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In anxiety disorders, such as posttraumatic stress disorders and phobias, classical conditioning pairs natural
(unconditioned) fear-eliciting stimuli with contextual or discrete cues resulting in enduring fear responses to
multiple stimuli. Extinction is an active learning process that results in a reduction of conditioned fear
responses after conditioned stimuli are no longer paired with unconditioned stimuli. Fear extinction often
produces incomplete effects and this highlights the relative permanence of bonds between conditioned
stimuli and conditioned fear responses. The animal research literature is rich in its demonstration of cognitive
enhancing agents that alter fear extinction. This review specifically examines the fear extinguishing effects of
cognitive enhancers that act on gamma-aminobutyric acid (GABA), glutamatergic, cholinergic, adrenergic,
dopaminergic, and cannabinoid signaling pathways. It also examines the effects of compounds that alter
epigenetic and neurotrophic mechanisms in fear extinction. Of these cognitive enhancers, glutamatergic N-
methyl D-aspartate (NMDA) receptor agonists, such as D-cycloserine, have enhanced fear extinction in a
context-, dose- and time-dependent manner. Agents that function as glutamatergic α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor agonists, alpha2-adrenergic receptor antagonists (such as
yohimbine), neurotrophic factors (brain derived neurotrophic factor or BDNF) and histone deacetylase
inhibitors (valproate and sodium butyrate) also improve fear extinction in animals. However, some have
anxiogenic effects and their contextual and temporal effects need to be more reliably demonstrated. Various
cognitive enhancers produce changes in cortico-amygdala synaptic plasticity through multiple mechanisms
and these neural changes enhance fear extinction. We need to better define the changes in neural plasticity
produced by these agents in order to develop more effective compounds. In the clinical setting, such use of
effective cognitive enhancers with cue exposure therapy, using compounds derived from animal model
studies, provides great hope for the future treatment of anxiety disorders.
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1. Fear conditioning and its extinction in animal models

New pharmacological and psychological treatments can be
targeted to the pathophysiological mechanisms underlying anxiety
disorders such as posttraumatic stress disorder (PTSD) and various
phobias. A novel pharmacotherapy approach for the treatment of such
anxiety disorders would improve learning in exposure-based psy-
chotherapies through cognitive enhancing agents. This review
examines how various cognitive enhancers might improve extinc-
tion-based anxiety treatments by measuring their effects in animal
models of conditioned fear. Using animalmodels of fear extinction, we
review the effects of cognitive enhancing agents which alter
GABAergic, glutamatergic, dopaminergic, noradrenergic, cholinergic,
cannabinoid, or neurotrophic pathways or have epigenetic mecha-
nisms. Such studies highlight the possibilities of using combined
cognitive enhancing agents with psychotherapeutic approaches for
humans with anxiety disorders.

1.1. Definitions of classical conditioning, memory consolidation and
reconsolidation, and extinction

Classical conditioning develops when an organism is presented
with an unconditioned stimulus (UCS) that is paired with a neutral
stimulus (CS) such as a discrete cue or a specific learning context.
After repeated pairings, the CS starts to produce behavioral reactions
(conditioned responses or CR) that are usually similar but not
identical to the unconditioned responses (UR). In fear conditioning,
the UR often includes freezing behaviors and autonomic responses
such as increases in respiration, heart rate, sweating, and pupillary
dilation (Davis et al., 2006a). Appetitive stimuli can also produce
conditioned responses. One type of reward learning uses the
procedure of conditioned place preference in which the CS is
associated with a rewarding stimulus, such as a drug of abuse, and
elicits preference behaviors (Heinrichs et al., 2010). Consolidation of
fear, appetitive and other sensory-related memories is the process by
which these newmemories are stored. Suchmemory traces are stored
in neural structures as a result of the modification of synapses.

After a memory is consolidated, it may undergo two different
processes, reconsolidation and extinction, both of which can be
experimentally induced using repeated presentations of the CS.
Reconsolidation occurs when consolidated memories are stabilized
after cued retrieval and it results in maintenance of the memory trace.
Thus, following the initial consolidation of a conditioned response,
there is a period of transitorymemorywhich is followed by a period of
greater permanence when memory traces become reconsolidated via
further changes in neural plasticity (Tronson and Taylor, 2007).

Extinction is defined as a new learning process that results in
decreased frequency or intensity of learned responses to conditioned
cues. Extinction develops after CS exposure in the absence of the
original UCS (Tronson and Taylor, 2007; Taylor et al., 2009). In fear
conditioning studies, extinction involves exposing rodents to the fear-
eliciting cue(s) or context without the aversive UCS (Quirk et al.,
2006; Peters et al., 2009). Extinction is thought to be an active
learning process and therefore not simply a “forgetting” of condi-
tioned behavior that reverses the original learning (Bouton, 2004).
Reconsolidation processes need to be diminished in order for
extinction learning to be effective. Defining the time course,
context-specificity and duration of CS re-exposures involved in
reconsolidation and extinction processes presents a challenge for
the treatment of conditioned fear (Taylor et al., 2009; Quirk and
Mueller, 2008). Reconsolidation and extinction highlight how
experience dependent stimulation of neural activity produces
enduring functional changes in neural excitability. Such effects
produce alterations in structural plasticity and are responsible for
long-term effects on fear memories and associated behaviors (Amano
et al., 2010; Tronson and Taylor, 2007).
1.2. Animal models of fear conditioning and its extinction

Widely utilized animal models used to study the acquisition,
expression, extinction, and reinstatement of fear involve classical
(Pavlovian) conditioning (Shin and Liberzon, 2010). Variations of fear
conditioning models are presented in this section so that effects of
cognitive enhancers on fear extinction can be better understood. In
classical conditioning of fear, a neutral stimulus (cue or context) is
contingently paired with an aversive UCS which activates innate fear
behaviors such as freezing or autonomic responses (UR). After
conditioning, the CS elicits various learned fear responses or CR
(Kim and Jung, 2006; Maren, 2008). Fear conditioning produces rapid,
robust, and long-lasting fear associated learning. A single, intense
footshock can produce conditioned fear learning in rodents that is
retained for months (Maren, 2008). Such classical fear conditioning
has primarily been employed using rodents (Kim and Jung, 2006;
Maren, 2008) and in humans (Cheng et al., 2003; Alvarez et al., 2008).
In rodents, behavioral responses involve behavioral suppression,
motor freezing, analgesia, ultrasonic distress vocalizations and
autonomic responses such as elevated heart rate, respiratory rate
and blood pressure (Kim and Jung, 2006; Maren, 2008). In humans,
changes in galvanic skin responding, heart rate, blood pressure,
eyeblink conditioning and anxiety are often used as measures of
conditioned fear (Shin and Liberzon, 2010; Cheng et al., 2008). Often,
the strength of fear conditioning varies with the temporal interval
between the CS and UCS.

Extinction learning can be studied in fear conditioned animals by
repeatedly exposing them to fear-eliciting CS in the absence of the
aversive UCS. This extinction training results in a decrease in the
extent and frequency of the fearful CR (Myers and Davis, 2002, 2007).
This extinction procedure produces consistent results in both
appetitive and aversive paradigms and across numerous species
(Myers and Davis, 2002). The determining factor for the extinction of
fear conditioning appears to be the violation of the expected
contingency between the CS and the UCS (Myers and Davis, 2007).

