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Elucidating the mechanisms of fear extinction
in developing animals: a special case of NMDA
receptor-independent extinction in adolescent rats
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NMDA receptors (NMDARs) are considered critical for the consolidation of extinction but recent work challenges this as-

sumption. Namely, NMDARs are not required for extinction retention in infant rats as well as when extinction training

occurs for a second time (i.e., reextinction) in adult rats. In this study, a possible third instance of NMDAR-independent

extinction was tested. Although adolescents typically exhibit impaired extinction retention, rats that are conditioned as ju-

veniles and then given extinction training as adolescents (JuvCond-AdolesExt) have good extinction retention.

Unexpectedly, this good extinction retention is not associated with an up-regulation of a synaptic plasticity marker in

the medial prefrontal cortex, a region implicated in extinction consolidation. In the current study, rats received either

the noncompetitive NMDAR antagonist MK801 (0.1 mg/kg, s.c.) or saline before extinction training. In several experiments,

rats conditioned and extinguished as juveniles, adolescents, or adults exhibited impaired extinction retention after MK801

compared to saline, but this effect was not observed in JuvCond-AdolesExt rats. Further experiments ruled out several al-

ternative explanations for why NMDAR antagonism did not affect extinction retention in adolescents extinguishing fear

learned as a juvenile. These results illustrate yet another circumstance in which NMDARs are not required for successful

extinction retention and highlight the complexity of fear inhibition across development.

[Supplemental material is available for this article.]

The process of extinction, in which an animal learns to inhibit a
previously conditioned response, has been a point of focus for
behavioral neuroscientists over the past few decades (Milad and
Quirk 2012). Numerous studies have shown that systemic admin-
istration of glutamatergic NMDA receptor (NMDAR) antagonists
(e.g., MK801) before extinction training impairs the acquisition
and retention of extinction, indicating that these receptors are crit-
ically involved in both the learning and the consolidation of ex-
tinction (Myers and Davis 2007; Davis 2011; Singewald et al.
2015). Some of this work has demonstrated that NMDARs in the
amygdala are required for acquiring a new extinction memory,
whereas NMDARs in the medial prefrontal cortex (mPFC) are in-
volved in the subsequent consolidation of this memory (Falls et al.
1992; Burgos-Robles et al. 2007; Sotres-Bayon et al. 2007, 2009;
Zimmerman and Maren 2010). Although most of this work has
used adult rodents, studies in developing animals show that
NMDARs are required for extinction retention in juvenile and ad-
olescent rats (Langton et al. 2007; Baker and Richardson 2017).

However, the findings of other studies challenge the idea that
NMDARs are always critical for extinction. For example, extinction
retention in infant rats is insensitive to NMDAR antagonism
(Langton et al. 2007; Kim and Richardson 2010). As another exam-
ple, extinction training occurring for a second time (i.e., after re-
conditioning) is NMDAR-independent in adult rats (Chan and
McNally 2009; Langton and Richardson 2010).

Recent work suggests that there may be a third instance of
NMDAR-independent extinction, and this occurs during the tran-
sitional period of adolescence when there are significant changes

to emotion and fear regulation (Casey et al. 2015). Adolescents,
both rodent and human, exhibit impaired learning and/or reten-
tion of extinction of learned fear (e.g., Hefner and Holmes 2007;
McCallum et al. 2010; Pattwell et al. 2012). However, adolescent
rats successfully extinguish fear if it was acquired before adoles-
cence. Baker and Richardson (2015) compared the extinction re-
tention of adolescent rats for an auditory fear memory that was
acquired either when the animal was a juvenile or an adolescent,
with all animals undergoing extinction training in adolescence.
Although adolescents exhibited impaired extinction of fear
learned during adolescence, those animals initially conditioned
as juveniles did not exhibit any impairment. Therefore, it would
be predicted that these latter animals recruited activity-dependent
cellular signaling cascades within the mPFC during extinction
training. One such marker that is downstream from NMDARs
and that leads to synaptic plasticity is the phosphorylation of
mitogen activated protein kinase (pMAPK; English and Sweatt
1996; Sweatt 2004). Adolescents extinguishing fear learned as a
juvenile did not exhibit an increase in the expression of pMAPK
in the mPFC, a change usually observed in animals that exhibit
good extinction retention (e.g., Kim et al. 2011). This finding sug-
gests that there may be a third circumstance when the molecular
mechanisms of successful extinction do not involve NMDAR-de-
pendent pathways. In the present study we directly tested whether
rats conditioned as juveniles and extinguished as adolescents
require NMDARs for extinction retention through systemic
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administration of MK801 (a noncompetitive NMDAR antagonist)
prior to extinction training.

