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Fear extinction, which involves learning to suppress the expression
of previously learned fear, requires N-methyl-D-aspartate receptors
(NMDARs) and is mediated by the amygdala and ventromedial
prefrontal cortex (vmPFC). Like other types of learning, extinction
involves acquisition and consolidation phases. We recently
demonstrated that NR2B-containing NMDARs (NR2Bs) in the
lateral amygdala (LA) are required for extinction acquisition, but
whether they are involved in consolidation is not known. Further,
although it has been shown that NMDARs in the vmPFC are
required for extinction consolidation, whether NR2Bs in vmPFC are
involved in consolidation is not known. In this report, we
investigated the possible role of LA and vmPFC NR2Bs in the
consolidation of fear extinction using the NR2B-selective antago-
nist ifenprodil. We show that systemic treatment with ifenprodil
immediately after extinction training disrupts extinction consolida-
tion. Ifenprodil infusion into vmPFC, but not the LA, immediately
after extinction training also disrupts extinction consolidation. In
contrast, we also show pre-extinction training infusions into vmPFC
has no effect. These results, together with our previous findings
showing that LA NR2Bs are required during the acquisition phase in
extinction, indicate a double dissociation for the phase-dependent
role of NR2Bs in the LA (acquisition, not consolidation) and vmPFC
(consolidation, not acquisition).
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Introduction

Survival and mental health depend on learning when to fear and

also when not to fear. Much is known about the brain

mechanisms engaged when learning about danger from fear

conditioning studies (LeDoux 2000; Maren 2001; Rodrigues

et al. 2004). However, our understanding of learning when not

to fear, assessed by extinction of conditioned fear, is more

limited (Sotres-Bayon et al. 2004; Myers and Davis 2007; Quirk

and Mueller 2008).

N-methyl-D-aspartate receptors (NMDARs) are crucial for

many forms of learning and underlying synaptic plasticity

(Martin et al. 2000). Because extinction involves learning, it

makes sense that systemic blockade of NMDARs impairs

(Santini et al. 2001) and systemic augmentation of this receptor

facilitates fear extinction (Walker et al. 2002). However,

distinct functional roles of NMDARs depend on subunit

composition (Cull-Candy and Leszkiewicz 2004). The 2B

subunit in particular confers NMDARs with key features for

the induction of synaptic plasticity (Barria and Malinow 2005;

Sobczyk et al. 2005) and appears to be particularly involved in

learning and associated plasticity in a number of structures

(Tang et al. 1999; Ge et al. 2007), including the amygdala and

medial prefrontal cortex (Blair et al. 2005; Zhao et al. 2005).

Further, unlike drugs that have higher affinity for NR2As, drugs

that target the NR2B-containing NMDARs (NR2Bs) do not

appear to have confounding effects on fear learning and

expression (Rodrigues et al. 2001). NR2B pharmacological

manipulation may therefore constitute a relatively selective

tool for studying the contribution of NMDAR-mediated

plasticity to extinction.

The particular involvement of NMDARs, including NR2Bs, in

a specific brain structure is likely to be determined by the

particular phase of extinction in which the animal is engaged.

Fear extinction is mediated by brain structures that include the

amygdala and ventromedial prefrontal cortex (vmPFC) (Sotres-

Bayon et al. 2004; Myers and Davis 2007; Quirk and Mueller

2008). And like other forms of learning, extinction involves

acquisition and consolidation phases. Blockade of NMDARs in

the vmPFC with antagonist (±)-3-(2-Carboxypiperazin-4-yl)-
propyl-1-phosphonic acid (CPP) was recently found to impair

the consolidation but not acquisition of extinction (Burgos-

Robles et al. 2007). In our recent study, we found that selective

blockade of NR2Bs, using ifenprodil, in the lateral amygdala (LA)

before extinction training impaired fear extinction acquisition

(Sotres-Bayon et al. 2007). Whether NR2Bs in LA and/or vmPFC

are involved in extinction consolidation, and/or whether NR2Bs

in vmPFC are involved in extinction acquisition, is not known.

Despite the independent conclusions of existing studies, the

lack of direct comparisons of the relative contribution of

different brain structures to extinction, using the same drug and

identical experimental procedures, prevents an understanding

of their specific role in the different phases of fear extinction. In

fact, dissociation of the role of amygdala and vmPFC, while

suggested by previous work, has not been directly tested.

Here, we performed experiments involving ifenprodil

treatment to investigate whether NR2Bs in vmPFC and LA play

different roles in extinction. We first determined whether

systemic treatment with ifenprodil affected extinction consol-

idation and then examined the effects of local blockade in LA

or vmPFC.