Another form of Pavlovian fear conditioning is the fear-potentiated
startlemodel in which a neutral context or cue (CS) is first paired with
an aversive footshock (UCS). After such conditioning, when the CS is
paired with a novel aversive stimulus such as a sudden noise, the
elicited startle response is enhanced compared to the startle response
elicited by the noise alone (Davis et al., 2006a). This potentiated-
startle response is long lasting (Campeau et al., 1990). The fear-
potentiated startle model uses startle measurement as the dependent
variable and this model has been well demonstrated in rodents
(Chhatwal et al., 2005a; Walker et al., 2002) and in humans
(Norrholm et al., 2006). In fear-potentiated startle, the repeated
presentation of the CS without aversive consequences results in a
reduction in the frequency and amplitude of the startle response
(Walker and Davis, 2002).

Pavlovian fear conditioning allows for the study of the reinstate-
ment, renewal, and spontaneous recovery of learned fear (for review
see: Myers and Davis, 2002, 2007). The reinstatement of fear responses
refers to the reappearance of extinguished fear responses to a CS after
UCS-only presentations in the same context as the recovery test (CS-
only presentations) (Bouton and King, 1983). Renewal of conditioned
fear refers to the reappearance of fear responses to the CS after
extinction in a novel context followed by a return to the original context
(ABA design) (Bouton and Bolles, 1979; Bouton and King, 1983).
Renewal can also occur when conditioning, extinction, and re-exposure
testing occur in three separate contexts (ABC design) or when
conditioning and extinction occur in one context, while re-exposure
occurs in a novel context (AAB design) (Bouton and Ricker, 1994;
Thomas et al., 2003). Spontaneous recovery refers to the reappearance
of extinguished fear responses after thepassage of time in the absenceof
any further explicit training. These behaviors highlight the context
dependence of fear and extinction learning (Quirk, 2002).
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Fear conditioning can also be acquired through operant condi-
tioning paradigms in which the presentation of the aversive US is
contingent upon the animal's behavior (Kim and Jung, 2006).
Inhibitory avoidance occurs when an aversive stimulus such as a
footshock follows an animal's behavior, such as moving to the dark
compartment of a test chamber when placed in a lighted compart-
ment or stepping down from a platform onto grid flooring.
Accordingly, inhibitory avoidance is often incorporated into classical
conditioning which involves UCS-CS pairings (e.g. dark compartment
and footshock). Following this conditioning, the animal learns to
avoid performing the response that was followed by the aversive
stimulus (Kim and Jung, 2006). Inhibitory avoidance procedures
produce robust fear learning (Rossato et al., 2006). Typical extinction
procedures involve repeated presentations of the CS in the absence of
an aversive UCS which leads to the progressive extinction of the CR
(Cammarota et al., 2003).

With these animal models of fear conditioning and fear extinction
it is possible to examine pharmacological facilitation of extinction
learning. The strategy is to understand the neurotransmitter, receptor,
epigenetic and neurotrophic mechanisms that are involved in fear
extinction and then test signaling agents that facilitate extinction.
Using cognitive enhancing agents, multiple pharmacotherapies can be
developed as adjuncts to extinction learning involved in exposure
therapy (Davis et al., 2006a) and these agents as tested in animals are
reviewed.
1.3. Neural mechanisms in fear conditioning and extinction

In order to effectively use cognitive enhancing drugs in fear
extinction, it is critical to understand the key brain regions that are
functionally involved. Most studies highlight the importance of three
regions in fear conditioning and its extinction: the amygdala,
prefrontal cortex, and hippocampus. The amygdala is critical for the
storage of both conditioned fear and extinction while the hippocam-
pus processes contextual information andmedial PFC is critical for the
retrieval of extinction learning (Shin and Liberzon, 2010; Maren,
2008). Using techniques that employ lesioning, electrical stimulation,
and site-specific pharmacology, a large number of studies point to the
amygdala as one of the principal structures necessary for fear learning.
This structure receives information about both unconditioned and
conditioned stimuli and is responsible for activating a cascade of fear
responses (Kim and Jung, 2006). Sensory pathways typically project
to the amygdala after processing from one or more associative cortical
areas and sometimes directly from the thalamus or subcortical routes
(McDonald, 1998). Sensory information enters the basolateral nuclei
of the amygdala (BLA) where synaptic plasticity develops and
produces CS-UCS associations. Inter-amygdaloid connections to the
central nucleus (CNA), the primary fear output structure, allows the
learned fear association to influence various autonomic and motor
centers involved in fear responses (Kim and Jung, 2006; Davis et al.,
2006a; Pape and Pare, 2010).

Animal studies have also implicated the hippocampus as a vital
influence in contextual fear conditioning. Projections from the
hippocampal subregions to the amygdala are direct (CA1, subicular,
and entorhinal) and indirect through the medial PFC (Pape and Pare,
2010). Hippocampal lesion studies have shown that this region is
required for the renewal of conditioned fear responses after
extinction. In rodents, hippocampal lesions impair conditioning to a
contextual cue but not a discrete tone cue (Kim and Jung, 2006;
Maren, 2008). Genetic studies have demonstrated the importance of
the hippocampus in contextual fear learning using mutant mice with
specific deficits in hippocampal long-term potentiation (LTP), a
cellular model for plasticity and learning (Kim and Jung, 2006).
Based on lesion studies, contextual fear conditioning is maintained
relatively early after hippocampal lesioning (up to 28 days) but not
after long delays (100 days) (Maren et al., 1997). This suggests that
the site of contextual fear learning shifts over time.

The PFC is an essential brain region involved in the acquisition and
consolidation of fear extinction (Kim and Jung, 2006; Shin and
Liberzon, 2010; Kaplan et al., 2011). The PFC is known to project to the
amygdala, inhibit its neuronal firing and consequently reduce fear
responding. The PFC inhibits the function of BLA by suppressing the
conditioned fear responses after extinction training (Kim and Jung,
2006). The complexity of the connections between themedial PFC and
BLA has lead to some controversy regarding the nature of PFC
influences (excitatory vs. inhibitory) over the BLA (for review see
Pape and Pare, 2010). The infralimbic cortex in the medial PFC is
specifically involved in the consolidation of extinction learning and
plasticity develops in this region for subsequent extinction retrieval
(Mueller and Cahill, 2010). It has recently been proposed that the
neural circuitry underlying extinction of conditioned fear and drug
seeking behaviors overlap in the PFC (Peters et al., 2009; Mueller and
Cahill, 2010; Kaplan et al., 2011). For example, activation of the
infralimbic PFC enhances extinction learning in both aversive
(Mueller et al., 2008) and drug-seeking paradigms (Lalumiere et al.,
2010).

2. Use of cognitive enhancers in fear extinction: pharmacological
enhancement of fear extinction

This section examines the effects of GABAergic, glutamatergic,
dopaminergic, noradrenergic, cholinergic, cannabinoid and neuro-
trophic agents, and compounds that have epigenetic mechanisms, as
cognitive enhancers in animal models of fear extinction. Table 1
summarizes on the effects of these various cognitive enhancers on
fear extinction from the animal research literature.

2.1. The role of gamma-aminobutyric acid (GABA) agents as cognitive
enhancers in fear extinction

Many of the pharmacological interventions that facilitate condi-
tioned fear and its extinction in animal models appear to do so by
interacting with the major inhibitory neurotransmitter in the
mammalian brain, GABA (Davis et al., 2006a). In short, conditioned
fear inhibits GABAergic function in the amygdala, whereas the
acquisition of fear extinction produces an adaptive upregulation of
post-synaptic markers (Pape and Pare, 2010). GABA agonists disrupt
the acquisition of fear conditioning while GABA antagonists facilitate
such acquisition (Davis et al., 2006a; Makkar et al., 2010). The
evidence suggests that GABA agonists inhibit consolidation of
extinction memory (Makkar et al., 2010). Benzodiazepines such as
diazepam or midazolam treatments, agents which enhance the effects
of GABA binding at GABAA receptors, given shortly before (30 min and
10 min, respectively) extinction training impair extinction retention
in a dose-dependent manner (Pereira et al., 1989; Hart et al., 2009).
Muscimol, another GABAergic agonist, infused directly into the dorsal
or ventral hippocampus, before extinction training disrupted its
retention (Corcoran et al., 2005; Corcoran and Maren, 2001; Hobin et
al., 2006). In contrast, Akirav et al. (2006) found that infusions of
muscimol into the BLA after extinction enhanced its retention;
however, the enhancement might be due to reconsolidation effects
following a brief fear reactivation instead of extinction effects
(Makkar et al., 2010).