Results

Experiment 1
Experiment 1 testedwhether the extinction of fear acquired as a ju-
venile and extinguished as an adolescent is dependent on
NMDARs. All rats received fear conditioning as juveniles on post-
natal day (P) 24. Rats in one condition, JuvCond-Ext, received con-
ditioning, extinction, and test on consecutive days (P24-26). Rats
in the second condition, JuvCond-AdolesExt, were given extinc-
tion training and test ∼10 d later as adolescents, on P34-36 (see
Fig. 1A for timeline). Animals in each condition were injected
with MK801 (0.1 mg/kg, s.c.) or saline prior to extinction training.

Results
Baseline data and analysis for conditioning, extinction, and test
across all experiments are presented in the Supplemental
Methods and Supplemental Table S1. No systematic differences
among the four groups in CS-elicited freezing across the three
CS-US pairings during conditioning were found in this or the sub-
sequent experiments (see Supplemental Fig. S1).

During extinction training, there was a significant effect of
block (F(2.84,168) = 40.50, P < 0.001) and drug (F(1,42) = 28.31, P <
0.001; Fig. 1B). Further, there were two significant interac-
tions: block × group (F(2.84,168) = 3.00, P = 0.04) and block × drug
(F(2.84,168) = 10.75, P < 0.001). Due to the locomotor effects of the
drug,MK801-treated rats had lower levels of freezing during extinc-
tion training than saline-treated rats. This effect did not differ be-
tween JuvCond-Ext and JuvCond-AdolesExt groups, indicating
that MK801 had similar effects in both. While freezing decreased
significantly over extinction blocks, saline-treated JuvCond-Ext
rats extinguished at a faster rate than saline-treated JuvCond-
AdolesExt rats.

At test, there was a significant effect of group (F(1,42) = 8.54, P
= 0.006) aswell as a group × drug interaction (F(1,42) = 7.09, P = 0.01;
Fig. 1C). The interaction was due to MK801 impairing extinction
retention in rats trained and extinguished as juveniles (MK801 ver-
sus SAL: t(20) = 2.67 [95% CI, 4.05–32.77], P = 0.02) but not in rats
trained as juveniles and extinguished as adolescents (MK801 ver-
sus SAL: t(22) = 1.20 [95%CI,−25.01–6.68], P > 0.05). An additional
experiment confirmed that NMDAR-independent extinction in
rats conditioned as juveniles at P26 and extinguished as adoles-
cents at P32, suggesting that the results above are not due to a spe-
cific 10-d interval or conditioning at P24 (see Supplemental Fig.
S2). These findings suggest that NMDARs are not involved in ex-
tinction in adolescent rats that acquired fear as juveniles, even
though these animals exhibited good extinction retention.

