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Abstract

Fear extinction, an inhibitory learning that suppresses a previously learned fear memory, is 

diminished during adolescence. Earlier studies have shown that this suppressed fear extinction 

during adolescence involves an altered glutamatergic plasticity in infralimbic medial prefrontal 

cortical (IL-mPFC) pyramidal neurons. However, it is unclear whether the excitability of IL-mPFC 

pyramidal neurons plays a role in this development-dependent suppression of fear extinction. 

Therefore, we examined whether fear conditioning and extinction affect the active and passive 

membrane properties of IL-mPFC layer 5 pyramidal neurons in pre-adolescent, adolescent and 

adult mice. Both pre-adolescent and adult mice exhibited a bidirectional modulation of the 

excitability of IL-mPFC layer 5 pyramidal neurons following fear conditioning and extinction, i.e., 

fear conditioning reduced membrane excitability whereas fear extinction reversed this effect. 

However, the fear conditioning-induced suppression of excitability was not reversed in adolescent 

mice following fear extinction training. Neither fear conditioning nor extinction affected 

GABAergic transmission in IL-mPFC layer 5 pyramidal neurons suggesting that GABAergic 

transmission did not play a role in experience-dependent modulation of neuronal excitability. Our 

results suggest that the extinction-specific modulation of excitability is impaired during 

adolescence.
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Fear learning suppresses excitability of infralimbic medial prefrontal cortical pyramidal neurons. 

Consistent with the impairment of fear extinction during adolescence, fear extinction training fails 

to restore infralimbic medial prefrontal cortical pyramidal neuron excitability in adolescent mice.
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Introduction

The majority of adults who are diagnosed with anxiety and fear-related disorders exhibit 

symptoms during their childhood and adolescent years (Kim-Cohen et al., 2003; Pollack et 

al., 1996). The dearth of knowledge about the mechanism underlying increased anxiety and 

trauma-related disorders during adolescence poses a significant challenge to the 

development of appropriate therapeutic strategies in both young and adult subjects. 

Therefore, understanding the development-dependent changes in the brain that are pertinent 

to anxiety- and trauma-related behaviors is critical for the prevention and management of 

anxiety disorders across the lifespan. Adolescence is a time of increased susceptibility to 

anxiety disorders and other mental illnesses (Kessler et al., 2005; Paus et al., 2008). 

Correspondingly, adolescent humans and rodents show a diminished fear extinction, an 

inhibitory learning necessary to suppress a previously learned fear (McCallum et al., 2010; 

Pattwell et al., 2012). Since adolescence is a developmental period that demands the 

initiation of behaviors to attain independence from the protected period of early life, an 

interaction between stressful life challenges, a diminished ability to attenuate fear and 

potential genetic risk factors is likely to exacerbate anxiety symptoms. Earlier studies to 

understand the mechanism underlying diminished fear extinction during adolescence 

revealed that the synaptic potentiation in the infralimbic medial prefrontal cortex (IL-mPFC) 

is suppressed during adolescence (Pattwell et al., 2012). This experience-dependent 

potentiation of glutamatergic synapses in the IL-mPFC involves synaptic insertion of 

calcium permeable AMPA receptors (Sepulveda-Orengo et al., 2013). It is highly likely that 

this fear extinction-dependent potentiation of glutamatergic synapses in the IL-mPFC allows 

a top-down regulation of the amygdala to suppress fear memory (Burgos-Robles et al., 2007; 

Gabbott and Bacon, 1996; Likhtik et al., 2005; McDonald, 1998; McDonald et al., 1996; 

Milad and Quirk, 2002; Pare et al., 2004; Peters et al., 2009; Quirk et al., 2006; Quirk et al., 

2003; Russchen, 1982; Santini et al., 2004; Vertes, 2004; Vertes, 2006).

