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Reward and punishment are often thought of as opposing processes: rewards and the environmental cues that predict them

elicit approach and consummatory behaviors, while punishments drive aversion and avoidance behaviors. This framework

suggests that there may be segregated brain circuits for these valenced behaviors. The basolateral amygdala (BLA) is one

brain region that contributes to both types of motivated behavior. Individual neurons in the BLA can favor positive over

negative valence, or vice versa, but these neurons are intermingled, showing no anatomical segregation. The amygdala re-

ceives inputs from many brain areas and current theories posit that encoding of positive versus negative valence by BLA

neurons is determined by the wiring of each neuron. Specifically, many projections from other brain areas that respond

to positive and negative valence stimuli and predictive cues project strongly to the BLA and likely contribute to valence

processing within the BLA. Here we review three of these areas, the basal forebrain, the dorsal raphe nucleus and the

ventral tegmental area, and discuss how these may promote encoding of positive and negative valence within the BLA.

The basic desire to seek reward and avoid punishment shapes vir-
tually all of behavior, and the ability to discriminate between
“good” and “bad” environmental cues is critical for guiding choic-
es and maximizing survival. Thus, understanding the brain cir-
cuits that encode motivated behaviors is important because it
contributes to our knowledge of how we learn, and it is also essen-
tial for understanding human disorders associated with abnormal
processing of reward and danger (i.e., emotional disorders), such
as anxiety, depression, addiction, and post-traumatic stress disor-
der (PTSD).

The amygdala is one brain area implicated in motivated be-
haviors and the basolateral complex of the amygdala (BLA) re-
ceives information about diverse environmental stimuli from
many brain regions. The BLA is thought to encode the association
of predictive stimuli with both aversive and appetitive outcomes
(Morrison and Salzman 2010; Barberini et al. 2012). Reward and
punishment are reinforcers of opposite valence (positive versus
negative), and these reinforcers typically lead to opposing behav-
iors (approach versus avoidance). Many theories have suggested
that appetitive and aversive systems act in opponent fashion
(Solomon and Corbit 1974; Daw et al. 2002). However, it is un-
clear how the BLA contributes to this. We do not yet understand
the extent to which aversive and appetitive information is
processed in parallel BLA circuits, or whether individual BLA neu-
rons are involved in the regulation of both types of motivated
behaviors.

In this review, we propose several models by which function-
al segregation of valence can be achieved in the BLA. These mod-
els are based on studies describing how BLA neurons respond to
reward and aversive stimuli. We then consider whether three ma-
jor inputs, known to carry valenced information, support or con-
flict these models, and also discuss the types of experiments that
can best advance our understanding of how behaviors of opposing
valence arise from the BLA.

Although this review focuses on input-specific contributions
to valence segregation, it is clear that a subset of neurons in the

BLA respond to both valences (Schoenbaum et al. 1999; Paton
et al. 2006; Morrison et al. 2011). Thus, we acknowledge that
the BLA contributes to more than valence segregation (Belova
et al. 2007; Shabel and Janak 2009). In addition, BLA efferents
may also make important contributions to valence segregation,
a topic which we do not cover here. While this review will consid-
er three different anatomical inputs to the BLA, these anatomical
inputs may send several neurochemically distinct inputs into the
BLA, providing a means for further segregation of valence. Adding
additional complexity, neurotransmitter-specific inputs to the
BLA may arise from multiple anatomical sources. By combining
floxed viruses with transgenic mouse lines expressing Cre recom-
binase in neurotransmitter-specific neuronal populations (Nassi
et al. 2015), the neuroanatomical and neurochemical contribu-
tions to valence segregation may best be studied. However, the
paucity of information on these neurochemically distinct sub-
divisions of anatomical inputs into the BLA limits the informa-
tion we can provide here. Finally, there are many inputs which
may contribute to valence processing, including those carrying
primary sensory information about positive and negative rein-
forcers as well as other brain regions which carry highly processed
information about valence. A discussion of all of these points is
beyond the scope of this review, but we acknowledge that these
are all important and worthwhile topics for future research and
consideration.

Models for segregated function in the BLA

One mechanism by which opposing valence behaviors can be
generated is via anatomically distinct, parallel circuits (Fig. 1A).
In such a simple model, individual BLA neurons have anatomical
segregation of both inputs and outputs, such that inputs that car-
ry appetitive information synapse onto BLA neurons that project
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to brain regions that regulate approach behaviors, while inputs
that carry aversive information synapse onto BLA neurons that
regulate avoidance behaviors. However, some findings conflict
with this model. For example, while some BLA neurons differen-
tially fire for rewarding or aversive reinforcers, many respond to
both, suggesting that BLA neurons receive information about
both positive and negative stimuli (Schoenbaum et al. 1999;
Paton et al. 2006; Morrison et al. 2011). These data suggest that
a certain degree of segregation of neurons encoding positive ver-
sus negative valence is likely, but it does not exclude the possibil-
ity that the neurons responding to both valences may also have
valence-specific roles and/or contribute to arousal or attentional
processes. In fact, studies have found similar encoding of spatial
information associated with appetitive or aversive stimuli by
amygdala neurons, suggesting that neuronal activity in the amyg-
dala may promote spatial attention to sensory stimuli associated
with either positive or negative valence experiences (Peck et al.
2013; Peck and Salzman 2014b).