Experiment 2
While the results of Experiment 1 show that NMDARs were not
engaged in extinction in adolescent rats that learned the CS-US as-
sociation as juveniles, the comparison group was a group of juve-
nile rats. In this experiment, we compared two groups of
adolescent rats. Typically, rats conditioned and extinguished as ad-
olescents exhibit impaired extinction retention when given the
same amount of extinction training (i.e., 30 trials) as occurred in
Experiment 1 (e.g., McCallum et al. 2010). When rats conditioned
as adolescents receive extended extinction training (e.g., 2 d, 30 tri-
als per day), this leads to improved extinction retention (Den et al.
2014; Baker and Richardson 2017). Further, adolescent rats recruit
NMDARs under these conditions, as systemic administration of
MK801 prior to the second extinction session blocks this improve-
ment in extinction retention (Baker and Richardson 2017).
Therefore, in Experiment 2 we compared the effects of MK801 ad-
ministration on extinction in adolescent rats that acquired fear as
juveniles to that of adolescent rats that acquired fear as adolescents,
under conditions in which both would exhibit good extinction re-
tention. This experiment tested the prediction that when extinc-
tion is successful in adolescence it is not always dependent upon
NMDARs; that is, when fear is learned as a juvenile, then good ex-
tinction retention in adolescence does not require NMDARs.

To achieve good extinction retention across groups, animals
trained as adolescents received 2 d of extinction training while
those trained as juveniles received 1 d of extinction training (see
Fig. 2A). Animals in the AdolesCond-Ext condition were injected
with MK801 or saline on the second day of extinction training
while animals in the JuvCond-AdolesExt condition were injected
on the single day of extinction training. In both conditions, the fi-
nal extinction training session occurred 24 h prior to test. The pro-
cedures followed those in Experiment 1 with the exception that
the shock intensity during conditioning was increased from 0.4
to 0.5 mA to test the generality of the findings of Experiment 1
while also reducing the likelihood of floor effects at test. As expect-
ed, freezing in both groups during CS-US acquisition at condition-
ing was higher than in Experiment 1 (Supplemental Fig. S1).

Results
The first day of extinction training proceeded as expected (Fig. 2B).
Both groups conditioned as adolescents showed evidence of
within-session extinction (F(2.87,60.28) = 36.13, P < 0.001). There
were no differences between groups that were to be injected with
saline or MK801 the following day (group main effect F(1,21) =
1.70, P = 0.20; group × trial interaction F < 1).

Across the second day of extinction, where all four groups re-
ceived extinction training, there was a decrease of levels of
CS-elicited freezing over blocks (F(3.12,159.08) = 68.70, P < 0.001).
As in the previous experiment, MK801-treated animals had lower
levels of CS-elicited freezing (drug main effect F(1,51) = 33.36, P <

Figure 1. Experiment 1 timeline; the experimental contexts for condi-
tioning, extinction, and test are denoted in parentheses (A). Mean
(±SEM) levels of freezing at extinction training (B), and extinction retention
test (C ) for groups Saline JuvCond-AdolesExt (n = 12), MK801
JuvCond-AdolesExt (n = 12), Saline JuvCond-Ext (n = 11), and MK801
JuvCond-Ext (n = 11). * Indicates a significant difference (P < 0.05).
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0.001; drug × block interaction F(3.12,159.08) = 18.29, P < 0.001; Fig.
2C). The three-way mixed-model ANOVA revealed a significant ef-
fect of condition (F(1,51) = 5.70, P = 0.021), condition × drug inter-
action (F(1,51) = 5.42, P = 0.024), a condition × block interaction
(F(3.12,159.08) = 4.77, P = 0.003), and a condition × drug × block in-
teraction (F(3.12,159.08) = 18.29, P = 0.001). Not surprisingly, these
analyses confirmed that there was a “savings effect.” That is,
AdolesCond-Ext rats, in the saline group, had overall lower levels
of freezing and extinguished faster during their second day of ex-
tinction training compared to the JuvCond-AdolesExt rats, in the
saline group, on their first day of extinction training.

