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Abstract

Adolescence represents a uniquely sensitive developmental stage in the transition from childhood 

to adulthood. During this transition, neuronal circuits are particularly susceptible to modification 

by experience. In addition, adolescence is a stage in which the incidence of anxiety disorders 

peaks in humans and over 75% of adults with fear-related disorders met diagnostic criteria as 

children and adolescents. While postnatal critical periods of plasticity for primary sensory 

processes, such as in the visual system are well established, less is known about potential critical 

or sensitive periods for fear learning and memory. Here, we review the nonlinear developmental 

aspects of fear learning and memory during a transition period into and out of adolescence. We 

also review the literature on the non-linear development of GABAergic neurotransmission, a key 

regulator of critical period plasticity. We provide a model that may inform improved treatment 

strategies for children and adolescents with fear-related disorders.
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Introduction

Recent advances have uncovered a wealth of knowledge about the neural circuitry involved 

in anxiety and stress related disorders. As the majority of research has focused on 

characterizing inappropriate and exaggerated fear responses in the mature adult brain, 

current clinical treatments have been implemented based on their efficacy in a mature neural 

framework. There is a comparative lack of knowledge about the development of fear 

circuitry that may limit successful treatment outcomes in children and adolescents 

(Liberman et al., 2006). In addition, early life environmental and physiological stressors can 

alter the development of this circuitry, highlighting the importance of understanding fear 

© 2013 Informa UK Ltd.

Correspondence: Elizabeth King, Weill Cornell Medical College of Cornell University, 1300 York Ave, Box 244, New York, NY 
10065, USA. Tel: (212) 746-3169. Fax: (212) 746-8529. elk2019@med.cornell.edu. 

Declaration of interest
The authors report no conflicts of interest.

NIH Public Access
Author Manuscript
Stress. Author manuscript; available in PMC 2015 February 22.

Published in final edited form as:
Stress. 2014 January ; 17(1): 13–21. doi:10.3109/10253890.2013.796355.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



circuitry from early life, onward through adolescence, and into adulthood (Eiland & Romeo, 

2012). While discrete postnatal windows or “critical periods” of plasticity for primary 

sensory learning, such as in the visual system, have been established in both animal models 

and humans (Hensch, 2004, 2005b), less is known of the about potential critical or sensitive 

periods for fear learning and memory. In this review, we present recent findings indicating 

that the circuitry underlying adaptive fear responses and anxiety has a dynamic nonlinear 

developmental trajectory, particularly during the transitions into and out of adolescence. We 

suggest that understanding the unique attributes of fear regulation during adolescence can 

provide insights into more effective targeted treatment strategies for children and 

adolescents with anxiety and stress related disorders.

Adolescence is a highly conserved developmental stage, in which mammals of many species 

transition from parental dependence to the sexual maturity and independence of adulthood 

(Spear, 2004). Adolescent animals differ markedly from younger and older animals in varied 

aspects of behavior (Spear & Brake, 1983). The behavioral changes across adolescence are 

mirrored by the dynamic non-linear maturation of multiple central nervous system (CNS) 

components. Gray matter density changes substantially with the onset of adolescence, 

reflecting the pruning of the redundant synapses of early childhood and increases in 

myelination (Gogtay et al., 2004; Gogtay et al., 2006; Giedd et al., 1999; Huttenlocher, 

1984; Paus et al., 2008; Rakic et al., 1986; Yakovlev & Lecours, 1967). Meanwhile, major 

refinements of excitatory synapses and inhibitory circuits take place, including the pruning 

of excitatory glutamatergic synapses and subsequent proliferation and maturation of 

inhibitory GABAergic circuits and inputs (Anderson et al., 1995; Hashimoto et al., 2009; 

Huttenlocher & Dabholkar, 1997; Rakic et al., 1986).