An alternative model posits that individual BLA neurons may
respond to both rewarding and aversive reinforcers, but control ei-
ther appetitive or avoidance behaviors (Fig. 1B). In such a model,
inputs containing information about stimuli of opposing valence
could serve as a “brake” that acts as an opposing force to the
behavioral bias of the individual neuron. For example, appetitive
learning could produce synaptic weakening at synaptic inputs for
aversive information, while aversive learning could produce syn-
aptic strengthening at such inputs, perhaps as a mechanism to
conserve total synaptic load upon single neurons, as has been
shown for the intercalated nuclei of the amygdala (Royer and
Pare 2003). Single BLA neurons could regulate sensitivity to specif-
ic inputs by changing receptor density. In the absence of hetero-
synaptic mechanisms for conserving synaptic load, sensitivity to
differently valenced inputs could also be achieved through altered
receptor density if differently valenced inputs use different neuro-
transmitter systems (Daw et al. 2002). These mechanisms remain

theoretically viable, but lack concrete experimental support in
the BLA. In a recent study (Namburi et al. 2015), it was found
that BLA neurons projecting to the nucleus accumbens (NAc) or
the central medial amygdala (CeM) are each altered by both fear
and reward conditioning, but in an opposing manner. For exam-
ple, NAc-projectors displayed synaptic strengthening after reward
conditioning but synaptic weakening after fear conditioning, and
opposite results were observed for CeM-projectors. These findings
were interpreted by the authors to provide support for the model
illustrated here (Fig. 1B), but it is still unknown whether the BLA
neurons projecting to the NAc and CeM represent segregated pop-
ulations of neurons encoding appetitive or aversive learning, re-
spectively. In particular, we do not know the extent to which
individual BLA neurons project to multiple outputs, such as the
striatum, prefrontal cortex, and central nucleus of the amygdala.
Each of these BLA efferents have been implicated in the regulation
of both appetitive and avoidance responses, but there may exist
segregation of valenced behavioral drive in these brain regions
as well. Thus, although there is little specific experimental sup-
port, this model (Fig. 1B) remains a viable theoretical mechanism
by which valenced behaviors are segregated in the BLA.

Yet a third model, which has received little experimental at-
tention, suggests that individual BLA neurons receive information
about both rewarding and aversive reinforcement and project to
brain regions that can control both approach and avoidance be-
haviors (Fig. 1C). In this case, the role of BLA neurons in valenced
behavior is dynamic and can be altered by the behavioral state or
experience of the animal, as has been reported for other brain re-
gions such as the nucleus accumbens (Reynolds and Berridge
2008). Of interest, it was shown that inhibition of BLA neurons
that project to the CeM impairs fear expression, but enhances
reward learning (Namburi et al. 2015), suggesting that these oppo-
site valence systems operate in opposition. It is unclear if, for
instance, the BLA-CeM projection may mediate both valence
driven behaviors, or downstream output areas may work in
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Figure 1. Proposed models representing how opposing valence behaviors are generated by basolateral amygdala neurons (BLA). (A) Model
1. Individual BLA neurons have anatomical segregation of both inputs and outputs, such that inputs that carry appetitive information synapse onto
BLA neurons that project to brain regions that regulate approach behaviors, while inputs that carry aversive information synapse onto BLA neurons
that regulate avoidance behaviors. (B) Model 2. Individual BLA neurons receive inputs conveying both rewarding and aversive reinforcers, but only
control either appetitive or avoidance behaviors. (C) Model 3. Individual BLA neurons receive information about both rewarding and aversive reinforce-
ment and project to brain regions that can control both approach and avoidance behaviors. According to this model, the role of BLA neurons in valence
driven behaviors is dynamic and may be altered by experience.
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opposition to integrate information and select the appropriate
behavior. Alternatively, this may result from intra-BLA synaptic
connections between BLA neurons that encode reward versus
fear. The selection of a behavioral action by a single BLA neuron
could be influenced by different patterns of input activity leading
to differential neurotransmitter release into target brain regions
(El Mestikawy et al. 2011; Hnasko and Edwards 2012). It could
also be influenced by state- or experience-dependent bias of
processing in target regions such as the nucleus accumbens
(Reynolds and Berridge 2008). The ability of neurons to flexibly re-
spond to reinforcers with either approach or avoidance behaviors
also facilitates the explanation of counterintuitive behavioral
choices. For example, extremely salty solutions are typically
avoided, but physiological salt deprivation will produce approach
behavior for salty reinforcers (Robinson and Berridge 2013). Also,
cues that predict punishing reinforcers are also sometimes chosen
over cues that predict the absence of any reinforcer (Barberini
et al. 2012). It is not known how the BLA responds in these surpris-
ing situations. The vast majority of studies examining the re-
sponses of single BLA neurons during appetitive or aversive
learning only examine one of these valenced behaviors. To truly
understand the extent to which appetitive and aversive systems
interact in the BLA, one must study both in the same animal.
However, even this approach is complicated because neural net-
works may have molecular mechanisms to minimize overlap be-
tween experiences encoded sequentially in time (Guzowski et al.
2006; Won and Silva 2008). For example, when a BLA neuron is
“selected” to participate in encoding an appetitive memory, it
may engage molecular mechanisms that decrease the likelihood
that it will be selected to participate in aversive memories encoded
in the minutes and hours that follow. In this case, valence segre-
gation may not be a predetermined or hardwired property of indi-
vidual neurons, but rather arises from the experience or history of
the animal.

