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Extinction of conditioned fear in animals is the explicit model of behavior therapy for human anxiety disorders,
including panic disorder, obsessive-compulsive disorder, and post-traumatic stress disorder. Based on previous data
indicating that fear extinction in rats is blocked by quinpirole, an agonist of dopamine D2 receptors, we
hypothesized that blockade of D2 receptors might facilitate extinction in mice, while agonists should block extinction,
as they do in rats. One day after fear conditioning mice with three pairings of a white noise conditional stimulus
(CS) with moderate footshock, we injected the D2 antagonist, sulpiride, the D2 agonist, quinpirole, or vehicle, just
before repeated CS presentations to generate extinction. We assayed fear by measuring behavioral freezing during
extinction presentations and then drug-free during CS presentations 1 d later. We found that sulpiride injections
before extinction training facilitated extinction memory 24 h later, while quinpirole partially blocked extinction
memory compared with vehicle-injected controls. Notably, sulpiride treatment yielded significant extinction after
spaced CS presentations, which yield no extinction at all in vehicle-treated mice. These findings suggest that
dopamine D2-mediated signaling contributes physiological inhibition of extinction, and that D2 antagonists may be
useful adjuncts to behavior therapy of human anxiety disorders.

Extinction of conditioned fear in mammals is an important pre-
clinical model of behavior therapy, one of the most effective
treatments for human anxiety disorders (Wolpe 1969; Craske
1999). Despite the efficacy of behavior therapy for human anxi-
ety disorders, extinction-like treatments require repeated cue ex-
posures and are vulnerable to reversal by a number of environ-
mental factors. Thus, a deeper understanding of the synaptic
mechanisms of extinction may permit the development of ad-
junctive medications to facilitate extinction learning, and per-
haps, to make it more permanent.

Anxiety disorders affect about 16% of the American popu-
lation and include panic disorder (PD, 1.7%), obsessive-
compulsive disorder (OCD, 2.3%), post-traumatic stress disorder
(PTSD, 3.6%), generalized anxiety disorder (GAD, 2.8%), social
phobia (2%), and simple phobias (8%) (US-Surgeon-General
1999). The rate of PTSD may well go higher in the context of
current wars and terrorist acts. Given the enormous burden of
such anxiety disorders, we are fortunate in having a reasonable
animal model for the acquisition of some of these fears, that is,
classically conditioned fear, and an even better animal model of
an effective treatment method for those disorders, extinction of
conditioned fear.

Pavlovian, or classical, fear conditioning has long been an
important model both of associative learning and of the etiology
of human anxiety (Watson and Rayner 1920; Eysenck 1979;
Wolpe and Rowan 1988). Temporal pairing of a neutral condi-
tional stimulus (CS) with an aversive unconditional stimulus
(US) generates robust conditional fear responses upon subse-
quent presentations of the CS in experimental animals, including
mice. Fearful mice or rats show responses similar to those of
human fear and anxiety, including increases of blood pressure
and heart rate, changes in respiration, increased startle responses,
and behavioral freezing (Blanchard and Blanchard 1969; Archer
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1973; Bolles and Fanselow 1980; Davis 1992; Blanchard et al.
1997; LeDoux 2000). Extinction of conditioned fear is the pro-
gressive decrease of the fear response generated by the repeated
presentation of the CS without any US. Considerable evidence
indicates that extinction, like fear acquisition, is active learning,
which inhibits rather than erases the original association. For
example, even completely extinguished fear can return sponta-
neously after the passage of time (Baum 1988) or be “reinstated”
by presentations of US alone (Rescorla and Heth 1975). Further-
more, conditional fear is “renewed” when the CS is presented in
a context different from that where extinction took place (Bou-
ton and King 1983). Thus, extinction appears only to inhibit the
expression of an intact underlying fear, and extinction memory
is labile and weak compared with fear conditioning itself. It is
likely that factors like these account for the inefficiency of be-
havior therapy for human anxiety. Thus, the identification of
pharmacological means of facilitating extinction, particularly us-
ing systemic administration, will likely yield effective adjunctive
treatments to accelerate behavior therapy.

