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Abstract

Fear is a universal response to a threat to one’s body or social
status. Disruption in the detection and response of the
brain’s fear system is commonly observed in a variety of neu-
rodevelopmental disorders, including fragile X syndrome
(FXS), a brain disorder characterized by variable cognitive
impairment and behavioral disturbances such as social
avoidance and anxiety. The amygdala is highly involved in
mediating fear processing, and increasing evidence sup-
ports the idea that inhibitory circuits play a key role in regu-
lating the flow of information associated with fear condition-
ing in the amygdala. Here, we review the known and poten-
tial importance of amygdala fear circuits in FXS, and how
developmental studies are critical to understand the forma-
tion and function of neuronal circuits that modulate amyg-

dala-based behaviors. Copyright © 2011 S. Karger AG, Basel
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Introduction

The first steps toward discovery of the human genetic
disease fragile X syndrome (FXS) began in 1943 in a ped-
igree reported by James Purdon Martin, an English phy-
sician, and Julia Bell, an English geneticist, who together
observed intellectual disability in 11 males consistent
with an X-linked problem [1]. This study led the geneticist
Herbert Lubs [2] in 1969 to microscopically examine the
X chromosome from family members with intellectual
disability. Lubs observed and described a constriction
near the end of the long arm of the X chromosome
(Xq27.3) in cultured cells from 4 intellectually disabled
males and 2 mentally normal females. This constriction
made the X chromosome appear broken, and therefore
became known as the ‘fragile’ X chromosome. In 1977,
Grant Sutherland [3], who was studying the occurrence
of fragile sites, discovered that the ability to detect fragile
sites was dependent on the chemicals used to study pa-
tients’ chromosomes. Sutherland discovered that using
the medium 199 gained instant access to the fragile sites,
which helped develop the first test for FXS. Further cyto-
logical studies of males from the original Martin and Bell
pedigree showed that they possessed the fragile X site,
and intellectual disability associated with a fragile X
chromosome was then termed Martin-Bell syndrome, to-
day known as FXS.
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FXS is an X-linked inheritable disease, and it is one of
a group of genetic conditions that also includes fragile X-
associated tremor/ataxia syndrome and fragile X-associ-
ated primary ovarian insufficiency, collectively called
fragile X. FXS is a neurodevelopmental disorder account-
ing for the most common cause of inherited mental im-
pairment ranging from intellectual disability to learning
problems. Males are typically more severely affected than
females. While most boys have intellectual disabilities,
only one third to one half of girls have significant intel-
lectual impairment; the rest have either a normal IQ or
lesser learning disabilities (reviewed in Hagerman [4]).
Females are usually less affected as they have two X chro-
mosomes; therefore, random X inactivation in each cell
determines the intellectual level and physical involve-
ment caused by the fragile X mutation. Also, both males
and females usually present behavioral and emotional
problems, even with a normal IQ, such as attention deficit
hyperactivity disorder, anxiety, unstable mood, impul-
sivity, aggressiveness, poor eye contact, shyness, self-talk,
hyperarousal to sensory stimuli, hand flapping, and hand
biting (reviewed in Hagerman [4]). Most FXS patients
also present some physical features including prominent
ears, soft skin, flat feet, and loose connective tissue that
leads to hyperextensible joints, especially fingers. In ad-
dition, macroorchidism, long face and high arched palate
are present in adulthood. Seizures (epilepsy) also occur in
about 25% of people with FXS. Interestingly, while some
FXS patients tend to be very social and interested in oth-
er people, approximately 30% of those with FXS are diag-
nosed with autism, and pervasive developmental disor-
ders not otherwise specified occur in an additional 30%
(reviewed in Hagerman [4]). However, it has recently
been reported that there are significant differences in the
profile of social and communicative symptomatology in
FXS compared with individuals diagnosed with idio-
pathic autism [5]. Despite these differences, this high rate
of autism diagnosis makes the fragile X mutation the
leading known single-gene mutation causing autism (re-
viewed in Hagerman [4]).

In 1991, the fragile X mental retardation 1 (FMR1)
gene was discovered [6] (fig. 1a). FXS is mainly caused by
the trinucleotide CGG repeat expansion mutation (>200
repeats, full mutation) in the promoter region of the
FMRI gene leading to hypermethylation and resulting in
transcriptional silencing of the gene (fig. 1b). The FMR1
gene encodes the fragile X mental retardation protein
(FMRP), an mRNA-binding protein that is highly ex-
pressed in testis, and in fetal and adult brain, with the
majority of signals localized to neurons [7-9]. This gene
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belongs to a small gene family that also includes the frag-
ile-X-related 1 and 2 genes (FXR1 and FXR2). FXR1 and
FXR2 are autosomal genes mapping to chromosomes 3q2
and 17p13.1, respectively [10], and to our knowledge nei-
ther FXR1 nor FXR2 have been associated with any
known pathology or defect. The discovery that amplifica-
tion of trinucleotide repeats which, in most cases, is the
molecular basis of the FXS revealed a new mechanism of
transgenerational inheritance. This finding was soon fol-
lowed by discoveries of other diseases in which triplet
amplifications at the DNA level are responsible for the
disease phenotype such as myotonic dystrophy, Hunting-
ton’s disease and spinocerebellar ataxia type 1 [11].