Materials and Methods

Subjects
Adult male Sprague--Dawley rats (Hilltop Lab Animals, Scottdale, PA),

weighing 325--350 g upon arrival, were individually housed in

transparent polyethylene cages and maintained on a 12-h light/dark

cycle (lights on at 7:00 AM) within a temperature- and humidity-

controlled environment. Food and water were available ad libitum

throughout the duration of the experiments. All procedures were

conducted in accordance with the National Institutes of Health Guide

for the Care and Use of Experimental Animals and were approved by

the New York University Animal Care and Use Committee.
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Behavioral Procedures

Apparatus and Stimuli

Rats underwent habituation, fear conditioning, and fear extinction in

1 of 4 identical chambers constructed of aluminum and Plexiglas walls

(rat test cage, Coulbourn Instruments, Allentown, PA), with metal

stainless steel rod flooring that was attached to a shock generator

(Model H13-15; Coulbourn Instruments). The chambers were lit with

a single house light, and each chamber was enclosed within a sound

isolation cubicle (Model H10-24A; Coulbourn Instruments). An infrared

digital camera, mounted on top of each chamber, allowed videotaping

during behavioral procedures for later behavioral scoring. In addition,

an overhead 24-cell, 3-dimensional infrared activity sensor continuously

monitored (temporal resolution of 20 ms) all movement in the

chamber, and the data were recorded on a computer equipped with

Coulbourn Instruments LabLinc Habitest Universal Linc System. The

computer also controlled stimulus presentation with Graphic State

2 software (Coulbourn Instruments). Chamber grid floors, trays, and

walls were thoroughly cleaned with water and dried between sessions.

Rats were allowed to freely explore the chamber for 4 min before each

behavioral procedure (i.e., habituation, fear conditioning, and extinc-

tion training/testing sessions).

Fear Conditioning Procedure

Conditioning was conducted in groups of 4 rats at a time, each in

a different chamber (see above). All rats were first exposed to

5 habituation trials (tone-alone presentations) on Day 0, followed by

7 conditioning trials (tone--footshock pairings) on Day 1. The

conditioned stimulus was a 30-s, 5-kHz, 80-dB sound pressure level

sine wave tone, which coterminated with a 1-s, 0.7-mA footshock

unconditioned stimulus during fear conditioning. Mean intertrial

interval was 4 min (2--6 min range) throughout habituation and fear

conditioning. Freezing, a measure of conditioned fear, was continuously

recorded during the conditioning session and later scored to determine

the degree to which rats acquired the conditioned association (see

Measurement of Freezing Behavior). After conditioning, rats were

returned to their home cages and to the colony room.

Extinction Procedures

Rats that showed <50% freezing during fear conditioning (average of

conditioning trials 2--7) were excluded from the subsequent phases of

the study. Rats that satisfied the freezing criterion ( >50% freezing)

during conditioning were assigned to either an experimental or control

group, matched for freezing during fear conditioning. Three different

experiments were conducted in rats that met this criterion. Because

rats were subjected to behavioral procedures 4 at a time, special care

was taken to test 2 experimental and 2 control rats in each batch of 4.

Freezing was recorded continuously during the 20 extinction training

trials and 5-trial test sessions. Consistent with the fear conditioning

procedure, throughout extinction sessions (training and test) mean

intertrial interval was 4 min (2--6 min range).

Measurement of Freezing Behavior

Freezing was used to measure the conditional emotional fear response

and was defined as the cessation of all movement with the exception of

respiration-related movement and nonawake or rest body posture

(Blanchard RJ and Blanchard DC 1969; McAllister WR and McAllister DE

1971; Fanselow 1994). Freezing was videotaped and later scored offline

with a digital stopwatch by recording the total time spent freezing

during every 30-s tone. Freezing was scored blind with respect to the

treatment group.

In addition, online assessment of freezing was obtained using

activity/inactivity data collected from the overhead infrared activity

monitor (see Apparatus and Stimuli). These data were converted to

freezing values using a custom MATLAB (MathWorks, Natick, MA)

code, where freezing was defined as continuous inactivity lasting at

least 2 s. These values were then transformed to freezing percentage

and used exclusively to match groups after conditioning.

Drugs
Ifenprodil tartrate salt (Sigma-Aldrich, St. Louis, MO), a noncompetitive,

selective NR2B-containing NMDAR antagonist (Chenard and Menniti

1999; Williams 2001; Nikam and Meltzer 2002), was dissolved in

distilled water for systemic studies and for intra-LA and intra-vmPFC

infusions was dissolved in artificial cerebrospinal fluid that contained

2% (2-hydroxypropyl)-b-cyclodextrin (Sigma-Aldrich, St. Louis, MO),

adjusted to pH = 7.4 using hydrochloric acid. A new sealed vial of drug

was used each time, and all solutions were prepared the same day they

were used.

Intra-LA and Intra-vmPFC Local Infusions

Cannulae were surgically implanted to locally infuse ifenprodil or its

vehicle into the LA or vmPFC. Rats were anesthetized with a mixture

of ketamine (100 mg/kg, intraperitoneally [i.p.]; Ketaject) and

xylazine (6.0 mg/kg i.p.; Xyla-Ject) and placed in a stereotaxic

apparatus (David Kopf Instruments, Tujunga, CA). Supplemental doses

of the mix were given as needed to maintain a deep level of

anesthesia. Body temperature was maintained with a heated gel pad.