However, some research suggests that the effects of benzodiaze-
pines on extinction are state dependent and did not alter the CS–CR
bond (Patel et al., 1979; Bouton et al., 1990; Nakagawa et al., 1993).
That is, the presence of benzodiazepines immediately before
extinction training produces an internal state that can be distin-
guished from the internal state of the animal during drug-free
retention testing. Benzodiazepine-induced impairments in extinction
retention may also be mediated by a shift in internal state between



Table 1
Effects of cognitive enhancers in animal models of fear extinction.

Agent class Drug Fear extinction effect Sources

GABAA receptor antagonist and
inverse agonist

Picrotoxin, bicuculline;
FG 7142

Mixed results McGaugh et al. (1990), Berlau and McGaugh (2006),
and Harris and Westbrook (1998)

Glutamatergic NMDA agonist DCS Enhances Ledgerwood et al. (2003, 2005), Woods and Bouton (2006),
Weber et al. (2007), Parnas et al. (2005), Walker et al. (2002),
and Lee et al. (2006)

Glutamatergic NMDA antagonist AP5, MK-801, CPP Impairs Falls et al. (1992), Szapiro et al. (2003), Lee and Kim (1998), Lee et al. (2006),
Baker and Azorlosa (1996), and Santini et al. (2001)

Glutamatergic AMPA agonist PEPA Enhances Zushida et al. (2007) and Yamada et al. (2009)
Cholinergic nicotinic agonist Nicotine Mixed results Smith et al. (2006), Tian et al. (2008), and Elias et al. (2010)
Cholinergic muscarinic agonist
and antagonist

Oxotremorine (agonist)
Scopolamine (antagonist)

Mixed results Boccia et al. (2009) and Roldan et al. (2001)

Adrenoceptor alpha-2 antagonist Yohimbine Enhances Cain et al. (2004), Hefner et al. (2008), Morris and Bouton (2007),
and Mueller et al. (2009)

Cannabinoid CB1 agonist WIN 55,212-2, AM404,
cannabidiol

Mixed results Chhatwal et al. (2005a), Chhatwal and Ressler, 2007, Pamplona et al. (2006, 2008),
Lin et al. (2008, 2009a,b), and Bitencourt et al. (2008)

Cannabinoid CB1 antagonist SR141716A, AM251 Impairs Chhatwal et al. (2005a,b), Marsicano et al. (2002), Niyuhire et al. (2007),
Varvel et al. (2005), Reich et al. (2008), and Alvarez et al. (2008)

Dopaminergic D1 agonist SKF38393 Mixed results Willick and Kokkinidis (1995), Borowski and Kokkinidis (1998),
and Dubrovina and Zinov'eva (2010)

Dopaminergic D2 agonist Quinpirole Impairs Nader and LeDoux (1999) and Ponnusamy et al. (2005)
Epigenetic agents—histone
deacetylase inhibitors

Valproate, sodium butyrate Enhances Bredy and Barad (2008), Lattal et al. (2007), and Bredy et al. (2007)

Neurotrophic agents BDNF and corticotrophins Enhances Peters et al. (2010), Choi et al. (2010), Soliman et al. (2010),
Heldt et al. (2007), Chhatwal et al. (2006), and Soravia et al. (2006)

220 G.B. Kaplan, K.A. Moore / Pharmacology, Biochemistry and Behavior 99 (2011) 217–228
the drug and drug-free contexts, and not because the drug has
disrupted extinction learning (Davis et al., 2006a; Makkar et al.,
2010). In contrast, immediate post-training intraperitoneal injections
of the GABA antagonists, picrotoxin or bicuculline, or of the GABA
agonist muscimol improve and impair, respectively, retention of
inhibitory avoidance conditioning when tested 24 h after training
(Castellano and McGaugh, 1989, 1990). This suggests that GABA
agents produce state-independent effects.

GABA antagonists have been shown to enhance cognition by
blocking GABAergic transmission and are expected to facilitate
extinction (Makkar et al., 2010). Post-extinction administration of
the GABA antagonists, such as picrotoxin or bicuculline, enhanced fear
recall during retention testing (Berlau and McGaugh, 2006; McGaugh
et al., 1990). Animals that received bicuculline 3 h after extinction
training instead of immediately afterward showed the same level of
freezing during retention testing as animals that received saline,
suggesting that the extinction enhancing effects of bicuculline were
due to memory consolidation and not other processes (Berlau and
McGaugh, 2006). However, in a series of experiments, Harris and
Westbrook (1998) showed that GABAA receptor inverse agonist (an
agent with opposite effects of the agonist), FG7142, slowed the rate of
acquisition of fear extinction and impaired extinction during
retention testing when FG7142 was given before extinction training,
retention testing, or both. Also, the extinction impairment by FG7142
is context-specific. That is, injection of FG7142 prior to retention
testing reinstated freezing behavior if the testing and extinction
contexts were the same, but if the testing chamber was different the
renewal of fear was not altered by the drug (Harris and Westbrook,
1998). However, it cannot be ruled out that the effects of FG7142 are
state-dependent. In summary, GABA agonists, antagonists, and
inverse agonists have been shown to have complex effects on
GABAergic transmission and extinction learning.

GABAergic neurons in the amygdala play a key role in both the
expression and extinction of fear conditioning. PTSD can be
conceptualized as a cue- and context-associated fear conditioning
process that results from amygdalar hyperresponsivity. Fear related
sensory information is transmitted through the BLAwhich connects to
the central nucleus of the amygdala (CNA) and activates fear
responses through outputs to the hypothalamus and brainstem. The
infralimbic cortex appears to be the primary pathway to suppress fear
responses via extinction learning (Quirk and Mueller, 2008). The
infralimbic cortex sends glutamatergic projections to GABAergic
neurons between the BLA and CNA called the intercalated cell masses
(ITC) (Likhtik et al., 2008). Activation of these ITC GABA neurons
inhibits output from the CNA and reduces fear responses. Amano et al.
(2010) showed that in fear extinction, increased GABA levels were
found in CNA neurons along with enhancement of inputs to ITC cells
during extinction training (Amano et al., 2010).