Critical period plasticity

The transition into and out of adolescence also represents a critical, or sensitive, period, in 

which adverse events can alter normative developmental trajectories and predispose to 

behavioral and psychological disorders (Eiland & Romeo, 2012). This window of sensitivity 

may explain why adolescence is a developmental period characterized by increased 

incidence of psychopathologies including anxiety disorders and depression (Angold et al., 

1999; Kessler et al., 2005; Kim-Cohen et al., 2003; Merikangas et al., 2010, 2011; Newman 

et al., 1996; Pine et al., 1998; Pollack et al., 1996). Functional impairment or aberrant 

development of the GABAergic system has been associated with the onset of these disorders 

(Kalueff & Nutt, 2007). Excitatory-inhibitory circuit maturation involves exceptionally 

precise calibration of excitatory-inhibitory balance. Lesions during this critical 

developmental period in adolescence may re-route pathways or developmental processes in 

specific brain regions, and furthermore, the effects of such an insult may not become evident 

until the fine-tuning of excitatory-inhibitory inputs has reached its mature balance (Bavelier 

et al., 2010; Insel, 2010). Disruption of excitatory/inhibitory balance during critical periods 

of early development is in fact one of the predominating explanations for the onset and 

complexity of Autism Spectrum Disorders (Gogolla et al., 2009b; Rubenstein, 2010; 

Rubenstein & Merzenich, 2003). Several lines of evidence have also implicated the 

involvement of disrupted excitatory/inhibitory balance in the etiology of schizophrenia 

(Lewis et al., 2005).
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Critical periods of development are defined as specific developmental windows, during 

which “brain circuits that subserve a given function are particularly receptive to acquiring 

certain kinds of information or even need that instructive signal for their continued normal 

development” (Hensch, 2004). Further, critical periods represent an extreme form of general 

sensitivity, when neuronal properties are particularly susceptible to modification by 

experience. The vast majority of knowledge surrounding the existence of critical periods in 

development has stemmed from research in the visual system, in which monocular 

deprivation during a confined postnatal period results in a permanent loss of visual acuity in 

the deprived eye despite no physical damage to the eye itself (Hensch, 2005a). Monocular 

deprivation outside of this window does not result in loss of visual acuity in the deprived 

eye. Closure of the critical period for plasticity in the visual system is dependent on the 

inhibitory neurotransmitter, GABA (γ-aminobutyric acid) through late-developing 

GABAergic inhibitory connections impinging on pre-existent excitatory circuits. Functional 

enhancement of GABAergic transmission during the developmental window of visual 

plasticity triggers expansion of ocular dominance column width (Hensch, 2005a). In mice 

that lack the GABA synthesizing enzyme GAD65, the visual cortex remains in an immature, 

pre-critical period state throughout life. Enhancement of GABA transmission at any time 

point in GAD65 knockout mice with benzodiazepine treatment can trigger critical period 

onset (Fagiolini & Hensch, 2000). Closure of developmental critical periods appears to be 

related to maturation of the extracellular matrix surrounding fast-spiking GABAergic 

interneurons that express parvalbumin (PV). In particular, the formation of perineuronal nets 

(PNNs), an organized form of chondroitin sulfate proteoglycan-containing extracellular 

matrix, initiates critical period closure in the visual cortex (Berardi et al., 2003; Pizzorusso 

et al., 2002). Experimental degradation of PNNs by the enzyme chondroitinase ABC in 

adults reinitiates ocular dominance plasticity and restores visual acuity (Pizzorusso, 2009; 

Pizzorusso et al., 2002). Thus, the formation of PNNs indicates the initiation of one type of 

molecular “brake” on critical periods (Bavelier et al., 2010).

Recently, similar developmental plasticity mechanisms have been shown to influence 

emotional learning processes during the transition into adolescence. In the basolateral 

amygdala, the rapid increase formation of PNNs in preadolescence marks the end of a 

developmental period during which fear memories can be erased by extinction (Gogolla et 

al., 2009a). Ablation of amygdala PNNs with chondroitinase ABC in adulthood led to a 

switch back to a juvenile-like state in which extinction training led to permanent attenuation 

of the fear memories (Gogolla et al., 2009a). The possible mechanisms by which 

degradation of PNNs enables fear memory erasure are two-fold. PNNs may prevent fear 

memory erasure by rendering potentiated synapses resistant to long-term potentiation 

reversal, or these observed effects might involve changes in local GABA-mediated 

inhibition. The latter mechanism is plausible due to the fact that PNNs primarily forms 

around PV-positive GABAergic interneurons as well as the fact that GABAergic 

neurotransmission mediates several forms of BLA synaptic plasticity (Gogolla et al., 2009a). 