The skull was exposed, and small holes were drilled. Using

a stereotaxic apparatus, stainless steel guide cannulae (LA: 22 gage;

vmPFC: 26 gage; Plastics One, Roanoke, VA) fitted with infusion

cannulae (LA: 28 gage; vmPFC: 33 gage) that extended (amygdala:

1.5 mm; vmPFC 1.0 mm) beyond the base of the guide were

positioned (LA: bilaterally; vmPFC: midline unilateral) above the LA

(5.8 mm anterior, 5.2 mm lateral and 2.2 mm dorsal from the interaural

line) or infralimbic cortex (2.8 mm anterior, –1.0 mm lateral and

–4.1 mm dorsal from bregma; angled 11� toward the midline in the

coronal plane)(Paxinos and Watson 1998). The guide cannulae were

secured to the skull using surgical screws and acrylic dental cement.

Infusion cannulae were replaced with dummy cannulae and cut to

extend 0.5 mm beyond the guide cannulae to prevent clogging.

Antibiotic ointment was applied to prevent infections. After surgery,

rats were administered buprenorphine hydrochloride (0.02 mg/kg,

i.p.; buprenex) and atipamezole (1.0 mg/kg, i.p.; Antisedan) for

analgesia and reversal of the anesthetic, respectively.

After 7 days recovery from surgery, rats were subjected to

habituation, fear conditioning, and then to extinction training a day

later (see above). Immediately after extinction training, rats received

bilateral intra-LA infusions (0.25 ll/side) or midline intra-vmPFC

(0.50 ll) of either vehicle or ifenprodil (LA: 1.0 lg/side; vmPFC:

2.0 lg/midline). Also, to control for possible effects of NMDAR blockade

in the vmPFC during extinction acquisition, another group of rats were

given midline intra-vmPFC ifenprodil (2 lg/0.5 ll) or vehicle but before

extinction training. Solutions were infused in freely moving rats at a rate

of 0.15 ll/min through infusion cannulae attached to a 1.0-ll Hamilton

syringe via polyethylene tubing (PE-10, Harvard Apparatus, South Natick,

MA). Cannulae were left in place for an additional 60 s after the infusion

to allow for diffusion of the solution away from the cannula tip, after

which the dummy cannulae were replaced and the rat was returned to

its home cage and brought back to the colony room.

Histology
To verify the intra-LA and intra-vmPFC placement of the injection

cannula tips, rats were anesthetized following completion of the

behavioral procedures with an overdose of chloral hydrate (25%, 1 ml/

100 g) and transcardially perfused with 10% buffered formalin. Brains

were removed and stored in 10% buffered formalin with 30% sucrose.

Subsequently, brains were blocked and cut in 40-lm sections through

the amygdala and prefrontal cortex using a cryotome. After standard

histological Nissl staining, sections were examined on a light micro-

scope for injector tip localization into the LA and vmPFC. Only data

from rats that had either bilateral placement within 0.25 mm of the LA

(as in Blair et al. 2005) or midline placements within the infralimbic

vmPFC were included in the study—decisions to include or exclude

animals were made without knowledge of the experimental results.

Experimental Design
Three studies were performed to assess the contribution of NR2B-

containing NMDARs to fear extinction consolidation. The first

experiment involved systemic injections, and the last 2 experiments

involved intracerebral microinfusion: intra-LA and intra-vmPFC micro-

infusions.
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Systemic Injections of Ifenprodil Immediately after Fear Extinction

Training

In the first experiment, we evaluated the effects of systemic injection of

ifenprodil immediately after extinction training. Immediately after

20 extinction training trials (Day 2; one day after conditioning), rats

were injected i.p. with 5 mg/kg ifenprodil (n = 11) or vehicle (n = 12)

and taken to their home cages. The next day (Day 3), rats received

5 extinction test trials, drug free.

Intra-LA Infusions of Ifenprodil Immediately after Extinction

Training

In this experiment, we evaluated the effects of local infusion of

ifenprodil into the LA immediately after extinction training. We tested

the effect of an intra-LA ifenprodil dose that has been shown to be

sufficient to block the acquisition of both fear conditioning and fear

extinction (1.0 lg/0.25 ll/side) (Rodrigues et al. 2001; Blair et al. 2005;
Sotres-Bayon et al. 2007). Immediately after 20 extinction training trials

(Day 2; one day after conditioning) rats received bilateral intra-

amygdala infusion of ifenprodil (n = 11) or vehicle (n = 11). The next

day (Day 3), as in the previous experiments, rats received 5 extinction

test trials, drug free.

Intra-vmPFC Infusions of Ifenprodil before and after Extinction

Training

In the last experiment, we evaluated the effects of local infusion of

ifenprodil into the vmPFC before and after extinction training. We

tested the effect of intra-vmPFC ifenprodil (2 lg/0.5 ll midline).