Extinction develops when pathways conveying sensory inputs
about fear-eliciting cues in the amygdala develop experience-
dependent forms of synaptic plasticity (such as LTP) (Davis et al.,
2006a). Expression of gephyrin, a GABAA receptor clustering protein,
is downregulated in the amygdala after fear acquisition and
upregulated after extinction training (Ressler et al., 2002; Chhatwal
et al., 2005b). Fear conditioning produced decreases in amygdalar
GABAergic plasticity which was measured by decreased mRNA
expression of GABAA receptor α1 and α5 subunits and GABA
synthesizing protein GAD67, as well as decreased benzodiazepine
binding (Heldt and Ressler, 2007). In contrast, fear extinction
produced increases in mRNA expression of GABAA receptor subunits
α2 and β2, and gephyrin and reduced GABA transporter-1 (Heldt and
Ressler, 2007). Lin et al. (2009a) measured the effects of fear
conditioning of miniature inhibitory postsynaptic currents (mIPSC)
in the BLA and protein levels of GABAA receptor subunits. Fear
conditioning decreased the frequency and amplitude of mIPSC and
protein levels of gephyrin and β2 while fear extinction reversed these
effects. The effect of bilateral amygdalar infusions of an inhibitory
peptide of GABAA receptors was measured in this last study. Blocking
the insertion of GABAA receptors with this inhibitory peptide blocked
fear extinction (Lin et al., 2009a). In summary, fear conditioning
produces GABAergic synaptic plasticity in the amygdala as defined by
downregulation of markers of GABAergic function while fear
extinction produced an upregulation of these markers. Selective
modulation of plasticity of GABAergic amygdalar neurons may
ultimately prove useful in treatment of anxiety (Davis et al., 2006a).
Although the GABA agonists may produce state-dependent changes in
fear conditioning and its extinction, more fundamental changes in
GABAergic signaling and plasticity have been demonstrated.
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2.2. The role of glutamatergic agents in fear extinction

The brain's major excitatory neurotransmitter, glutamate, has
three major classes of receptors: α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), N-methyl D-aspartate (NMDA), and
metabotropic glutamate receptors (Davis et al., 2006a). NMDA
receptors are important in learning and memory and in experience-
dependent forms of plasticity such as LTP. Administration of NMDA
receptor antagonists before training blocks the extinction of the fear-
potentiated startle response, contextual fear conditioning, inhibitory
avoidance, and eye blink conditioning (Szapiro et al., 2003; Lee and
Kim, 1998; Lee et al., 2006; Baker and Azorlosa, 1996; Falls et al.,
1992). The use of NMDA antagonists immediately after extinction
trials also blocks extinction learning, suggesting that NMDA receptor
activation is involved in consolidation of extinction (Santini et al.,
2001; Ledgerwood et al., 2003). NMDA antagonists may block fear
acquisition by disrupting glutamatergic transmission of sensory
information to the amygdala (Davis et al., 2006a). Fear extinction
may involve experience-dependent plasticity between sensory path-
ways and GABAergic interneurons within the amygdala, suggesting a
mechanism for NMDA receptor antagonist effects on fear extinction
(Davis et al., 2006a).

Since NMDA receptor antagonists block fear extinction, many
studies have examined the effects of cognitively enhancing NMDA
receptor agonists, such as D-cycloserine (DCS), on fear extinction
(Davis et al., 2006a). DCS binds to NMDA receptors as a partial agonist
at the glycine site and enhances receptor efficacy by stimulating high-
affinity glycine binding (Norberg et al., 2008). The promise of clinical
translation using DCS is heightened by the fact that the drug has
already been approved for human use by the FDA (Davis et al., 2006a).
In a meta-analysis of animal and human studies using DCS, Norberg et
al. (2008) summarized that DCS enhanced fear extinction in animals
and also improved exposure therapy effects in humans with specific
phobias, panic disorder, or obsessive compulsive disorder. At post-
treatment, both animal and human studies were associated with
moderate to large effect sizes (Norberg et al., 2008). Given the effects
on fear extinction in both animal and human studies, DCS is a
promising agent for improving exposure-based therapy outcomes in
anxiety.

One study by Walker et al. (2002) showed that rats given a
relatively high dose of DCS (15 and 30 mg/kg), compared to vehicle or
low dose DCS (3.25 mg/kg), demonstrated more robust extinction of
fear-potentiated startle when tested 24 h later. DCS was given 30 min
before a single extinction training session in this last study.
Administration of a glycine site antagonist (HA-966) also blocked
the DCS-induced enhancement of extinction. Extending these find-
ings, Ledgerwood et al. (2003) found that DCS (2.5, 5, and 10 mg/kg
doses) given immediately after training dose-dependently enhanced
extinction of conditioned freezing in rats tested 24 h after extinction
training. This finding suggests that DCS mediates extinction by acting
on memory consolidation after such training. Lee et al. (2006)
compared the effects of systemic and intra-BLA administrations of
NMDA agonist DCS and noncompetitive NMDA receptor antagonist
(+)-5-methyl-10,11-dihydro-SH-dibenzo[a,d]cyclohepten-5,10-
imine maleate (MK-801) on fear extinction. When long extinction
training sessions were used, MK-801 blocked extinction of condi-
tioned freezing, and DCS potentiated extinction. However effects were
reversed when shorter extinction training sessions were used,
possibly reflecting drug-induced changes in memory reconsolidation
instead of extinction after a brief fearful reactivation (Lee et al., 2006).

DCS does not interfere with reacquisition of fear learning
(Ledgerwood et al., 2005), but DCS given immediately after
extinction training prevents reinstatement of conditioned freezing
in rats (Ledgerwood et al., 2004). Ledgerwood et al. (2005) showed
that DCS may lead to a generalization of extinction to other CSs
previously paired with the same US but not extinguished. Studies
have also shown that although DCS enhances fear extinction
learning it does not eliminate the renewal effect (Woods and
Bouton, 2006; Bouton et al., 2008). Rats were conditioned in one
context and then extinguished in a second context preceded by
administration of saline or DCS (15 or 30 mg/kg). When subse-
quently re-exposed to the CS in the extinction training context,
extinction was enhanced in rats that had received the 30 mg/kg
dose compared to rats that had received saline. However, when re-
exposed in the original conditioning context, the DCS group
showed a substantial renewal of fear that was similar in strength
to the one observed in the saline controls. That is, although DCS
may facilitate fear extinction and prevent reinstatement, it does
not alter the context-specificity of the learning, and therefore may
not protect against relapse (the return of fear or anxiety
symptoms) in translational uses (Woods and Bouton, 2006;
Bouton et al., 2008). More research is needed to determine the
long-term effects of DCS on fear extinction and to understand the
optimal timing, number, and size of doses.

Evidence suggests that the effects of DCS decrease over repeated
sessions (i.e. with chronic use) and that a single acute dose of DCS
produces the greatest inhibitory effects (Parnas et al., 2005; Norberg
et al., 2008; Grillon, 2009; Davis et al., 2006a,b). Since DCS plasma
levels peak within hours after oral administration, maximal concen-
trations would develop during the period of post-session memory
consolidation if given around a fear extinction or exposure therapy
session (Davis et al., 2006a,b). Post-training administration of DCS
might allow clinicians to give the drug after sessions in which within-
session extinction occurred (Norberg et al., 2008). This would
correspond to evidence in the animal literature which suggests that
long-term DCS facilitation is only seen in animals showing within-
session extinction (Weber et al., 2007; Norberg et al., 2008; Grillon,
2009). DCS was more effective when given a limited number of times
and when administered close to the extinction training session
(Walker et al., 2002; Ledgerwood et al., 2005; Norberg et al., 2008).
More research is needed to clarify whether DCS can be effective for
individuals who did not respond previously to exposure therapy
alone. Also it is unclear whether DCS is effective as a cognitive
enhancer in a broader range of anxiety-related disorders (Norberg et
al., 2008). DCS did improve patient outcomes for symptom severity,
cognition, and functional impairment in social phobia when com-
pared with placebo (Guastella et al., 2008). Importantly, evidence
indicates that the effects obtained with experimental manipulation of
NMDA receptor activity, for example with DCS, are not due to state-
dependent changes in neuronal activity, but instead reflect specific
receptor-mediated changes in learning and consolidation of extinc-
tion. Systemic application of an NMDA receptor antagonist during
extinction of conditioned freezing and suppression of bar pressing
interfered with extinction recall when tested 24 h but not 1.5 or 48 h
later (Santini et al., 2001).