Figure 2D depicts group performances at test. All saline-
treated rats exhibited good extinction retention, regardless of their
age at conditioning. As predicted, MK801 impaired extinction re-
tention in those rats conditioned as adolescents, and given 2 d of
extinction training, but did not impair extinction retention in
the rats conditioned as juveniles and then extinguished as adoles-
cents. This description of the data was confirmed by analyses.
Specifically, replicating the results of Experiment 1, but with a
higher shock intensity in training, rats conditioned as juveniles
but extinguished as adolescents (i.e., Groups JuvCond-AdolesExt)
exhibited good extinction retention regardless of whether they
were injected with MK801 or not (t(29.22) = 0.04 [95% CI, −22.36–
23.30], P = 0.97). As was reported by Baker and Richardson
(2017), for those rats conditioned and extinguished as adolescents
(i.e., Groups AdolesCond-Ext) giving 2 d of extinction only result-
ed in good extinction retention in those injected with saline
whereas animals given the NMDAR antagonist exhibited impaired
extinction retention (t(19.97) = 3.90 [95% CI, 10.87–35.80], P =
0.001).

Experiment 3
The findings of Experiments 1 and 2 show that adolescent rats that
acquired fear as juveniles use an NMDAR-independent process to
extinguish that fear, in contrast to animals trained and extin-
guished as juveniles (Experiment 1) or those trained and extin-
guished as adolescents (Experiment 2). However, the animals

trained as juveniles and extinguished as adolescents had a 10–12
d delay between the conditioning and extinction sessions,
while the comparison groups in both of the first two experiments
only had a 1 d delay between sessions. Experiment 3 examined
whether the introduction of a delay converts extinction into a
NMDAR-independent process, regardless of the animal’s age. To
test this possibility, adult rats were conditioned and then extin-
guished with either a 1 or 10 d delay between the two sessions.
As in Experiment 1, the shock intensity used at conditioning was
0.4 mA. Half of the animals at each interval were injected with
MK801 prior to extinction training while the others were injected
with saline (see Fig. 3A).

Results
Given group differences in baseline freezing levels at extinction
(see the Supplemental Methods for details), it was used as a covar-
iate in the analysis of CS-elicited freezing during extinction train-
ing. There was a significant effect of block (F(2.43,108) = 15.44, P <
0.001; see Fig. 3B), as CS-elicited freezing decreased over the course
of extinction training. In addition, there was a significant effect of
drug (F(1,27) = 39.15, P < 0.001), due to the MK801-treated rats ex-
hibiting less freezing than saline-treated rats, as in the previous ex-
periments. The drug × block interaction was also significant
(F(2.43,108) = 13.28, P < 0.001), due to theMK801- and saline-treated
rats exhibiting different levels of freezing at the start of extinction
training but similar levels by the end. A delay between condition-
ing and extinction sessions did not affect within-session extinc-
tion (main effect of interval and the interval × drug interaction
Fs < 1).

Figure 3C shows that at test, MK801-treated rats had higher
levels of CS-elicited freezing than saline-treated controls. This
description of the data was supported by the statistical analysis
which showed a significant effect of drug treatment (F(1,28) =
8.47, P = 0.007). The effect of delay between conditioning and ex-
tinction, as well as the interval × drug interaction were not signifi-
cant (Fs < 1). Therefore, introducing a 10 d delay between

Figure 2. Experiment 2 timeline; the experimental contexts for conditioning, extinction, and test are denoted in parentheses (A). Mean (±SEM) levels of
freezing at extinction training day 1 (B), and extinction training day 2 (C), and extinction retention test (D) for groups Saline JuvCond-AdolesExt (n = 16),
MK801 JuvCond-AdolesExt (n = 16), Saline AdolesCond-Ext (n = 11), and MK801 AdolesCond-Ext (n = 12). * Indicates a significant difference (P < 0.05).
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conditioning andextinction sessionsdoesnot lead to a switch to an
NMDAR-independent form of extinction, at least in adult rats.

Experiment 4
The findings of Experiment 3 show that merely having a 10 d de-
lay between conditioning and extinction does not lead to extinc-
tion becoming NMDAR-independent. Another possible reason
for our observation of extinction being NMDAR-independent in
rats conditioned as juveniles and extinguished as adolescents is
that maturation from one developmental stage into another leads
to such a switch. That is, extinction may be NMDAR-independent
when animals undergo conditioning and extinction in different
stages of development. To test this possibility, in Experiment 4
rats received conditioning as adolescents but extinction as adults
(see Fig. 4A).