Apart from the aforementioned synaptic plasticity in the IL-mPFC, there have been studies 

that demonstrated fear behavior-dependent modulation of intrinsic excitability of IL-mPFC 

pyramidal neurons (Santini et al., 2008). Therefore, a modulation of intrinsic excitability of 

IL-mPFC pyramidal neurons could contribute to the top-town regulation of amygdala and 

hence behavior. Subsequent studies have shown that M-type K+ channels play an important 

role in changes in the intrinsic excitability of IL-mPFC pyramidal neurons and fear 

expression (Santini and Porter, 2010; Santini et al., 2012). Given the suppression of fear 

extinction during adolescence, it is important to know whether there are adolescence-

specific deficits in intrinsic plasticity in the IL-mPFC.
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Our current study examined whether the intrinsic plasticity in the IL-mPFC neurons 

involved in fear learning- and extinction is altered during adolescence. As reported 

previously, adolescent mice exhibited a diminished fear extinction compared to pre-

adolescent and adult mice (McCallum et al., 2010; Pattwell et al., 2012). While fear 

conditioning suppressed the membrane excitability of the layer 5 pyramidal neurons of the 

IL-mPFC, fear extinction reversed this suppression of excitability in both pre-adolescent and 

adult mice. Although adolescent mice exhibited a fear conditioning-induced suppression of 

the excitability of the IL-mPFC neurons, this suppressed excitability was not reversed by 

extinction training. Our results suggest that the adolescent IL-mPFC pyramidal neurons lack 

the ability to restore fear conditioning-induced suppression of intrinsic excitability, which 

might contribute to the diminished fear extinction during adolescence.

MATERIALS AND METHODS

Animals

All mice [(homozygous PV-Cre (stock #017320) and homozygous Ai32 (stock #024109)] 

were initially ordered from Jackson Laboratory and subsequently bred in the New York 

University Medical School animal facility. Mice were housed in the New York University 

Medical School animal facility on a 12:12 light-dark cycle at 23 °C with access to food and 

water ad libitum. Male mice were used in all experiments and all procedures were approved 

by the Institutional Animal Care and Use Committee of the New York University School of 

Medicine.

Behavior

We followed the age categorization suggested by Spear which defines adolescence in mice 

to span from P28 until P45 (Spear, 2000). Fear conditioning (FC) or tone alone (TA) 

exposure was performed on P22 for juveniles, on P27 for adolescents or between P60–118 

for adults (Table 1). For conditioning, a mouse was placed in the conditioning chamber 

(context A) within a soundproof box (Coulbourn Instruments). After a 2 min exploration, 

mice received two habituation tones (5 kHz, 30 dB, 30 sec duration) followed by three tones 

(30 sec duration) that co-terminated with foot shocks (2 sec duration, 0.5 mA, 30 sec 

interval). Mice were removed from the box and returned to the home cage 30 sec after the 

final tone-shock pairing. The tone alone group received the same tone presentations as the 

fear conditioned group but without foot shocks. Fear extinction (FE) training was performed 

24 hr after conditioning and consisted of 30 tone presentations (30 sec duration) at 30 sec 

interval (context B). For all groups, fear memory was tested 48 hr after the initial 

conditioning by exposing the animal to three tones (30 sec duration) at 30 sec interval 

(context B) (Table 1). Freezing was measured using the software provided by Coulbourn 

Instruments.

Electrophysiology

Following the fear memory testing (∼1 hr), mice were anesthetized with pentobarbital (120 

mg/kg, i.p.) and transcardially perfused with ice cold, oxygenated artificial cerebrospinal 

fluid (ACSF) containing (in mM): NaCl (118), glucose (10), KCl (2.5), NaH2PO4 (1), CaCl2 

(1) and MgSO4 (1.5) (325 mOsm, pH 7.4). The brain was then rapidly removed and coronal 
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brain slices of 300 µm thickness were prepared using a vibrating microtome (Campden 

Instruments). Slices were left to recover for at least 1 hr at room temperature. After recovery, 

one slice was transferred to the recording chamber and superfused with the aforementioned 

ACSF containing 2.5 mM CaCl2 at 32 °C at 2–3 ml/min. The IL-mPFC was located using a 

4x objective and layer 5 pyramidal neurons were visualized using a 40x water immersion 

objective and video-enhanced differential interference contrast microscopy. Layer 5 

pyramidal neurons were identified by their morphology and accommodating action potential 

firing characteristics. Glass pipettes of 3 – 5 MΩ resistance were filled with internal solution 

containing (in mM): K-gluconate (130), KCl (10), MgCl2 (5), MgATP (5), NaGTP (0.2), 

EGTA (0.5), HEPES (5), pH adjusted to 7.4 with KOH. Electrophysiological measurements 

were performed with a Multiclamp 700B amplifier connected to a Digidata 1550A 

(Molecular Devices, CA, USA). Signals were sampled at 20 – 100 kHz and filtered at 2 kHz. 

Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded in the presence of 

DNQX (10 µM) and D-2-Amino-5-phosphonovaleric acid (APV, 50 μM) at −60mV. 

Neuronal excitability was measured in current clamp mode by injecting currents from −50 to 

200 pA (10 pA increments) in the presence of glutamate receptor blockers, DNQX and AP5.

Data Analysis

Neuronal firing and passive membrane properties were analyzed using Clampfit 10.5. 

Passive membrane properties were measured from the membrane voltage response to 

hyperpolarizing current injections of −50 to −10 pA. Input resistance (Rin) was calculated as 

the slope of the current-voltage relationship from −50 to 0 pA and membrane time constant 

tau was calculated by fitting the initial change in membrane voltage in response to a −50 pA 

step to a single exponential function. Membrane capacitance (Cm) was calculated from tau 

and Rin. After-hyperpolarization (AHP) was calculated by measuring the difference between 

the action potential threshold and the maximal hyperpolarization after the first action 

potential. All statistical analyses and graph preparations were performed in GraphPad Prism 

7 (GraphPad Software, Inc). One-way ANOVA with Tukey’s post hoc test or Kruskal-Wallis 

with Dunn’s post hoc test were used to compare passive membrane properties, spontaneous 

neurotransmission and fear extinction memory. Two-way ANOVA with Tukey’s post hoc 

test was used to analyze neuronal excitability.

Results

Bidirectional modulation of IL-mPFC layer 5 pyramidal neuron excitability by fear 
conditioning and extinction in pre-adolescent mice

Given the earlier demonstration of a bidirectional modulation of IL-mPFC pyramidal neuron 

excitability by fear conditioning and extinction (Santini et al., 2008), first we asked whether 

pre-adolescent (P24) mice exhibit a similar bidirectional change in membrane excitability 

following fear conditioning and extinction (Table 1). Fear conditioned pre-adolescent mice 

exhibited an increased freezing compared to the pre-adolescent tone alone group (Figure 

1A). In addition, pre-adolescent mice that underwent fear extinction training exhibited a 

significant decrease in freezing compared to fear conditioned group (Figure 1A) (F (2, 12) = 

16.7, p < 0.0001; tone alone vs fear condition: p < 0.001; tone alone vs fear extinction: p = 

0.9; fear condition vs fear extinction: p < 0.002). Electrophysiological experiments to 
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measure action potentials in layer 5 pyramidal neurons in response current injection revealed 

a reduction in the frequency of action potentials in fear conditioned group compared to tone 

alone group suggesting a suppression of neuronal excitability following fear learning (Figure 

1C,D). Furthermore, fear extinction training restored the neuronal excitability to values 

comparable to the tone alone group (effect of treatment: F (2, 985) = 141.1, p < 0.0001; tone 

alone vs fear condition: p < 0.0001; tone alone vs fear extinction: p = 0.83; fear condition vs 

fear extinction: p < 0.0001; two-way ANOVA with Tukey’s post hoc test) (Figure 1C,D).

Adolescent mice exhibit diminished fear extinction and intrinsic plasticity involved in fear 
extinction

Similar to the pre-adolescent mice, the fear conditioned adolescent group exhibited an 

increased freezing compared to the adolescent tone alone group (Figure 2A). However, pre-

adolescent mice that underwent fear extinction training did not show a significant decrease 

in freezing compared to fear conditioned group (Figure 2A) (F (2, 14) = 8.06, p = 0.005; 

tone alone vs fear condition: p = 0.012; tone alone vs fear extinction: p = 0.009; fear 

condition vs fear extinction: p = 0.954). These results are consistent with the previous 

reports showing an attenuation of fear extinction during adolescence (McCallum et al., 2010; 

Pattwell et al., 2012). Consistent with the comparable fear conditioning in pre-adolescent 

and adolescent groups, fear conditioned adolescent mice exhibited a significant suppression 

of action potential frequency compared to the tone alone adolescent group (Figure 2B,C). 

