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Abstract

Understanding complex behavioral processes, both learned and innate, requires detailed
characterization of the principles governing signal flow in corresponding neural circuits. Previous
studies were hampered by the lack of appropriate tools needed to address the complexities of
behavior-driving micro- and macrocircuits. The development and implementation of optogenetic
methodologies revolutionized the field of behavioral neuroscience, allowing precise
spatiotemporal control of specific, genetically defined neuronal populations and their functional
connectivity both /n vivoand ex vivo, thus providing unprecedented insights into the cellular and
network-level mechanisms contributing to behavior. Here, we review recent pioneering advances
in behavioral studies with optogenetic tools, focusing on mechanisms of fear-related behavioral
processes with an emphasis on approaches which could be used to suppress fear when it is
pathologically expressed. We also discuss limitations of these methodologies as well as review
new technological developments which could be used in future mechanistic studies of fear
behavior.

1. Introduction

Anxiety disorders are among the most commonly occurring mental illnesses in the United
States and worldwide (Kessler et al., 2009). They include adult separation anxiety disorder,
generalized anxiety, panic disorder, post-traumatic stress disorder (PTSD) and various types
of phobias, including agoraphobia, social phobia and specific phobia (Kessler et al., 2009;
DSM-5, 2013). Anxiety disorders are characterised by a greater degree of fear than required
by the situation, often reflected in responses to a non-existent threat (LeDoux, 1998;
LeDoux, 2000; Maren & Quirk, 2004). Accordingly, they can be considered as disorders
involving a dysregulation of fear systems in the brain. Available treatments for anxiety
disorders are relatively nonspecific and include cognitive behavioral therapy (CBT) and/or
medication (e.g., benzodiazepines, beta blockers or antidepressants). In the case of exposure-
based CBT, a patient is regularly presented with an intervention which triggers anxiety states
to downregulate negative emotions toward these stimuli via desensitization. While much
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more complex compared to animal studies, the cognitive strategies for control of fear and
anxiety in humans are conceptually similar to extinction of classical threat (fear)
conditioning, that appears to be phylogenetically preserved across different species and
shows significant overlap of underlying circuits (Phelps et al., 2004; Delgado et al., 2008;
Milad & Quirk, 2012). For these reasons, fear extinction in rodents is generally accepted as a
preclinical model for exposure-based behavioral therapy of anxiety disorders in human
subjects.

Classical conditioning and extinction paradigms were originally introduced in early
twentieth century in experiments on appetitive responses in dogs (Pavlov, 1927). In rodent
models, conditioned fear is induced experimentally by pairing an initially neutral stimulus
(the conditioned stimulus or CS, such as tone, specific odor or light) with an aversive
stimulus (the unconditioned stimulus or US - e.g., electric foot or tail shock, Fig. 1). If
repeated several times, or even after a single CS and US pairing, this leads to the formation
of a strong association between the US and CS — fear learning, allowing animals to predict
the conditioned threat based on environmental cues. Thus, the presentation of the CS alone
results in the fear response, which could be measured as a degree of freezing or an acoustic
startle reflex. However, if the CS is presented repeatedly without an anticipated
reinforcement (in the absence of US), the conditioned fear response gradually declines in a
process of fear extinction (Myers & Davis, 2007). Fear extinction, which is a form of
memory, is not permanent and often less stable than the initially acquired fear memory;,
which could reappear under different conditions in fear extinguished subjects. Thus, the
extinguished fear can arise again in a process of spontaneous recovery (with a passage of
time without any additional training), renewal (due to a change of context in which fear
memory was extinguished) or reinstatement (with an exposure to the initial US) (Myers &
Davis, 2007; Singewald et al., 2015). Re-emergence of fear memory is observed not only in
rodent models, but also in humans (Dirikx et al., 2004; Hermans et al., 2005; Milad et al.,
2005), bringing certain limitations for exposure-based CBT which need to be considered in
clinical settings (e.g., Dunsmoor et al., 2014). The return of the original fear memory under
different conditions supports an accepted view that extinction represents new learning that
does not erase the initial CS-US association, underlying fear memory. Notably, it has been
suggested that the efficiency of fear extinction in rats (new learning vs. erasure) may be
determined by the time interval between fear conditioning and extinction training (Myers et
al., 2006). However, this time dependence does not seem to be universal (Maren & Chang,
2006; Alvarez et al., 2007; Schiller et al., 2008; Woods & Bouton, 2008; Chang & Maren,
2009). Other studies suggest that “unlearning” might be a dominant mechanism of extinction
in early development (Kim & Richardson, 2008).

Over the last decade, specific neural circuits and pathways involved in modulation of fear in
the classical threat (fear) conditioning paradigm have been quite successfully dissected,
though there still are many unanswered questions. There is significant evidence for the role
of long-term synaptic plasticity at synapses in the neural pathways of fear learning in
retention of conditioned threat (fear) memory (McKernan & Shinnick-Gallagher, 1997;
Rogan et al., 1997; Tsvetkov et al., 2002; Rumpel et al., 2005; Dityatev & Bolshakov, 2005;
Cho et al., 2012). Synaptic plasticity in afferent projections to the amygdala, providing
conditioned stimulus information, is pathway-specific, thus helping to maintain functional

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luchkina and Bolshakov Page 3

independence of the convergent inputs (Tsvetkov et al., 2004; Shin et al., 2006; Shin et al.,
2010). Previous studies also demonstrated that fear-related behavioral processes, both
learned and innate, could be controlled by neural circuitry-specific gene expression
(Shumyatsky et al., 2002; Shumyatsky et al., 2005; Riccio et al., 2009; Riccio et al., 2014).

The examination of neural circuits underlying innate fear, as opposed to learned fear (e.g.,
fear conditioning), and its regulation has been challenging and technically demanding due to
the complexity and heterogeneity of brain structures and neural circuits involved. The
bottom-up multilevel scientific approach, enabled by the development and implementation
of optogenetic techniques in combination with advanced molecular biological and genetic
tools, allowed the dissection of circuits governing expression and modulation of fear from
the new perspectives (Johansen et al., 2012; Belzung et al., 2014; Lalumiere, 2014; Riga et
al., 2014). By using genetically coded light-sensitive probes, optogenetic techniques allow
precise temporal and spatial control of specific cells and their projections. Thus, the
experimental possibilities are shifted from dissecting the roles of certain brain regions with
somewhat limited pharmacological and lesion approaches, to the study of contributions of
specific, either molecularly or anatomically defined, populations of neurons to behavioral
processes in both freely moving animals and in ex vivo network-level studies.

In the current review, we provide a brief introduction to optogenetic techniques which have
been used in studies of fear circuits. We then discuss recent advances and limitations of
these techniques as well as other current technological developments which can potentially
be applied to the study of the neural pathways controlling fear. Finally, we review recent
discoveries utilising optogenetic tools, exploring neural circuits associated with both learned
and innate fear and their modulation.

2. Optogenetics: summary and current developments

In the “pre-optogenetics” era, technological limitations made it almost impossible to study
the individual elements (e.g., anatomically defined projections or genetically distinct
subpopulations of neurons) of fear and extinction circuits. Optogenetic techniques,
combined with advanced genetic tools, are extremely useful for probing the functions of
specific cell types and distinct connections in neuronal networks guiding fear and anxiety.
Detailed cell-specific characterization of neural circuits regulating fear and anxiety, as well
as the possibility of precisely targeted manipulation of neuronal activity in defined cell
populations, are critical for understanding the underlying neurobiological basis of both
learned and innate fear systems. In addition, these advances may facilitate the development
of controlled and specialized treatment paradigms for the disorders implicating
dysregulation of fear mechanisms.