The identification of a disease human gene and its
mutation(s) provided new possibilities for early diagnosis
of patients, carrier detection and prenatal diagnosis. For
example, this repeat length in individuals can be deter-
mined using Southern blotting and polymerase chain re-
action, and thus can be used in DNA diagnostics. How-
ever, in order to gain a deeper understanding of the
genetic consequences of such genomic changes and the
pathogenesis of the disease, the mutation(s) needed to be
included in experimental models. Toward this goal, 3
years after the discovery of the FMR1 gene, the mouse
model of FXS was generated by a consortium of the Oos-
tra and Willems laboratories [12]. As the mouse CGG re-
peat expansion does not seem to occur as seen in humans,
the mouse model was created by a straightforward gene
deletion, resulting in a complete Fmrl loss of function
(fig. 1c). Despite the differences in the underlying genetic
lesion, the FmrI knockout (KO) mouse replicates many of
the human features. For example, both human FXS pa-
tients and Fmrl KO mice present abnormal dendritic
spine morphology, macroorchidism, spatial learning def-
icits, audiogenic seizures, and a number of abnormal be-
haviors such as hyperactivity, impaired social interac-
tion, and abnormal anxiety-related responses [12, 13].
Thus, the Fmrl KO mouse has provided an accurate mo-
lecular model of the human condition and is one of the
best current models of a human neurodevelopmental dis-
order.

Extensive studies in the Fmrl KO mouse have proven
extremely valuable to gain insight regarding the specific
role that FMRP plays in neuronal development and func-
tion. As an mRNA-binding protein, FMRP selectively
binds approximately 4% of mRNAs in the mammalian
brain (reviewed in Bassell and Warren [14]). FMRP is as-
sociated with actively translating polyribosomes in both
cultured neuronal and nonneuronal cells, in brain syn-
aptoneurosomes [15, 16] as well as regulating protein syn-
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Fig. 1. Schematic representation of the FMRI1 gene in a typical
brain (a), in an FXS brain (b), and in the FmrI KO mouse (c).
NLS = Nuclear localization signal; KH = hnRNP K-protein ho-
mology domains; NES = nuclear export signal; RGG = arginine-
glycine-glycine. The FMRI gene is composed of 17 exons. The
normal number of CGG repeats in a typical brain produces FMRP
(@). Full mutation of the FMR1 gene is reached when the 5" en-

thesis at the synapse [17, 18]. All of these studies have
consistently shown that one major function of FMRP is
to regulate the translation of many genes at the synapse,
typically acting as a negative modulator of synaptic
strength, and as a result FXS is considered a disorder of
synaptic function (fig. 2). Numerous studies revealed that
FMRP is normally produced in response to activation of
group 1 metabotropic glutamate receptors (mGluR) [19].
This was a key finding that established the roots for the
‘mGluR theory’, which posits that disrupted metabo-
tropic glutamate receptor 5 (mGluRS5) synaptic plasticity
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hancer is hypermethylated due to the presence of more than 200
CGG repeats (b). The Fmrl KO mouse is generated by insertion
of a neomycin cassette in exon 5, resulting in a lack of production
of FMRP (c). NLS and NES domains allow FMRP to enter and exit
the nucleus to bind and transport mRNAs. FMRP is a protein
with multiple sites of interaction with mRNAs such as KH and
RGG domains with differential affinity to mRNAs.

is central to the FXS phenotype. This hypothesis has re-
ceived significant support from several studies in the ce-
rebral cortex and hippocampus in the Fmrl KO mouse
[20]. For example, many aspects of the Fmrl KO mouse
phenotype can be genetically rescued by mGluR5 knock-
down [21] as well as with pharmacological blockade of
mGluR5 receptors [22, 23]. Collectively, these studies
have led to novel therapeutic approaches for FXS that
pharmacologically target mGluR signaling.
Interestingly, findings to date indicate that certain
brain regions are differentially sensitive to the impact
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of FMRP loss relative to others, and the maturational
period(s) during which FMRP plays a critical role in
brain development may differ from region to region (re-
viewed in Hoeft et al. [24]). This idea is important since
the vast majority of studies in FmrI KO mice have been
conducted in the cerebral cortex and hippocampus in
contrast to lesser studied regions such as the amygdala
or the caudate nucleus, two regions which are also
thought to have a primary role in the major behavioral
abnormalities observed in FXS [25]. As mentioned
above, FXS in humans is accompanied by a number of
behavioral/emotional abnormalities such as increased
anxiety, aggressiveness, stress, and fearfulness, all of
which very strongly affect the daily life of persons with
FXS and their families. Currently, there is consensus in
the field that the amygdala is a key brain structure in-
volved in complex emotional responses such as fear,
anxiety, stress, and aggression within social and nonso-
cial behavioral contexts, as well as in the acquisition and
storage of innate and acquired fear memories [26]. Peo-
ple who suffer amygdala damage undergo profound
changes in their emotional and social responses, and
thus, to gain a more complete picture of the pathogen-
esis of FXS, a deeper understanding of amygdala devel-
opment and circuit function in both normal and FXS
animal models is essential for the identification of nov-
el targets for therapeutic intervention.
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Emotions: Fear in Mental Health