One group has already provided proof of this principle. Like
many other forms of learning and synaptic plasticity, including
fear acquisition, extinction depends on NMDA-type glutamate
receptor activity (Falls et al. 1992; Baker and Azorlosa 1996; Lu et
al. 2001). Exploiting this dependence, several researchers have
recently shown and confirmed that d-cycloserine, an agonist at
the glycine-binding site of the NMDA receptor, facilitates both
fear extinction (Walker et al. 2002; Ledgerwood et al. 2003, 2004)
and behavior therapy (Ressler et al. 2004).

On the other hand, we and others have recently shown that
extinction differs from fear acquisition at the molecular level,
since extinction, but not acquisition or expression, of condi-
tioned fear depends on L-type voltage-gated calcium channels
(LVGCCs) (Cain et al. 2002; Frankland et al. 2002; Suzuki et al.
2004). Such differences from other forms of learning promise to
point to mechanisms of particular interest for understanding
brain function in inhibitory learning and psychotherapy.

One difference between extinction and excitatory learning
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(learning that tends to cause increases in conditioned respond-
ing) is in the effect of trial spacing. A very general excitatory
learning rule is that memory is stronger when training trials are
“spaced” or distributed in time (Ebbinghaus 1885/1913; Carew
and Kandel 1973; Fanselow and Tighe 1988; Fanselow et al. 1993;
Tully et al. 1994; Kogan et al. 1997; Freudenthal et al. 1998;
Barela 1999; Josselyn et al. 2001). We recently reported that, in
contrast to most acquisition learning, more short- and long-term
extinction of cue fear followed temporally massed CS presenta-
tions than spaced presentations (Cain et al. 2003). In fact, mice
that receive temporally spaced CS presentations show increases
in fear during CS presentation (Cain et al. 2003, 2004). Although
no persistent increases in fear were observed in these spaced ex-
periments, mice given spaced CS presentations failed to extin-
guish, despite receiving many nonreinforced CS presentations.
The pattern of the behavioral data during the CS presentations in
those experiments led us to hypothesize that CS presentations
initiate two opposing mechanisms as follows: (1) a fear-reducing
mechanism (extinction) favored by CS massing, and (2) a fear-
increasing mechanism (incubation) favored by CS spacing.

Modulatory neurotransmitters may affect the balance be-
tween extinction and incubation. For example, we have recently
investigated the role of the adrenergic system using propranolol,
a B-adrenergic antagonist, and yohimbine, a blocker of autoin-
hibitory presynaptic o-2 adrenergic receptors that acts as an in-
direct adrenergic agonist by potentiating adrenergic neurotrans-
mission. We found that yohimbine potentiated extinction
compared with vehicle with low numbers of massed CS presen-
tations, though only in a modulatory way; with enough presen-
tations, animals treated during extinction training with yohim-
bine, propranolol, or vehicle all showed equal extinction (Cain et
al. 2004). More interestingly, treatment with yohimbine before
spaced exposures yielded significant extinction compared with
vehicle-treated controls, which showed no change in fear at all,
while propranolol yielded day-to-day incubation or increases in
fear. This facilitation of extinction by yohimbine is consistent
with the hypothesis that extinction is a form of learning, since
the adrenergic system has been implicated in many forms of
learning. For example, propranolol has been shown to block nu-
merous forms of learning in rodents (Liang et al. 1986; Cahill et
al. 1994; Izquierdo and Medina 1997; McGaugh 2000; Berman
and Dudai 2001; McGaugh and Roozendaal 2002).