Results
There was a group difference in pre-CS freezing levels in the extinc-
tion phase (see Supplemental Methods), therefore baseline freez-
ing was included as a covariate in the analysis of extinction
training. There was a main effect of block (F(2.67,88) = 10.81, P <
0.001), drug (F(1,22) = 15.31, P = 0.001), and a block × drug interac-
tion (F(2.67,88) = 5.10, P = 0.005). The drug effect was a result of
the rats given MK801 having lower overall levels of freezing than
rats that received saline and the interaction was due to the two
drug groups performing differently at the start of extinction train-
ing but similarly by the end (Fig. 4B).

At test, rats givenMK801hadhigher levels of CS-elicited freez-
ing than rats that received saline prior to extinction (t(14.61) = 2.41
[95% CI, 2.62–44.24], P = 0.03; Fig. 4C). Therefore, the transition
from adolescence to adulthood did not change the involvement
of NMDARs in extinction, suggesting that it is not the experience
of a developmental transition alone that causes extinction to be
NMDAR-independent in adolescent rats that acquired fear as juve-
niles (Experiments 1 and 2).

Discussion

Although adolescents are typically im-
paired at extinction (McCallum et al.
2010; Pattwell et al. 2012; Ganella et al.
2017), Baker and Richardson (2015) re-
ported a circumstance in which they ex-
hibit extinction retention equivalent to
that observed in either younger or older
animals. That is, rats that acquire fear
when a juvenile and then extinguish
that fear as an adolescent show good ex-
tinction retention. However, these ani-
mals do not use the same prefrontal-
amygdala neural circuit as juvenile and
adult rats to successfully extinguish fear
(Baker and Richardson 2015). In the pre-
sent study, we illustrated another unique
element of fear inhibition in this group—
namely, that NMDARs are not required
for successful extinction.

The NMDAR-independent extinc-
tion of rats conditioned as juveniles and
extinguished as adolescents was in stark
contrast to the NMDA-dependent extinc-
tion of rats conditioned and extinguished
as juveniles (Experiment 1), adolescents
(Experiment 2), or adults (Experiment

3). The reduced involvement of NMDARs in extinction was not a
consequence of the delay between conditioning and extinction
in adolescent rats that acquired fear as juveniles, as blocking
NMDARs at extinction still caused poor extinction retention in
adult rats despite the introduction of a similar delay (Experiment
3). Last, antagonizing NMDARs prior to extinction training in
rats conditioned as adolescents and extinguished as adults im-
paired extinction retention (Experiment 4), indicating that
the transition between developmental phases was not responsible
for the NMDAR-independent extinction observed in animals con-
ditioned as juveniles and extinguished as adolescents. Together,

Figure 4. Experiment 4 timeline (A); the experimental contexts for con-
ditioning, extinction, and test are denoted in parentheses. Mean (±SEM)
levels of freezing at extinction training (B), and extinction retention test
(C) for groups Saline (n = 12) and MK801 (n = 13). * Indicates a significant
difference (P < 0.05).

Figure 3. Experiment 3 timeline (A); the experimental contexts for conditioning, extinction, and test
are denoted in parentheses. Mean (±SEM) levels of freezing at extinction training (B), and extinction re-
tention test (C) for groups Saline 1 d (n = 8), MK801 1 d (n = 8), Saline 10 d (n = 8), andMK801 10 d (n =
8). * Indicates a significant difference (P < 0.05).
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these experiments highlight not only the qualitatively different
nature of extinction across development, but also question the no-
tion that NMDARs are necessary for acquiring extinction.