Charles Darwin [27], in his book The Expression of
Emotions in Man and in Animals published in 1872, ap-
preciated some important key biological underpinnings
of human emotional life. He emphasized that emotions
are universally shared by animals and humans and are
partofabasic avoidance system designed to enhance feel-
ing ‘good’ and decrease feeling ‘bad’. He also argued that
emotions have a social factor, are important in mate se-
lection, and are communicated by facial expression. Al-
most 140 years after the publication of Charles Darwin’s
seminal book, neuroscientists worldwide agree with the
notion that emotional circuits influence communication,
intellectual skills and decision-making, and that proper
functioning of these circuits is also important to main-
tain physical and mental health. Indeed, it is also thought
that abnormalities in the detection, response and inter-
pretation of emotions such as fear are fundamental to
many forms of psychopathology (reviewed in Monk [28]).

The emotional action program we call fear is a re-
sponse to a potentially dangerous event in our life, allow-
ing animals and human beings to defend themselves
from physical or (in the case of higher animals) emotion-
al harm. Fear is categorized as a negative emotion with
high levels of arousal in contrast with the negative emo-
tion sadness with low levels of arousal. Fear is considered
an ancient evolutionary emotion because of its success in
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protecting animals from danger, therefore, it is essential
for the survival of a given species. Thus, arguably fear
may have a stronger influence on us in our daily life,
much more than positive emotions such as happiness or
reward.

Normal fear exists in two major forms: innate or auto-
matic fear, which is built into the organism as a response
to external or internal danger, and is under more rigid
genetic control, and learned fear, to which an organism
may be genetically predisposed but which is basically ac-
quired through experience. Since any capability that en-
hances survival tends to be conserved through evolution,
both innate and learned fear are conserved throughout
the animal kingdom. While fear to certain kinds of stim-
uli are innately hardwired (e.g. a loud noise evoking fear
in newborns), fear can also be learned rapidly and last-
ingly to different stimuli, which allows animals to re-
spond adaptively to new or changing environmental situ-
ations. Pathological conditions in the individual appear
when innate fear is excessive and persistent, enough to
paralyze action, or when learned fear is provoked by
events that present no real threat for the individual [29].
Indeed, dysfunction or dysregulation of circuits that reg-
ulate fear behavior is thought to underlie a host of anxiety
disorders in humans, including posttraumatic stress dis-
order, panic disorder and agoraphobia, obsessive-com-
pulsive disorder, and social anxiety disorder [30]. Inter-
estingly, anxiety is a core problem in FXS that can mani-
fest in different ways and may even show in the first years
of life [31, 32]. Typically, this is seen as exaggerated sepa-
ration anxiety, with the child becoming panicked when-
ever the parents are far away [33]. In addition, individuals
with FXS, although typically quite friendly, are often ab-
normally shy. For example, one of the major characteris-
tics of males with FXS is the ‘fragile X handshake’, where
the individual averts his gaze and turns his body away
while offering his hand to another. The desire for social
contact seems to be strong, but the demands of greeting
while visually engaged in the partner appear to be over-
whelming. Another interesting observation with regard
to higher-functioning persons with FXS is social anxiety
disorder; typically, they may have excessive worries or
fear about their competence, performance, and accept-
ability in a social context, and yet they have enough cog-
nitive awareness to know that they are different, with
their anxiety sometimes manifesting in self-deprecat-
ing comments (http://www.fragilex.org/html/behavior.
htm). As much work has shown that normal social inter-
action during childhood is necessary to develop lan-
guage, cognition and attention [34], it is also intriguing
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to think how an enhanced level of fear/anxiety in chil-
dren with FXS could negatively impact normal develop-
mental progression.