2.1 Optogenetic tools

Optogenetics employs light-sensitive proteins (opsins) to enable millisecond-precision
control of neuronal firing by photostimulation in genetically identifiable cell populations.
Since channelrhodopsin-2 (ChR2), a rapidly gated light-sensitive cation channel derived
from the green alga Chlamydomonas reinhardtii (Nagel et al., 2003), was shown to reliably
induce action potential firing in hippocampal neurons in response to illumination with pulses
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of blue light (470 nm; Boyden et al., 2005), new optogenetic tools are continuously being
developed. These tools enhance and broaden the ways to manipulate neuronal activity by
photostimulation (Fig. 2; for review see Yizhar et al., 2011; Zhang et al., 2011; Zalocusky &
Deisseroth, 2013; Guru et al., 2015). Neurons may be silenced by hyperpolarizing their
membrane using light-activated ion pumps, which translocate chloride ions from the
extracellular space into the cell (halorhodopsin from Natronomonas pharaonis or NpHR
(Han & Boyden, 2007; Zhang et al., 2007) as well as its improved versions eNpHR2.0 and
eNpHR3.0 (Gradinaru et al., 2008; Zhao et al., 2008; Gradinaru et al., 2010)) or by
extruding protons from the cells (archaerhodopsin Halorubrum sodomense or Arch; Chow et
al., 2010). Both Arch and NpHR silence neurons upon illumination with yellow light (Zhang
et al., 2007; Chow et al., 2010); therefore, they do not overlap with the ChR2 excitation
spectrum, allowing independent activation of ChR2 and Arch/NpHR for bidirectional
modulation of neuronal activity. To achieve maximally deep penetration of light into the
brain for /n vivo studies and desirable future medical applications, efforts have been
concentrated on the development of red-shifted inhibitory opsins. Recently, this work
culminated in the engineering of a red-shifted cruxhalorhodopsin, Jaws, derived from
Haloarcula (Halobacterium) salinarum (strain Shark), which noninvasively mediates
transcranial optical inhibition of neurons located 1-3 mm below the brain’s surface in awake
mice (Chuong et al., 2014). Despite such improvements, these inhibitory pumps are less
efficient compared to excitatory channelrhodopsins (e.g., only a relatively small brain area
could be silenced effectively in /n vivo studies). Furthermore, they transport only one ion per
photon and so require constant light illumination of high intensity coupled to high levels of
photosensitive protein expression. In addition, NpHR can affect the GABA receptor
reversal potential, which may result in changes in synaptically evoked spiking following the
photoactivation period (Raimondo et al., 2012). Finally, sustained Arch activation may
increase spontaneous neurotransmitter release (Mahn et al., 2016); therefore, it affects
neuronal firing rates and behavioral outcomes. Recently, helped by publication of the first
high-resolution crystal structure of channelrhodopsin, two groups introduced the designed
light-gated chloride channels for optogenetic inhibition (Berndt et al., 2014; Wietek et al.,
2014), which should overcome many of the long-standing limitations mentioned above that
hamper the efficiency of optogenetic inhibition.

Spatiotemporally precise control of intracellular signaling processes in neurons became
possible with the development of opsin-receptor chimeras (Kim et al., 2005) between
vertebrate rhodopsin and conventional ligand-gated G-protein-coupled receptors (GPCRS),
such as the adrenergic, serotonin and dopamine receptors (the optoXR family) (Airan et al.,
2009; Oh et al., 2010; Gunaydin et al., 2014; Singewald et al., 2015). These optoXRs
activate native GPCR second messenger signaling in response to light instead of ligand-
mediated activation (Zalocusky & Deisseroth, 2013) and many of them play modulatory
roles in extinction processes (Mueller & Cahill, 2010; Homberg, 2012; Stiedl et al., 2015;
Stockhorst & Antov, 2015). The drawback of all the above-listed strategies is that they
involve expression of exogenous proteins (opsins), with natural endogenous neuronal firing
patterns substituted by artificial spike firing patterns dictated by the experimenter.

Another approach, pioneered by Richard Kramer and termed optogenetic pharmacology,
concentrates on modifying endogenous receptors and channels (Banghart et al., 2004). In
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this approach, a receptor or channel is genetically modified with a point mutation (a cysteine
substitution) close to the neurotransmitter binding site or the pore-forming domain. This site
is used to attach a cysteine-reactive photoswitchable tethered ligand (PTL), which changes
its conformation in a light-dependent manner and either activates or inhibits the channel or
receptor, respectively (Szobota & Isacoff, 2010; Kramer et al., 2013). Similar to
optogenetics, this method provides cell-specific temporal and spatial control of neuronal
activity, but adds bidirectionality and receptor-subunit specificity. To date, there are
engineered light-regulated K+ channels (Banghart et al., 2004; Fortin et al., 2011; Sandoz et
al., 2012); nicotinic acetylcholine receptor subtypes a3p4 and a4p2 (Tochitsky et al., 2012);
P2X receptors (Lemoine et al., 2013; Browne et al., 2014); acid-sensing ion channels
(Browne et al., 2014); group Il metabotropic glutamate receptors (mGIuRs), mGIluR2 and
mGIuR3, and group Il mGIuR mGIuR®6 (Levitz et al., 2013); kainate subtype of ionotropic
glutamate receptors GluK2 (Molgraf et al., 2006; Gorostiza et al., 2007) and the entire
GABAA receptor family (Lin et al., 2014; Lin et al., 2015). In contrast to the mentioned
single-component tools, optogenetic pharmacology is more challenging methodologically as
it depends on two critical constituents: the chemical photoswitchable ligand and the gene
encoding the receptor or channel of interest (Kramer et al., 2013). However, the
development of knock-in mice where the wild-type channel is replaced by an engineered
light-sensitive version should make the technical implementation of these tools easier and
facilitate their usage (Lin et al., 2015).

2.2. Optogenetic targeting

The decoding of fear circuits using optogenetic techniques requires efficient targeted
delivery and high levels of photosensitive proteins expression, which could be accomplished
in several different ways. First, stereotactic virus-based introduction of opsin genes under
direct control of specific promoters provides the brain region-specific targeting (Fig. 3).
Spatially precise injections of viruses are used in situations where specific genetic targeting
otherwise could not be achieved (e.g., targeting infralimbic versus prelimbic subregions in
the mPFC). Depending on experimental requirements, different viruses could be used for
gene delivery, such as the commonly used adeno-associated virus (AAV) and lentivirus, but
also herpes simplex virus 1 (HSV-1) and rabies virus. The viral construct can include
ubiquitous or neuronal promoters such as elongation factor 1-alpha (EF1), human thymocyte
differentiation antigen 1 (Thy-1), neuron specific human synapsin 1 (hSyn) (Zhang et al.,
2010; Rein & Deussing, 2012). The main constraint of viral transduction methods is the
limited packaging capacity of viruses, which restricts the use of large promoters and lowers
the number of cell types that can be targeted. Additionally, many cell-type specific
promoters cannot achieve levels of opsin expression required for efficient photostimulation
(Zhang et al., 2010). Despite these limitations, some cell-type specific promoters have been
successfully employed for opsins delivery, including Ca?*/calmodulin-dependent protein
kinase lla (CaMKIlla) promoter to target excitatory glutamatergic neurons (e.g., Gradinaru
et al., 2008), glial fibrillary acidic protein (GFAP) promoter for optogenetic astrocyte
activation (Perea et al., 2014), Hcrt promoter for targeting hypocretin (orexin)-producing
neurons in the lateral hypothalamus (Adamantidis et al., 2007) and D2SP promoter for
transgene expression in dopamine receptor type 2 (D2R)-containing cells (Zalocusky et al.,
2016). In rodents, functional levels of opsin expression at the viral injection sites are
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normally reached after 2—-3 weeks (depending on the virus type). However, much longer
times are required for expression in long-range terminal projections (>6 weeks; Zhang et al.,
2010), limiting the use of this approach in developmental studies of fear-related behavioral
processes.

Different approaches have been implemented to achieve projection-specific opsin targeting.
For instance, to perform mPFC projection-specific manipulations in amygdala, virus
carrying opsin was injected into the medial prefrontal cortex (mPFC), while light was
delivered to the amygdala via an implanted optical fiber /n vivo or positioned LED source in
slices ex vivo (Cho et al., 2013; Bukalo et al., 2015). Additionally, anterograde or retrograde
labeling of specific projections, innervating either a targeted brain region or a targeted cell
population, exploit such viral vectors as herpes simplex virus 1 (HSV-1), rabies virus,
pseudorabies, vesicular stomatitis virus and designer AAV variant rAAV2-retro for
retrograde gene delivery (Zhang et al., 2010; Zalocusky & Deisseroth, 2013; Tervo et al.,
2016), whereas lymphocytic choriomeningitis virus glycoprotein (LCMV-G) and AAV
serotypes AAV1 and AAV9 are used for trans-synaptic anterograde transduction (Zalocusky
& Deisseroth, 2013; Zingg et al., 2016). An alternative approach, based on the use of a
version of Cre-recombinase fused to wheat-germ agglutinin (WGA-Cre) or tetanus toxin
fragment C (TTC-Cre), allows Cre recombinase to be trans-synaptically transported to
anatomically connected neurons. Another subset of neurons or target structures, transduced
with a Cre-dependent virus, will then express the opsin gene only upon Cre recombinase
translocation (Gradinaru et al., 2010). Therefore, projection specific targeting combined with
the cell-type specific (via genetic markers) and regional targeting provide versatile tools in
the identification of truly distinct cell types by their anatomic, genetic and functional
characteristics. It provides an additional degree of cellular and network-level specificity for
dissection of fear circuits when other targeting methods are not available. For example, the
differentiation of fear and extinction neurons in the basolateral nucleus of the amydgala
(BLA\) is based not only on their functional characteristics but also on their specific targeting
of neurons in PL and IL subregions, respectively (Senn et al., 2014).