Nevertheless, experimental data showing that mostly segre-
gated populations of amygdala neurons respond to appetitive
or aversive stimuli provides support for Models 1 and 3
(Schoenbaum et al. 1999; Paton et al. 2006; Morrison et al.
2011). In agreement with classical amygdala studies showing
that aversive learning is mediated by the convergence of the un-
conditioned and conditioned stimuli within single BLA neurons
(Barot et al. 2008; Chung et al. 2011), a recent study found that
cells in the amygdala that encode an unconditioned stimulus of
opposite valence (and different sensory modality) significantly
contributes to both Pavlovian and instrumental associative learn-
ing and conditioned responses acquired after learning (Gore et al.
2015a,b). In further support of Model 1, a study found that dis-
tinct appetitive and aversive value coding circuits coexist in the
amygdala, such that neurons that encode the same valence are
more likely to interact with each other (Zhang et al. 2013).

Basal forebrain projection to the BLA

The BLA receives a dense cholinergic input from the basal fore-
brain, in particular the nucleus basalis magnocellularis (NB).
While neurons in the NB are largely cholinergic, at least one quar-
ter of projection neurons express other neurotransmitters, includ-
ing GABA, glutamate, and neuropeptides (Detari et al. 1999). It is
not known whether these subpopulations of NB neurons also pro-
ject to the BLA and this diversity in neurochemical signaling must
be taken into consideration when interpreting projections origi-
nating in the basal forebrain. Many NB neurons respond similarly
to both appetitive stimuli and aversive air puffs, while small pop-
ulations respond selectively to either aversive or appetitive stimuli
(Richardson and DeLong 1991). These findings suggest that, as in

the BLA, there is some degree of segregation of opposing valenced
behaviors within a population of neurons in the NB, while many
other neurons respond to both valenced stimuli. Interestingly, a
recent study suggests that, in basal forebrain neurons, the re-
sponse magnitude to reward or punishment is dependent on the
anatomical location within the NB. Neurons that respond more
strongly to reward are found more superficially in the basal fore-
brain, while neurons with higher responses to punishment are lo-
cated in deeper areas of the basal forebrain (Hangya et al. 2015).
NB neurons that respond to both positive and negative reinforcers
may be part of a network that regulates properties that are shared
across both appetitive and aversive tasks, such as arousal or atten-
tion (Shabel and Janak 2009). Like the amygdala, basal forebrain
neurons selectively respond to spatial cues associated with re-
warding outcomes, suggesting that both brain areas may work to-
gether to promote attention linked with rewarding experiences
(Peck and Salzman 2014a). It is tempting to speculate that NB neu-
rons with segregated function may project to similar neurons in
the BLA, while NB neurons that respond to appetitive and aversive
stimuli may project to such neurons in the BLA (Fig. 2). However,
there is no experimental evidence to either support or disconfirm
this hypothesis.
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Figure 2. Proposed model representing how neurons in the nucleus
basalis magnocellularis (NB) may convey valence information to BLA
neurons. This model shows that NB neurons with segregated function
may project to similar neurons in the BLA, while NB neurons that
respond to appetitive and aversive stimuli may project to such neurons
in the BLA.
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Acetylcholine from the NB is poised to regulate neurotrans-
mission in the BLA in a complex manner, because it can produce
postsynaptic activation of muscarinic type 1 (M1) receptors
(McDonald and Mascagni 2010) or nicotinic receptors (Klein
and Yakel 2006) in pyramidal neurons and postsynaptic activa-
tion of type 2 muscarinic (M2) receptors (McDonald and
Mascagni 2011) or nicotinic receptors (Pidoplichko et al. 2013)
in interneurons.