In addition, it is also important to mention the effects
of stress on the fear system as it has been previously de-
scribed [35]. Stress activates adaptive responses allowing
the body to regain its normal equilibrium once the stress
has passed [36]. This adaptive response is mainly reached
through activation of the autonomic nervous system and
the limbic-hypothalamic-pituitary-adrenal axis, which
controls the release of a number of stress hormones like
cortisol, adrenalin, corticotropin-releasing hormone,
and adrenocorticotropic hormone [36]. Dysregulation of
this system can lead to persistent over- or underaroused
states. Anatomically, the amygdala is a central region in
this circuitry. It receives sensory inputs from diverse ar-
eas of the brain (e.g. the thalamus, neocortex, olfactory
cortex, hippocampus) and sends projections to various
autonomic and somatomotor structures believed to me-
diate specific fear responses (e.g. bed nucleus of the stria
terminalis for activating stress hormones, periaqueductal
gray matter for freezing behavior, lateral hypothalamus
for sympathetic activation) (reviewed in LeDoux [26]).
Interestingly, it has been reported that stress response is
abnormal in children with FXS [37-39], and studies in
Fmrl KO mice have shown increased vulnerability to
stress or enhanced emotional reactivity [40], and an im-
paired glucocorticoid negative feedback [41]. Consistent
with this, FMRP directly interacts with the mRNA en-
coding glucocorticoid receptors [42] supporting the idea
that its absence leads to dysregulation of the stress re-
sponse in FXS. The finding that stress hormones can am-
plify conditioned fear responses has important implica-
tions for understanding of fear/anxiety disorders [43, 44].
Therefore, the combinatorial effect of fear and stress sig-
naling from the environment onto a dysfunctional amyg-
dala, which is central to regulating both fear and stress
circuits, may be a root cause for a variety of central be-
havioral problems in FXS individuals (fig. 2).

Amygdala and Fear in FXS

Typically using fear conditioning paradigms, a large
volume of experimental work, mainly in rodents, has ex-
amined the neurocircuitry associated with fear responses
(reviewed in LeDoux [26]). Fear conditioning, a type of
classical conditioning, is a form of associative learning
that was first demonstrated in 1927 by the Russian physi-
ologist Ivan Pavlov [45]. Humans, primates, and many
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lower vertebrates such as rodents, readily acquire con-
ditioned fear reactions via associations between neutral
stimuli and aversive events [46]. The Pavlovian condition-
ing of fear commonly used in rodents results in the forma-
tion of a strong association between a neutral conditioned
stimulus (auditory tone or light) and an aversive uncondi-
tioned stimulus (usually a footshock) during a training
session. After training, the conditioned stimulus present-
ed alone is able to trigger fear responses. This fear condi-
tioning paradigm has allowed the extensive experimental
examination of the acquisition, response and extinction
of fear in animals. As fear responses observed in fear con-
ditioning paradigms closely resemble the characteristic
behavioral and physiological symptoms of human patho-
logical fears, it is generally accepted that understanding
the biological mechanisms of fear acquisition and extinc-
tion has key clinical relevance (reviewed in LeDoux [26]).

Key components of fear circuitry include the amyg-
dala, hippocampus, brain stem, hypothalamus, and pre-
frontal cortex [47]. Indeed, key findings, such as the cen-
tral role of amygdaloid nuclei in the acquisition of fear
conditioning and expression of fear responses, the in-
volvement of the hippocampus in contextual processing,
and the importance of the infralimbic cortex in extinc-
tion recall have been replicated across different studies
and laboratories [48]. These regions play distinct roles in
the various components of fear processing such as the
perception of threat or of unconditioned stimuli, the
pairing of an unconditioned stimulus and conditioned
response (learning/conditioning), the execution of effer-
ent components of fear response, and the modulation of
fear responses through potentiation, contextual modula-
tion, or extinction [48]. A large body of evidence from
lesion, pharmacological and neurophysiological studies
points to the amygdala as the neural system subserving
fear conditioning across species, including monkeys and
humans [49]. In support of this, amygdala functional
connectivity appears to be similar across species [50, 51].
Consistent with animal studies [52, 53], work in humans
supports the central role of the amygdala in fear-related
behavior. For example, patients with damage to the amyg-
dala display a selective impairment in the recognition of
facial expressions of fear [54] and also exhibit deficits in
fear conditioning [55]. Amygdala-damaged patients are
also impaired in recalling emotionally influenced mem-
ory [56]. Imaging studies show that there is a significant-
ly increased blood flow to the amygdala (as measured by
functional MRI) when normal subjects are presented
with pictures of fearful faces [57] or are undergoing fear
conditioning [58, 59]. Functional activation of the amyg-
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dala has also been observed (via positron emission to-
mography) during free recall of emotional information
and gaze monitoring [60, 61]. Collectively, this is consis-
tent with the view that the amygdala is centrally involved
in fear conditioning and/or processing emotional infor-
mation in all vertebrate species including humans.