Viral transduction does not always result in the uniform expression of opsins. Furthermore,
opsins are only expressed in cells that are receptive to viruses. For targeting cell types that
require larger promoters, in order to obtain more consistent patterns of opsin expression, or
for developmental studies using optogenetic tools, a good alternative to viral delivery of
opsins is the use of genetically modified mice. There are several transgenic mouse lines that
express opsins under control of a variety of different promoters, including Thyl (Arenkiel et
al., 2007; Zhao et al., 2008), vesicular glutamate transporter 2 (VGlut2) for glutamatergic
neurons (H&gglund et al., 2010), vesicular GABA transporter (VGAT) promoter for opsin
expression in GABAergic neurons, choline acetyl transferase (ChAT) promoter for
cholinergic neurons, tryptophan hydroxylase 2 (TPH2) for serotonergic neurons, and Pvalb
promoter for parvalbumin-positive interneurons (Zhao et al., 2011). Different mouse lines
with robust Cre-dependent expression of the fluorescently tagged ChR2(H134R)-tdTomato,
ChR2(H134R)-EYFP, Arch-EGFP-ER2, or eNpHR3.0-EYFP have been created recently.
These mice allow optical control of neuronal activity for a broad range of cells when crossed
with multiple available Cre-driver lines (Madisen et al., 2012). Additionally, the tetracycline
transactivator (tTA)-tetracycline operator (tetO) promoter system can be used to generate tet-
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off bitransgenic mouse lines, allowing activity-dependent expression of the
channelrhodopsin variant (ChEF) within a determined temporal window (e.g., corresponding
to a specific behavior), with opsin expression restricted by administration of doxycycline
outside of the required temporal window (Cowansage et al., 2014). Recently, methods of
activity-dependent expression of opsins were extended to the CANE technology (Capturing
Activated Neuronal Ensembles), utilizing both knock-in mice and engineered viruses. This
method allows labelling of neurons activated during specific behavior or a set of behaviors
with the subsequent manipulation of activity (both silencing and activation) of tagged
neurons as well as mapping their efferent and afferent projections (Sakurai et al., 2016).
These tools are capable of providing deep insights into molecular and cellular mechanisms
of a specific behavior process, allowing photoactivation of neuronal ensembles specific for
this behavior; therefore, such behavior can be “replayed” at the level of implicated neural
circuits either ex vivo or in vivo.

To overcome the disadvantages of the somewhat limited cell-type specificity of applicable
promoters, the following molecular tools have been used. Systems using flip-excision switch
(FLEX) or double inverted open (DIO) reading frame AAVs combine the advantages of
multiple available Cre-driver mouse lines (transgenic lines expressing Cre-recombinase
under control of a cell type-specific promoter) and Cre-dependent AAV vectors in which an
opsin gene is flanked by heterotypic, antiparallel loxP/lox2272 recombination sites. The
open reading frame is only irreversibly inversed in Cre-expressing neurons; therefore cell-
type specific opsin expression is enabled under the control of a strong promoter.
Accordingly, if cells are infected by DIO/FLEX-AAV but lack Cre recombinase, loxP/
lox2272, recombination sites will prevent transcriptional read-through and, consequently,
will not express opsins carried by the viral construct (Atasoy et al., 2008; Sohal et al., 2009).
In addition, a combination of Cre with other recombinases (such as Dre or FIp) have been
recently implicated in the INTRSECT approach (INTronic Recombinase Sites Enabling
Combinatorial Targeting), allowing simultaneous cell-type specific (several genetic markers)
and/or projection-based targeting of several populations of neurons (Fenno et al., 2014).

Thus, due to the constantly developing and expanding experimental toolbox, optogenetic
approaches provide unparalleled possibilities for selective manipulations of fear circuits in
freely moving animals and network-level mechanistic studies of fear mechanisms in ex vivo
experiments.

3. Neural circuits of extinction learning

Neural circuits of fear conditioning and extinction are quite distinct, although parts of the
respective circuits overlap to a certain degree. There is an extensive body of work
identifying brain regions and neuronal circuits engaged in fear extinction (reviewed in
Sotres-Bayon et al., 2006; Myers & Davis, 2007; Quirk & Mueller, 2008; Herry et al., 2010;
Milad & Quirk, 2012; Orsini & Maren, 2012; Bukalo et al., 2014; Furini et al., 2014; Milad
et al., 2014; Baldi & Bucherelli, 2015; Tovote et al., 2015). Here, we will summarise the
current views on networks underlying fear extinction and concentrate on new insights from
studies adopting optogenetic approaches. The basic neural circuitry of fear extinction is
comprised of three interconnected brain regions: amygdala, medial prefrontal cortex (mPFC)
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and hippocampus, although other brain regions such as the bed nucleus of the stria
terminalis (BNST) and periaqueductal gray of the midbrain (PAG) may also play some roles.
For instance, excitatory synaptic transmission in the BNST was implicated in the extinction
of cocaine place preference (Conrad et al., 2012), with both extinction circuits for fear and
addiction overlapping in prefrontal cortex (Peters et al., 2009). In addition, the BNST is
important for the reinstatement of extinguished fear, but not for fear renewal per se (Goode
et al., 2015). Aside from the established role of PAG in directing motor outputs toward the
appropriate defensive behavior (i.e., freezing or fleeing) during fear learning, the
ventrolateral PAG also plays a role in the acquisition of fear extinction mediated by opioid
receptors (McNally et al., 2004; Parsons et al., 2010).

With respect to the amygdala and mPFC, both different and overlapping subregions of these
brain areas are involved in fear and extinction learning. The lateral and basal nuclei of the
amygdala and its central nucleus (CeA), including lateral (CeL) and medial (CeM)
subdivisions, play roles in the acquisition and expression of fear memories. The BLA and
intercalated cells (small GABAergic, densely packed cell clusters at the border between
BLA and CeA) are important for the acquisition of extinction memory and its storage. CeA
is the major output of the amygdala driving fear responses via its connections to the brain
areas mediating physiological manifestations of fear. The infralimbic (IL) division of mPFC
has been implicated in fear inhibition and fear extinction, whereas prelimbic (PL) mPFC is
critical for fear acquisition and maintenance. In turn, the hippocampus, via its projections to
both the mPFC and the BLA, contributes to contextual encoding and context-dependency of
extinction retrieval, including the context-dependent renewal of extinguished fear memories
(Herry et al., 2010; Pape & Pare, 2010; Orsini & Maren, 2012; Bukalo et al., 2014).

When the CS is presented in the extinction context, the hippocampus activates the IL.
During recall of extinction memory, IL neurons exhibit increased neural firing /in vivo
(Milad & Quirk, 2002). Therefore, in the extinction context, enhanced activity of the IL
subdivision of mPFC is proposed to control the signal flow in the BLA-CeA circuits,
resulting in suppression of conditioned fear responses.

There are multiple pathways that could be involved in the modulation of extinction or
extinction recall. First, IL may inhibit fear expression by driving activation of the medial
ITC (ITCm) neurons (located between CeA and BLA), which, in turn, results in ITC-
mediated feed-forward inhibition of the CeA neurons (Royer et al., 1999; Berretta et al.,
2005; Likhtik et al., 2005; Likhtik et al., 2008). Notably, a recent study, using ex vivo
optogenetic tools, did not identify a direct, monosynaptic innervation of ITC neurons by IL
afferents, suggesting that IL control of mITC neurons during extinction may be mediated by
inputs from the BLA (Strobel et al., 2015). However, it remains possible, that the failure to
detect monosynaptic responses in the mITC upon photostimulation of the ChR2-expressing
IL fibers in this study was due to the relatively low level of ChR2 expression. Indeed, the
amplitude of excitatory postsynaptic currents in BLA neurons induced by photostimulation
of IL fibers in the above-mentioned experiments was less than 100 pA (and even smaller in
more dorsal parts of the BLA), whereas the maximal amplitude of synaptic responses in the
mPFC-BLA projections was in the nanoampere range in the earlier study in which
monosynaptic mPFC inputs to ITC were observed (Cho et al., 2013). Second, there is the
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possibility of differential targeting by afferent projections of distinct neuronal
subpopulations in the BLA with specific temporal activity patterns. A recent study showed
that a set of the basal nucleus (BA) neurons respond to the CS with the increased firing rate
during fear memory retrieval (“fear neurons”), whereas a different, anatomically segregated
population of BA neurons is activated during recall of extinction memory, i.e. they represent
a distinct class of “extinction neurons”. Importantly, differences in the firing activity of these
neuronal populations may predict the behavioral outcome. Thus, the increased firing of
“extinction neurons” coupled with the decreased activity of “fear neurons” results in a
reduction of freezing responses. Additionally, the hippocampus projects to “fear neurons”
only, whereas “extinction neurons” are reciprocally connected with the mPFC (Herry et al.,
2008). Therefore, IL may influence the neuronal activity in the CeA via “extinction
neurons”, which can drive inhibitory CeL neurons (e.g., “fear-off”, PKC&-positive cells) or
mITC, or supress the activity of BA “fear neurons”. To clarify how extinction learning
changes the signal flow in mPFC-amygdala projections, we combined ex vivo optogenetics
with slice electrophysiology from behaviorally trained mice (Cho et al., 2013). Extinction
learning was associated with decreased excitatory glutamatergic neurotransmission at
mPFC-BLA synapses (both IL and PL have been activated), whereas feedforward GABA-
mediated inhibition in these projections remained intact. The synaptic strength of mPFC
projections to ITC cells as well as to BLA local circuit interneurons was unaffected by
extinction training. As such, diminished excitatory drive in prefrontal projections to BLA
neurons together with unchanged inhibition would result in a greater functional efficacy of
inhibition in the BLA. The enhanced inhibition of BLA neurons output, combined with the
retained ability of mPFC inputs to activate ITC neurons (which, in turn, project to CeA and
inhibit it), would supress fear responses during CS presentation in fear-extinguished animals
(Fig. 4). Moreover, activation of local GABAergic interneurons in the BLA caused
frequency-dependent heterosynaptic inhibition in the pathway from the auditory cortex to
the BLA (an auditory CS input), which, in turn, may diminish the CS-induced BLA activity
and further supress fear expression during recall of extinction memory (Cho et al., 2013).