Even though muscarinic receptor subtypes are expressed in
different types of neurons in the BLA, agonists of either muscarin-
ic receptor produce similar effects on BLA-dependent aversive be-
haviors. Pharmacological agonism of these receptors immediately
after training on an inhibitory avoidance task improved task per-
formance (Power et al. 2003; Tinsley et al. 2004). Conversely, le-
sions of the NB, thought to have a disproportionately larger
effect on BLA cholinergic inputs relative to inputs to other brain
areas, impaired the acquisition and consolidation of inhibitory
avoidance, an effect that was attenuated by infusion of muscarinic
receptor agonists in the BLA (Power and McGaugh 2002; Tinsley
et al. 2004). Collectively, these results indicate that the choliner-
gic projections into the BLA facilitate learning of an aversive in-
hibitory avoidance task (Power and McGaugh 2002; Tinsley et
al. 2004). Similarly, contextual fear conditioning memories were
increased by muscarinic receptor agonism (Cangioli et al. 2002)
and impaired by muscarinic receptor antagonism (Passani et al.
2001; Tinsley et al. 2004) in the BLA. Furthermore, an M1 receptor
knockout mouse showed deficits in auditory fear learning
(Miyakawa et al. 2001; Tinsley et al. 2004). Though far less-
studied, nicotinic receptors in the BLA also modulate aversive be-
haviors. For instance, blockade of nicotinic receptor during an in-
hibitory avoidance task reduced avoidance behavior but this
effect was only observed in young animals (Blozovski and
Duméry 1987; Tinsley et al. 2004).

While most studies have focused on the role of cholinergic
projections into the BLA in aversive behaviors, the effects of ace-
tylcholine receptor agonism in the BLA have also been studied
during appetitive behaviors. Blockade of muscarinic receptors in
the BLA also impairs the performance on a conditioned place pref-
erence task (McIntyre et al. 1998) but it is unclear if the effects of
acetylcholine are mediated through pyramidal or interneurons in
the BLA. Likewise, it is not known if inhibitory avoidance learning
mediated by nicotinic receptors emerge from the effects of acetyl-
choline on pyramidal neurons or interneurons in the BLA, but
electrophysiological recordings have found more pronounced
effects of nicotinic receptor blockade in interneurons (Unal
et al. 2015). Regardless, the similar effects of cholinergic receptor
manipulations in the BLA on appetitive and aversive tasks sug-
gest that acetylcholine-induced plasticity mechanisms may be
similar across different task-dependent populations of neurons
in the BLA.

Studies have provided a variety of mechanisms by which sig-
naling through muscarinic receptors in BLA neurons promotes
neuronal excitability, such as the suppression of potassium cur-
rents and reduction of the slow afterhyperpolarization of action
potentials (Washburn and Moises 1992; Womble and Moises
1993). In agreement with these data, long-term potentiation in
the lateral amygdala was reduced by muscarinic receptor block-
ade. However, in other cases muscarinic receptor activation in
the BLA can also decrease neuronal excitability (Power and Sah
2008).

While agonism of acetylcholine receptors in the BLA was
shown to improve memory of both aversive and appetitive driven
learning tasks, more recent studies have revealed that the relation-
ship between NB activity and changes in firing of BLA neurons is
not so simple (Unal et al. 2015). The influence of the NB is differ-
ent in interneurons versus pyramidal neurons because different

cholinergic receptors are expressed by these cell types. Even with-
in pyramidal neurons, the effect of NB activity depends on the fir-
ing rate of the BLA neuron; this is because there is state-dependent
recruitment of intracellular cascades through BLA muscarinic re-
ceptors. Thus, it is clear that the effects of the NB on the BLA
may be highly task-dependent and further studies are necessary
to understand how task-dependent firing patterns vary across
the three classes of NB neurons (Fig. 2).

Dorsal raphe nuclei projections to the BLA

The dorsal raphe nucleus (DRN) sends a heavy projection to the
BLA (Vertes 1991; Burghardt and Bauer 2013). Nearly two-thirds
of DRN neurons express serotonin (5-HT) and these serotonergic
neurons strongly innervate the BLA (Steinbusch et al. 1981).
Nonetheless, there is heterogeneity in the neurotransmitter and
neuropeptide content of DRN neurons (Hokfelt et al. 2000), and
also considerable variability in the responses of these neurons
during emotionally valenced tasks. Some DRN neurons encode
both expected and received reward value (Nakamura 2013) and
DRN neurons also have been shown to respond to punishment
(Montagne-Clavel et al. 1995; Schweimer and Ungless 2010). It
is not known whether the neurochemically distinct DRN popula-
tions all respond to reward and punishment and whether these
populations of cells also project to the BLA. It is also clear that
some DRN neurons co-release both 5-HT and glutamate (Liu
et al. 2014); thus, the DRN may modulate BLA neurons through
other neurotransmitters besides 5-HT.