FXS behavioral manifestations such as high prevalence
of gaze avoidance, anxiety and elevated acute stress are,
therefore, also consistent with amygdala dysfunction [25,
62]. Indeed clinical studies have shown that these qualities
are more frequently represented in individuals with FXS
than in individuals with many other developmental and
intellectual disabilities [63]. Despite these extensive be-
havioral problems suggestive of amygdala dysfunction,
the amygdala has been understudied in FXS and in ani-
mal models of FXS. However, increasing evidence from
human neuroimaging studies as well as cellular and be-
havioral studies in FrnrI KO mice are starting to reveal the
basis of the emotional problems in FXS, including fear
and anxiety. As such, amygdala abnormalities in FXS
have been shown by structural and functional MRI stud-
ies which have established and begun to refine the spe-
cific topography of neuroanatomical variation associated
with FXS [64]. For example, functional MRI studies have
shown that hyperarousal of the insula along with the sen-
sitization of the amygdala is part of an aberrant emotion-
al response to direct gaze in individuals with FXS [65].
Structural brain imaging studies have also found anatom-
ical abnormalities between the amygdala and orbitofron-
tal cortex in FXS, a brain circuit that participates in the
regulation of social behaviors [66]. Consistent with find-
ings in humans, behavioral studies have also demonstrat-
ed abnormal social behavior, fear conditioning and anxi-
ety in Fmrl KO mice [13, 67-69]. Moreover, physiological
and cellular studies in FmrI KO mice in the amygdala are
beginning to unravel potential mechanisms underlying
these abnormal behaviors in Fmrl KO mice. For example,
Fmrl KO mice display deficiencies in long-term potentia-
tion, a form of synaptic plasticity essential for fear condi-
tioning, in the lateral nucleus of the amygdala (L) [70, 71].
In addition, our recent study has revealed defects in in-
hibitory neurotransmission in the basolateral nucleus of
the amygdala (BL) [72] that may be linked to amygdala-
based behavioral defects described in Fmrl KO mice [68].
These latter results are also consistent with the hypothesis
that the primary dysfunction of FXS, similar to many oth-
er neurodevelopmental disorders, lies at the level of the
synapse [73-75] and suggests that abnormal amygdala
synaptic function (both excitatory and inhibitory) might
play a key role in fear and anxiety problems in FXS.
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Amygdala Inhibitory Circuits and Fear

The amygdala is a highly complex heterogeneous
structure of the brain. Although it was first anatomically
described in the early 19th century [76], much debate still
continues today about how the amygdala should be sub-
divided, and how these subdivisions relate to other major
regions of the brain. Despite this uncertainty, it is gener-
ally agreed that the amygdala consists of over a dozen, but
not more than 15, functionally distinct subnuclei [77, 78].
Regardless of the controversy about the exact number of
nuclei within the amygdala, both the nuclei and cellular
components involved in fear circuitry have been clearly
delineated. The L, BL, central nucleus of the amygdala
(Ce) as well as specialized subsets of interneurons known
as intercalated cell masses (ITC) are the most well-char-
acterized components of the amygdala that are intimate-
ly involved in fear memory acquisition, storage and ex-
tinction (reviewed in Ehrlich et al. [79]). A general and
simplified organization of the amygdala fear circuits de-
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gions where different outputs of fear behavior are processed.
AMY = Amygdala; BL = basolateral nucleus of the amygdala;
BS = brain stem; CeL = laterocapsular subdivision of the central
amygdala; CeM = medial subdivision of the central amygdala;
Cx = cerebral cortex; OB = olfactory bulb; CG = central gray;
ITCm = medial intercalated cell cluster; ITCl = lateral inter-
calated cell cluster; H = hippocampus; HYP = hypothalamus;
L = lateral nucleus of the amygdala; LH = lateral hypothalamus;
RPC = reticulopontis caudalis; T = thalamus; PVN = paraven-
tricular nucleus.

pict the L (mainly the dorsolateral part) serving as the
major sensory input, mainly from the thalamus and cor-
tex [77, 80, 81], the BL serving as a storage for fear memo-
ries [82], and the Ce (including lateral and mainly medial
part) as the major output to different structures in the
brain stem and in the hypothalamus to generate auto-
nomic and fear responses [83-86] (fig. 3). Nevertheless,
inter- and intranuclear connections, mainly involving
the ITC, between these nuclei suggest that information
can be processed both by mechanisms intrinsic to amyg-
dala networks as well as modified by interactions within
other brain structures to integrate sensory inputs, gener-
ate fear response outputs, and modulate fear responses
according to the environment (reviewed in LeDoux [26])
(fig. 3). An intriguing and important aspect of this nucle-
ar circuit organization is that it combines ‘cortex-like’
and ‘striatum-like’ structures. Although this is an over-
simplification as the individual output neurons may have
different developmental origins and perform different
functions, it provides a simple framework in which to
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conceptualize amygdala circuit organization. In this
scheme, the L and BL are considered ‘cortical-like’ struc-
tures, as their output neurons are glutamatergic projec-
tion neurons [87]. In contrast, the Ce is ‘striatal-like’, as
its output neurons are GABAergic projection neurons
which exhibit medium spiny-type morphology [88]. Im-
portantly, synapsing upon each type of output neuron ex-
ist a variety of functionally diverse inhibitory interneu-
rons, in addition to the ITC, that predominantly includes
interneurons that express the calcium-binding protein
parvalbumin (PV), which are essential for modulating
both synaptic and circuit function.