However, the diminished fear extinction in adolescent group was associated with an 

attenuated restoration of neuronal excitability following fear extinction training (effect of 

treatment: F (2, 950) = 65.88, p < 0.0001; tone alone vs fear condition: p < 0.0001; tone 

alone vs fear extinction: p < 0.0001; fear condition vs fear extinction: p = 0.2282) (Figure 

2B,C).

Bidirectional modulation of IL-mPFC layer 5 pyramidal neuron excitability by fear 
conditioning and extinction in adult mice

As in the case of both pre-adolescent and adolescent mice, fear conditioned adult mice also 

exhibited an increased freezing compared to the adult tone alone group (Figure 3A). In 

addition, adult mice that underwent fear extinction training exhibited a significant decrease 

in freezing compared to fear conditioned group (Figure 3A) (F (2, 9) = 35.7, p < 0.0001; 

tone alone vs fear condition: p < 0.0001; tone alone vs fear extinction: p = 0.726; fear 

condition vs fear extinction: p < 0.0001). Similar to both pre-adolescent and adolescent 

mice, fear conditioned adult mice showed a reduction in the frequency of action potentials 

compared to tone alone group suggesting a suppression of neuronal excitability following 

fear learning (Figure 3B,C). However, unlike the adolescent mice, fear extinction training 

restored the neuronal excitability to values comparable to the tone alone group (effect of 

treatment: F (2, 710) = 40.45, p < 0.0001; tone alone vs fear condition: p < 0.0001; tone 

alone vs fear extinction: p = 0.964; fear condition vs fear extinction: p < 0.0001) (Figure 

3B,C).
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Effect of fear conditioning and extinction on passive membrane properties in pre-
adolescent, adolescent and adult mice

To identify potential mechanisms underlying the experience-driven changes in excitability, 

we measured passive membrane properties of IL-mPFC layer 5 pyramidal neurons in tone 

alone, fear condition, and fear extinction groups across the three developmental stages. In 

the pre-adolescent mice, the fear conditioned mice showed significantly lower input 

resistance and time constant values compared to the tone alone group (Figure 4A). However, 

despite the fear extinction-mediated restoration of neuronal excitability, both input resistance 

and time constant remained unaffected after fear extinction. Neither fear conditioning nor 

extinction affected membrane capacitance, sag, resting membrane potential (RMP) or after-

hyperpolarization (AHP) values (Figure 4A). In adolescent mice, both input resistance and 

sag values were significantly reduced in fear condition and fear extinction groups compared 

with the tone alone group (Figure 4B). Fear conditioning and extinction did not affect time 

constant, membrane capacitance, RMP or AHP values. In adult mice, passive membrane 

properties remained largely unaffected by fear conditioning and extinction with the 

exception of significantly lower time constant values in the fear condition group compared 

to the tone alone and fear extinction groups (Figure 4C). The differential modulation of 

passive membrane properties could be due to a development- and experience-dependent 

release of several neuromodulators. Nevertheless, both fear conditioning and extinction 

modulate membrane excitability in a bidirectional and development-specific manner. 

Interestingly, an irreversible suppression of sag values in adolescent mice following fear 

conditioning suggests the possible involvement of hyperpolarization-activated cyclic 

nucleotide-gated (HCN) channels in fear extinction impairment during adolescence.