The role of GABAergic transmission in critical periods combined with the role of PNNs in 

fear regulation across development warrants a closer look at the developmental trajectory of 

the GABAergic system and its potential role in learning and memory.
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Non-linear maturation of the gabaergic system

GABA is an inhibitory neurotransmitter that acts via ionotropic GABAA and metabotropic 

GABAB receptors in the mammalian CNS, mediating a variety of functions including 

modulation of neuronal excitability, long-term potentiation, and generation of post-synaptic 

potentials (Chang et al., 2003; Kalueff & Nutt, 2007; Korpi et al., 2002; Mendez & Bacci, 

2011). Both GABAA and GABAB receptors are known to play roles in various aspects of 

cognition including working memory and emotional regulation (Cryan & Kaupmann, 2005; 

Kalueff & Nutt, 2007; Michels et al., 2012). Considering its complex contribution to normal 

neuronal function, the influence of GABA on the information flow between various brain 

regions is speculated to involve more than simple inhibitory influence. In early postnatal 

development, GABAA receptors are known to switch from mediating excitatory 

depolarizing membrane responses to inhibitory hyperpolarizing membrane responses 

(Mueller et al., 1984). In this early developmental time frame, GABA receptors and 

synapses are functional/operative even before glutamatergic synapses in many brain 

structures (Ben-Ari et al., 2004). GABAergic interneurons exert control in the developing 

hippocampus, forming functional synaptic networks and maturing well before the pyramidal 

neurons (Ben-Ari et al., 2004). This early excitatory/inhibitory switch is well characterized, 

but later development of the GABAergic system that occurs well into late adolescence is 

less understood. Much of the critical fine-tuning of GABAergic system components 

responsible for neuronal plasticity and activity levels takes place in adolescence and early 

adulthood (Kilb, 2012). The maturing elements of the GABAergic system across 

development are many-fold, and each contributes to the overall fine-tuning of GABAergic 

inhibitory tone. GABAergic synapse proliferation modulates GABAergic tone as much as 

the modulation of GABA receptor distribution, transporter distribution, and metabolic 

enzyme production. Each element has a distinct development trajectory and can influence 

changes in the homeostatic balance of GABAergic tone with implications for developmental 

stage-specific alterations in plasticity and behavior.

The postnatal maturation of the various GABA transporters is protracted, altering the 

behavior of GABAergic interneurons well into adolescence. The levels of the vesicular 

GABA transporter, which accumulates GABA in synaptic vesicles, remains relatively 

constant across development; however, other families of GABA transporters are strongly 

developmentally regulated (Pinto et al., 2010). GABA transporter GAT-1, involved in 

clearing GABA from the synaptic cleft and increasing intracellular GABA availability, has a 

marked non-linear profile (Borden, 1996). GAT-1 mRNA expression in rats appears low at 

birth and peaks between postnatal day 21 (P21) and P30 with levels 25–40% above adult 

levels (Xia et al., 1993). The subcellular localization of GAT-1 also varies in a non-linear 

manner throughout development. GAT-1 is transiently localized to the soma in rat 

hippocampus and neocortex between P5 and P30 suggesting that GAT-1 expression may 

play a key role in the functional maturation of the GABAergic system (Yan et al., 1997).

GABAA receptor subunits also undergo major brain region-specific developmental changes 

in adolescence. Whereas α2, α3 and α5 receptors are already present in the prenatal rat 

cortex, α1 subunit mRNA and protein expression does not begin until after P7 (Fritschy et 

al., 1994; Laurie et al., 1992). The expression α1 subunit mRNA continues to rise, peaking 
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around P28 then steadily declining to reach adult levels at P60 (Gambarana et al., 1991). 