Immediately after 20 extinction training trials (Day 2; one day after

conditioning) rats received midline intra-vmPFC infusion of ifenprodil

(n = 8) or vehicle (n = 7). The next day (Day 3), as in the previous

experiments, rats received 5 extinction test trials, drug free.

Additionally, to control for possible effects of NMDAR blockade in

the vmPFC during extinction acquisition, another group of rats were

given midline intra-vmPFC ifenprodil (2 lg; n = 8) or vehicle (n = 7) but

before extinction training.

No-Extinction Controls

To compare the extent of potential extinction impairment during

retention test, a separate group of rats were conditioned on Day 1, but

did not receive tone-extinction training on Day 2. Instead, these rats

were exposed only to the context (for the same time other groups

received tone-extinction training, ~90 min) and received vehicle

treatment. For the systemic study, rats received i.p. injections with

vehicle (distilled water) immediately after context exposure (n = 4).

For the intracerebral studies, a separate group of rats received local

vehicle (artificial cerebrospinal fluid that contained 2% (2-hydroxy-

propyl)-b-cyclodextrin) infusions into the LA (n = 4) and into the

vmPFC (n = 5), immediately after context exposure. Data from the

2 No-Extinction (No-Ext) retention control groups that received

intracerebral vehicle infusions were combined in the subsequent

analysis because there was no statistical difference (P > 0.05).

Data Analysis
Behavioral data from each experiment (percent freezing) were

analyzed using analysis of variance (ANOVA), with group as a be-

tween-subjects factor and trial as within-subjects’ factor. Significant

ANOVA results were followed up using Fisher’s least significant

difference post hoc mean comparison test. Statistica 8 (StatSoft, Tulsa,

OK) was used for the analyses. All data are presented as mean ± standard

error of the mean.

Results

We assessed whether systemic, intra-LA and intra-vmPFC

administration of the NR2B subunit--selective antagonist

ifenprodil affects fear extinction. We found that both systemic

and intra-vmPFC, but not intra-LA, ifenprodil treatment after

extinction learning impairs extinction retrieval.

Posttraining Systemic Activation of NR2Bs Is Required for
Fear Extinction

As extinction training progressed, all rats showed a gradual

reduction in freezing, reaching negligible freezing levels by the

end of extinction training. In the extinction retention test,

conducted 24 h after extinction training, rats given posttraining

vehicle exhibited low levels of freezing during the test trials,

indicating successful retention of extinction learning. In

contrast, rats given posttraining ifenprodil (5 mg/kg) exhibited

relatively high levels of freezing, similar to No-Ext controls,

indicating that ifenprodil impaired the retention of fear

extinction. Results (by trial) are shown in Figure 1a. Note that

we use the 5 mg/kg dose because a higher dose (e.g., 10 mg/

kg) impairs fear expression, presumably by affecting routine

synaptic transmission (Rodrigues et al. 2001).

Extinction retention test results (all trials) were statistically

evaluated using a repeated measures ANOVA with group

(vehicle, ifenprodil, No-Ext) as a between-subjects factor and

trials as within-subjects factors (ANOVA: significant main

effects of group [F2,24 = 11.27, P < 0.0005], trial [F4,96 = 13.06,

P < 0.0001], and a significant group 3 trial interaction [F8,96 =
3.16, P < 0.005]). Post hoc comparisons between groups

showed that ifenprodil-treated rats exhibited significantly higher

freezing during extinction retention test as compared with

Figure 1. Fear extinction requires posttraining NR2B activation. (a) Percent freezing during conditioning (first trial and averages of 2--4 and 5--7 tone--footshock trials on Day 1),
trial-by-trial extinction training (20 tone-alone trials on Day 2), and extinction test (5 tone-alone trials on Day 3). Vehicle (white circles) or ifenprodil (black circles) injections were
administered immediately after extinction training (arrow); No-Ext control group (No-Ext; gray triangles). (b) Averaged percent freezing across all extinction test trials for vehicle-
treated (white bar), ifenprodil-treated (black bar), and No-Ext (gray bar) rats. *P\ 0.05 relative to control groups (vehicle and No-Ext) in the same session. þP\0.05 relative to
ifenprodil and vehicle groups in the same session.
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vehicle-treated rats (P < 0.01) and significantly lower as

compared with No-Ext controls (P < 0.05) (Fig. 1b). Thus,

ifenprodil given immediately after extinction training signifi-

cantly impaired the consolidation of fear extinction learning.

As in previous studies, differences between experimental

groups in extinction retrieval were assessed analyzing the first

extinction test trials, whereas re-extinction learning differences

were evaluated analyzing subsequent extinction test trials

(Quirk et al. 2000; Burgos-Robles et al. 2007). Breakdown of

the group 3 trial interaction into the group simple effects at

each trial, followed by post hoc mean comparisons, showed that

freezing levels on the first trials (1--3) were similar in both

ifenprodil-injected and No-Ext controls rats, but significantly

higher than vehicle, indicating a complete failure to retrieve

extinction at the start of the session. In contrast, ifenprodil-

treated rats also showed significantly lower freezing levels than

No-Ext control rats in the last trials (4--5) (P < 0.005), indicating

rapid re-extinction learning. This suggests that blocking NR2Bs

during the extinction consolidation phase impairs plasticity

necessary for the retrieval of the extinction memory.