Lack of experience-dependent modulation of GABAergic input to the IL-mPFC layer 5 
pyramidal neurons

Since GABAergic transmission is critical for cortical processing and function (Isaacson and 

Scanziani, 2011), we examined whether an experience-dependent change in GABAergic 

input to IL-mPFC pyramidal neurons contributes to the lack of bidirectional intrinsic 

plasticity during adolescence. We recorded spontaneous inhibitory post-synaptic currents 

(sIPSCs) in IL-mPFC layer 5 pyramidal neurons. A comparison of the frequency, amplitude, 

rise time and decay time of sIPSCs in tone alone, fear condition and fear extinction groups 

revealed that fear learning or extinction does not affect total GABAergic input to IL-mPFC 

pyramidal neurons at all three developmental stages (Figure 5A,B,C). Therefore, the total 

GABAergic input does not play a role in the lack of bidirectional intrinsic plasticity during 

adolescence.

Discussion

In this study, we report an adolescence-specific lack of intrinsic plasticity in the IL-mPFC 

layer 5 pyramidal neurons, which is involved in fear extinction. Consistent with the previous 

studies, we observed a diminished fear extinction in adolescent mice compared to pre-

adolescent and adult mice (McCallum et al., 2010; Pattwell et al., 2012). An earlier study 

reported a bidirectional modulation of membrane excitability in IL-mPFC layer 5 pyramidal 

neurons following fear conditioning and extinction in rats (Santini et al., 2008). We observed 

Koppensteiner et al. Page 6

Synapse. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similar results in pre-adolescent and adult mice. However, consistent with the diminished 

fear extinction during adolescence, adolescent mice failed to exhibit a restoration of 

membrane excitability following fear extinction trials. The bidirectional regulation of 

membrane excitability is particularly noteworthy, as fear extinction is believed to be a new 

learning rather than a modification of learned fear. The fear extinction-induced reversal of 

suppressed IL-mPFC pyramidal neuron excitability might be a key mechanism in 

suppressing a previously learned fear. It is plausible that distinct neuromodulatory systems 

cause suppression of neuronal excitability following fear learning and its reversal following 

fear extinction. Therefore, a deficit in neuromodulatory process involved in restoring IL-

mPFC pyramidal neuron excitability might be responsible for suppressed fear extinction in 

adolescent mice. Unlike the suppressive effect of delay fear conditioning on IL-mPFC 

pyramidal neuron excitability, trace fear conditioning enhances the excitability of IL-mPFC 

pyramidal neurons (Song et al., 2015), suggesting distinct roles for IL-mPFC pyramidal 

neurons in delay and trace fear conditioning.

Our earlier study on the effect of fear conditioning and extinction on glutamatergic 

transmission revealed that fear conditioning does not affect glutamatergic transmission in 

IL-mPFC layer 5 pyramidal neurons (Pattwell et al., 2012). However, fear extinction results 

in a potentiation of glutamatergic synapses in IL-mPFC layer 5 pyramidal neurons of pre-

adolescent and adult mice but not adolescent mice (Pattwell et al., 2012). It was shown that a 

synaptic insertion of calcium permeable AMPA receptors is responsible for this fear 

extinction-dependent synaptic potentiation in IL-mPFC layer 5 pyramidal neurons (Pattwell 

et al., 2012; Sepulveda-Orengo et al., 2013). Therefore, both the increase in glutamatergic 

input and intrinsic excitability following fear extinction training might allow a robust top-

down inhibition of the amygdala to suppress learned fear. Recent studies have demonstrated 

the causal role of amygdala projecting IL-mPFC neurons in fear extinction (Bloodgood et 

al., 2018). Both human and animal studies have strongly suggested that the medial prefrontal 

cortex-mediated top-down regulation of the amygdala is involved in fear extinction (Amano 

et al., 2010; Bremner et al., 1999; Milad and Quirk, 2002; Morgan and LeDoux, 1995; 

Phelps et al., 2004; Quirk et al., 2006; Quirk et al., 2000; Santini et al., 2004; Santini et al., 

2008). The enhanced IL-mPFC output facilitates the feed-forward inhibition of the central 

amygdala, resulting in decreased output to the brain stem, and hence decreased fear response 

(Burgos-Robles et al., 2007; Milad and Quirk, 2002; Peters et al., 2009; Quirk et al., 2006; 

Quirk et al., 2003; Santini et al., 2004). A recent study showed that the IL-mPFC inhibits 

basomedial amygdala to enhance fear extinction (Adhikari et al., 2015). Therefore, a 

diminished IL-mPFC plasticity might play a role in increased anxiety- and trauma-related 

behaviors during adolescence.