Multiple studies have linked serotonergic DRN neurons to
valenced behavior. For example, virtually all serotonergic DRN
neurons show phasic firing changes to punishment, and approx-
imately half display phasic firing changes to reward-predictive
cues (Cohen et al. 2015). Using the Pet1 promoter, which enables
selective targeting of a subset of serotonergic neurons, 65% of
optogenetically identified DRN-Pet1 neurons show increased fir-
ing after reward-predictive cues (Liu et al. 2014). Interestingly, ex-
pected or received reward size can also modulate DRN neuronal
firing in a reward task (Nakamura et al. 2008), but it is not clear
whether these neurons are serotonergic. In addition, optogenetic
activation of DRN-Pet1 neurons acts as a reward signal to bias ex-
ploratory behavior in mice and facilitates discriminatory learning
in an odor–reward association task (Liu et al. 2014; Luo et al.
2015). These results suggest that, at the stimulation patterns test-
ed, DRN-Pet1 neurons represent a subpopulation of serotonergic
neurons that promote reward behaviors in a glutamate and
serotonin-dependent manner (Liu et al. 2014; Luo et al. 2015).
One possibility is that increased reward learning is due to
serotonin-mediated reduction in impulsivity, as previous studies
found that serotonergic neurons in the DRN increase firing dur-
ing a delay period before reward delivery and that optogenetic
stimulation of serotonergic DRN neurons increases correct wait-
ing behavior and performance during a delayed reward task
(Miyazaki et al. 2011, 2014). When examining tonic firing within
longer time scales, it was found that distinct populations of sero-
tonergic neurons respond with higher firing rates during blocks of
appetitive versus aversive trials, and vice versa (Cohen et al. 2015).
In addition, during reward tasks, many DRN neurons show strong
correlations between tonic activity levels throughout the task and
activity in response to either a reward predictive cue or the reward
itself (Bromberg-Martin et al. 2010). Because of the segregation of
function within the DRN, it is possible that these distinct DRN
neurons project to different populations of neurons within the
BLA (Fig. 3), but this remains to be tested.

Two families of serotonergic receptors, 5-HT2 and 5-HT3, are
expressed in the BLA, but the 5-HT2 receptor family is the most
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abundant. These receptors are found in virtually all excitatory
neurons and the majority of parvalbumin-positive (PV+) inter-
neurons in the BLA (McDonald and Mascagni 2007). 5-HT3 recep-
tors are almost exclusively localized to GABAergic neurons in the
BLA (Mascagni and McDonald 2007) and consequently, their ex-
pression appears sparse throughout this area. The 1A serotonin re-
ceptors (5-HT1A) are not expressed in BLA neurons, but are
expressed in the raphe axon terminals targeting the BLA, where
they act as autoreceptors and modulate serotonergic release in
the BLA. Activation of these receptors limits the release of seroto-
nin at nerve terminals and affects overall serotonergic tone (for re-
view, see Holmes 2008).

Extracellular serotonin in the BLA is increased by stress, fear,
and anxiety (Kawahara et al. 1993; Fernandes et al. 1994; Gargiulo
et al. 1996; Rueter and Jacobs 1996), but the presence of different
receptors in both excitatory and inhibitory cells of the BLA
suggests that the effects of serotonin on aversive processing are
complex. The use of pharmacological antagonists and protein ma-
nipulations reveal a specific role for the 5-HT2C receptors in anx-
iety. These receptors promote neuronal excitation by coupling to
phospholipase C and increasing intracellular calcium. For in-
stance, overexpression of 5-HT2C receptors in the forebrain (in-
cluding the BLA) produces anxiety (Kimura et al. 2009) and
selective serotonin reuptake inhibitors (SSRIs) increase the expres-
sion of fear memory (Burghardt et al. 2007). Conversely, 5-HT2C
knockout mice show decreased anxiety (Heisler et al. 2007) and

5-HT2C antagonists block the enhancement of fear expression
by SSRIs. One hypothesis is that activation of these receptors
may increase anxiety by elevating the serotonin levels in the
BLA, since 5-HT2C antagonists block increases in serotonin dur-
ing a stressful event. In agreement with this, rats subjected to in-
escapable shock stress show increased serotonin release in the BLA
during a social exploration test and decreased social exploration
time, which is reversed by 5-HT2C receptor antagonists in the
BLA before the social test (Christianson et al. 2010). Altogether,
these results suggest that activation of 5-HT2C receptors in the
BLA mediates increases in fear expression and anxiety, while re-
duced activity at this type of receptor is anxiolytic.

The BLA 5-HT3 receptors, which are the only serotonin re-
ceptors that form ligand-gated channels permeable to cations
(Barnes and Sharp 1999), are also linked to aversive processing
in the BLA. 5-HT3A receptor knockout mice showed increased
fear learning (Bhatnagar et al. 2004). Humans carriers of an allelic
variant of a SNP in the HTR3A gene, C178T, which is associated
with increased 5-HT3 receptor expression in vitro (Niesler et al.
2001) show lower scores for anxiety-related traits and reduced
amygdala activity in response to threatening stimuli (Melke
et al. 2003; Iidaka et al. 2005). These results suggest that higher
levels of 5-HT3 receptors may constrain aversive processing, while
lower levels of 5-HT3 receptor may promote fear learning and anx-
iety, consistent with the idea that these receptors are mostly locat-
ed in BLA inhibitory neurons and may act to reduce the
excitability of BLA projection neurons (Mascagni and McDonald
2007). Further study of the role of these receptors in the amygdala
will be important to establish a clear role between behavior and
5-HT3 receptor function.