Posttraining Activation of NR2Bs in LA Is Not Required for
Fear Extinction

As in the previous experiment, all rats showed gradual

reduction in freezing as extinction training progressed, reach-

ing very low freezing levels by the end of extinction training. In

the extinction test, conducted 24 h after extinction training,

rats given posttraining intra-LA vehicle (0.25 ll/side) exhibited
low levels of freezing during the test trials, indicating success-

ful retention of extinction learning. Similarly rats given

posttraining intra-LA ifenprodil (1.0 lg/0.25 ll/side) exhibited
relatively low levels of freezing during test. Coronal drawings of

infusion sites are shown in Figure 2a and results (by trial) are

shown in Figure 2b. It is important to emphasize that we used

a dose (1.0 lg) that impairs fear conditioning (Rodrigues et al.

2001) and that also produces the maximal behavioral impair-

ment on extinction acquisition (Sotres-Bayon et al. 2007).

The extinction retention test results (all trials) were

statistically evaluated using a repeated measures ANOVA with

group (vehicle, ifenprodil, No-Ext) as a between-subjects factor

and trials as a within-subjects factor (ANOVA: significant main

effects of group [F2,28 = 15.37, P < 0.005], trial [F4,112 = 3.34, P <

0.005], and nonsignificant group 3 trial interaction [P > 0.05]).

Post hoc comparisons between groups showed that, as

expected, vehicle-treated rats exhibited significantly lower

freezing during retention test as compared with No-Ext

controls (P < 0.0001). In contrast, ifenprodil-treated rats were

not significantly different from vehicle-treated rats (P > 0.05)

but were significantly different from No-Ext controls

(P < 0.001) (Fig. 2c). Thus, ifenprodil into the LA, given

Figure 2. Fear extinction does not require posttraining NR2B activation in the LA. (a) Coronal drawings show the localization of injector tips (top to bottom relative to bregma: �
2.80 mm and �3.60 mm [adapted from Paxinos and Watson 1998]) from rats infused with vehicle (white circles) or ifenprodil (1 lg; black circles). B: basal amygdala; CE: central
amygdala. (b) Percent freezing during conditioning (first trial and averages of 2--4 and 5--7 tone--footshock trials on Day 1), trial-by-trial extinction training (20 tone-alone trials on
Day 2), and extinction test (5 tone-alone trials on Day 3). Vehicle (white circles) and ifenprodil (black circles) injections were administered immediately after extinction training
(arrow); No-Ext control group (gray triangles). (c) Averaged percent freezing across all extinction retention trials for vehicle-treated (white bar), ifenprodil-treated (black bar), and
No-Ext (gray bar) rats. þP\ 0.05 relative to ifenprodil and vehicle groups in the same session.
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immediately after extinction training, did not impair consoli-

dation of fear extinction.

Posttraining Activation of NR2Bs in the vmPFC Is Required
for Fear Extinction

In this experiment, we decided to infuse ifenprodil into the

vmPFC to test its role in the phase of extinction consolidation

because the pattern of results with systemic ifenprodil

(impaired extinction retrieval and faster re-extinction) re-

semble those routinely found in extinction studies involving

vmPFC manipulations (lesions [Quirk et al. 2000; Lebron et al.

2004] as well as NMDAR [Burgos-Robles et al. 2007] and

noradrenergic blockade [Mueller et al. 2008]).

Similar to our previous experiments, all rats showed a gradual

reduction in freezing during extinction training that resulted in

very low freezing levels by the end of extinction training. One

day after extinction training, in the extinction--retention test,

rats given posttraining vehicle exhibited low levels of freezing

during the test trials, indicating successful retention of

extinction learning. In contrast, rats given posttraining ifen-

prodil (2.0 lg/0.5 ll/midline) into the vmPFC exhibited

relatively high levels of freezing, similar to No-Ext controls,

indicating that ifenprodil intra-vmPFC impaired the consolida-

tion of fear extinction. Coronal drawings of infusion sites are

shown in Figure 3a and results (by trial) are shown in Figure 3b.

The extinction--retention test results (all trials) were

statistically evaluated using a repeated measures ANOVA with

group (vehicle, ifenprodil, No-Ext) as a between-subjects factor

and trials as within-subjects factors (ANOVA: significant main

effects of group [F2,21 = 10.60, P < 0.001] and trial [F4,84 = 8.10,

P < 0.0001], but a nonsignificant group 3 trial interaction [P >

0.05]). Post hoc comparisons between groups showed that

ifenprodil-treated rats exhibited significantly higher freezing

during extinction retention test as compared with vehicle-

treated rats (P < 0.05) and lower compared with No-Ext

controls (P < 0.05) (Fig. 3c). Thus, ifenprodil into the vmPFC,

given immediately after extinction training, impairs the re-

trieval of fear extinction.