Meanwhile, α2 subunits levels remain relatively steady and both α5 subunit and β-subunit 

levels are appreciably downregulated between approximately P30 and P60 (Gambarana et 

al., 1991; Laurie et al., 1992). The sharpening of inhibitory transmission across development 

is thought to be attributable in large part to these changes in GABAA receptor subunit 

distribution (Okaty et al., 2009).

The expression of genes coding for proteins that affect membrane and synaptic properties (K

+ and Ca2+ channels) show distinct changes between the P25 and P40 in GABAergic 

interneurons (Okaty et al., 2009). Inhibitory interneurons undergo major transcriptional and 

electrophysiological changes between P7 and P40 in the mouse (Okaty et al., 2009). The two 

pore K+ leak channels Kcnc1 and Kcnc2 undergo marked upregulation between P10 and 

P25 while the small conductance Ca2+-activated K+ channel Kcnn2 undergoes drastic 

downregulation, contributing to major differences between the intrinsic membrane 

properties of immature and adult inhibitory interneurons. These transcriptional changes lead 

to a narrowing of action potentials and emergence of high-frequency firing, among other 

changes.

Overall excitatory/inhibitory circuit maturation takes place in a non-linear brain-region 

specific manner, with the hippocampus the first to mature and the prefrontal cortex (PFC) 

the last to mature (Insel, 2010; Kilb, 2012). Studies focusing on fear circuitry across 

development suggest that surges in the proliferation of inhibitory GABAergic circuits in 

higher-order association areas such as the PFC occur only after the lower-order sensorimotor 

regions resulting in transient “natural lesions” wherein the functional connectivity from 

projections in those brain regions are temporarily blunted (McCallum et al., 2010; Hare et 

al., 2008; Pattwell et al., 2012). Fear learning and memory circuits integrate competing 

inputs from various brain regions to determine output. As a result, blunted functional 

connectivity from stillmaturing projections across development can influence the expression 

of fear responses. In adolescence in particular, transient disruptions in prototypical 

functional connectivity due to normal maturation of the fear circuitry may result in major 

changes in fear expression.

Fear learning and the GABAergic system

Fear learning is a highly adaptive process that allows organisms to respond appropriately to 

cues associated with danger. The neural circuitry of fear learning and memory is highly 

conserved between rodents and humans and has allowed for in depth characterizations of the 

behavioral and molecular processes associated with fear learning and memory using 

Pavlovian-based fear conditioning paradigms (LeDoux, 2000; Maren, 2001). Pavlovian 

principles dictate that an initially emotionally neutral conditioned stimulus (CS), can acquire 

negative affective properties on repeated pairings with an adverse unconditioned stimulus 

(US) (LeDoux, 2000). This CS-US relation is quickly learned and consolidated such that 

innate physiological and behavioral responses are elicited with later presentations of the CS 

alone (LeDoux, 2000). Such is the case in rodents when a tone CS followed by an electric 

shock US is presented repeatedly, and a defensive response such as freezing behavior is 

elicited by the tone alone. In human studies, skin conductance response (SCR) can be 
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measured to assess prototypical physiological fear responses (Monk et al., 2003, Soliman et 

al., 2010).

For the CS to take on the aversive properties of the US and subsequently induce a fear 

response several sequential events must occur. The CS-US pairing must be learned, via a 

process referred to as acquisition. After this pairing, the association must be consolidated, so 

that it may be accessed at later time points. Lastly, when the CS is encountered again, the 

subject must be able to retrieve the associated memory in order for the appropriate response 

to be made (Phelps & LeDoux, 2005). When cues previously associated with a threat are 

repeatedly presented in the absence of the initial aversive event, previously dangerous cues 

are re-assessed as safe and fear responses are reduced in a process of extinction learning. 

The reduction of fear responding through fear extinction learning is at the heart of clinical 

exposure therapies applied when fear responses become exaggerated and inappropriate, such 

as in the case of post-traumatic stress disorder (Rothbaum & Davis, 2003). Extinction 

learning is not an undoing of the acquired fear association but rather an active process 

through which the newly learned association of the CS with safety competes with the initial 

CS-US pairing (Sotres-Bayon & Quirk, 2010).