The importance of amygdala inhibitory circuits as a
major determinant of amygdala activity is increasingly
being revealed, especially in the L and BL, and several
lines of animal research support that deficient inhibitory
tone in the amygdala could lead to overexpression of con-
ditioned fear responses, producing pathological states
such as anxiety/fear disorders and drug-seeking behavior
[89]. One major role of inhibition in the amygdala is to
exert a powerful regulatory inhibitory control of the
excitability of glutamatergic neurons in the amygdala,
which, compared to the cerebral cortex, have remarkably
lower firing rates [90]. In addition, rhythmic oscillations
in the BL, which are hypothesized to underlie amygdala-
based behaviors, are dependent on PV+ interneuronal
subclasses [91, 92]. Indeed, this PV network is thought to
play a role in the generation of emotional arousal [91].
Moreover, much recent work has implicated the ITC as
being centrally involved in mediating both incoming
communication from the cerebral cortex and outputs to
the Ce [93-95]. Additional evidence also supports the no-
tion that inhibition within the amygdala plays a central
role in gating pre- and postsynaptic plasticity in the L,
and therefore in fear-related behaviors [79]. Most strik-
ingly, enhancing GABAergic transmission can interfere
with the acquisition or expression of conditioned fear re-
sponses and with the acquisition of extinction [96-98]. In
contrast, decreasing GABAergic transmission can im-
prove learning or retrieval of conditioned fear memories
and impairs extinction memory retrieval in a context-
specific manner [97, 99]. Thus, interneurons may act as
gating the processing of different aspects of fear condi-
tioning and extinction within the amygdala. Collectively,
these studies strongly suggest that adequate levels of in-
hibition may be required to prevent expression of emo-
tional association at inappropriate times or contexts
when the signal does not indicate danger. Failure in this
inhibitory control mechanism can lead to overexpression
of conditioned associations, which could appear as the
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pathological states we know as fear/anxiety disorders and
other pathologies.

Interneurons comprise about 20% of the L and BL neu-
rons [100]. At this moment, we have a fairly good knowl-
edge of the diversity of interneurons in the BL, compris-
ing several major subtypes that can be differentially
identified by expression of the molecular markers PV, so-
matostatin, cholecystokinin, calbindin, calretinin, and
vasoactive intestinal peptide [100-104]. Previous studies
suggest that the influence of GABAergic interneurons on
excitatory cells is largely dependent on the subcellular lo-
cation of their inputs, which varies among different inter-
neuron subtypes (reviewed in Gelman and Marin [105]).
In the BL, PV+ neurons make up the largest subgroup of
interneurons (about 50%), and a substantial portion are
fast-spiking cells that target the soma and proximal den-
drites of projection neurons and possibly the axon initial
segment [106, 107]. In addition, PV+ neurons are proba-
bly part of both feedback [108] and feedforward inhibi-
tory circuits [109]. At the circuit level, feedforward and
feedback inhibition is observed in the BL [110] and as we
noted earlier, PV network is an intriguing candidate to
regulate rhythmic oscillations in the BL during emotion-
al arousal [91]. In contrast, somatostatin-positive inter-
neurons contact mostly distal dendrites and spines of BL
projection neurons [111], suggesting that they may inter-
act with and affect plasticity at distal inputs. In the L, it
is unclear if and which specific interneuron subtypes can
be assigned to these tasks [112]. Fast-spiking interneu-
rons have been identified to receive converging thalamic
and cortical sensory input and mediate GABAergic feed-
forward inhibition which tightly controls the activity of
projection neurons [113-115] making them good candi-
dates for participating in gating of sensory afferent long-
term potentiation. Intriguingly, a recent study has pro-
vided evidence that fear memories are not evenly stored
in neuronal networks in the L [116]. This study shows that
the activity of the transcription factor CREB (cyclic ade-
nosine 3’,5’-monophosphate response element binding
protein) is involved in determining which subset of neu-
rons are recruited for storing fear memories. Interesting-
ly, the authors of this work also suggest that activity of
inhibitory circuits might delimit the number of neurons
committed to any one given memory. How these circuits
are preselected for potentiation is unknown, but one in-
triguing possibility is that they may be ‘prepatterned’
(specified) during developmental stages of amygdala for-
mation.

In addition to the involvement of classical neurotrans-
mitter molecules, neuromodulatory systems in the amyg-
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dala appear to be involved in fear conditioning [117], with
inhibitory neurons being major targets of these neuro-
modulatory systems [118, 119]. One such molecule impli-
cated in this circuitry is gastrin-related peptide receptor,
which is highly expressed in GABAergic interneurons of
the L. It appears that gastrin-related peptide, which is
released as a cotransmitter with glutamate in excitatory
cells, activates interneurons, which results in increases in
inhibition onto excitatory cells [120]. In addition, it has
been shown that the known behavioral neuromodulators
oxytocin and vasopressin and their receptors, which play
a central role in the integration of emotional states [121],
are expressed in specific subpopulations of GABAergic
neurons in the Ce. Interestingly, chronic or genetic dis-
ruptions in the vasopressin or oxytocin system could
have consequences for autonomic function contributing
to behavioral changes associated with increased anxiety
and abnormal fear [122, 123]. Therefore, understanding
the mechanism that controls the expression of emotional
associations in the amygdala, and specifically the intri-
cate inhibitory networks that regulate circuit function in
the amygdala, appears to be essential for advancing ther-
apies for the amygdala in FXS.