The notion that PL and IL mPFC subdivisions may contribute differentially to the control of
fear-related behaviors is strongly supported by numerous previous studies using selective
lesions, pharmacological inactivation, as well as /n vivo electrophysiological recordings
(reviewed in Maren & Quirk, 2004; Bukalo et al., 2014). It has been proposed that PL and IL
may be acting antagonistically, with PL being implicated in control of fear mechanisms,
whereas IL may contribute to control of fear extinction (Maren & Quirk, 2004; Herry et al.,
2010; Pape & Pare, 2010; Orsini & Maren, 2012; Bukalo et al., 2014). The initial
experimental support for this hypothesis was provided by the observation of increased CS-
induced neuronal firing in IL during recall of fear extinction memory in rodents (Milad &
Quirk, 2002) and humans (Phelps et al., 2004). However, the specific experimental targeting
IL or PL, respectively, is technically challenging. Optogenetic techniques brought the
desired capability for nuanced and precise spatiotemporal manipulations of IL or PL
activities, and several studies employed these methods to test the respective contributions of
either IL or PL in control of fear extinction. For instance, the manipulation of neuronal
activity in IL during extinction training was shown to affect the formation of extinction
memory. Optogenetic activation (with ChR2) or inhibition (with eNpHR) of IL neurons
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during extinction has opposite effects on freezing response assessed the following day. (Do-
Monte et al., 2015). Specifically, photostimulation of ChR2-expressing IL mPFC inputs to
the amygdala during extinction training facilitated the formation of extinction memory,
whereas silencing by green light of ArchT-expressing IL inputs increased the freezing
response, suggesting a deficit in extinction memory (Bukalo et al., 2015). Surprisingly,
silencing of excitatory IL neurons with eNpHR (Do-Monte et al., 2015) or their projections
to the amygdala with ArchT (Bukalo et al., 2015) during retrieval of extinction memory had
no effect on freezing responses. One possible explanation for these unexpected observations
might be the insufficient silencing of the IL (Do-Monte et al., 2015) or the importance of
mPFC projections outside the amygdala in extinction retrieval (Bukalo et al., 2015). In
support of the former, less than 50% of neurons have, in fact, exhibited decreased firing rates
upon photostimulation of the eNpHR-expressing IL (Do-Monte et al., 2015). Another recent
study suggested an alternative explanation as to why optogenetic silencing of IL might not
affect extinction retrieval (Kim et al., 2016). In this work, photoinhibition of both excitatory
neurons and inhibitory interneurons within the IL (by expressing eNpHR under control of
the pan-neuronal hSyn promoter) during extinction retrieval resulted in impaired expression
of fear extinction, supporting a previously proposed role of the IL in recall of extinction
memory. However, optogenetic silencing of IL glutamatergic neurons alone (using eNpHR
under the CaMKIlla promoter) did not produce similar effects on extinction. Notably,
photostimulation-induced activation of IL excitatory neurons expressing ChR2 at the time of
extinction retrieval was sufficient to enhance expression of fear extinction memory in both
studies (Do-Monte et al., 2015; Kim et al., 2016). Based on these data, it has been proposed
that both excitatory and GABAergic IL cells contribute to expression of fear extinction (Kim
et al., 2016). It remains possible that IL interneurons may participate in extinction retrieval
either via control of short-range projections to PL area or long-range projections to the BLA
(Kim et al., 2016). Indeed, GABAergic projections from mPFC to subcortical structures,
including the BLA, have been described recently (Lee et al., 2014). From a technical point
of view, it remains unclear what proportion of excitatory and inhibitory IL neurons was
silenced when the hSyn promoter was used. Whilst high titer AAV-hSyn infects both cortical
excitatory and inhibitory neurons, lower titers, somewhat unexpectedly, preferentially
transduce inhibitory neurons (Nathanson et al., 2009). Overall, additional experimental work
might be needed to clarify the respective IL and PL mPFC contributions in encoding and
recall of extinction memory.

Notably, not only changes in direct mPFC projections to the amygdala underlie mPFC-
mediated mechanisms of extinction. Thus, Senn et al. (2014) evaluated whether BA neurons
with distinct projection patterns to the mPFC are differentially recruited during fear
conditioning and extinction. Fear conditioning activated c-fos expression (a commonly used
marker of neuronal activation) primarily in PL-projecting BA neurons, whereas extinction
triggered c-fos expression almost exclusively in IL-projecting BA neurons. This result was
confirmed with /in vivo recordings from optogenetically identified IL- and PL-projecting
neurons during discriminative fear conditioning and extinction training (Senn et al., 2014).
Specifically, the authors used the 2A peptide bridge as a tool for coexpression of ChR2 and
NpHR (Tang et al., 2009), allowing bidirectional control of the activity in these
subpopulations of neurons. By injecting a Cre-dependent virus to express opsins into BA
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and retrogradely transported viruses expressing Cre-recombinase into either IL or PL, they
limited the expression of opsins specifically to IL- or PL-projecting BA neurons only (Senn
et al., 2014). Using this approach, the authors showed that functionally characterized fear
and extinction neurons (Herry et al., 2008) overlap with anatomically identified PL- and IL-
projecting neurons, respectively. Whereas optogenetic inhibition of IL-projecting BA
neurons impaired the retention of extinction memory, silencing PL-projecting cells produced
an opposite outcome and promoted extinction. Interestingly, these optogenetic manipulations
had no effect on the acquisition of extinction memory (within-session extinction) (Senn et
al., 2014). In support of the modulatory roles of neural circuits within the mPFC in fear
control, optical activation of IL neurons inhibited PL neurons with no effect on IL
interneurons, suggesting that IL may also contribute to the impaired fear expression by
downregulating PL activity (Ji & Neugebauer, 2012). Additionally, another study, using PV-
IRES-Cre mice in combination with stereotaxic injections of AAV encoding Arch in the
dorsomedial PFC (PL and Cgl subregion of the anterior cingulate cortex), showed that,
following fear extinction, the presentation of the tone CS together with optical inhibition of
parvalbumin-positive (PV+) interneurons reinstated extinguished fear responses (Courtin et
al., 2014).

Thus, whereas previous studies concentrated on understanding how mPFC projections to the
BLA impact fear extinction, there is presently evidence that both BLA inputs to mPFC
subdivisions and distinct connections within mPFC may play prominent roles in control of
extinction-related behaviors. The previously mentioned studies indicate that while the same
overlapping structures may be recruited in fear acquisition and fear extinction, there are
different subsets of neurons and highly specific neuronal pathways mediating the fine
balance of activities within the implicated neural networks, allowing reliable control of
different aspects of fear-related behavior. These early optogenetic experiments emphasize
how the appropriate techniques could help to elucidate how diverse structural components
and pathways contribute to control of complex behavioral processes.