The amygdala lies at the crux of fear acquisition machinery (Fanselow, 1994; Maren et al., 

1996). In standard auditory cued fear conditioning, projections from the prelimbic cortex 

(PL) and thalamic nuclei receive sensory inputs and converge on the lateral nucleus of the 

amygdala (LA) simultaneously. Collectively the basal (BA) and lateral (LA) nuclei 

comprise the BLA, the primary interface involved in fear learning and acquisition. After the 

relevant sensory information is integrated by the BLA, information is relayed to the central 

nucleus (CE). The CE acts as the amygdala’s secondary interface, serving to elicit fear 

responses through various downstream projections, including those to hypothalamic and 

brainstem nuclei to engage autonomic responses (Figure 1) (Maren, 2011). In terms of the 

cytoarchitecture of the amygdala, the BLA contains primarily glutamatergic projection 

neurons with fewer local GABA interneurons. In the more medial CE, the majority of 

neurons are GABAergic, with medium spiny neuronal morphology (Ehrlich et al., 2009). 

Finally, there are clusters of GABAergic interneurons bordering the BLA called intercalated 

cells (ITC) that mediate interactions between BLA and CE. ITCs receive glutamatergic 

projections from the ventromedial (vm) PFC (Pare & Duvarci, 2012; Pare & Smith, 1993). 

This projection is activated by the repeated CS-only presentations during fear extinction 

learning leading to reduced responses in the CE and decreased fear-related behavior (Milad 

& Quirk, 2012; Phelps et al., 2004).

During fear acquisition, projections from the hippocampus (specifically the CA1 region) 

also supply information to the BA providing contextual information about the surrounding 

environment (Bouton et al., 2006; Phelps & LeDoux, 2005). Hippocampal-BA integration of 

contextual information has a major influence on downstream CE activity and subsequent 

downstream responses (Maren, 2001; Pattwell et al., 2011).

In the adult CNS, GABA transmission plays integral and complex roles in regulating 

pyramidal cell excitability and responsiveness within the multiple microcircuits in the 

amygdala, as well as other regions implicated in the fear circuit. The precise impact of the 
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inhibitory circuits on fear learning and memory has recently been extensively reviewed 

(Ehrlich et al., 2009; Pare & Duvarci, 2012). In contrast, less has been established on the 

role of GABA in the developing fear circuitry. With the non-linear development of the 

GABAergic system, and the importance of GABA transmission in fear learning and 

memory, it is plausible that developmental differences in fear learning and memory may be 

mediated by these alterations in the GABA system. In particular, it is possible that during 

adolescence connections between the amygdala and brain regions such as the hippocampus 

and PFC are still developing (Bouwmeester et al., 2002a,b; Cunningham et al., 2002) and 

therefore that the forms of synaptic plasticity and excitatory and inhibitory balance in the 

amygdala may differ markedly from those in adulthood.

Sensitive periods for fear learning and memory

Cued fear and cued extinction in early development

Infant rats are known to display a form of rapid and spontaneous forgetting known as 

infantile amnesia (Campbell & Campbell, 1962). The neurobiological basis of spontaneous 

forgetting in the infant rat has been linked to increased GABAergic neurotransmission in 

early development (Kim et al., 2006; Kim & Richardson, 2007b). When tested shortly after 

fear conditioning, infant rats express fear memory retention comparable to adults; however, 

when tested after a delay of 7 d, the level of retention in infant rats is dramatically reduced, 

as measured by reduced freezing behavior to the CS (Kim et al., 2006; Tang et al., 2007). 

Notably, the forgotten memory can be recovered by an injection of the GABA receptor 

partial inverse agonist FG7142 prior to retention testing (Tang et al., 2007). These results 

suggest that increased GABA neurotransmission may suppress the retrieval of fear 

memories under normal circumstances in the infant rat.

Further support for causal link between increased GABA neurotransmission and infantile 

amnesia is provided by studies of the reactivation effect (Kim & Richardson, 2007b). Kim & 

Richardson (2007) find that under normal conditions, a reminder (an abbreviated form of the 

training session) administered 24 h prior to retention testing reactivates a previously 

forgotten memory by decreasing GABAergic inhibition (Kim & Richardson, 2007b). 