Although MK801 is primarily an NMDAR antagonist, it has
some actions as a nicotinic acetylcholine receptor antagonist
(Ramoa et al. 1990; Amador and Dani 1991). However, MK801
has much more potency (around 100 times) at NMDARs than nic-
otine receptors (Briggs andMcKenna 1996; Löscher et al. 2003) and
has little effect on nicotine responses when used behaviorally
(Zakharova et al. 2005). Therefore, it is possible, but unlikely,
that some of the MK801’s effects are due to antagonistic actions
on acetylcholine receptors. However, even considering the possi-
bility that non-NMDARs could be blocked during extinction train-
ing in juvenile and adult animals, our results still indicate that the
neural mechanisms of extinction in rats conditioned as juveniles
and extinguished as adolescents differ to animals of other ages.

Further highlighting the unique extinction in rats condi-
tioned as juveniles and extinguished as adolescents is the fact
that the mechanisms underlying other circumstances of
NMDAR-independent extinction do not easily explainwhy extinc-
tion is NMDAR-independent in this circumstance. In the case of
reextinction in adult rats, it has been proposed that NMDARs are
not required as this involves the recall and subsequent reconsolida-
tion of the original extinction memory rather than the formation
of a new extinction memory. However, rats conditioned as juve-
niles and extinguished as adolescents cannot retrieve a prior mem-
ory of extinction as this is the first instance when they receive
extinction training. Considering another instance of NMDAR-in-
dependent extinction, it has been proposed that the immaturity
of the prefrontal cortex during infancy contributes to NMDAR-in-
dependent extinction at that age. This conclusionwas based on the
finding that temporary inactivation of the mPFC (using bupiva-
caine, a sodium channel modulator) during extinction training
did not affect extinction retention in infant rats, unlike juvenile
rats (Kim et al. 2009). Given that the mPFC is involved in extinc-
tion in juveniles, and that adolescents can use NMDARs for extinc-
tion (Experiment 2), the explanation that the mPFC is immature
does not account for why extinction was NMDAR-independent
in adolescent rats simply because they acquired fear as juveniles.
In contrast, temporary inactivation of the basolateral amygdala
(BLA) does result in extinction memory deficits in infant rats
(Kim and Richardson 2008), suggesting that this region is suffi-
ciently mature to support extinction in infants. Future studies
could investigate whether temporary inactivation, or chemoge-
netic inhibition, of the amygdala during extinction training pro-
duces extinction retention deficits in adolescents extinguishing
fear learned as a juvenile. If so, such findings would suggest that
the amygdala supports NMDAR-independent extinction under at
least two circumstances during development. However, it is also
possible that no deficit would be detected following amygdala in-
activation, considering that we previously found that pMAPK
was not up-regulated in the BLA in adolescents extinguishing
fear learned as a juvenile (Baker and Richardson 2015). Taken to-
gether, such findings would provide further evidence of unique ex-
tinction mechanisms in adolescents.

One basis for our prediction that NMDARs would have been
involved in extinction in those animals trained as juveniles and
then extinguished as adolescents was the findings from a body of
work examining how memories are acquired and then expressed
in different developmental stages. Those studies demonstrated
that an animal’s age at acquisition determines how the learned
fear is later expressed. For example, rats trained as infants and test-
ed as juveniles express fear in a manner appropriate to their age at
training, not test (Richardson and Fan 2002; Barnet and Hunt
2006). In addition, these animals do not use the neural structures
that have matured since the time of memory encoding. Juveniles

use the prelimbic mPFC to retrieve/express fear that was learned
during the juvenile developmental stage, but not if that memory
was learnedduring infancywhen this regionwas immature (Li et al.
2012). However, rats trained as juveniles and extinguished as ado-
lescents do not use NMDARs, or show pMAPK expression in the
prefrontal cortex, during extinction—two features of the neural
system that was in placewhen they acquired the fear as juvenile an-
imals (Langton et al. 2007; Baker and Richardson 2015). That being
said, the brain undergoes quite different neurodevelopmental
changes during the juvenile to adolescent transition compared to
the infant to juvenile transition (e.g., the balance of synaptic prun-
ing and synaptic growth; Semple et al. 2013). As such, itmay be the
case that the experience of one developmental transition has dif-
ferent effects on how previously acquired memories are inhibited
compared to the other.