We have now begun to examine the effect of a different
modulatory neurotransmitter system on fear extinction, the do-
paminergic system. Blockade of dopamine receptors, including
D1/DS and D2-like dopamine receptors, blocks many forms of
acquisition learning (Guarraci et al. 1999; Greba et al. 2001; Shah
et al. 2004), while D1/DS agonists can facilitate learning (Hersi et
al. 1995; Bach et al. 1999; Guarraci et al. 1999). However, dopa-
minergic transmission has unclear effects on fear extinction. Sys-
temic injections of amphetamine, which cause massive dopa-
mine release, have been shown to retard extinction of fear-
potentiated startle, though this may be due to their aversive
effects (Willick and Kokkinidis 1995; Rademacher et al. 2000;
Ettenberg 2004; Dieu et al. 2005). However, the D1-agonist, SKF
38393, also blocks extinction, suggesting that the blockade of
extinction by dopamine may be through D1 receptors (Willick
and Kokkinidis 1995; Borowski and Kokkinidis 1998). However,
cocaine and SKF38393 administered separately from extinction
training also reversed extinguished fear-potentiated startle, rais-
ing the question of whether increased dopamine neurotransmis-
sion blocked the learning of extinction, or instead, caused rein-
statement of extinguished fear by acting as a general stressor. In
apparent contradiction to these findings, prefrontal dopamine
depletion (Fernandez Espejo 2003) and genetic knock out of the
D1 receptor (El-Ghundi et al. 2001) also delayed extinction. The

400 Learning & Memory

www.learnmem.org

role of the D2 receptor in extinction seems somewhat clearer,
perhaps because there is only one direct study of it; quinpirole, a
D2-like dopamine receptor agonist has been shown to block ex-
tinction in rats (Nader and LeDoux 1999). These studies sug-
gested to us that D2 blockade might facilitate extinction as well.
This may seem an obvious extension from the finding that the
D2 agonist blocks extinction. However, the demonstration that a
mechanism is sufficient is a far stronger test than to show that it
is necessary.

Here, we report that D2-like dopamine antagonism by sulp-
iride, given during extinction training, facilitates the learning of
extinction with both massed and spaced CS presentations in
mice. By comparison, the blockade of extinction by quinpirole in
mice is partial and usually insignificant.

Materials and Methods

Subjects

Naive 15- to 22-wk-old C57/bl6 male mice (Taconic) were housed
four per cage, maintained on a 12:12 light/dark schedule, and
allowed free access to food and water. All testing was conducted
during the light phase in illuminated testing rooms following
protocols approved by UCLA'’s Institutional Animal Care and Use
Committee.

Drugs

(S)-(-) Sulpiride (1-40 mg/kg; Sigma) was dissolved in a constant
volume of 0.1 NHCI, then neutralized with 0.1 M NaHCO3 (pH
6.9) and brought up to volume. (-)-Quinpirole hydrochloride
(0.25-2 mg/kg; Tocris) was dissolved in PBS. Each drug, or ve-
hicle, was injected intraperitonially (i.p.) at 10 mL/kg, 45 min
prior to behavioral testing for sulpiride and 30 min prior to be-
havioral testing for quinpirole.

Conditioning apparatus

Two contexts (A and B), in separate rooms, were used for all
behavioral testing. Shuttle-box compartments (#ENV-010MC;
Med Associates) measuring 20.3 X 15.9 X 21.3 cm served as
context A, and conditioning boxes (#ENV-008; Med Associates)
measuring 30.5 X 24.1 X 21 cm served as context B. Both con-
texts A and B had transparent front and back walls and stainless-
steel grid floors (3.2 mm diameter, 8 mm centers), but the grid
floors in B were covered with white plexiglass inserts. Context A
was wiped down before testing with 10% ethanol and context B
with 10% methanol. Individual video cameras were mounted in
the ceiling of each chamber and connected via a quad processor
to a standard VCR and monitor for videotaping and scoring of
freezing. The behavior of mice was videotaped throughout each
session and freezing was scored later by an experienced investi-
gator who was blinded to treatment classification of the mice,
using a 5-sec instantaneous time sampling technique (12 obser-
vations/min). Grid floors in context A were connected to a
scrambled shock source (ENV-412 and ENV-413; Med Associates).
Auditory stimuli (ANL-926; Med Associates) were delivered via a
speaker in the chamber wall. Delivery of stimuli was controlled
with a PC and Med-PC software through a SmartCTL Interface
System (DIG-716; Med Associates). Background white noise was
maintained at 62 dB throughout behavioral testing.