Indeed, fear conditioned infant rats given a post-reminder injection of midazolam (a 

benzodiazepine that increases GABAergic neurotransmission) exhibit a diminished 

reactivation effect compared to saline-treated controls (Kim & Richardson, 2007b). The 

finding that a reminder treatment reactivates a forgotten memory in infant rats and that 

midazolam blocks its effects further supports the hypothesis that infantile amnesia results 

from a retrieval deficit due to activation of the GABAergic system early in development 

(Kim & Richardson, 2007b).

Fear extinction learning is a complex active learning process, wherein a second, competing 

association is made that inhibits the expression of the original paired US-CS fear memory 

(Bouton, 2002). As such, the expression of extinguished fear memories is often susceptible 

to renewal. In renewal, subjects exposed to the CS, in a novel context distinct from that in 

which extinction occurred, can experience a recovery of fear response. Previous studies 

examining the extinction of conditioned fear in P16 and P23 rats find that when rats are 

tested in a novel context distinct from the extinction context, P16 rats fail to exhibit renewal 

King et al. Page 7

Stress. Author manuscript; available in PMC 2015 February 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



whereas P23 rats exhibit a renewal of extinguished fear similar to that seen in adults (Kim & 

Richardson, 2007a). The absence of renewal in P16 rats suggests that the neural circuitry 

mediating extinction in P16 rats differs markedly from that of older rats, and as described 

above, may be due to developmental differences in GABAergic transmission within the fear 

neural circuitry.

During the expression of extinction memories, the medial PFC (mPFC) is thought to inhibit 

the amygdala by activating GABAergic interneurons (Hobin et al., 2003). By facilitating the 

retrieval of the original fear memory, injections of the GABA receptor partial inverse 

agonist FG7142 in adult rats prior to testing in the extinguished context are known to reverse 

extinction (Kim & Richardson, 2007a,b). Similar to adults, pre-test injections of FG7142 

were found to lead to recovery of extinguished freezing response to the CS in P23 rats (Kim 

& Richardson, 2007b). In contrast, pre-test injections of FG7142 had no effect on P16 rats. 

Taken together, these results suggest that the hippocampus–mPFC–amygdala network is 

functionally or structurally different from that of older rats (Kim & Richardson, 2007b).

Cued fear and cued extinction in peri-adolescence

While cue fear learning emerges during early infancy (Sullivan et al., 2000) adult-like 

extinction fails to develop until much later. For example, inactivation of the mPFC fails to 

disrupt long-term extinction in pre-adolescent, P17 rats, suggesting a process more similar to 

forgetting. A fragile memory trace may underlie the behavioral decrement during an 

extinction paradigm in young animals. Indeed, adult-like mechanisms of extinction appear to 

occur around weaning as inactivation of the mPFC does not disrupt long-term extinction in 

pre-adolescent, P17 rats, but does disrupt this memory in P24 rats (Kim et al., 2009). 

Extinction training in these young age groups leads to increased levels of phosphorylated 

MAPK (pMAPK) in both the prelimbic (PL) and infralimbic (IL) cortices (both components 

of the mPFC), suggestive of non-specific, global mPFC activity, as opposed to the inverse 

pattern of IL/PL activity typically seen with successful adult extinction retention. A similar 

diffuse activation pattern, with less focal activity, has also been observed in the PFC of 

human children and adolescents during tasks requiring cognitive control (Durston et al., 

2006). Developmental studies of innate fear regulation in rodents demonstrate that during 

innate fear, the mPFC of infant rats is neither active nor responsive, whereas in pre-

adolescence the PL becomes active but does not yet regulate freezing behavior. Finally, in 

adolescence, the PL becomes functional and its activity corresponds to an appropriately 

expressed cued fear response (Chan et al., 2011). These developmentally altered roles of the 

mPFC are independent of amygdala activity, which suggests that mPFC neural circuitry 

develops enhanced capacities for fear regulation as an animal matures. In addition, 

injections of anterograde tracers placed into the BLA of developing rats show that 

amygdalo-cortical connectivity is late maturing, with fiber density reaching a plateau at 

approximately P45, thus confirming that maturation of this circuit continues into 

adolescence (Cunningham et al., 2002).