Studies also show that NR2B subunits of NMDA receptors in the
BLA are required for acquisition, not consolidation of fear extinction.
These NR2B subunits in the mPFC appear to be involved in the
consolidation but not the acquisition of extinction (Sotres-Bayon et
al., 2007, 2009). Interestingly, reacquisition of fear extinction seems to
involve NMDA receptors in both the BLA and mPFC, and consolidation
again involves NMDA receptors in the mPFC (Laurent et al., 2008;
Laurent andWestbrook, 2008; Burgos-Robles et al., 2007). Overall the
NR2B subunit is critical for these phase-dependent roles of NMDA
receptors in extinction (Pape and Pare, 2010). Calcium-mediated
burst firing in infralimbic and ventromedial PFC neurons predicted
subsequent recall of fear extinction and this burst activity was
necessary for consolidation of extinction and was dependent on
NMDA receptor activation (Burgos-Robles et al., 2007). Therefore,
NMDA receptor mediated bursting in infralimbic neurons seems to
initiate Ca2+-dependent intracellular cascades that stabilize fear
extinction memory.
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Although DCS is the most studied cognitive enhancer its
mechanisms of action are incompletely understood (Davis et al.,
2006b). DCS appears to alter NMDA receptor mediated intracellular
events such as calcium flux. Systemic DCS improved fear extinction
when it was coadministered with intra-amygdala injections of either
protein synthesis inhibitor, mitogen-activated protein kinase inhib-
itor, a transcription inhibitor or a translation inhibitor and these
findings suggest that these intracellular signaling pathways are
critical (Yang and Lu, 2005). Fear conditioning is associated with
AMPA receptor (GluR1) increases in the amygdala, while DCS
reversed fear conditioning and produced an internalization of GluR1
(Mao et al., 2008). These DCS effects were blocked by proteasome
inhibitors. This suggests that DCS may induce the erasure of fear
memory through GluR1 receptor internalization (Mao et al., 2008).

Modulation of glutamate AMPA receptors has been implicated as a
mechanism in other fear extinction studies. AMPA receptor positive
modulators have been shown to improve performance on several
cognitive tasks (Woolley et al., 2009). AMPA receptor positive
modulator, 5-(1-piperidinylcarbonyl)-2,1,3-benzoxadiazole (CX691)
reduced conditioned fear suggesting that such compounds may be
beneficial in the treatment of anxiety disorders (Woolley et al., 2009).
Intra-medial PFC and intra-amygdala infusions of an AMPA receptor
agonist given 15 min prior to extinction training, 4-[2-(phenylsulfony-
lamino)ethylthio]-2,6-difluorophenoxyacetamide (PEPA) facilitated
fear extinction (Zushida et al., 2007). In this study, intra-mPFC
administration of PEPA facilitates extinction much more potently
than an intra-amygdala administration. Infusions of PEPA in both
regions had no effect on fear acquisition or consolidation, and the
effects of PEPA on fear extinctionwere attenuated by an AMPA receptor
antagonist drug pre-administration. Taken together, these results
suggest that AMPA receptor agonist enhances fear extinction primarily
through effects in the medial PFC (Zushida et al., 2007). Yamada et al.
(2009) compared PEPA toDCSwith administrations either 15 or 30 min
before re-exposure to clarify the role of NMDA receptors. They found
that PEPA enhanced the extinction of contextual fear learning but not
its reconsolidation, while DCS enhanced both processes, and both PEPA
and DCS suppressed reinstatement of fear. Facilitation of reconsolida-
tion is a problematic potential side effect of cognitive enhancing agents
when used with exposure therapies. Thus, extinction-specific agents
such as PEPA are promising therapeutics.

2.3. The role of cholinergic agents in fear extinction

Nicotinic acetylcholine neurotransmission has been identified in
enhancement of cognition and is a target for fear learning and fear
extinction (for earlier reviews see: Tinsley et al., 2004; Levin and
Simon, 1998). Nicotine, the prototypical nicotinic acetylcholine
agonist, has been shown to dose-dependently enhance contextual
fear conditioning when given before conditioning (Gould and
Wehner, 1999; Gould and Higgins, 2003), and the enhancement is
maintained at a one week retest with and without prior nicotine
administration (Gould and Higgins, 2003). The effects of pre-training
nicotine are specific for hippocampus-dependent forms of condition-
ing, such as contextual and trace cued fear conditioning, with no effect
on hippocampus-independent cued delay fear conditioning (Gould
and Wehner, 1999; Gould and Higgins, 2003; Gould et al., 2004).

Few studies have examined the effects of nicotine on fear extinction
learning, but those that do suggest increased nicotinic signaling may
have differing effects on extinction depending on timing of nicotine
dose. Chronic nicotine pre-treatment did not alter subsequent
acquisition of contextual fear conditioning or fear extinction, but
enhanced the retention of fear conditioning during extinction training
(Tian et al., 2008). Rats pre-treated with continuous low-dose nicotine
during adolescence show enhanced fear acquisition compared to saline
controls, and they failed to extinguish the learned fear, while
continuous pre-treatment during adulthood did not affect fear
acquisition or extinction (Smith et al., 2006). Acute administration of
nicotine during extinction training enhances extinction whereas
administration during conditioning and extinction may strengthen
contextual fear memories and interfere with extinction. In an AAA
context design (Elias et al., 2010), nicotine administration before
conditioning did not alter extinction. Nicotine administered prior to
extinction sessions enhanced such learning, and nicotine administered
before both conditioning and extinction sessions decreased extinction.
In an ABA design in this study, nicotine administered before extinction
sessions and re-exposure enhanced extinction and blocked context
renewal of conditioned fear, while nicotine administered before
conditioning, extinction, and re-exposure sessions did not alter
extinction but enhanced the context renewal of conditioned fear.
Thus, nicotine administration given in proximity to fear conditioning
may strengthen contextual fear acquisition and interfere with
extinction, while nicotine administered during extinction only and
continued through re-exposure enhances extinction independent of
the context and also attenuates the context renewal of conditioned fear.

Nicotine given immediately after contextual fear conditioning did
not enhance acquisition, indicating that the cognitive enhancing
effects of nicotine may be state-dependent (Gould and Higgins, 2003).
However, recent work by Kenney et al. (2010) suggests that nicotine
may alter synaptic plasticity underlying the consolidation of contex-
tual fear memories. Transcriptional upregulation of hippocampal jun-
N terminal kinase 1 (JNK1) mRNA was found in fear conditioned mice
in the presence of nicotine, whereas neither learning alone nor
nicotine administration alone altered JNK1 mRNA expression.
Furthermore, the upregulation of JNK1 was absent in beta-2 nicotinic
receptor subunit knockout mice, which are mice that do not show
enhanced learning by nicotine. Finally, hippocampal JNK activation
was increased in mice that were administered nicotine before
conditioning, and the inhibition of JNK during consolidation pre-
vented the nicotine-induced enhancement of contextual fear condi-
tioning. Although the fear acquisition enhancing effects of nicotine
appear to be state-dependent, nicotine administration before condi-
tioning has been shown to alter hippocampal plasticity resulting in
enhanced contextual memories. It is possible that similar effects may
occur with fear extinction such that nicotine administration before
extinction alters nicotinic cholinergic signaling resulting in enhanced
consolidation.