Behavioral testing

Acquisition test

The acquisition test of sulpiride effects comprised two phases, 24
h apart as follows: (1) fear acquisition and (2) testing. Acquisition
of cue fear took place in context A, after drug or vehicle injec-
tions, and consisted of a 2-min acclimation period followed by
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three pairings (2 min ITI) of a 2-min white noise CS (80 dB)
coterminating with a 2-sec 0.7 mA footshock US. The mice re-
mained in the context for 2 min after the last footshock. Testing
occurred in context B, drug-free, and consisted of a 2-min accli-
mation followed by three CS presentations in the same temporal
pattern as acquisition.

Extinction experiments

All fear extinction experiments comprised three phases as fol-
lows: (1) fear acquisition, (2) CS-alone presentations, and (3) test-
ing. Each phase was separated from the preceding one by 1 d to
allow for memory consolidation. Acquisition of cue fear took
place in context A. All CS presentation and testing sessions oc-
curred in context B. Fear acquisition was always conducted in the
drug-free state, and consisted of a 2-min acclimation period fol-
lowed by three pairings (2 min ITI) of a 2-min white noise CS (80
dB) coterminating with a 2-sec 0.7 mA footshock US. Freezing
was scored during the last CS, and mice were then assigned to
experimental groups in order to match the groups for average
freezing. Mice were injected with drug or vehicle before CS pre-
sentations on Day 2. Testing on Day 3 was conducted drug-free
and consisted of three 2-min CS presentations (2 min ITI). Each
experiment included a retention control (RC) group, which re-
ceived identical acquisition training, and spent equal time in
context B on Day 2 after vehicle injection to the experimental
group, but received no CS presentations. A 2-min acclimation
period preceded the CS presentations on Days 2 and 3, and the
last CS on Day 2 was also followed by a 2-min period before the
mice were removed from the chambers.

Dopaminergic manipulation during CS presentations

Five separate experiments examined the effects of dopaminergic
manipulation on extinction learning during massed CS presen-
tations. One day after fear acquisition, mice received 0, 5, 10, 20,
or 40 2-min CS exposures (5 sec ITI) after drug or vehicle injec-
tions. One experiment examined the effects of dopaminergic ma-
nipulations during spaced CS presentations. One day after fear
acquisition, after drug or vehicle injections, mice received seven
CS presentations at a 20-min ITI. In all experiments, the final test
was performed, drug-free, on Day 3.

Spontaneous locomotor activity

Following drug injections of the same drugs and doses as in the
extinction experiments, naive mice were placed in a novel illu-
minated open field box (30.5x24.1x21 cm) and allowed to ex-
plore freely for 1 h. One day later, all animals were returned to
the open field, drug-free, for 1 h. Locomotor activity was quan-
tified by dividing the floor into four squares and scoring line
crossings during the first 10 min on each day.

Statistical analyses

Percent freezing scores were calculated by dividing the instances
of freezing observed by the total observations and multiplying by
100. All data represent mean freezing percentages (=SEM) for
groups of mice during specified time bins. For the dose-finding
studies, average freezing during the test CS presentations was
analyzed using one-way ANOVA with a post-hoc Dunnett’s Test,
using the vehicle-treated group as the comparison group for the
acquisition experiment and the 1 mg/kg quinpirole group for the
extinction experiment. For the extinction experiments, average
freezing during the three test CS presentations was analyzed with
one-way ANOVA and post hoc Dunnett’s Test using the group
extinguished after vehicle treatment as the control (when main

effects were significant). Time-course data were analyzed with
mixed ANOVA and Bonferroni post-tests. Differences were con-
sidered significant if P < 0.05.