Finally, the 5-HT1A receptor also regulates aversive process-
ing. 5-HT1A agonists infused into the BLA impair the expression
of context fear conditioning (Stiedl et al. 2000; Li et al. 2006)
and decrease the acquisition and expression of a conditioned de-
feat task (Morrison and Cooper 2012). The role of 5-HT1A recep-
tors in anxiety is unclear, since 5-HT1A agonists applied into
the rat BLA can both reduce and increase anxiety (Holmes
2008). These results may be explained by differential effects of
5-HT1A agonists on BLA neuronal activity. Some studies found
that application of 5-HT1A receptor agonists in the BLA inhibits
neuronal excitability and the inhibitory actions of 5-HT on BLA
neurons can be prevented by a 5-HT1A receptor antagonist
(Cheng et al. 1998; Wang et al. 1999; Stein et al. 2000). Other stud-
ies found that 5-HT1A receptor agonists can also suppress GABA
interneuron activity in the BLA (Koyama et al. 1999; Koyama
et al. 2002). Exposure to stress can also impact the BLA through
desensitization of 5-HT1A autoreceptors (Laaris et al. 1997;
Lanfumey et al. 1999; Gartside et al. 2003; Froger et al. 2004), like-
ly impairing inhibition of serotonin release at these terminals in
the BLA.

Unfortunately, much less is known about the role of seroto-
nin in reward processing. It is not known how extracellular levels
of serotonin in the BLA are altered by reward processing, but selec-
tive pharmacological depletion of serotonin in the BLA does en-
hance the expression of learned appetitive behaviors (Man et al.
2012), and also impairs probabilistic discriminative and reversal
reward learning (Rygula et al. 2014). Only a few studies have ex-
amined the contribution of specific serotonin receptors to reward
processing in the context of drug addiction or food reward. For ex-
ample, a 5HT-2 receptor agonist in the BLA decreased reward-
seeking lever presses (McCool et al. 2014) and higher levels of
5HT3A in the BLA are predictive of stronger Pavlovian approach
behaviors in a task in which cues predict food delivery (Barker
et al. 2014). Thus, while it is clear that serotonin can modulate re-
ward, there remains much to be discovered about the mechanisms
by which this is achieved.
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Figure 3. Proposed model representing how neurons in dorsal raphe
nucleus (DRN) may convey valence information to BLA neurons.
According to this model: DRN neurons that respond to aversive stimuli
project to BLA neurons that respond to aversive stimuli only; DRN
neurons that respond to aversive and appetitive stimuli project to BLA
neurons also responsive to both types of stimuli.
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It is interesting that activation of 5HT-2 or 5HT-3 receptors in
the BLA seems to have opposite effects on positive versus aversive
behaviors. Activity through the 5HT-2 receptors promotes fear
and decreases reward seeking (McCool et al. 2014) and activity
at 5HT-3A receptors decreases anxiety but increases food approach
behavior (Melke et al. 2003; Iidaka et al. 2005; Barker et al. 2014).
In addition, 5HT-2C and 5HT-3 receptors seem to have opposite
functions during learning tasks driven by either positive or nega-
tive valence. For instance 5HT-2C receptor activity or lack of
5HT-3A receptors can promote fear (Bhatnagar et al. 2004;
Burghardt et al. 2007). This may be due to the opposite effects
of each receptor on neuronal excitability since 5HT-2C receptors
would be expected to increase excitability of excitatory neurons
in the BLA (Barnes and Sharp 1999), while the 5HT-3A receptors
found in GABAergic neurons in the BLA are thought to indirectly
inhibit pyramidal cells by activating postsynaptic interneurons
(but also see Sugita et al. 1992).

Ventral tegmental area projection

to the BLA

Many dopamine neurons innervating the BLA originate from cells
situated within multiple subgroups of the ventral tegmental area
(VTA) (de la Mora et al. 2010). Dopamine is frequently associated
with reward: both unexpected rewards and cues that predict re-
wards trigger phasic firing in �75% of
dopaminergic VTA neurons (Romo and
Schultz 1990; Schultz 2007). While it is
often assumed that this reward-related
activity is present throughout the extent
of the VTA, this has not been demon-
strated. For instance, it is thought that
VTA neurons activated by reward are lo-
cated in the dorsal VTA, but it is not
known whether ventral VTA neurons
also respond to reward (Ungless et al.
2004; Brischoux et al. 2009). The re-
sponse of VTA neurons to aversive stim-
uli is anatomically segregated: dorsal
VTA neurons are inhibited by aversive
stimuli while ventral VTA neurons are ex-
cited by these stimuli (Brischoux et al.
2009). Others have reported valence seg-
regation more broadly within midbrain
dopamine neurons: neurons excited by
positive valence and inhibited by nega-
tive valence were found in the VTA and
ventromedial substantia nigra (SN),
while a second neuron type excited by
both valences was found in the dorsolat-
eral SN (Matsumoto and Hikosaka 2009).
While inhibition of VTA dopamine neu-
rons when the reward is omitted is driven
by the lateral habenula (Matsumoto and
Hikosaka 2007), such inhibitory drive
is not responsible for the inhibition of
VTA dopamine neurons by aversive
events (Tian and Uchida 2015). Thus, it
is possible that dopaminergic VTA neu-
rons are anatomically segregated by va-
lence, and single neurons respond
oppositely to aversive and appetitive
stimuli. Alternatively, there may be a
dopaminergic VTA system that primarily
signals reward, and a second system en-