Activation of vmPFC NR2Bs during Training Is Not
Required for Fear Extinction

Previous studies using pre-extinction training systemic injec-

tions of the nonsubunit-selective NMDAR antagonist CPP have

implicated NMDARs in fear extinction retention but not in its

acquisition (Santini et al. 2001; Suzuki et al. 2004). However,

systemic results from our previous report, also using pre-

extinction training manipulations, indicate that NMDARs

containing the 2B subunit are required for fear extinction

acquisition and the intra-LA results indicate that activation of

these receptors in the LA is required (Sotres-Bayon et al. 2007).

Figure 3. Fear extinction requires posttraining NR2B activation in the vmPFC. (a) Coronal drawings show the localization of injector tips (top to bottom relative to bregma: þ3.20
mm and þ2.70 mm (adapted from Paxinos and Watson 1998) from rats infused with vehicle (white circles) or ifenprodil (2 lg; black circles). IL: infralimbic cortex; PrL: prelimbic
cortex. (b) Percent freezing during conditioning (first trial and averages of 2--4 and 5--7 tone--footshock trials on Day 1), trial-by-trial extinction training (20 tone-alone trials on Day 2),
and extinction test (5 tone-alone trials on Day 3). Vehicle (white circles) and ifenprodil (black circles) injections were administered immediately after fear extinction (arrow); No-
Ext control group (No-Ext; gray triangles). (c) Averaged percent freezing across all extinction retention trials for vehicle-treated (white bar), ifenprodil-treated (black bar), and No-
Ext (gray bar) rats. *P\ 0.05 relative to control groups (vehicle and No-Ext) in the same session. þP\ 0.05 relative to ifenprodil and vehicle groups in the same session.
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Further, we also noted that our systemic effect was stronger

than the intra-LA effect, suggesting that besides amygdala,

NR2Bs in another structure may also participate. Although

substantial evidences shows that the vmPFC is involved in fear

extinction consolidation/retrieval (Quirk et al. 2006), recent

findings also suggest the vmPFC also plays a role in extinction

acquisition (Zushida et al. 2007). Therefore, as a control for

potential effects of NMDAR blockade in the vmPFC during

extinction acquisition, in this experiment, we assessed

whether blockade of NR2B-containing NMDARs in the vmPFC

affects extinction learning by locally infusing ifenprodil into the

vmPFC before extinction training.

Rats infused with vehicle or ifenprodil (0 and 2.0 lg/0.5 ll,
respectively) into the vmPFC, 15 min before extinction

training, exhibited similar tone-elicited freezing during the

first trial of extinction training indicating that the fear memory

was acquired and expressed to the same extent in all groups.

Over the course of the 20 extinction training trials, vehicle- and

ifenprodil-treated rats showed a gradual reduction in freezing

levels, with virtually no freezing by the end of extinction

training. Accordingly, both control and drug groups behaved

similarly also during the drug-free extinction test the next day.

Coronal drawings of infusion sites are shown in Figure 4a and

results (by trial) are shown in Figure 4b. Statistical analysis

confirmed that both groups showed the same level of freezing

throughout the experiment (Fig. 4c). These results suggest that

NR2B-containing NMDARs in the vmPFC are not necessary for

the acquisition of extinction learning and hence further

support the notion that NMDAR-mediated activity in the

vmPFC is not required for the acquisition but crucially engaged

posttraining during the consolidation phase of fear extinction.

Discussion

In this study and a previous one (Sotres-Bayon et al. 2007), we

evaluated the effects of systemic injections of the NR2B

antagonist ifenprodil as well as local infusions in the LA and

vmPFC. Our systemic results show that pretraining blockade of

NR2Bs disrupts extinction acquisition (Sotres-Bayon et al.

2007), whereas posttraining blockade disrupts its consolidation

(this study). In local infusion studies, we found that NR2B

pretraining blockade in the LA disrupted extinction acquisition

(Sotres-Bayon et al. 2007), whereas posttraining infusions in the

LA had no effect (this study). On the other hand, NR2B

pretraining blockade in the vmPFC had no effect on extinction

acquisition, whereas posttraining infusions in the vmPFC

disrupted its consolidation (this study). Together, these results

show a double dissociation of the role of NR2Bs in the LA

(acquisition, not consolidation) and vmPFC (consolidation, not

acquisition) in fear extinction.