Agonists at acetylcholine muscarinic receptors generally enhance
memory and learning in animal models while muscarinic antagonists
disrupt acquisition of new learning (Power et al., 2003; Tinsley et al.,
2004; Rogers and Kesner, 2004; Gale et al., 2001; Soares et al., 2006).
Muscarinic acetylcholine neurotransmission has also been implicated
in fear learning (for review see: Tinsley et al., 2004; Power et al.,
2003). Cholinergic mechanisms within the BLA may alter consolida-
tion of extinction learning. Boccia et al. (2009) showed that intra-BLA
infusions of muscarinic antagonist oxotremorine enhanced fear
extinction when administered immediately after extinction training
sessions. The effects of oxotremorine were not due to non-specific
effects and the agent did not alter reinstatement of extinguished fear.
Muscarinic antagonist agents have also been implicated in the
recovery of conditioned fear after its extinction. Roldan et al. (2001)
used a single-trial inhibitory avoidance protocol followed by
extinction training. Muscarinic receptor antagonist scopolamine,
given prior to retention testing, produced dose-dependent and
time-dependent recovery of the previously extinguished avoidance
response.

2.4. The role of adrenergic agents in fear extinction

Norepinephrine (NE) plays a critical role in attention, cognition
and its extinction in PFC systems. Psychostimulants, such as
adrenergic agent yohimbine, can enhance memory and learning.
Although new memory consolidation is improved by noradrenergic



223G.B. Kaplan, K.A. Moore / Pharmacology, Biochemistry and Behavior 99 (2011) 217–228
signaling, some uncertainty remains as to whether NE enhances
extinction memories (for review see: Mueller and Cahill, 2010; Davis
et al., 2006a). Studies show that noradrenergic signaling modulates
extinction in aversive, appetitive and drug-related learning paradigms
(Mueller and Cahill, 2010). Systemic administration of noradrenergic
drugs around fear extinction trainings yielded mixed results (Mueller
and Cahill, 2010). Yohimbine, an alpha2-receptor antagonist that
promotes NE release, is one of the most well studied cognitive
enhancers of fear extinction (Holmes and Quirk, 2010). Systemic
administration of yohimbine facilitates fear extinction when training
occurs in a context different from conditioning (Cain et al., 2004;
Hefner et al., 2008; Morris and Bouton, 2007), but not when the
context is the same (Mueller et al., 2009). Yohimbine-induced
enhancement of extinction was dose-dependent and occurred only
with the administration of an optimal drug dose (Morris and Bouton,
2007). Like DCS, the enhancement of fear extinction by yohimbine
appears to be context-specific. Administration of yohimbine prior to
extinction training did not impair renewal of freezing behavior in
either an ABA or ABC design (Morris and Bouton, 2007). Thus, as with
DCS, yohimbinemay not be completely effective in preventing relapse
in translational applications because of their contextual specificities.

NE is critical to fear responses and administration of epinephrine
resulted in the reinstatement of extinguished fear without re-
exposure to the fear context (Morris et al., 2005). Interestingly,
post-extinction training using intra-amygdala infusions of NE facili-
tated the extinction of inhibitory avoidance (Berlau and McGaugh,
2006) showing the role of amygdalar NE in extinction learning. Fear-
induced NE release in the amygdala may prepare this structure for
subsequent consolidation of extinction. Administration of proprano-
lol, a beta-receptor antagonist, has been shown to impair subsequent
retrieval of extinction of contextual (Ouyang and Thomas, 2005), but
not cued fear (Cain et al., 2004; Ouyang and Thomas, 2005; Rodriguez-
Romaguera et al., 2009). In the cued fear paradigms, propranolol
administration 20 min before extinction training reduced fear
expression without affecting later extinction recall (Cain et al.,
2004; Rodriguez-Romaguera et al., 2009). Pre-extinction session
infusions of propanolol into the infralimbic PFC impaired the retrieval
of extinction the next day (Mueller et al., 2008). To summarize, NE
signaling has demonstrated a critical role in the acquisition,
expression, extinction and retrieval of conditioned fear.

Since both NE and serotonin reuptake inhibition by antidepres-
sants reduces anxiety- and depression-related behaviors, serotonin
reuptake might be a mechanism for fear extinction. There are few
such studies but one examined the knockout of serotonin reuptake
genes inmice and tested suchmice in fear conditioning and extinction
paradigms (Wellman et al., 2007). Interestingly, fear conditioning and
extinction were normal in knockout mice but these mice demon-
strated a deficit in extinction recall. In knockout mice, dendritic
branches of infralimbic pyramidal neurons were increased in length
and BLA neurons had greater spine density compared to wild-type
mice, suggesting the importance of this plasticity in extinction recall.

Translational studies have examined the effects of adrenergic
drugs for the treatment of clinical disorders in humans. Yohimbine
has historically been used as a challenge procedure to induce anxiety
among individuals with anxiety disorders (Mueller and Cahill, 2010).
However, animal studies have unexpectedly found that yohimbine
enhances extinction. Few clinical trials have examined yohimbine as a
treatment in anxiety except for Powers et al. (2009) who used it in
claustrophobic anxiety. Claustrophobia subjects took either yohim-
bine or placebo 1 h prior to two separate exposures to a small, dark,
and enclosed space. Both treatment and control groups showed
significant reductions in claustrophobic anxiety during the first
exposure compared to a pre-treatment baseline with no difference
between the groups. However, the yohimbine treated group did show
a significant reduction in peak fear during a one week follow-up
exposure compared to the control group. One interpretation is that
yohimbine enhanced extinction consolidation after the first exposure
session resulting in the significant reduction seen at the follow up
visit. As a classic anxiogenic, yohimbine has induced flashbacks in
patients with PTSD (Southwick et al., 1993) and panic attacks in those
with panic disorder (Charney et al., 1987). Thus, yohimbine as a
treatment for such patientswould generally be contraindicated (Davis
et al., 2006a).

2.5. The role of cannabinoid agents in fear extinction

The endogenous cannabinoid (CB) system has become a major
focus in the search for pharmacological interventions for fear
extinction (for review see: Davis et al., 2006a; Chhatwal and Ressler,
2007; Varvel et al., 2009). CB1 receptor agonists and antagonists
produce complex cognitive effects and alter extinction learning. CB1
receptors are involved in the processing of sensory information and in
learning and are found at highest concentrations in the medial PFC,
hippocampus, and BLA. Cannabinoid synaptic transmission is a source
for plasticity in the form of LTP in these regions. CB1 antagonist
rimonabant (SR141716A) does not appear to affect the acquisition of
cued fear conditioning but does impair extinction learning in several
protocols including fear-potentiated startle (Chhatwal et al., 2005a),
auditory fear conditioning (Marsicano et al., 2002; Niyuhire et al.,
2007), contextual fear conditioning (Suzuki et al., 2004), escape
behavior in a water maze (Varvel et al., 2005), and passive avoidance
of a foot shock (Niyuhire et al., 2007).

Another CB1 receptor antagonist AM251 has been shown to have a
mixture of effects on anxiety and conditioning. AM-251, given 30 min
before testing, reduced conditioned freezing in a mouse model
(Mikics et al., 2006). Arenos et al. (2006) reported that AM-251
administered to Long-Evans rats prior to conditioning or testing
reduced contextual fear expression, while AM-251 given prior to
conditioning increased fear expression when tested in a novel
context. In contrast, Reich et al. (2008) reported that AM251
administered before conditioning and/or testing enhanced acquisition
of both trace and delay fear conditioning. AM251 also increased
generalized fear (baseline freezing) and cued freezing during recall
testing while impairing extinction for both baseline fear and cued fear
conditioning. AM251 appears to produce anxiogenic effects and
affects fear behavior in a state-dependent manner without altering
short or long term memory consolidation (Reich et al., 2008).
However, bilateral infusions of AM251 into the CA1 region of the
hippocampus after re-exposure to the conditioning context facilitated
the reconsolidation of the fear memory, while the same local infusion
blocked extinction learning (de Oliveira Alvares et al., 2008).
Infralimbic infusions of AM251, given 30 min prior to extinction
training, also impaired the extinction of fear potentiated startle in a
rat model (Lin et al., 2009b). Supporting these results were findings
that extinction of fear conditioning was impaired in CB1 receptor
knockout mice (Marsicano et al., 2002; Varvel et al., 2005; Kamprath
et al., 2006). In summary, the effects of CB1 antagonism on fear
acquisition and expression are inconsistent, and CB1 antagonism
generally impairs fear extinction.