Analysis of passive membrane properties after experience-driven excitability changes across 

ages suggests that the fear conditioning-mediated reduction in IL-mPFC pyramidal neuronal 

excitability is driven through reductions in input resistance (Santini et al., 2008). The 

impairment in the restoration of control excitability levels after fear extinction training in 

adolescents appears to underlie at least two mechanisms. First, the reversal of input 

resistance values to that of control mice following fear extinction was absent in adolescent 

mice. Second, an irreversible modulation of sag ratio suggests HCN channel involvement in 

the alteration of adolescent IL-mPFC excitability (Dickson et al., 2000). Reduced sag values 
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point towards reduced HCN channel conductance after fear conditioning only during the 

adolescent period. A recent study reported a reduction in hyperpolarization-activated cation 

current and a diminished intrinsic persistent activity following alcohol consumption during 

adolescence (Salling et al., 2018). HCN channels are known modulators of neuronal 

excitability and play a critical role in dendritic integration of prefrontal and hippocampal 

pyramidal neurons (Aponte et al., 2006; Day et al., 2005; Magee, 1998). Interestingly, mice 

that lack HCN1 channels show enhanced hippocampal LTP and spatial memory (Nolan et 

al., 2004). Therefore, an irreversible suppression of HCN activity involved in fear 

conditioning might play an important role in impaired fear extinction during adolescence. In 

contrast to our finding of overall reduced excitability after adolescent fear conditioning and 

extinction, a reduction in HCN channel conductance is often associated with increased input 

resistances and neuronal excitability (Brager and Johnston, 2007; Magee, 1998; Rosenkranz 

and Johnston, 2006; Yi et al., 2016). Thus, further studies will be required to evaluate the 

involvement of IL-mPFC HCN channels in adolescent fear learning.

GABAergic neurons show significant diversity and distinct classes of these neurons show 

specific roles in cortical oscillations, orchestrating synapse development and plasticity 

(Fishell and Rudy, 2011; Le Magueresse and Monyer, 2013). Increase in GABAergic 

transmission has been demonstrated to inhibit plasticity in the mPFC (Couey et al., 2007). 

However, measurement of spontaneous GABAergic transmission in IL-mPFC layer 5 

pyramidal neurons did not reveal statistically significant difference in any of GABAergic 

properties measured in pre-adolescent, adolescent and adult mice. It is also plausible that 

behavioral experience, fear conditioning or extinction, could affect these properties and 

hence modulate intrinsic plasticity in glutamatergic neurons. However, our data show that 

nether fear learning nor extinction affected GABAergic transmission in IL-mPFC layer 5 

pyramidal neurons in any of the developmental stages. Although total GABAergic 

transmission is not affected, it is possible that differences in the development or plasticity in 

any of the specific classes of GABAergic neurons could influence intrinsic plasticity in the 

principal neurons.

In conclusion, our studies demonstrate a specific plasticity in the IL-mPFC involved in fear 

extinction, which is lacking during adolescence. It is plausible that the adaptive mechanisms 

that attenuate conditioned fear might involve an enhanced IL-mPFC activity. Future studies 

will be necessary to understand mechanisms underlying such adaptive processes and its 

alteration during adolescence, which might provide opportunities for managing anxiety- and 

trauma-related disorders in both adolescents and adults.
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Figure 1. 
Fear conditioning and extinction result in a bidirectional modulation of excitability in IL-

mPFC layer 5 pyramidal neurons of pre-adolescent mice. A) Average freezing during 

exposure to tone alone or tone-shock pairing on day 1, during extinction training on day 2 

and fear memory test on day 3. B) Schematic presentation and an example of whole cell 

recording in IL-mPFC layer 5 pyramidal neurons. C) Example traces of voltage responses to 

hyperpolarizing (−50 pA) and depolarizing (+200 pA) current steps in pyramidal neurons 

from tone alone (TA), fear condition (FC) and fear extinction (FE) groups. Scale: 250 ms/20 