Targeting the GABAergic System in FXS

Important and unexpected recent findings from sev-
eral different animal models of developmental disorders,
including animal models of FXS, suggest that it is possi-
ble to reverse the symptoms of certain neurodevelopmen-
tal disorders in adults. For example, it has been reported
that a brief rapamycin treatment in adult Tsc2*~ mutant
mice, an animal model of the neurodevelopmental disor-
der tuberous sclerosis, rescued not only brain physiolog-
ical abnormalities, but quite strikingly, learning and
memory deficits [124]. In addition, as mentioned earlier,
pharmacological and genetic studies towards decreasing
mGluR5 signaling have proven to correct many abnor-
malities in Fmrl KO mice [21-23]. Not surprisingly, con-
sidering the key role of FMRP in neuronal communica-
tion and synaptic function, a number of studies have
demonstrated dysfunction of the GABAergic system in
Fmrl KO mice as well. For example, alterations in the ex-
pression of several important presynaptic and postsynap-
tic components of the inhibitory transmission machin-
ery, including GABA, receptor subunits, GABA trans-
porters, GAD, and gephyrin in Fmrl KO mice have been
consistently observed [72, 125-129]. Interestingly, the ab-
sence of FMRP has distinct effects on GABAergic circuit
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function in different brain regions. For example, reduc-
tions in the number and altered activity of PV+ inhibi-
tory neurons have been demonstrated in the somatosen-
sory cortex but not in the hippocampus of Fmrl KO mice
(130, 131], suggesting a region-dependent defect in inhib-
itory neuronal genesis, migration and/or survival. In ad-
dition, in stark contrast to decreased GABAergic trans-
mission in the amygdala [72], studies in the striatum have
revealed increased GABAergic neurotransmission in
Fmrl KO mice [132]. Thus, mechanisms that result in al-
terations in inhibitory drive in the amygdala may involve,
at least in part, different processes than in the cerebral
cortex and striatum. As mounting evidence of GABAer-
gic dysfunction in Fmrl KO mice is being reported, it is
increasingly evident that inhibitory GABAergic trans-
mission is an intriguing target for the treatment of FXS.
Consistent with this, previous data have shown that the
most efficacious treatments in the drosophila model of
FXS modulated GABAergic signaling [133]. In addition,
it has been reported that taurine, a GABA 4 receptor ago-
nist, has been shown to improve cognitive functions in
the Fmrl KO mouse [134]. Moreover, our recent work in
the BL demonstrated that enhancing GABAergic trans-
mission in brain slices using THIP, a superagonist at
GABA , 8 subunit-containing perisynaptic and extrasyn-
aptic GABA 4 receptors [135-137], rescued the abnormal
tiring rate of projection neurons in Fmrl KO mice [72].
Of the GABAergic machinery, the underexpression of
the 8 subunit has been found to be the most significant
among all subunits of the GABA, receptors [128]. As
FMRP binds the mRNA encoding the & subunit of the
GABA , receptor [42], this may be one direct mechanism
underlying GABAergic dysfunction, and therefore, en-
hancing GABAergic transmission, specifically via tonic
inhibition, might be a novel and reliable target to amelio-
rate or cure some symptoms in FXS.

Developmental Studies of Amygdala Fear Circuits:
Importance for FXS

As neurons and their synapses are the building blocks
of behavior, studies focusing on how neurons are speci-
tied, proliferate, migrate and form functional circuits
during development are critical to understand brain func-
tion in both normal and abnormal conditions. Develop-
ing neurons are very sensitive to genetic and environmen-
tal perturbations, and subtle and selective disruptions in
the assembly of an early neuronal circuit may lead to long-
lasting consequences in the adult brain. Indeed, increas-
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ing lines of evidence suggest that insults to embryonic
brain during development are sufficient to produce a dis-
ease process [138]. For example, a study in a mouse mod-
el of Down syndrome has recently shown that increased
gene dosage of the transcription factors Oligl and Olig2 in
the ventral telencephalon during embryonic development
is responsible for the increased number of certain sub-
types of interneurons in the postnatal cerebral cortex and
hippocampus [139]. This overproduction of interneurons
results in overinhibition in both brain regions postnatally,
and may be an underlying causative factor, or contribute
to the phenotype of Down syndrome. This finding is also
consistent with the current view that excitation-inhibition
imbalances are thought to be a major component of sev-
eral other neurodevelopmental disorders, including FXS
[73-75, 140]. Since this excitation-inhibition imbalance is
thought to be caused by altered synaptic function, the
known role that FMRP plays in synaptic development (e.g.
axon guidance), formation of synapses and synaptic func-
tion and plasticity emphasizes the importance of this pro-
tein in key brain functions (reviewed in Bassell and War-
ren [14]). Thus, it is reasonable to think that the lack of
FMRP during neural development results in altered amyg-
dala circuits and suggests that further studies identifying
the developmental mechanisms of amygdala development
might be informative for understanding some behavioral
problems in FXS associated with the amygdala such as
fear and anxiety (fig. 3).