coding a feature common to both aversive and appetitive stimuli,
such as salience.

Dopamine can impact BLA function through numerous re-
ceptors. Dopamine type 1 receptors (D1 and D5) have widespread
expression within the BLAwith D1 receptors mainly found in den-
dritic spines and D5 receptors in terminals (Muly et al. 2009).
Because D5 receptors have higher affinity for dopamine, it has
been suggested that dopamine presynaptic actions may predomi-
nate in the BLA at low levels of dopamine, while postsynaptic ef-
fects increase and dominate as dopaminergic drive increases.
Dopamine type 2 receptors (D2) have also been observed in the
BLA (Maltais et al. 2000), but the localization of these receptors
is unclear and the level of expression of D2 receptors is controver-
sial (de la Mora et al. 2010).

Dopamine is clearly important for modulating BLA-depen-
dent aversive learning. Dopamine levels in the BLA are increased
by aversive learning tasks (Yokoyama et al. 2005) and also during
stressful events (Coco et al. 1992; Inglis and Moghaddam 1999),
suggesting that dopamine facilitates aversion. In agreement
with this, pharmacological agonism of D1 receptors in the BLA
enhances neuronal firing evoked by stimulation of auditory in-
puts in some BLA neurons (Chang and Grace 2015). Providing fur-
ther support, both D1 receptor antagonism and genetic ablation
of D1 receptors in the BLA impair the acquisition of fear memories
(Greba and Kokkinidis 2000; Fadok et al. 2009). The role of the D2
receptor in BLA-dependent aversive memory is far less studied, but
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D2 receptor antagonism immediately after inhibitory avoidance
training impairs retention of this task (Lalumiere et al. 2004)
and also inhibits the acquisition of fear potentiated startle (de la
Mora et al. 2010).

Dopamine in the BLA also modulates reward-related behav-
iors and its levels are increased in the BLA during appetitive learn-
ing paradigms (Hori et al. 1993; Harmer and Phillips 1999). D1
receptor blockade in the BLA impairs the acquisition of an instru-
mental appetitive task, implicating these receptors in reward
learning (Andrzejewski et al. 2005). Moreover, both D1 and D2 re-
ceptor activation in the BLA mediates cue-induced reinstatement
of drug self-administration (See et al. 2001, 2003; Berglind et al.
2006). Additionally, D1 receptor antagonism enhances operant
responding for cocaine (Hurd et al. 1997).

Overall, dopamine enhances both aversive and appetitive
processing within the BLA, and the effects of dopamine receptor
manipulation on valence processing are similar across both dopa-
mine type 1 and type 2 families of receptors. This is consistent
with findings from in vitro studies showing that dopamine in-
creases the excitability of BLA projection neurons via mechanisms
involving both D1 and D2 receptors on both projection and
inhibitory neurons (Kroner et al. 2005). Dopamine may also
facilitate glutamatergic neurotransmission. Anatomically, dopa-
minergic terminals form nonsynaptic appositions with gluta-
matergic axon terminals and synaptic contacts with distal
dendrites of pyramidal neurons in the BLA (Muller et al. 2009)
and D1 receptor expression is partially overlapped with the NR1
subunit of NMDA receptors in endomembrane distributions in
the soma and dendrites of BLA projection neurons (Pickel et al.
2006). Also, dopamine-induced enhancement of feedforward in-
hibition into interneurons within the BLA is permissive for the in-
duction of long-term potentiation at BLA synapses due to
disinhibition of excitatory neurons (Bissiere et al. 2003).

It is clear that populations of dopaminergic VTA neurons are
activated by appetitive and aversive stim-
uli, and that plasticity of BLA neurons is
enhanced by dopamine released during
emotionally valenced tasks. Thus, ana-
tomically segregated VTA inputs could
mediate either positive versus negative
or reward versus salience valenced neuro-
nal segregation in the BLA (Fig. 4). To dis-
tinguish between these possibilities, we
must understand whether neurons in
the ventral VTA represent salience or
aversion and also explore the extent to
which the dorsal versus ventral VTA pro-
ject to different cell populations within
the BLA.