Recent investigations into the neural circuitry underlying fear extinction learning implicates 

hippocampal and amygdala inputs to PL in the gating of conditioned fear responses after 

extinction. Specfically, the hippocampus can modulate fear expression via projections to 
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inhibitory interneurons in PL, whereas the amygdala can modulate fear via projections to 

excitatory pyramidal neurons in PL (Sotres-Bayon et al., 2012). While it is known that the 

PFC continues to develop throughout adolescence, a more precise understanding of a 

potential shift in excitatory/inhibitory connections within the PL, along with their incoming 

projections from other brain regions, remains to be investigated and may shed light on 

dynamic developmental learning processes.

Adolescence is a time of considerable change in the PFC in both humans and rodents 

(Sowell et al., 1999; van Eden et al., 1990). Gray matter density decreases dramatically in 

adolescence reflecting elimination and reorganization of PFC synaptic connections 

(Blakemore & Choudhury, 2006; Gogtay et al., 2004; Huttenlocher, 1984; Mrzljak et al., 

1990). The decrease in mPFC volume results in dramatic changes in fear extinction learning 

during this dynamic developmental period. Anatomical studies of human cortical 

development have shown delayed maturation of the PFC relative to other lower-order 

sensorimotor regions both in terms of local decreases in gray matter density and increases in 

the myelination of fibers (Gogtay et al., 2004; Hare et al., 2008). Converging evidence from 

human and rodent studies suggest that immature top-down PFC regulation of subcortical 

structures such as the amygdala due to ongoing fine tuning of excitatory/inhibitory balance 

in the PFC coincide with diminished fear extinction learning (Pattwell et al., 2012).

Parallel human and rodent behavioral studies examined fear extinction learning in 

preadolescence, peri-adolescence, and adulthood in humans and mice, respectively (Pattwell 

et al., 2012). Conditioned fear responses in humans are characterized physiologically by 

changes in autonomic arousal and behavior. By monitoring changes in perspiration via skin 

SCR, prototypical physiological fear response during conditioned fear acquisition and fear 

memory extinction can be measured. Subjects across all ages learned to discriminate 

between the threat cue and the safety cue and fear as assessed by skin conductance 

measurements. While there was no difference in extinction learning between children and 

adults, peri-adolescents showed attenuated fear extinction learning compared to children and 

adults (Pattwell et al., 2012). Similar to human peri-adolescents, peri-adolescent mice also 

displayed attenuated fear extinction learning compared with their preadolescent and adult 

counterparts (Figure 2) (Pattwell et al., 2012).

In a separate study, adolescent rats were also found to exhibit impaired extinction retention, 

compared to both their younger and older counterparts (McCallum et al., 2010). Notably, all 

adolescents displayed normal within-session fear extinction. Studies suggest that short-term 

extinction memory relies on the activation of L-type voltage gated calcium channels, 

whereas consolidation of extinction depends on NMDAR activation in the mPFC and in the 

BLA (Herry et al., 2006). This is corroborated by studies in rats with PFC lesions, which 

display normal learned fear expression and within-session rate of extinction but impaired 

expression of extinction memory when tested 24 hours post extinction training (Lebron et 

al., 2004; Quirk et al., 2000), highlighting the importance of excitatory/inhibitory balance 

within the PFC during extinction learning.

Within the vmPFC, the dorsally located PL is associated with production of conditioned-fear 

responses and expression of conditioned fear behaviors whereas the more ventral IL is 
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associated with suppression of conditioned fear responses during successful extinction 

learning and upon recall of extinction memory (Burgos-Robles et al., 2009; Hefner et al., 

2008; Knapska & Maren, 2009; Milad et al., 2004). Successful fear extinction learning in 

the IL of adult rodents can be predictably measured by immunohistochemical detection of 

the immediate early gene c-Fos (Santini et al., 2004). Immunohistochemical studies of c-Fos 

in both regions of the vmPFC of pre-adolescent and adult mice revealed markedly higher 

density c-Fos labeled cells in the IL of fear extinguished mice than in nonextinguished fear 

conditioned controls. There was no detectable change in the density of c-Fos labeling in 

peri-adolescent mice, suggesting that neural activity in the vmPFC of peri-adolescent mice 

differs from adult neural activity observed during fear extinction (Pattwell et al., 2012).