The question remains open, then, of how extinction memo-
ries are formed and consolidated in animals undergoing a transi-
tion between the juvenile period and adolescence, as well as the
different neurobiological mechanisms that must be involved.
Several neurotransmitters may take a more pronounced role in
this circumstance. One potential candidate is the endocannabi-
noid system, which is involved in the regulation of learning and
memory processes, including extinction, in adult rats (for reviews,
see Mechoulam and Parker 2013; Morena and Campolongo 2014).
While pharmacological augmentation of cannabinoid receptor 1
or its endogenous ligand anandamide facilitates extinction, genet-
ic knockout or pharmacological blockade of cannabinoid receptor
1 impairs extinction (e.g., Marsicano et al. 2002; Pamplona et al.
2008; Gunduz-Cinar et al. 2013; Bowers and Ressler 2015).
Another possibility involves metabotropic glutamate 5 receptors,
which have been shown to be involved in extinction in adolescent
rodents (e.g., Sepulveda-Orengo et al. 2013). Future research exam-
ining how one, or several, of these alternative neurobiological
mechanisms are involved in extinction in NMDAR-independent
extinction is warranted.

Over the past several decades, substantial progress has been
made delineating the molecular, cellular, and systems-level pro-
cesses involved in extinction. An important piece of this puzzle
has been the assertion that NMDARs are critically involved, a claim
with substantial empirical evidence. However, the small, but grow-
ing, body ofwork demonstrating that extinction can effectively oc-
cur without NMDARs, both in developing animals and in adults,
highlights the need for continued research into the role of
NMDARs in extinction. There must be different neurobiological
mechanisms facilitating inhibition of learned fear in these circum-
stances, and a greater understanding of these alternative neurobio-
logicalmechanismswill improve ourmodels of extinction and as a
result, may provide opportunities for more effective and targeted
treatments for anxiety disorders.

Materials and Methods

Subjects
This study involved 160 experimentally naive Sprague-Dawley
male rats (see Supplemental Methods). All animals were treated
in accordance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes (8th Edition, 2013),
and all procedures were approved by the Animal Care and Ethics
Committee at UNSW.

Procedure and statistical analysis
The apparatus and behavioral procedures were similar to those we
have previously used in studies on extinction (see McCallum et al.
2010; Baker et al. 2013; Baker and Richardson 2015). In each exper-
iment, rats received Pavlovian conditioning, extinction, and test
(see experimental timelines in Figs. 1–4 for details).

NMDA receptor-independent extinction in adolescent rats
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Two sets of distinctive chambers were used, with fear condi-
tioning occurring in Context A, and extinction training and reten-
tion testing occurring in Context B (see the Supplemental
Methods). During extinction training, 6 trials were averaged to rep-
resent 1 block of extinction. Animals were tested the day after ex-
tinction with a single CS presented for 2 min.

The behavior of the rats was scored as freezing or not freezing
every 3 sec during the adaptation (pre-CS) period and the CS pre-
sentations. Freezing was scored for any observation where there
was the absence of all movement other than that required for
respiration (Fanselow 1994). A random sample of ∼30% of the
test data was cross-scored by an observer unaware of the experi-
mental conditions. Inter-rater reliability was high for all experi-
ments (r = 0.93–0.98). Freezing was analyzed by ANOVA and
t-tests (Supplemental Methods).

Drugs
(+)-MK 801maleate (Tocris Bioscience; 0.1mg/kg) or salinewas ad-
ministered subcutaneously (in the nape of the neck) in a volume of
1 mL/kg, 10 min before extinction, as in past studies (Langton and
Richardson 2010; Chan et al. 2015; Baker and Richardson 2017).
MK801 reaches maximal brain concentrations 10 to 30 min after
systemic injection in the rat (Vezzani et al. 1989).
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