Results

Determining optimal dosing for sulpiride and quinpirole
For sulpiride, we tested the effects of a series of doses on fear
acquisition to determine the optimal dose. We used acquisition
for this experiment, since previous studies indicated that D2 an-
tagonists interfere with fear conditioning (Niemegeers et al.
1969; Greba et al. 2001), and we didn’t have any way to predict
the number of CS presentations that might reveal a sulpiride
facilitation of extinction. We injected different doses of sulpiride
(1-40 mg/kg) or vehicle 45 min before training mice with three
CS-US pairings. One day later, animals were tested for freezing
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Figure 1. Dose-finding experiments for sulpiride and quinpirole. (A)
Protocol for dose-finding experiment for sulpiride. Dark box indicates
phase of experiment shown in graphs. Mice were injected with vehicle or
the indicated doses of sulpiride 45 min before fear conditioning with
three pairings of CS and US. One day later, they were tested for fear of the
CS in a different context. Dark box indicates the part of the protocol
illustrated in the graph below. (B) Average freezing during three CS pre-
sentations at test. (*) P < 0.05 vs. vehicle-treated animals. n’s = 8/group.
(©) Protocol for the dose-finding experiment for quinpirole. Mice were
fear conditioned with three CS-US pairings on Day 1. On Day 2, they
were injected with vehicle or the indicated doses of quinpirole 30 min
before 30 CS presentations, or no CS presentations for retention control
(RC) groups, in a different context from conditioning. On Day 3, all
groups were tested for fear of the CS in the extinction context. (D) Av-
erage freezing during three CS presentations at test. (+) P < 0.01 vs. both
RC groups. (*) P < 0.05 vs. vehicle-treated. n’s = 7 or 8/group.
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Figure 2. Effect of D2 dopaminergic agents on long-term extinction
memory. (A) Protocol for experiments. Mice were fear conditioned on
Day 1 with three CS-US pairings in Context A. On Day 2, they were
injected with vehicle or sulpiride (20 mg/kg) 45 min before or with quin-
pirole (1 mg/kg) 30 min before extinction with the indicated number of
CS presentations in Context B. Retention control (RC) groups spent
equivalent times in Context B, but received no CS presentations. On Day
3, all mice were tested for freezing during three CS presentations in
Context B, and the results are averaged in the graphs. Separate experi-
ments examined the effects of vehicle, sulpiride, and quinpirole on ex-
tinction with 0 (B), 5 (B,C), 10 (D), 20 (E), or 40 (F) nonreinforced CS
presentations (n's = 7 or 8/group). (G) Presentation of these data nor-
malized to the RC group in each experiment. (*) P<0.05 vs. RC; (+)
P < 0.05 vs. sulpiride extinction; (#) P < 0.05 vs. quinpirole extinction.

during three CS presentations in a different context, to avoid
contamination of the results with fear of the context (Fig. 1A).
The ANOVA was significant (Fig. 1B) [F 3s) = 4.340, P <0.01].
Sulpiride generated a U-shaped dose-response curve with signifi-
cant blockade of fear acquisition at 10 and 20 mg/kg of sulpiride
(P <0.05, compared with vehicle-treated mice), and we chose to
use 20 mg/kg for our further studies. For quinpirole, which has
previously been shown to block extinction learning in rats
(Nader and LeDoux 1999), we performed a dose-response experi-
ment on extinction, injecting animals with 0.25-2 mg/kg before
30 CS presentations, designed to generate extinction in vehicle-
treated animals. One day later, all groups were tested, drug-free,
for freezing during three CS presentations in the extinction
context (Fig. 1C). The ANOVA was significant (Fig. 1D)
[F(6,45) = 13.43, P < 0.01] and quinpirole blocked extinction with
an inverted U-shaped dose-response curve. Mice treated with 1
mg/kg quinpirole froze significantly more than vehicle-treated
animals (P < 0.05), but remained significantly extinguished rela-
tive to both retention control groups (P < 0.01). We therefore
chose to use this dose for our further experiments.

D2-like dopamine effects on extinction with massed

CS presentations
In all of the extinction experiments (Fig. 2), pre-CS freezing was
low, and statistically identical for all groups in all experiments,
indicating that context generalization, sensitization, and second-
order conditioning were not significant factors during the final
test (data not shown).