4. Molecular identity of neuronal populations modulating fear

An important mechanistic insight into the pathways of fear modulation is provided by recent
optogenetic studies identifying different subpopulations of neurons in both BLA and CeA
with distinct molecular biological characteristics which play opposite roles in fear learning
and fear extinction. Thus, photostimulation of Thyl-expressing glutamatergic neurons
within the BLA of Thy1-ChR2 mice during fear/extinction training led to impaired fear
learning, but strengthened fear extinction retrieval, respectively, via inhibition of a
subpopulation of neurons in the CeM (Jasnow et al., 2013). Optogenetic silencing of Thyl
neurons in Thyl-eNpHR mice during fear conditioning or fear extinction resulted in
enhanced fear expression, but suppressed consolidation of fear extinction (McCullough et
al., 2016). BLA Thy1-positive cells seem to represent a population of extinction neurons
(Herry et al., 2008) that are selectively recruited during extinction training and extinction
recall (Jasnow et al., 2013; McCullough et al., 2016). Furthermore, using RNA sequencing
followed by pharmacological interventions, McCullough and colleagues identified
neurotensin receptor 2 (NTSR2) as another potential molecular marker which could be used
for the identification of Thyl-expressing BLA extinction neurons (McCullough et al., 2016).
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Different subpopulations of neurons, which are characterized by specific molecular markers
and allow modulation of conditioned fear, were recently identified in the CeA. Thus, in the
CeL, which is a subdivision of the CeA, there are two functionally distinct populations of
GABAergic neurons which exhibit either increased (CeLg, cells) or decreased (CeL gt
neurons) firing rates in response to the CS presentation (Ciocchi et al., 2010; Haubensak et
al., 2010). CeL ¢ neurons, which inhibit output neurons in the CeM, regulate conditioned
fear responses and overlap with a genetically defined neuronal population expressing protein
kinase C& (PKC&+ neurons) (Haubensak et al., 2010). In addition, spontaneous tonic
activity of CeL ¢ neurons increased following fear conditioning, specifically with fear
generalization in animals that exhibited poor discrimination between an auditory tone CS+
(paired with a foot shock) and a neutral CS-. In agreement with this finding, optogenetic
stimulation in PKC8-Cre animals infected with DIO-AAV-ChR2 during fear memory
retrieval increased fear generalization (Botta et al., 2015). Conversely, spontaneous firing of
Cel g cells showed almost no change following fear conditioning (Ciocchi et al, 2010). A
recent study, in which the authors differentiated between neuronal populations of the CeA
based on the gene expression pattern (with single-molecule fluorescence in situ
hybridization (smFISH) of genes expressed in the CeA) in specific CeA subregions (Kim et
al., 2017), suggests a more complex arrangement demonstrating the differences between
PKCS&+ neurons in capsular nucleus of the CeA (CeC) and CeL. Specifically, c-fos
expression was increased in CeC and CeL. PKC&+ neurons in response to footshocks/
contextual fear recall and contextual fear extinction, respectively. The latter agrees with the
proposed function of CeL PKC6+ cells in inhibiting the defensive freezing response
(Haubensak et al., 2010). In contrast, stimulation and inhibition of CeC PKC&+ neurons
(using ChR2 or Arch, respectively) increased freezing in a neutral conditioning chamber and
reduced freezing (by ~15%) during contextual fear conditioning. Furthermore, on the
following day during fear recall with no light inhibition, freezing remained reduced (by
~30%; Kim et al., 2017). Thus, PKC&+ neurons in CeC show properties similar to those of
previously identified fear-promoting fear-on cells (Ciocchi et al., 2010).

The role of PKC6+ cells in innate anxiety-like behaviors is not completely elucidated. In
keeping with the effect of optogenetic activation of PKC&+ neurons on fear generalization,
Botta et al (2015) demonstrated that optogenetic manipulation of spontaneous activity of
PKC&+ cells bidirectionally controls anxiety assessed in the elevated plus maze (EPM) and
open field test (OPT): activation (ChR2) of PKC&+ neurons had an anxiogenic effect,
whereas yellow light (Arch) stimulation was anxiolytic (Botta et al., 2015). In contrast, a
previous study showed an anxiolytic effect of optogenetic activation of CeL PKC6+ cells in
three different assays of anxiety, namely the EPM, OPT and light-dark box test (Cai et al.,
2014).

In addition to PKC&+ neurons, a population of somatostatin-positive (SOM+) neurons has
been identified in the CeL. SOM+ and PKC&+ cells are largely non-overlapping (only ~13%
of SOM+ neurons express PKCS; Li et al., 2013; ~2% when assessed with smFISH; Kim et
al., 2017). Recent studies suggest SOM+ cells, at least to a certain degree, represent the
previously described CeL g, cells, exhibiting an increase in firing in response to the CS
presentation. Thus, SOM-positive CeL neurons were preferentially activated during fear
conditioning in response to the CS and their activation was both necessary and sufficient for
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acquisition of fear memories and fear expression (Li et al., 2013; Penzo et al., 2014; Penzo
et al., 2015). Moreover, by using fiber-optic photometry combined with optogenetic and
molecular techniques in behaving mice, Yu at al. (2016) demonstrated activation of SOM+
CeL neurons by threat-predicting sensory cues following fear conditioning (Yu et al., 2016).

A subpopulation of SOM+ CeL neurons sends long-range projections to extra-amygdala
structures such as the PAG (among PAG-projecting neurons, the vast majority (~80-90%)
are SOM+, <20% are PKC&+ cells) and/or paraventricular nucleus of the thalamus. Fear
conditioning potentiated excitatory synaptic transmission onto these long-range projecting
neurons. This can directly disinhibit PAG output following fear conditioning (via CeA-
mediated inhibition of GABAergic PAG cells leading to increased activity of glutamatergic
PAG neurons; Tovote et al., 2016) and thereby drive fear expression by bypassing the
classical CeL-CeM-PAG pathway (Penzo et al., 2014).

The tachykinin 2 (Tac2) gene, encoding neuropeptide neurokinin B (NkB), is specifically
expressed in the CeA (with the highest expression level in the CeM), and marks another
subpopulation of PKC&- cells (only 6.4% of Tac2 neurons express PKC8). Chemogenetic
silencing of Tac2-expressing neurons (using Designer Receptors Exclusively Activated by a
Designer Drug, DREADD) impaired fear consolidation, whereas optogenetic activation of
Tac2+ neurons during fear acquisition enhanced consolidation of fear memory (Andero et
al., 2014; Andero et al., 2016). Such studies could be expanded to evaluate the roles of these
recently identified neuronal types located within the CeA in fear extinction as well.

Recent studies showed that distinct neuronal populations within CeA can be activated by
CSs of different types and intensities. This may contribute to coding a threat’s proximity and
guide transitions between appropriate active (flight) and passive (freezing) behavioral
responses as well as the switch from discriminative to generalized fear (Fadok et al., 2017;
Sanford et al., 2017). Corticotropin-releasing factor (CRF)-expressing neurons represent
another distinct subpopulation showing little or no overlap with PKC&+ and SOM+ CeL
neurons as identified by immunostainings (Fadok et al., 2017; Sanford et al., 2017).
However, a recent study using analysis of genes coexpression showed that ~70% of CRF
neurons coexpress SOM gene when assayed with smFISH (Kim et al., 2017). Following fear
conditioning to weak threats (low intensity US), CRF neurons undergo plastic changes and
selectively respond to threat-predicting stimuli CS+ (fear-on cells). Release of the
neuropeptide CRF facilitates such fear acquisition, but not expression, by enhancing
excitatory synaptic transmission onto local CRF receptor 1-expressing neurons in LA-CeA
pathway, including SOM+ neurons (Sanford et al., 2017). Fadok et al. (2017) showed that
CRF cells mediate active behavioral responses to a threatening stimulus (conditioned flight),
whereas activation of SOM+ neurons initiates passive freezing behavior by using fear
conditioning protocols (high intensity US) to a serial compound auditory stimulus (a pure
tone followed by white noise). This allows an analysis of both conditioned freezing (in
response to a tone) and flight behavior (during the white noise) in the same animal. Notably,
CRF+ and SOM+ cells reciprocally inhibit each other, allowing a rapid switch between
active and passive fear responses. In agreement with this, optogenetic activation of ChR2-
expressing CRF+ neurons during tone exposure decreased freezing and increased flight
response, while activation of SOM+ neurons showed an opposite effect (Fadok et al., 2017).
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Based on these two studies, the CRF+ neurons appear to fine tune the CeA network by
maintaining a delicate balance between direct GABAergic inhibition of SOM+ neurons
(Fadok et al., 2017) and CRF-mediated modulation of excitatory synaptic transmission from
LA to SOM+ neurons and other cell types in the CeA (Sanford et al., 2017), optimizing the
signal flow within the CeA and its interactions with other components of behavior-
controlling microcircuits.

5. Control of innate fear-related behavioral processes

The intrinsic ability of organisms to detect naturally threatening situations and respond to
them accordingly is universal across species, including humans (e.g., Kendler et al., 2002).
As opposed to learned fear, which may reflect individual fearful experiences throughout the
subject’s lifetime, innate fear does not directly implicate learning mechanisms and can be
triggered by threats, the behavioral sensitivity to which was acquired evolutionarily over
many pre-existing generations. However, unlike neural substrates and circuit mechanisms of
fear learning, the neural circuits and mechanisms of innate fear are still poorly understood.