NR2B Contribution in Extinction

Evidence for the timing of NMDAR-mediated contributions to

fear extinction learning has been unclear. NMDARs are known

Figure 4. Fear extinction does not require NR2B activation in the vmPFC during training. (a) Coronal drawings show the localization of injector tips (top to bottom relative to
bregma: þ3.20 mm and þ2.70 mm (adapted from Paxinos and Watson 1998) from rats infused with vehicle (white circles), ifenprodil (2 lg; gray circles). IL: infralimbic cortex;
PrL: prelimbic cortex. (b) Percent freezing during conditioning (first trial and averages of 2--4 and 5--7 tone-footshock trials on Day 1), trial-by-trial extinction training (20 tone-alone
trials on Day 2), and extinction test (5 tone-alone trials on Day 3). Vehicle (white circles), ifenprodil (black circles) injections were administered before extinction training (arrow).
(c) Averaged percent freezing across all extinction training and extinction retention trials for vehicle-treated (white bars), and ifenprodil-treated (black bars) rats.
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to play an important role in memory acquisition during

training, mediated via synaptic plasticity induction (Riedel

et al. 2003). However, emerging evidence indicates that for

several forms of learning, this receptor is also required after

training during memory consolidation phase (Shimizu et al.

2000; Cui et al. 2005; McDonald et al. 2005; Schicknick and

Tischmeyer 2006) (however, see Day and Morris 2001). Using

NMDAR antagonist CPP, previous studies suggested that

NMDARs systemic blockade before extinction training prevents

the consolidation of this learning, but not its acquisition,

consistent with the view that NMDARs are key for memory

consolidation (Santini et al. 2001; Suzuki et al. 2004). However,

using the NR2B subunit--selective antagonist ifenprodil, we

recently found that the same treatment attenuates the initial

acquisition, and consequently the subsequent retrieval of

extinction, consistent with the notion that NMDARs are crucial

for the initial acquisition of the extinction memory (Sotres-

Bayon et al. 2007). Therefore, to directly examine the role of

NR2Bs in extinction consolidation, here we used posttraining

injections and found that ifenprodil impairs subsequent

performance, supporting a role for NR2B activation during

consolidation. Further analysis revealed that ifenprodil-treated

rats showed impaired retrieval of extinction followed by faster

re-extinction rates, suggesting that blocking NR2Bs during the

extinction consolidation phase may impair plasticity necessary

for the retrieval of the extinction memory. Thus, it appears that

NMDARs are required for both the acquisition and consolida-

tion phase of the extinction experience.

Further, here we examined whether the consolidation effect

is mediated via the vmPFC and/or the LA. Our data show that

activation of NR2Bs within the vmPFC, but not in the LA, is

required after extinction training, indicating a role for vmPFC

NR2Bs during the consolidation phase of the extinction

experience.

NR2B Contribution in vmPFC after Extinction Training

Converging evidence using a variety of techniques (lesion, local

inactivation, recording, stimulation as well as metabolic

mapping in rodents, and functional imaging in humans)

indicates that the vmPFC is engaged after extinction training

occurs (Quirk et al. 2006; Rauch et al. 2006; Sotres-Bayon et al.

2006; Quirk and Mueller 2008). Thus, it is not surprising that

NMDARs in the vmPFC have been involved after, rather than

during, extinction training. Notably, in a recent report, Burgos-

Robles et al. (2007) found that NMDAR-dependent bursting in

the vmPFC is required for the initial 2 h of posttraining

processing of extinction. They further suggested that the

observed bursting could be generated by instructive input

signals from hippocampus (Corcoran et al. 2005; Hugues et al.

2006); amygdala activity is another candidate input signal in

this phenomenon (Garcia et al. 1999; Ishikawa and Nakamura

2003). However, Burgos-Robles et al. (2007) did not distinguish

between NMDAR subtypes that are known to confer this

receptor with distinct functional properties. That this may be

important is suggested by results of recent studies showing that

NR2Bs in mPFC are necessary for long-term potentiation and

depression as well as contextual fear memory (Toyoda et al.

2005; Zhao et al. 2005). Consistent with these latter findings,

we show that blockade of NR2Bs in vmPFC impairs posttraining

processing of extinction.

Local infusion into the vmPFC of NMDAR antagonists

ifenprodil (this report), as well as CPP (Burgos-Robles et al.

2007), immediately after extinction training impairs extinction

retention, suggesting its role in extinction consolidation.

Relative to each other, ifenprodil has higher affinity for NR2B,

and CPP for the NR2A subunit (Lozovaya et al. 2004), suggesting

NMDA-dependent processing in the vmPFC is required. It is

important to emphasize that rats given posttraining ifenprodil

manipulations in this study showed savings in the rate of re-

extinction, as indicated by the systemic results and the trend

seen with infusions into vmPFC. In fact, this is consistent with

prefrontal extinction deficits found in previous studies using

lesions (Quirk et al. 2000; Lebron et al. 2004) as well as NMDAR

(Burgos-Robles et al. 2007) and noradrenergic blockade (Mueller

et al. 2008). In contrast, no such trend was evident following

infusions in LA (Sotres-Bayon et al. 2007). This suggests that

NR2B-mediated processing after extinction training may be

involved with the learning that is needed for extinction retrieval

rather than simply the consolidation of the original ‘‘extinction

memory trace.’’ Further, because the return of fear at extinction

test followed by rapid re-extinction is reminiscent of contextual

renewal, it suggests that the vmPFC may encode contextual

information related to extinction rather than extinction per se.