Although embryonic development of the amygdala is
poorly understood, a wide array of approaches used in a
number of studies, including fate mapping, migration as-
says and genetic knockout studies, are assembling an in-
teresting picture specifically regarding the development
of the fear circuits in the amygdala [141-144]. Several
transcription factors and genes are thought to be involved
inregulatingamygdala development and function, so any
disruption of the function of one or more of these genes
during development might impair the appropriate func-
tional ensembles of neurons and synapses, which ulti-
mately mediate fear and anxiety behaviors. In terms of
neuronal specification, studies have revealed that neuro-
nal diversity in the amygdala is generated from multiple
embryonic progenitor pools, some of which may be sole-
ly dedicated to the amygdala [141-144]. For example, ge-
netic fate mapping of the progeny of progenitors that ex-
press several transcription factors, including Isl1, Dbx1
and Pax6, generates subclasses of neurons within the fear
circuit. For example, IslI-positive progenitors give rise to
neurons in the medial subdivision of the Ce [143], a sub-
region recently shown to be necessary and sufficient for
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driving freezing behavior [145]. Moreover, DbxI- and
Pax6-derived progenitors specifically generate subpopu-
lations of amygdala neurons dedicated to either innate or
fear-related behaviors [143, 144, 146]. Advances in these
basic developmental studies focusing on the formation
and function of fear circuits in the amygdala may inform
about critical aspects of amygdala formation in multiple
neurodevelopmental disorders, including FXS.

Thus, the amygdala appears to have a critical role in a
defining moment for brain function; the transition from
late embryonic to early postnatal life. During this time,
neurons previously unconnected become plugged into cir-
cuits through a dynamic process of synapse formation, sta-
bilization, and elimination reflecting neuronal activity. At
the same time, they must homeostatically maintain the
delicate excitatory-inhibitory balance required for nascent
network function. This early maturation of this circuitry
puts the amygdala as a key orchestrator of emotional expe-
rience during development of the emotional system of the
infant brain. Moreover, children with FXS can show be-
havioral abnormalities at very young ages, suggesting that
amygdala circuitry might already be dysfunctional by the
time the child is born, or might be impaired due to the in-
ability of the amygdala circuitry to encounter and correct-
ly process environmental information, ultimately result-
ing in behavioral problems. Thus, it is intriguing to won-
der how early abnormalities in these evolutionary old
systems of the brain such as the amygdala could drive al-
terations in higher-order regions of an infant brain. In this
line of thinking, it has been argued that human brain de-
velopment is a tremendously rich cascade of genetic check-
points and environmental shaping, designed to build more
and more complex stages, each advance depending on the
last [147]. The foundation or early stages of the brain would
involve sensory areas dedicated primarily to attend the
needs of the body and the survival of the individual [148],
and the amygdala is one of those key areas as a monitor of
the environment early in infant development.

Conclusions

As stated by others [138], one of the main goals of basic
scientific exploration is to understand and treat human
disorders. With regard to FXS, multiple lines of basic re-
search combined with clinical research hasled to a deep-
er understanding of the role of the amygdala, and inhib-
itory neurons [see also review by Paluszkiewicz et al., this
issue], in the deficits specifically associated with this dis-
order. This research has delineated that both the amyg-
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dala and the GABAergic system are key targets of this
disorder. Consistent with this, as GABA receptors are in-
volved in anxiety, fear, and stress responses (reviewed in
Deutsch et al. [149] and Domschke and Zwanzger [150]),
features disturbed in FXS, dysfunction of the GABAergic
system and specifically in the amygdala, would appear to
have highly relevant physiological, cellular and function-
al consequences that relate to the behavioral phenotype
associated with FXS. In support of this are the recent very
promising phase II clinical trials in FXS, which indicate
that GABA receptor agonists such as R-baclofen (STX209,
Seaside Therapeutics) have a positive outcome for amyg-
dala-based symptoms such as social avoidance. Current-
ly, we are entering a new age of targeted treatments for
FXS and more widespread screening for this disorder. As
targeted treatments to reverse FXS symptoms are being
studied in patients, as well as in continuous development,
there is reason to be optimistic about the discovery of ef-

fective treatments. Since lack of FMRP appears to affect
different brain regions in a different manner, it is plau-
sible to envision that treatments in FXS will employ tar-
geted pharmacological ‘cocktails’, combining, for exam-
ple, specific GABA receptor agonists or antagonists and
mGluR5 antagonists. Thus, although the wide range of
behavioral abnormalities in FXS make this a complicated
puzzle to solve, toward this aim, specific targeting of the
dysfunction associated with the amygdala ‘fear’ system
may have broad-ranging positive outcomes.
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