5.1. Predator odor-induced fear

Predators and/or predator-like sensory cues induce fear and anxiety-like behaviors in rodents
raised in the laboratories with no exposure to natural environmental threats for generations
(Rosen, 2004; Rosen et al., 2008), emphasizing the evolutionary selected, instinctive nature
of such behaviors. Recently, circuits underlying innate fear and threat detection have
captured more attention, with particular emphasis on fear responses to predator odor as the
dominant model used in the laboratory settings (Apfelbach et al., 2005; Takahashi et al.,
2005; Rosen et al., 2015; Pereira & Moita, 2016). Putative neural pathways contributing to
predator odor-induced innate fear have been previously described (Apfelbach et al., 2005;
Takahashi et al., 2005; Rosen et al., 2008; Takahashi, 2014; Rosen et al., 2015; Pereira &
Moita, 2016), with the medial nucleus of the amygdala (MeA) emerging as a key player in
these behavioral processes. Notably, this region receives direct projections from the
olfactory system, the bed nucleus of the stria terminalis (BNST) and ventral hippocampus
(VHC). Additionally, some predator odors also activate the BLA, medial hypothalamic
nuclei and mPFC. Furthermore, the dorsal periaqueductal gray (dPAG) and the hypothalamic
paraventricular nucleus (PVN) are important for activation of the autonomic nervous system
and the hypothalamic pituitary adrenal axis (HPA) by predator odors. However, most early
studies relied on pharmacological inactivation and lesion approaches (Fendt et al., 2003; Li
et al., 2004; Blanchard et al., 2005; Fendt et al., 2005; Pentkowski et al., 2006; Xu et al.,
2012) or on the analysis of Fos expression (Dielenberg et al., 2001; Day et al., 2004; Perez-
Gomez et al., 2015). Therefore, information about the functional inter-regional connectivity
in diffused networks mediating innate fear is essentially lacking (Rosen et al., 2015). New
studies using modern tracing and optogenetic methods shed light on these issues.

Recent experiments, combining /7 vivo optogenetics, behavioral assays and
electrophysiology, identified new components in the predator odor-induced fear circuits.
Thus, the laterodorsal tegmentum (LDT) was determined to be a key structure in the brain
underlying innate fear induced by olfactory predator-like stimuli (Yang et al., 2016).
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Furthermore, there are distinct cell-type specific populations within the LDT promoting (PV
+ interneurons) or suppressing (SOM+ cells) fear. The latter most likely occurs via
disinhibition of fear-promoting PVV+ neurons (Yang et al., 2016). Root and coauthors have
recently developed an open field behavioral assay to test innate behavioral responses to
different odors (avoidance versus attraction). In their experiments, 2,4,5-trimethyl-3-
thiazoline (TMT), a widely used component of fox odor, not only evoked avoidance, but also
caused a pronounced decrease in locomotor activity. This may represent a correlate of
freezing and, therefore, a form of the innate fear response. Whereas the authors observed
activity-dependent expression of ChR2 in the cortical amygdala, as well as neighboring
areas of the piriform cortex and MeA following exposure to TMT, optogenetic activation of
the cortical amygdala neurons alone (through an implanted optical fiber) recapitulated the
avoidance and freezing behaviors similar to that induced by TMT (Root et al., 2014). To
date, there is no direct experimental data addressing the downstream targets of the cortical
amygdala that may underlie the observed behavior phenotype.

Unfortunately, the use of predator odor often gives inconsistent results that vary significantly
depending on experimental conditions (e.g., the type of predator odor and behavioral
chamber parameters) (Wallace & Rosen, 2000; McGregor et al., 2002; Blanchard et al.,
2003; Fendt, 2006; Endres & Fendt, 2007; Rosen et al., 2008). Additionally, the parameters
of the stimulus (odor), especially temporal and spatial characteristics of odor delivery, are
difficult to control. This, for example, complicates the interpretation of habituation studies
which also demonstrate mixed results, possibly due to differences in the odor intensity used
in experiments (Takahashi et al., 2005). Furthermore, some of the previous studies did not
observe freezing behavior in response to olfactory stimuli; therefore, fear responses were
assessed by testing avoidance or physiological responses (e.g., measuring cardiovascular
changes), which may show significant variability (Dielenberg et al., 2001; Fendt, 2006).
Freezing can only be induced by odors in small confined test chambers (Wallace & Rosen,
2000; Rosen et al., 2008). Recently, by optimizing the chemical structure of TMT, Isosaka
and coauthors designed an odorant which is capable of inducing freezing responses
comparable to those observed during classical fear conditioning (Kobayakawa &
Kobayakawa, 2011; Isosaka et al., 2015). The efficient and reproducible behavioral
paradigms coupled with emergent methodologies are expected to facilitate understanding of
the mechanisms of odor-induced innate fear in the near future.

5.2 Visual predator-induced fear

The advantages of cutting-edge techniques led to comprehensive studies of neural pathways
mediating innate fear responses triggered by visual predator cues (Pereira & Moita, 2016).

In laboratory settings, predator-like overhead visual cues induced innate defensive responses
such as escape behavior or freezing in rodents (Yilmaz & Meister, 2013; Wei et al., 2015; De
Franceschi et al., 2016). Unlike experiments with predator odor, the use of visual stimuli
provides an opportunity to modulate behavioral outcome with precise temporal and spatial
control, as well as with an adjustable range of stimulus parameters such as brightness, speed,
contrast, and trajectory (Yilmaz & Meister, 2013). Interestingly, a recent study suggested
that the visual stimuli with different parameters may induce different innate fear behaviors: a
small moving disk, simulating a predator cruising overhead, generated a freezing response,
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whereas a shadow rapidly approaching from above (looming stimuli) produces flight
responses (De Franceschi et al., 2016).

By using /n vivo optogenetics and electrophysiology in combination with trans-synaptic
viral tracing, Wei and coauthors identified a disynaptic circuit, consisting of projections
from a subpopulation of glutamatergic neurons within the superior colliculus (SC, the
medial region of the intermediate layers) to LA via the lateral posterior nucleus of the
thalamus, underlying innate defensive behaviors elicited by visual predator cues in mice
(Wei et al., 2015). Interestingly, another study identified PV+ excitatory neurons within the
SC (mostly distributed in the superficial layer) as the primary neurons responsible for
detection of looming stimuli that subsequently transmit innate fear-related visual cues to the
CeA via the parabigeminal nucleus (Shang et al., 2015). Together, these two studies present
an interesting example of the existence of parallel cortex-independent pathways for
processing of innately aversive threats (Yuan & Su, 2015). However, it remains to be
determined whether such pathways act in parallel or independently and how the modality of
stimuli is coded (e.g., neutral vs. aversive stimuli).

Wei et al. (2015) did not detect any increases in c-fos expression in SC superficial layers
after the presentation of visual stimuli approaching from above, which should be apparent
based on the study of Shang et al. (2015). It is possible that the total number of P+ neurons
might be too low (representing only ~13% of SC neurons) to detect an increase in c-fos
expression in these cells, or that transient activation of these neurons is not sufficient to
induce c-fos expression, or, finally, that activation of different pathways could be attributed
to specific characteristics of looming stimuli used in the experiments (Yilmaz & Meister,
2013). Indeed, Shang et al. used different visual stimuli with somewhat less naturalistic
parameters, as an increase in firing rate of PV+ neurons was detected in response to collision
threats (0.5-1.5 s before collision with a virtual soccer ball flying toward the eye) in
anesthetized animals. Furthermore, in these experiments, initial optogenetic stimulation of
SC induced immediate prolonged freezing, while activation of PV+ neurons manifested in
impulsive escaping followed by long-lasting freezing, suggesting that other cells in the SC
(possibly in intermediate layers) might promote freezing over escape during unspecific (in
terms of the cell type) optogenetic activation of SC. Notably, both studies reported
habituation of observed behaviors with repetition (Shang et al., 2015; Wei et al., 2015).
Unlike neurons in SC, LA neurons exhibited adaptation in their firing rates with repetition
which might underlie, at least in part, behavioral habituation (Wei et al., 2015).