Indeed, induction of extinction-mediated plasticity in the vmPFC

after extinction training may involve reactivation or ‘‘rehearsal’’

strategies (Wang et al. 2006), in extinction circuits that may

include the amygdala and hippocampus (Hobin et al. 2003;

Sotres-Bayon et al. 2004).

What exactly does it mean that vmPFC activity after

extinction training is NMDA dependent? Consistent with the

traditional role of NMDARs in the induction of neural plasticity

during the acquisition of learning, NMDARs in the vmPFC may

be required after training to acquire an important aspect of the

extinction experience. At this time point (after extinction

training), the vmPFC may encode the new reinforcement

contingencies by putting together relationships between differ-

ent input sources (e.g., inputs from amygdala and hippocampus),

which in turn may later (during extinction retrieval) serve to

shift behavioral strategies to rapidly inhibit the previously

learned fear response. This interpretation is parsimonious with

a cellular consolidation view where both amygdala and vmPFC

encode, at particular times, different aspects of the extinction

experience. Thus, induction of extinction-mediated plasticity in

the vmPFC may be required during the consolidation phase

(immediately after training) of the extinction experience.

NR2B Contribution in the Amygdala during Extinction
Training

The amygdala is an obvious place to consider when searching

for fear extinction-related changes, given its known role in fear

learning and expression (LeDoux 2000). In contrast to

accumulated evidence that suggests a role of the amygdala in

fear extinction acquisition (Davis et al. 2003; Lin et al. 2003;

Herry et al. 2006; Sotres-Bayon et al. 2007), its role in extinction

consolidation has been explored sparsely. Thus, the importance

of the negative effect of postextinction LA infusions of

ifenprodil (this study) becomes clear when comparing to the

positive effect of postextinction vmPFC infusions (this study)

and of pre-extinction infusions reported in our previous study

using the same dose and identical behavioral procedures

(Sotres-Bayon et al. 2007).

Although here we found that amygdala NR2Bs are not

necessary for posttraining extinction consolidation, this does
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not mean that molecular processes within the amygdala are

uninvolved in this process. In fact, a few recent studies suggest

that the amygdala plays an important role in extinction

consolidation (Akirav et al. 2006; Berlau and McGaugh 2006).

Notably, a recent study found that amygdala brain-derived

neurotrophic factor (BDNF) signaling is required for consoli-

dation but not acquisition of extinction (Chhatwal et al. 2006).

Interestingly, BDNF activity appears to involve NR2As but not

NR2Bs (Chen et al. 2007). This raises the possibility that while

extinction acquisition requires NR2B receptors in the amygdala

(Sotres-Bayon et al. 2007), extinction consolidation may

depend on NR2A activation in the amygdala, thereby resulting

in BDNF upregulation. Nonetheless, because the role of NR2A

in extinction has not been explored, it is still possible that

amygdala contribution to fear extinction consolidation is

NMDAR independent. Further experiments are necessary to

understand the molecular mechanisms in the amygdala

engaged during extinction consolidation.

NR2B Contribution to Extinction: Amygdala during
Training and vmPFC after Training

An important goal in extinction research is to understand the

neural and molecular mechanisms that underlie each of the

phases of the extinction experience. It is clear that a network

of brain regions, including amygdala and vmPFC, are involved in

encoding extinction learning as well as storage of the

extinction memory necessary for its later retrieval in the

appropriate environmental conditions. However, little is known

regarding when and how each of these structures contributes

to each phase of the extinction process. Our findings suggest

that NR2B activation is engaged in the vmPFC and amygdala at

different times in the extinction learning process: during

extinction training in the amygdala and after extinction

training in the vmPFC. Thus, we propose that the amygdala

gradually encodes extinction, via NR2Bs, during extinction

training (within-session extinction) (Sotres-Bayon et al. 2007)

but not afterward, while the vmPFC encodes extinction offline,

via NMDARs, after extinction training has occurred (between-

session extinction). This does not exclude that other molecular

processes within the amygdala and vmPFC are required to

consolidate extinction learning; it simply emphasizes that in

the phase of extinction processing after training only NR2B-

mediated processing in the vmPFC, but not in the amygdala, is

crucial. Finally, when presented with the appropriate environ-

mental conditions (extinction test), the information stored in

the extinction circuit (including amygdala and vmPFC) allows

for rapid reduction of fear responses (see Fig 5).

In conclusion, our findings highlight the importance of

timing and brain localization of NMDA-mediated processing in

fear extinction learning. Future research will undoubtedly seek

to further understand the molecular events that lead to fear

extinction and how the neural mechanism engaged in different

brain structures, including amygdala and vmPFC, interact to

encode the extinction memory, stabilize it during consolida-

tion, and ultimately coordinate its expression.
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