Given these CB1 antagonist effects, it would be hypothesized that
CB1 agonists should facilitate such extinction learning. There are mixed
results with the administration of the CB1 agonist WIN 55,212-2. This
CB1 agonist given 30min before testing has been shown to increase the
expression of conditioned fear (Mikics et al., 2006) and does not appear
to affect fear extinction (Chhatwal et al., 2005a; Pamplona et al., 2006).
However, systemic administration of a low dose of this CB1 agonist
before extinction did facilitate extinction in other studies (Pamplona
et al., 2006, 2008). The timing and location of drug administration are
critical as infralimbic infusions of WIN 55,212-22 prior to extinction
training facilitated the extinction of fear-potentiated startle (Lin et al.,
2008, 2009b). Chronic administration of this drug prior to fear
conditioning impaired extinction and attenuated the extinction
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facilitating effect of acute pre-extinction training infralimbic infusions
(Lin et al., 2008).

Improvements in fear extinction learning have been demonstrated
with administration of AM404, an inhibitor of cannabinoid break-
down and reuptake. AM404 has been shown to have anxiolytic effects,
decreasing anxiety in defensive startle, elevated plus-maze, and
ultrasonic vocalization tests (Bortolato et al., 2006), without effecting
baseline startle (Bortolato et al., 2006; Chhatwal et al., 2005a).
Infralimbic infusions of AM404 after training reduced the fear-
potentiated startle (Lin et al., 2009b). Using a fear-potentiated startle
model, AM404 produced dose-dependent enhancement of cued fear
conditioning (Chhatwal et al., 2005a; Lin et al., 2009b) and decreased
shock-induced reinstatement (Chhatwal et al., 2005a). Systemic
administration of AM404 or cannabidiol, a phytocannabinoid, given
before extinction training extinguished fear responses (Bitencourt
et al., 2008). AM404 and cannabidiol both have anxiolytic-like effects
in naive and conditioned rats (Bitencourt et al., 2008). Chhatwal and
Ressler (2007) showed that AM404 and similar compounds are
anxiolytic and contrast with the majority of agents that enhance
extinction which are often anxiogenic. Their anxiolytic effects make
these agents especially attractive because they facilitate inhibition of
fear through extinction-like processes and avoid the amnestic effects
of many anxiolytics (Chhatwal and Ressler, 2007).
2.6. The role of dopaminergic agents in fear extinction

In general, activation of dopamine D1 and D2 dopamine receptors in
the prefrontal cortex reverses cognitive deficits and enhances cognition
in healthy subjects. However, these cognitive effects are task-
dependent and dopaminergic drugs produce complex and non-uniform
effects. Both dopamine D1 receptor agonist SKF38393 and enhancers of
dopaminergic efflux, amphetamine and cocaine, attenuated the
extinction of a fear-potentiated startle response in rats (Willick and
Kokkinidis, 1995; Borowski and Kokkinidis, 1998). The injection of
cocaine or SKF38393 after extinction produced the renewal of fear-
potentiated startle responses (Borowski and Kokkinidis, 1998). In a
promising cognitive enhancement study, Dubrovina and Zinov'eva
(2010) examined extinction of passive avoidance in intact mice and
mice with depression-like behaviors. This depression-like behavior
resulted from sessions of forced swimming in a water bath for three
days that resulted in learned immobility. In intact mice, activation and
blockade of D1 receptors with SKF38393 and SCH23390, respectively,
had no effect on extinction in the passive avoidance task. Activation of
D2 receptors with quinpirole, but not blockade with sulpiride, led to a
deficit in the extinction of the same task. In this model, activation of D1
receptors with SKF38393 normalized extinction while the D2 agonist
quinpirole had no effect. The normalization of extinction was also
produced with the blockade of both types of dopamine receptor by
SCH23390 and sulpiride.

Modulation of dopaminergic systems in the medial PFC would be
expected to modulate the rate of extinction (Quirk et al., 2006). In a
review of extinction circuits involved in fear learning in the PFC,
Peters et al. (2009) explained that the prelimbic and infralimbic
cortices may provide a switch for expression of conditioned fear and
its extinction, respectively (Peters et al., 2009). Microinfusions of the
D1 receptor antagonist SCH23390 into the infralimbic PFC before
extinction training impaired such learning while microinfusions of
SCH23390 into the BLA caused impairments in fear acquisition
(Hikind and Maroun, 2008). D1-receptor knockout mice also showed
deficits in extinction (El-Ghundi et al., 2001). In contrast, systemic
administration of D2 antagonist sulpiride to mice facilitated extinc-
tion of conditioned fear (Ponnusamy et al., 2005). Notably, sulpiride-
treated animals demonstrated extinction to spaced presentations of
the CS, a protocol that produced no extinction in vehicle-treated
controls (Ponnusamy et al., 2005). In summary, cognitive enhancing
dopamine D1 and D2 agonists appear to have mixed effects related to
fear extinction.

2.7. Cognitive enhancers affecting epigenetic and neurotrophic
mechanisms

Epigenetic mechanisms and neurotrophic factors represent novel
targets for enhancing cognition and altering gene expression and
associated plasticity. Certain drugs modify transcriptional pathways
via histones which are highly basic proteins that organize DNAwithin
the nucleus. Histone deacetylases are agents which modify histone
tails and alter neuronal gene transcription. Histone deacetylase
(HDAC) inhibitor treatment enhanced extinction training as it
increased dendritic sprouting, synaptic connections, and neurotrophic
factor expression (Bredy and Barad, 2008). Fear extinction was
associated with histone acetylation around the BDNF gene promoter
and also increased BDNF mRNA expression in PFC (Bredy et al., 2007).
In this last study, HDAC inhibitor valproate enhanced fear extinction
and synergized the behavioral effects of extinction training. Valproate
enhanced the effects of extinction training on histone H4 acetylation
around BDNF gene promoters and on BDNF mRNA expression. HDAC
inhibitors, sodium butyrate and trichostatin A, produced greater
effects in context-evoked fear extinction compared to vehicle control
treatment (Lattal et al., 2007). There appears to be a relationship
between histone modification, epigenetic regulation of neurotrophic
factors, neural plasticity and fear extinction. HDAC inhibitors may be
useful agents for enhancing fear extinction through specific plasticity
mechanisms in the PFC.