However, the mentioned two studies are lacking inactivation experiments (Shang et al.,
2015; Wei et al., 2015). Ideally, in order to provide evidence that a specific projection is
implicated in control of a behavioral response, it is necessary to demonstrate the suppression
of behavioral readouts (in this case, innate fear responses to looming visual stimuli) by
blockade of neurotransmission between components of the studied pathways. Wei et al.
(2015) showed that optogenetic silencing of ILSCm cell bodies suppresses the expression of
freezing induced by threatening visual stimuli. However, when spike generation was
suppressed in cell bodies, all SC efferent projections were affected, including those laying
outside the studied pathway, which still could be implicated in control of innate defensive
responses.
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5.3. Innate fear responses triggered by stimuli of different sensory modalities and fear
learning

In summary, converging evidence indicates that distinct neuronal circuits may be involved in
control of innate fear induced by stimuli of different sensory modalities. Apparently, there
are multiple, parallel neural mechanisms for detection of unimodal threat cues triggering
innate fear responses (Perez-Gomez et al., 2015; Shang et al., 2015; Wei et al., 2015). The
amygdala, with its numerous interconnected nuclei, could be a site where the information
about stimuli of different sensory modalities converges and is subsequently integrated
(Pereira & Moita, 2016). Whereas the role of the amygdala as a hub for the integration of
different sensory signals in relation to control of fear behavior is well supported, a recent
study described a pathway underlying innate sound-induced flight behavior which does not
involve the amygdala (Xiong et al., 2015). Using both optogenetic activation and silencing
of axon terminals, the authors showed that the auditory cortex may drive this innate fear-
related behavior via the corticofugal projections to the cortex of the inferior colliculus,
which, in turn, connects directly to the PAG, initiating the defensive flight response (Xiong
etal., 2015).

The use of non-painful, predator-like stimuli as the US in studies of threat (fear)-
conditioning and extinction could be more relevant for the understanding of neuronal
mechanisms underlying emational learning and memory (Takahashi et al., 2008). In several
studies predator odor or exposure to a predator have been used in both cued and contextual
fear conditioning, followed by extinction (Blanchard et al., 2001; Dielenberg et al., 2001; Do
Monte et al., 2008; Takahashi et al., 2008; Clay et al., 2011), However, the interpretation of
these experiments was also marred, as described above, by problems with spatiotemporal
control of odor delivery.

Nevertheless, conditioning to innately aversive stimuli may provide critical insights into the
principles of how distinct neural pathways, guiding learned and innate fear, may interact in
order to achieve certain behavioral outcomes (Gross & Canteras, 2012; LeDoux, 2012). The
first steps in this direction were taken recently, and the experimental findings revealed the
existence of an unexpected hierarchy between innate and learned fear-related responses.
This study tested the relationship between olfactory-induced learned and innate fear (Isosaka
et al., 2015). By applying whole brain mapping and pharmacological screening, it
demonstrated that a population of serotonin 2A receptor (Htr2a)-expressing cells are mainly
located in the CeL, with the majority of these cells being SOM+, but PKC8&-negative.
Chemogenetic (with DREADD) or optogenetic silencing of CeA Htr2a cells upregulated
innate freezing responses and downregulated learned freezing responses. Conversely,
chemogenetic or optogenetic activation of these cells diminished the innate freezing
response with no effect on learned freezing. Moreover, activation of Htr2a cells reversed the
suppressing effect of prior presentation of innate fear odorant on learned freezing behavior.
By analyzing expression of immediately early genes (IEGS), this study demonstrated that,
downstream of the amygdala, odor-induced innate and learned freezing behaviors are
regulated in different subnuclei of the PAG (dPAG and VPAG, respectively). Thus, the
presentation of an innate fear-inducing odorant led to inactivation of CeA Htr2a+ cells,
which, in turn, increased the IEG expression in the dPAG and decreased the IEG expression
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in the vVPAG. Through these mechanisms, the innate fear-associated freezing responses
might be prioritized over any learned fear-associated freezing responses (Isosaka et al.,
2015).

6. Emerging techniques and future directions

Optogenetics brought unique opportunities for precise spatiotemporal control of neuronal
activity which was hitherto not possible. However, certain limitations persist, many of which
have already been highlighted in recently published review articles (Zalocusky et al., 2013;
Goshen, 2014; Hausser, 2014; Guru et al., 2015). Nevertheless, constant technical
improvements resulted in steady methodological progress in the field by opening up new
experimental possibilities and finding ways to overcome the previous limitations. We
described some of the methodological pitfalls associated with optogenetic approaches and
their suitable solutions (e.g., non-uniform expression of opsins with viral transduction can be
circumvented by the use of transgenic mice with genetically encoded photosensitive
proteins). Overall, depending on the experimenter’s needs, numerous optogenetic tools are
available now, which can be adapted for specific goals of the study.

One of the current limitations of /7 vivo optogenetics is its inherent invasiveness. To control
neuronal activity of a defined cell population, light has to physically reach these cells. Even
when red-shifted opsins are used, the depth of light penetration is only several millimetres
below the brain’s surface (Lin et al., 2013; Chuong et al., 2014). Therefore, for optogenetic
manipulations of deep brain structures such as the amygdala in behaving animals,
chronically implanted optical fibers have been used (Sparta et al., 2011). Usually, this limits
the delivery of light to a single target within the brain, located immediately below the tip of
the photostimulating fiber. Thus, optical fibers in combination with a bevelled guide cannula
have been used to achieve preferential illumination of BLA terminals in the CeA, but not
BLA cell bodies (Tye et al., 2011). In addition, the probes for delivery of light to multiple
brain targets and distributed brain circuits have also been created (Zorzos et al., 2010;
Zorzos et al., 2012). A significant step forward was the development and implementation of
wireless injectable microscale inorganic light-emitting diodes (u-ILEDs), comparable to the
size of neurons (Kim et al., 2013; McCall et al., 2013). They are minimally invasive and may
be more optimal for the spatially controlled manipulations of neuronal activity /n vivo.
Recently, an alternative solution, eliminating the need for the external light source, has been
proposed. Specifically, intraperitoneal administration of luciferin (a compound emitting
yellow light upon chemical reaction catalyzed by luciferase) inhibited neuronal firing as well
as c-fos expression in the striatum and affected locomotor behavior in mice expressing
virally transduced luciferase and eNpHR3.0 genes in the striatum (Land et al., 2014). These
new approaches have significant potential, allowing more targeted manipulations of neuronal
circuitries during complex behavioral paradigms within more natural environments.
Furthermore, technological developments in the field of nanoscience are opening multiple
avenues for controlling neuronal activity. For instance, gold nanoparticles, conjugated to
high-avidity ligands, convert absorbed light energy into heat, which is followed by changes
in membrane capacitance, leading to cellular depolarization and action potential firing
(Carvalho-de-Souza et al., 2015). Minimally invasive nanoscale syringe-injectable mesh
electronics developed in the Charles Lieber’s lab at Harvard (Hong et al., 2015; Liu et al.,
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2015) allow not only chronic recordings of activity from same neurons over long periods of
time (up to 8 months), but also their chronic electric stimulation (Fu et al., 2016). The latter
technique has a serious potential as a possible alternative to optogenetics, allowing easier
access for manipulations and recordings from deep brain regions, such as the amygdala,
hypothalamus and striatum, as well as permitting studies of different brain regions
simultaneously (e.g., spatiotemporal patterns of their activity and their synchrony). However,
at this current stage, nanomeshes cannot be used to manipulate the function of specific,
genetically defined neuronal populations, which represents a major advantage of optogenetic
techniques.

As light-induced neuronal firing patterns in optogenetic experiments are likely to be non-
physiological, one desirable future direction might be closed-loop control of neural circuits.
Optogenetic manipulation of neuronal activity could be based on feedback from
simultaneous readouts of their activity in the course of behavioral tasks (Goshen, 2014;
Héusser, 2014; Grosenick et al., 2015). To date, few studies successfully implemented a
closed-loop optogenetic control, when photostimulation was automatically triggered based
on the difference between desired and measured output, received from behavioral or
electrophysiological readouts of activity (reviewed in Grosenick et al., 2015). In addition,
all-optical, closed-loop control (combining expression of calcium or voltage sensors with
opsins in the same neurons), although not yet implemented, could be possible in the near
future (Grosenick et al., 2015; Emiliani et al., 2015).