mV. D) Current vs. action potential (AP) frequency plot in tone alone (16 neurons/5 mice), 

fear condition (18 neurons/5 mice) and fear extinction (19 neurons/5 mice) groups. The fear 

condition group showed fewer action potentials compared to tone alone group and this effect 

was reversed by fear extinction.
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Figure 2. 
Fear extinction fails to reverse fear conditioning-induced suppression of excitability in IL-

mPFC layer 5 pyramidal neurons of adolescent mice. A) Average freezing during exposure 

to tone alone or tone-shock pairing on day 1, during extinction training on day 2 and fear 

memory test on day 3. B) Example traces of voltage responses to hyperpolarizing (−50 pA) 

and depolarizing (+200 pA) current steps in pyramidal neurons from tone alone, fear 

condition and fear extinction groups. Scale: 250 ms/20 mV. C) Current vs. action potential 

(AP) frequency plot in tone alone (18 neurons/5 mice), fear condition (19 neurons/5 mice) 

and fear extinction (13 neurons/5 mice) groups. The fear condition group showed fewer 

action potentials compared to tone alone group and this effect remained unaffected by fear 

extinction.
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Figure 3. 
Fear conditioning and extinction result in a bidirectional modulation of excitability in IL-

mPFC layer 5 pyramidal neurons of adult mice. A) Average freezing during exposure to tone 

alone or tone-shock pairing on day 1, during extinction training on day 2 and fear memory 

test on day 3. B) Example traces of voltage responses to hyperpolarizing (−50 pA) and 

depolarizing (+200 pA) current steps in pyramidal neurons from tone alone, fear condition 

and fear extinction groups. Scale: 250 ms/20 mV. D) Current vs. action potential (AP) 

frequency plot in tone alone (13 neurons/4 mice), fear condition (13 neurons/4 mice) and 

fear extinction (13 neurons/4 mice) groups. The fear condition group showed fewer action 

potentials compared to tone alone group and this effect was reversed by fear extinction.
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Figure 4. 
Passive membrane properties of IL-mPFC layer 5 pyramidal neurons in tone alone, fear 

condition and fear extinction groups from the three developmental stages. Passive membrane 

properties are measured in same neurons described in figures 1–3. A) Passive membrane 

properties in pre-adolescent group. The fear condition group exhibited significantly lower 

input resistance (Rin) and membrane time constant tau values compared with the tone alone 

group. B) Passive membrane properties in adolescent group. The fear condition and fear 

extinction groups exhibited significantly reduced Rin and sag values compared with the tone 

alone group. C) Passive membrane properties in adult group. Passive membrane properties 

remained largely unaffected, with the exception of significantly reduced tau values in the 

fear condition group. Left panels show example traces for sag response (Scale: 250 ms/1 

mV).
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Figure 5. 
Fear conditioning or extinction did not affect GABAergic input IL-mPFC layer 5 pyramidal 

neurons. A) Left panel shows example sIPSC traces from IL-mPFC layer 5 neurons of pre-

adolescent tone alone, fear condition and fear extinction groups. Scale: 1 s / 20 pA. Right 

panels show average frequency, amplitude, rise time and decay time of sIPSCs from pre-

adolescent tone alone (18 neurons/5 mice), fear condition (18 neurons/5 mice) and fear 

extinction (20 neurons/5 mice) groups. B) Left panel shows example sIPSC traces from IL-

mPFC layer 5 neurons of adolescent tone alone, fear condition and fear extinction groups. 

Scale: 1 s / 20 pA. Right panels show average frequency, amplitude, rise time and decay 

time of sIPSCs from adolescent tone alone (17 neurons/5 mice), fear condition (15 

neurons/5 mice) and fear extinction (15 neurons/5 mice) groups. C) Left panel shows 

example sIPSC traces from IL-mPFC layer 5 neurons of adult tone alone, fear condition and 

fear extinction groups. Scale: 1 s / 20 pA. Right panels show average frequency, amplitude, 

rise time and decay time of sIPSCs from adult tone alone (13 neurons/4 mice), fear 

condition (13 neurons/4 mice) and fear extinction (14 neurons/4 mice) groups.
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