Electrophysiological recordings in vmPFC brain slices of mice after fear acquisition and fear 

extinction showed potentiation of PL excitatory synapses after fear acquisition in P23 and 

adult mice and subsequent depotentiation upon extinction, suggesting that PL excitatory 

synapses regulate fear expression. Simultaneously, potentiation of IL excitatory synapses in 

adult fear-extinguished mice is observed, suggesting an additional mechanism by which 

vmPFC excitatory synapses mediate extinction. These synaptic plasticity changes in the PL 

and IL observed in pre-adolescent and adult mice were absent in peri-adolescent mice 

suggesting that the vmPFC is not similarly engaged in the regulation of learned fear at this 

age (Pattwell et al., 2012). Given the delayed development of cortical GABAergic 

transmission, it is plausible that an imbalance in inhibitory synaptic transmission during 

peri-adolescence interferes with synaptic plasticity in mPFC (Pattwell et al., 2012).

Conclusions and future directions

The studies presented here review the dynamic nonlinear development of behavioral fear 

responses and the neural circuitry underlying fear learning and memory. Adolescence, in 

particular, represents a unique developmental stage for fear learning and memory, where 

cued fear extinction learning is markedly attenuated relative to earlier and later stages 

(McCallum et al., 2010; Pattwell et al., 2012). The divergence in adolescence from the 

prototypical fear responses associated with both younger and older ages underscores the 

importance of identifying the molecular underpinnings of this developmental period. The 

evidence presented here suggests that, at least in part, the dynamic changes in fear learning 

reflect and occur as a consequence of alterations in GABAergic neurotransmission. The 

GABAergic system undergoes substantial nonlinear postnatal maturation, which begins in 

childhood and continues until the end of adolescence. GABAergic synapses undergo 

profound changes during adolescence, becoming faster and more precise through alterations 

in membrane properties, enhanced GABA release, faster subunit dominance, and enhanced 

GABA uptake (Kilb, 2012). The transitions into and out of adolescence mark a sensitive 

period in fear learning when neuronal properties are primed to be particularly sensitive to 

modifications by experience. Enhanced GABA function is known to trigger the closure of 

the sensitive plastic states in the visual system, and could play a role in the closure of this 

sensitive period in fear extinction learning.

Adolescence represents a key period of exploration and independence and it should follow 

that certain danger clues remain resistant to extinction during adolescence, allowing the 
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adolescent to remain both exploratory and cautious. That being said, the same features of 

adolescent brain development required for survival may also contribute to increased 

sensitivity to and treatment resistance of fear-related disorders such a PTSD or anxiety 

during this period. If evolutionarily conserved fear learning neural circuitry primes the 

adolescent to exhibit attenuated fear extinction, therapeutic methods relying on exposure 

therapy may benefit from considering new avenues of treatment, including those that take 

into account the influence of GABAergic neurotransmission. The development of treatments 

specific for this unique developmental time period is critical for the future success of 

adolescent fear and anxiety disorder treatments.
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Figure 1. 
Developmental neural circuitry of fear expression and extinction. Representation of the adult 

neural circuitry implicated in (A) fear expression and (B) fear extinction.
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Figure 2. 
Cued extinction learning across development in mice and humans. (A) Experimental 

paradigms for fear conditioning experiments in humans and mice. (B) Analysis of extinction 

indices reveals the effect of age group for humans, such that adolescents show attenuated 

fear extinction learning compared younger and older age groups. (C) A lack of extinction 

learning and retention of extinction memory is observed in adolescent mice (P29), as 

displayed by a significantly decreased differential extinction indices, (***p < 0.001) 

compared with older (P70) and younger (P23) ages. From (Pattwell et al., 2012) with 

permission.
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