNc from the
PPTg learned the 2WAA, but contralat-
eral disconnection blocked learning even
after 3days of conditioning, suggesting
that PPTg-SNc communication is neces-
sary to acquire 2WAA (Bortolanza et al.,
2010).

PERSPECTIVES

The majority of DA neurons are inhib-
ited by aversive USs, or by CSs signal-
ing aversive USs [for details see Ilango
etal. (2012)]. Hypothetically, once the aver-
sive CS-US association is repeated several
times, the tonic inhibition mode changes
and the change in DA dynamics prepare the
organism to perform successful avoidance
responses. Perhaps, this learning relevant
change in DA signaling also led to change
in synaptic plasticity occurring between
hippocampal — amygdala neurons and the
neurons of the direct pathway that are
active at the same time, thus guiding
the organism to repeat the instrumental
response. There are several pathways that
could provide midbrain DA neurons with
information about aversive events. Noci-
ceptive signals from the spinal cord pass
pain-related signals to the parabrachial
nucleus (PBN). Through its direct gluta-
matergic projection or indirect glutamater-
gic route to the rostromedial tegmental
nucleus (RMTg) and VTA GABA neu-
rons, the aversive signal is relayed to mid-
brain VTA/SNc DA neurons. Inactivation
of the PBN either reduces the ampli-
tude or completely abolishes the inhibitory
response of DA neurons to footshock
(Coizet et al., 2010). In addition, mod-
ulation of pain and aversion-related sig-
nals conveyed by the LHb reaches DA
neurons directly or indirectly through the
RMTg (Jhou et al., 2009). This informa-
tive signal is highly processed and capa-
ble of assigning motivational valence based
on prior events. Indeed, unexpected foot-
shock increased LHb-to-RMTg glutamate
release, and optogenetic activation (60 Hz)

of this pathway promoted place aversion
and AA learning to prevent the activation
(Stamatakis and Stuber, 2012).

There is also evidence that CeA-DA
interactions may be important for AA
learning. The CeA projects to substantia
nigra DA neurons and to the DLS. More-
over, electrical stimulation of the CE mod-
ulates the firing of SNc¢ DA neurons (Rouil-
lard and Freeman, 1995). The CE is also
known to strengthen the effect of Pavlov-
ian stimuli on instrumental performance,
and the CeA — DLS pathway is implicated
in habit acquisition (Corbit and Balleine,
2005; Lazaro-Muifioz et al., 2010; Lingawi
and Balleine, 2012). Reciprocally, the lateral
part of SNc DA neurons project to the CeA,
playing arole in surprise-induced enhance-
ment of attention and learning (Lee et al.,
2006, 2008). Accordingly, the first success-
ful avoidance trial in an AA paradigm likely
constitutes a “pleasant surprise” for the ani-
mal — a violation of the expectation that
the CS is always followed by the US — and
we hypothesize that early AA success may
recruit the SNc — CeA pathway and con-
sequently enhance attention and learning
of the AA response.

From the above-mentioned evidences, it
is clear that parallel streams of information
might reach the amygdala and DA mid-
brain structures, and both systems might
interact at the striatum level (Figure 1).
Blocking transmission of glutamate sig-
nals by knocking out the NMDA receptor
in medium spiny neurons of the stria-
tum impaired learning of a simple FRI
operant task for food reward as well as
2WAA. This confirms that 2WAA recruits
simple motor coordination circuits (Beut-
ler et al.,, 2011). Moreover, striatal spe-
cific deletion of adenosine A(2A) receptors
impaired 2WAA. This is interesting given
the known role of these receptors in fine-
tuning the DA-glutamate balance in the
striatum (Singer et al., 2013).

Unlike reward learning, when a subject
masters AA, it no longer receives exter-
nal motivation in the form of a US, pro-
viding a mystery to early learning theo-
rists. How can behavior be sustained in
the absence of reinforcement? One solu-
tion is that a fear memory of the US con-
tinues to be evoked by the CS, and alle-
viation of this fear state can continue to
motivate the AA response in the absence
of the US. But if the CS is no longer
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FIGURE 1 | Proposed interaction of emotional and motivational
neurocircuitry in cue-signaled AA learning. Apart from the known role of
BLA DA in AA, both circuits could interact through direct SNc._ ~CeA
projections and/or indirectly through striatum and BNST. “?"” Denotes the
pathways, which could potentially play a role in AA. mPFC, medial prefrontal
cortex (IL, infra limbic); NAc, nucleus accumbens (c, core, and sh, shell);
VTA, ventral tegmental area (PBR, parabrachial pigmented nucleus; PN,

Manipulation or
Measurement

(@ DMS, DLS, NAc core: Lesion
DLS: D1 or D2 antagonist

@ BLA: Lesion

BLA: NMDA antagonist

BLA: DA restoration Darvas 2011

CeN: Lesion Roozendaal et al 1993; Choi
etal 2010

LHb: Lesion Wilson et al1972

LHb: Electrical stimulation

() PPTg: Lesion
PPTg > SNc Lesion

@ PFC: DA restoration
NAc DA release

mPFC DA release

paranigral nucleus; IF, interfascicular nucleus); SN, substantia nigra (c,
compact part and |, lateral part); ml, medial lemniscus; CeA, central nucleus
of the amygdala; BLA, basolateral amygdala; BNST, bed nucleus of the stria
terminalis; MHb and LHb, medial and lateral habenula; PPTg,
pedunculopontine tegmental nucleus; DMS, dorsomedial striatum; DLS,
dorsolateral striatum. To simplify the circuit, the direct and indirect pathways
of striatum were excluded.
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paired with the US, why does the CS-US
association not undergo extinction? More-
over, animals that have mastered an AA
task no longer show strong physiological
signs of fear or distress. For these animals,
the execution of the avoidance response
takes on the quality of a habit. Therefore,
we propose that AA learning ultimately
recruits and depends on the same circuitry
involved in habit formation, such as the
so-called spiraling loop of striatal-nigral—
striatal circuitry (Yin and Knowlton, 2006;
Belin and Everitt, 2008; Ilango et al., 2014).
We believe that this circuitry is a prime
target for investigating the neural mecha-
nisms that sustain avoidance behavior, and
it may reveal novel ways of facilitating its
extinction.
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