At this stage, the studies of fear circuits and their modulation have adapted a limited range
of optogenetic tools, mostly using brain region or projection specific targeting of activatory
or inhibitory opsins. The ever-expanding optogenetic toolbox in combination with molecular
biological techniques provides exciting new opportunities such as: the bidirectional control
of neuronal activity (Tang et al., 2009; Kleinlogel et al., 2011), simultaneous projection-
based targeting of different neuronal subpopulations (Fenno et al., 2014), targeting opsins
not only to genetically identical cells, but to populations of cells activated during different
behaviors (e.g., fear learning vs. fear extinction, innate vs. learned fear) (Sakurai et al.,
2016), and manipulation of activity of specific receptor subtypes (Kramer et al., 2013). The
studies of neural circuits underlying innate fear using advanced newly-developed techniques
are still in their infancy, concentrating on the identification of specific cell populations and
their interactions. Future experiments are needed in order to elucidate the mechanisms
controlling innate fear, so that it can be modulated or suppressed when aberrantly expressed
(e.g., in animal models of anxiety disorders). Thus, studies of fear circuits, engaging next
generation optogenetic and other tools, have the capacity to uncover the fundamental
mechanisms of complex behavioral processes, as exemplified by the mechanisms of fear-
related behavior.
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Highlights
. Overview of recent developments in optogenetic tools and emerging
techniques
. Review of the latest studies exploring fear circuits using these techniques
. Emphasis on neural circuits of both learned and innate fear and their
modulation
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Fig. 1. Mechanisms of threat (fear) conditioning and extinction
Acquisition (initial learning during training sessions) of fear memory represents a training

phase when an initially neutral stimulus (the conditioned stimulus or CS; in this example, an
audible tone) is paired with an aversive stimulus (the unconditioned stimulus or US - electric
foot shock). Following the training period, the conditioned fear memory goes through a
consolidation phase. During this protein synthesis-dependent process, the newly acquired
fear memory is converted into a long-term memory. Next, fear memory can be retrieved by
presentation of the unreinforced CS or extinguished by repeated presentations of the CS.
Retrieval of fear memory makes it transiently labile again and triggers another protein
synthesis-dependent process known as memory reconsolidation (Nader et al., 2000). Fear
memory reconsolidation is required to sustain the long-term memory; it may weaken or
strengthen the original memory (Inda et al., 2011; Pedroso et al., 2013; Fukushima et al.,
2014), therefore providing the window of opportunity for interventions aimed at suppressing
the original fear memory (Li et al., 2013). Despite the fact that fear memory reconsolidation
and extinction processes are initiated by the same stimulus (the unreinforced CS), they are
mechanistically distinct processes which can be studied experimentally in isolation from
each other (Eisenberg et al., 2003; Pedreira & Maldonado, 2003; Duvarci & Nader, 2004).
The extinguished fear memory can return via three different mechanisms: spontaneous
recovery (with the passage of time after fear conditioning), reinstatement (with an exposure
to the initial US) or renewal (due to a change of extinction context) (Myers & Davis, 2007,
Singewald et al., 2015).
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Fig. 2. Tools for optical control of neuronal activity
A. Cation-permeable channels such as channelrhodopsins (ChRs), activated by blue light,

lead to membrane depolarization and cause spike firing (Nagel et al., 2003; Boyden et al.,
2005). B. Recently engineered chloride-conducting channelrhodopsins, activated by blue
light, efficiently hyperpolarize the membrane and therefore silence neurons (Berndt et al.,
2014; Wietek et al., 2014). C. Halorhodopsin (NpHR), an inhibitory chloride pump, silence
neurons upon illumination with yellow light (Han & Boyden, 2007; Zhang et al., 2007). D.
Bacteriorhodopsins and proteorhodopsins (BR/PR), yellow light-activated proton pumps,
with archaerhodopsin (Arch) as a most frequently used inhibitor of neuronal activity (Chow
etal., 2010; Gradinaru et al., 2010; Han et al., 2011). E. OptoXR, a chimera of rhodopsin
and G protein-coupled receptor, allowing modulation of intracellular signaling cascades by
photostimulation with green light (Airan et al., 2009; Oh et al., 2010; Gunaydin et al., 2014).
F. By attaching a photoswitchable tethered ligand (PTL) onto a genetically modified channel
or receptor (a single cysteine substitution allows binding), such channel or receptor gains
light-dependency. PTL flips between two conformations, bidirectionally controlled by
different wavelengths, e.g., violet and green light, and activates or inhibits the channel or
receptor. A number of light-controlled receptors and channels has been recently developed
(see the main text).
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Fig. 3. Different levels of optogenetic control
Optogenetics can be implemented at all functional levels; therefore, it provides a powerful

experimental framework for dissection of different elements modulating fear (from distinct
receptor subtypes on specific cell types to distinct neural circuits) and their links to behavior.
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Fig. 4. The effect of fear extinction on the signal flow in mPFC-amygdala projections
After fear extinction, the conditioned fear response is supressed by the following three

mechanisms. Excitatory glutamatergic neurotransmission at mPFC synapses onto principal
BLA neurons (BLA/PN) decreases (1), whereas feedforward GABA-mediated inhibition in
these projections remains intact. This results in a reduced excitation/inhibition balance in the
mPFC-BLA pathway, and a consequent increase in functional efficiency of inhibition in the
BLA during the CS presentation. The synaptic efficacy at mPFC projections to BLA local
circuit interneurons (2) as well as to ITC (3) is unaffected by extinction training. The
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activation of interneurons causes frequency-dependent heterosynaptic inhibition in the
auditory cortex-BLA pathway (the input providing auditory CS information), also reducing
fear response during the auditory CS presentation. Reproduced from Cho et al. (2013) with
permission from Elsevier.
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Fig. 5. Distinct neuronal populations in the CeA and corresponding circuitry implicated in fear
and anxiety-related behaviors

To promote or diminish fear and anxiety-related behaviors, distinct neuronal populations of
the basolateral amygdala, BLA (including lateral amygdala, LA) activate diverse neuronal
subpopulations within the lateral part of the central amygdala (CeL). There are two
functionally different populations of neurons in the CeA, organized into inhibitory
microcircuits: fear promoting fear-on (ON) and fear-inhibiting fear-off (OFF) cells, which
respond to a CS following fear conditioning with increased and decreased firing,
respectively (Ciocchi et al., 2010). Recent studies demonstrate that these functional ON and
OFF units comprise distinct neuronal populations identified by specific molecular markers
with differential projection patterns and roles in fear-related behaviors. CeL PKC8+ cells
represent fear-off cells and supress freezing responses by inhibiting PAG-projecting CeM
cells (Ciocchi et al., 2010; Haubensak et al., 2010). PKC&+ neurons project strongly to the
BNST (Oh et al., 2014; Sanford et al., 2017). The role of PKC&+ cells and their projections
in the control of innate anxiety-related behaviors still needs further elucidation (Cai et al.,
2014; Botta et al, 2015). In contrast, PKC&+ cells in the CeC show characteristics of an
opposing population of fear-on cells with their activation promoting freezing responses (Kim
etal., 2017). SOM+ CeL neurons represent fear-on cells and are critical for fear acquisition
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and fear expression (Li et al., 2013; Penzo et al., 2014; Penzo et al., 2015; Yu et al., 2016).
SOM+ cells do not directly inhibit CeM (15% of CeM-projecting cells are SOM+; Li et al.,
2013) and promote freezing via their long-range projections to PAG (Penzo et al., 2014).
CRF+ neurons are also activated in response to a CS (as fear-on cells; Sanford et al., 2017),
but display a more complex modulatory function in the CeA, depending on the
characteristics of the CS and US (Fadok et al., 2017; Sanford et al., 2017). While CRF+
neurons form reciprocal inhibitory connections with both PKC&+ and SOM+ cells, they
connect preferentially to the latter (Fadok et al, 2017). At high levels of threat (high intensity
US) and/or for some CS parameters (e.g., in response to white noise), CRF+ network
promotes conditioned flight, by directly inhibiting SOM+ cells, encoding freezing behavior
(Fadok et al, 2017). At low levels of threat, CRF+ cells facilitate fear learning and promote
freezing by releasing neuropeptide CRF, which acts on CRFR1-expressing cells in the CeA
(in the medial and caudal CeA ~60% of CRFR1+ cells are SOM+ and ~20% are PKC&+;
Sanford et al., 2017). In addition to their strong projections within the CeA, CRF+ neurons
also project to the hypothalamus, BNST, PAG and PBN (Oh et al., 2014; Fadok et al, 2017;
Sanford et al., 2017). Tac2+ neurons depict a non-overlapping population of neurons in the
CeM (in the CeL ~90% of Tac2+ neurons coexpress CRF gene; Kim et al., 2017), implicated
in fear consolidation (Andero et al., 2014; Andero et al., 2016). According to the projection
data from the Allen Brain Institute Mouse Connectivity Atlas (Oh et al., 2014), these
neurons preferentially project to the HYP and PAG. LA, lateral amygdala; BLA, basolateral
complex of the amygdala; CeL, lateral central nucleus of the amygdala; CeM, medial
subdivision of central nucleus of the amygdala; CeC, capsular nucleus of the central
amygdala; PBN, parabrachial nucleus; BNST, the bed nucleus of the stria terminalis; DVC,
dorsal vagal complex; HYP, hypothalamus; PAG, periagueductal gray of the midbrain; PVT,
paraventricular nucleus of the thalamus; I, inhibitory GABAergic neuron; E, excitatory
glutamatergic cell. Neuronal populations expressing following markers: PKCS8, protein
kinase C&; SOM, somatostatin; CRF, corticotropin-releasing factor; CRFR1, corticotropin-
releasing factor receptor 1; Tac2, tachykinin 2.
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