Agents directly enhancing BDNF levels also produce increases in
fear extinction via synaptic plasticity in the PFC. BDNF infused into the
infralimbic PFC reduced conditioned fear in the absence of extinction
training (Peters et al., 2010). These behavioral effects involved NMDA
receptors and did not eliminate the original fear memory. Rats with
impairments in fear extinction demonstrated reductions in BDNF
levels in hippocampal inputs to the infralimbic PFC. By restoring BDNF
levels in subjects with low hippocampal levels, extinction was
improved. Mice expressing a human variant of BDNF demonstrated
impaired fear extinction like the human phenotype (Soliman et al.,
2010). This human phenotype showed impairments in frontal-
amygdalar activity and this suggest the importance of BDNF targets
in fear extinction. Mice with BDNF deletions also showed reduced fear
extinction as demonstrated by fear-potentiated startle and freezing
behaviors (Heldt et al., 2007). BDNF mediates its effects via
tropomyosin receptor kinase B (TrkB) signaling. A lentivirus encoding
a dominant-negative TrkB was used to antagonize BDNF signaling
during fear extinction (Chhatwal et al., 2006). Lentivirus-infected rats
showed impairments in their retention of extinction, suggesting that
amygdala TrkB signaling is necessary for the formation of stable
extinction memories. In summary, these studies show that direct
BDNF treatment or its regulation by HDAC inhibitor treatment
enhances infralimbic neural circuitry and increases fear extinction.

Corticotrophins are agents that potentially regulate fear extinction
via epigenetic, neurotrophin and other mechanisms. Elevated gluco-
corticoid levels impair the retrieval of fear stimuli andmay also inhibit
retrieval of fear memory associated with phobias. Agents that mimic
the effects of cortisol and that antagonize the effects of corticotrophin
releasing factor (CRF) have been utilized in fear extinction. In a fear-
potentiated startle procedure, rats given light-shock pairings (fear
conditioning) followed by light-alone extinction training were then
given unsignaled shocks to reinstate fear to the light (Waddell et al.,
2008). Intracerebroventricular administration of a CRF antagonist
prior to reinstatement training dose-dependently prevented such
effects and suggests that such an agent could prevent this form of fear
relapse. In subjects with social phobia study (Soravia et al., 2006),
cortisone administered before a stressor significantly reduced self-
reported fear during the anticipation, exposure, and recovery phases.
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In a study of spider phobics from the same report, repeated oral
administration of cortisone, but not placebo, before exposure to a
spider photograph reduced the CS-induced fear. This effect was
maintained when subjects were exposed to the stimulus two days
after the last cortisone administration, suggesting that this agent
enhanced fear extinction.

3. Conclusions

A greater understanding of the use of cognitive enhancers in fear
extinction through animal models will translate into more effective
interventions for extinguishing fear memories in the clinical setting.
In animal models of fear extinction, electrophysiological changes (e.g.
amygdalar LTP) occur and produce consequent changes in structural
plasticity. Alterations in genetic and protein expression produce
synaptic plasticity and these adaptive changes result in reorganization
of neural circuitry. Even after extinction of fear conditioning, fear cues
and contexts can evoke fear responses and the associated synaptic and
signaling mechanisms underlying these persistent fear responses are
important to understand. We have reviewed that in fear extinction,
there are widespread and important changes in GABA and glutama-
tergic signaling in key cortical, hippocampal and amygdala pathways
that result in the inhibition of fear outputs. We have reviewed how
other neurotransmitter and neurotrophic systems contribute to the
development and expression of fear extinction.

Extinction in animal models is proposed to have parallels in
psychotherapeutic clinical approaches via exposure therapy. Follow-
ing the experience of trauma, many people can have persistent
symptoms of arousal, avoidance and re-experiencing of the traumatic
event. Such individuals experience distress and avoidance when
confronted with thoughts, feelings, and situations related to the
trauma. Exposure therapy produces extinction of trauma-related
thoughts, feelings, and behaviors. Patients learn to understand that
their fears and reactions to these stimuli are unrealistic (Foa, 2006).
Thus, fear extinction therapies have been found to be efficacious in the
treatment of PTSD (Foa, 2006; Schnurr et al., 2007). Several factors
limit efficacy of extinction learning and often extinction reminders
and prolonged treatment are needed. The relative permanence of the
CS and CR bonds in fear, and its resistance to extinction could account
for the partial efficacy of such treatment.

Because of the incomplete effects of fear extinction learning,
cognitive enhancing agents which improve such extinction can be
helpful. However, only a few of these agents produce reliable and
dose-, context- and time-dependent effects in these models. Of all
these cognitive enhancers, NMDA agonists appear to be most reliable
for the enhancement of fear extinction across models. Other cognitive
enhancers such HDAC inhibitors, BDNF/TrkB agents, glutamatergic
AMPA agonists, and alpha-2 antagonist also enhance fear extinction,
but more study of these effects and their temporal- and context-
dependence are necessary. A few other cognitive enhancers have
produced mixed effects on fear extinction and more studies are
needed to clarify the effects of GABAergic antagonists, cholinergic
nicotinic agonists, cannabinoid CB1 agonists, and dopamine D1 and
D2 agonists. The adrenergic alpha-2 antagonist yohimbine has been
shown to consistently facilitate fear extinction in animals (Cain et al.,
2004; Hefner et al., 2008; Morris and Bouton, 2007; Mueller et al.,
2009) and has been applied in translation research with humans
(Powers et al., 2009). However, as an anxiogenic agent, the successful
and safe use of yohimbine as a treatment for fear extinction is
questionable (Davis et al., 2006a, Mueller and Cahill, 2010). The
success of DCS as a fear extinction agent raises interesting questions
about its neural mechanisms so that other similar agents can be
pursued in testing.

NMDA agonists produce increases in synaptic efficiency in
corticolimbic pathways that appear critical in mediating fear
extinction. Intra-amygdala infusion of NMDA receptor antagonists
blocks the development of conditioned fear and of amygdalar LTP. The
consolidation of fear extinction involves glutamatergic NMDA recep-
tor-mediated burst firing in infralimbic portions of the PFC. Interfer-
ence with infralimbic PFC glutamatergic pathways using NMDA
receptor antagonists inhibits fear extinction and conversely NMDA
agonist treatments (such as with DCS) enhance it. Additional
glutamatergic changes in plasticity in cortico-amygdalar pathways
are mediated by AMPA receptor trafficking that appears critical to
various aspects of conditioned fear. Mechanisms of fear conditioning
and its extinction are most carefully studied at the plasticity in
cortico-amygdalar pathways where glutamate AMPA receptor sub-
units are involved.

Extinction enhancing agents which alter the acquisition and
expression of fear extinction when given outside of the learning
context produce state independent effects and appear to alter the
CS–CR bond related to fear conditioning. Such agents will have
enduring effects inhibiting renewal and recovery of fear conditioning.
Some of the learning mechanisms which regulate extinction learning
involve NMDA and GABA receptors, transcriptional regulation,
epigenetic mechanisms and neurotrophic factor-induced increases
in plasticity in cortico-amygdalar pathways. Extinction learning may
reverse the synaptic changes induced by fear conditioning and result
in the reversal of amygdalar LTP. NMDA agonists appear to trigger a
signaling cascade resulting in AMPA receptor subunit internalization
in the amygdala (Yang and Lu, 2005; Mao et al., 2008). The distinctive
intra-cellular mechanisms of DCS offer one explanation for its unique
success and point to new avenues of research in the search for
cognitive enhancing agents. These cognitive enhancers induce
receptor mediated AMPA receptor internalization and enduring
alterations in synaptic transmission that result in changes in the
number and morphology of dendritic spines at cortical inputs to
amygdalar neurons.

Various cognitive enhancers produce changes in cortico-amygdala
synaptic plasticity through multiple mechanisms and these neural
changes enhance fear extinction. Greater precision in our under-
standing of the effects of cognitive enhancers on functional and
structural plasticity will result in the development of new and
effective pharmacological approaches in fear extinction and exposure
therapies. Research related to the use of cognitive enhancers in fear
extinction, which define the mechanisms of functional and structural
plasticity underlying by extinction learning, provides great hope for
the treatment of anxiety disorders.
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