Conclusions

Most studies examining the response of
single BLA neurons during appetitive
and aversive behaviors only focus on a
single valence-driven behavior. While
these experiments are important for de-
termining the role of the BLA during
aversive or appetitive behaviors, they do
not further our understanding of how
these circuits are segregated within the
BLA.

The level of segregation of valence-
dependent inputs into the amygdala
may vary depending on the afferent

structure. For instance, in the NB, neurons respond to either aver-
sive or appetitive stimuli, or to both valences, raising the possibil-
ity that inputs from the NB neurons with segregated function may
project to similar neurons in the BLA (in agreement with the mod-
el shown in Fig. 1A), while NB neurons that respond to appetitive
and aversive stimuli may project to such neurons in the BLA (Fig.
2, in agreement with the models depicted in Fig. 1B,C).
Dopaminergic VTA neurons may be anatomically segregated by
valence (Fig. 4, left; in agreement with the model shown in Fig.
1A), or there may be a dopaminergic VTA system that primarily
signals reward, and a second system that encodes both aversive
and appetitive stimuli (Fig. 4, right; supporting a combination
of the models in Fig. 1). A different picture emerges when consid-
ering the inputs from the DRN (Fig. 3). In this case, DRN neurons
that respond to aversive stimuli could project to BLA neurons that
respond to aversive stimuli only (in accordance with the model
shown in Fig. 1A) and DRN neurons that respond to aversive
and appetitive stimuli could project to BLA neurons also respon-
sive to both types of stimuli (as depicted in the models of Fig.
1B or C). It is likely that all three models presented in Figure 1
may coexist and determine valence-modulated behaviors by the
amygdala. Further studies will be necessary to determine the
role of different inputs and their contribution in amygdala mod-
ulation of these behaviors.

Studying both aversive and appetitive behaviors within a
single subject is essential for answering the question of how va-
lence is processed within the amygdala and other brain areas. To
address the fundamental issues of how anatomical wiring contrib-
utes to functional segregation of opposing valence stimuli within
the BLA, it is important to combine circuit dissection with behav-
ioral and electrophysiology recordings. Below, we propose ap-
proaches that address some of the issues we raise in this review.

There are many sensory and cortical afferents that project to
the BLA (Pitkanen 2000). Many of these BLA inputs consist of
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neuronal populations that respond to either both or only one type
of valenced stimulus, but it is unclear whether these subpopula-
tions of neurons all project to the BLA. To answer this question,
it is necessary to study the firing patterns induced by both appeti-
tive and aversive stimuli in neurons known to project to the BLA
(Fig. 5A). By infusing a retrograde virus expressing Cre recombi-
nase in the BLA and a second virus expressing opsin proteins in
a Cre-dependent manner in a BLA afferent, one could combine
photoactivation with electrophysiological recordings to identify
those neurons in the afferent structure that project to the BLA.
This could then be followed by electrophysiological recordings
of neurons within the BLA afferent during presentation of aversive
and appetitive stimuli to characterize the valence profile of each
BLA-projecting neuron. Additionally, photoinhibition or photo-
stimulation of these neuronal inputs to the BLA during aversive
or appetitive behavioral tasks could help us better understand
the contribution of these inputs to valenced behaviors, especially
if combined with activity-dependent expression of the proteins
that allow inhibition or activation of neuronal ensembles activat-
ed by opposite valence experiences (Redondo et al. 2014; Gore
et al. 2015a,b).

Using the same approach while recording in the BLA would
allow one to determine if BLA neurons that respond only to aver-
sive, appetitive or both types of stimuli receive inputs from the
same brain area or distinct brain areas. In addition, while stimulat-
ing different inputs into the BLA and recording BLA neuronal ac-
tivity, one could determine whether: (1) different inputs can
modulate the same neuron; (2) neurons modulated by different
inputs respond to appetitive, aversive or both types of stimuli,
and (3) manipulation of each input can drive a neuron to respond
to either aversive or appetitive stimuli.

These are just a few examples of the kind of questions scien-
tists may address in the near future. While it is already recognized
that the BLA is important for valenced behavior, a more sophisti-
cated understanding of functional compartmentalization within
the BLA is essential for understanding how the BLA regulates emo-
tional processing. Studying how afferent projections converge or
segregate into populations of BLA neurons will help us determine
how these inputs modulate patterns of neuronal activity and how
different patterns of amygdala neuronal firing modulate valenced
behaviors. This knowledge may facilitate the detection and cor-
rection of patterns of amygdala neuronal activity associated
with pathological behaviors. Furthermore, dissecting the molecu-
lar mechanisms involved in achieving these patterns of neuronal
activity induced by different afferents within populations of
amygdala neurons will allow us to identify specific molecular
pathways that represent potential targets for the treatment of
mental disorders. An imbalance in approach and avoidance may
contribute to many mental health disorders including addiction,
anxiety, and post-traumatic stress disorder. Understanding the ex-
tent to which appetitive and aversive circuits in the BLA are dis-
tinct or convergent facilitates the study of these circuits in the
context of animal models of emotional disorders.
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