Mice treated with sulpiride or quinpirole on Day 2, but not
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exposed to any CSs, exhibited levels of freezing at the final test
on Day 3, similar to those treated with vehicle [F,,;, =0.6172,
P =0.887] (Fig. 2B), indicating that the drugs had no effect on
retained fear memory by themselves, and did not interfere with
fear recall, motivation, or performance a day later. After CS pre-
sentations on Day 2, freezing differed between the groups during
most final tests; five CS [F; ,5) =2.76, P =0.061), 10 CS
[F(3,28) = 6.070, P < 0.01]; 20 CS [F(3 55, = 15.10, P < 0.001], 40 CS
[F(3,28) = 19.28, P <0.001]. As expected, more CS presentations
on Day 2 generated more long-term extinction on Day 3. Ve-
hicle-treated mice that received 20 or 40 CSs on Day 2 froze
significantly less than nonextinguished RC mice (P < 0.05) (Fig.
2E,F), whereas those receiving five or 10 CS showed no long-term
extinction (P > 0.05) (Fig. 2C,D). Mice treated with sulpiride prior
to the Day 2 CS presentations froze significantly less than ve-
hicle-treated mice when only 10 CS were given on Day 2
(P <0.01) (Fig. 2D). The appearance of low levels of freezing im-
plies that the combination of sulpiride and minimal numbers of
CSs favors extinction. Quinpirole did not block extinction in any
of these experiments. Even though with 20 massed CSs, the quin-
pirole-treated group showed about 60% freezing, which is very
close to that of the nonextinguished group, which showed about
70% freezing, the quinpirole group was not significantly differ-
ent from that extinguished with vehicle (Fig. 2E).

To examine the effect of these agents on extinction acutely,
we measured freezing during the first five CS presentations of
extinction training. Since all of the mice in the experiments in-
volving five to 40 CS presentations during extinction were
treated identically through the fifth presentation, we pooled the
data from the different experiments to increase the power of the
analysis (Fig. 3). There was a significant interaction in mixed
ANOVA [F(g 368) = 2.52, P <0.05], as well as effects of group
[F2,368) = 9.83, P < 0.01] and trial [F 365, = 15.7, P < 0.01]. All of
the groups were different from each other in overall freezing
(P’s < 0.05) with sulpiride-treated mice freezing more, and quin-
pirole-treated freezing less than controls, but the only significant
interaction (indicating a difference in rate of extinction) at post-
test was between quinpirole-treated and sulpiride-treated ani-
mals. The decreased freezing evident by inspection in the quin-
pirole-treated animals may be due to the complicated effects of
quinpirole in this dose range on locomotor activity; at higher
doses, quinpirole increases locomotion, whereas the opposite is
seen with lower doses (Eilam and Szechtman 1989). Notably, this
difference never significantly affected Day 3 freezing in these
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Figure 3. Effect of D2 dopaminergic agents on extinction acquisition.
Data are consolidated for the first five CS presentations in the 5, 10, 20,
and 40 massed extinction experiments, since all animals were treated the
same during those presentations (n = 35-36). (A) Schema of experiment.
(B) Average freezing during each presentation. Mixed ANOVA is signifi-
cant for interaction, group and time (P < 0.05).
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experiments, compared with vehicle-treated animals, as noted
above.

Spaced extinction and dopaminergic manipulations

After training as usual on Day 1, and seven spaced CS presenta-
tions (20 min ITI) on Day 2 after drug injections, during the
drug-free Day 3 test session pre-CS freezing was minimal for all
groups of mice (Fig. 4). There were significant differences in freez-
ing during the test CSs [F(3 3;, = 8.198, P < 0.01]. Consistent with
previous experiments (Cain et al. 2003), the acute fear incubation
observed on Day 2 did not persist to the Day 3 test. There were no
significant differences between the retention control, vehicle-
and quinpirole-treated groups on Day 3 (P > 0.05). However,
mice treated with sulpiride on Day 2 froze significantly less than
retention control, vehicle-treated, and quinpirole-treated mice
during the Day 3 test (P < 0.01). Notably, when freezing was mea-
sured during all seven CS presentations on Day 2, there was no
interaction and no difference between the groups.

Spontaneous locomotor activity

On day 1, the ANOVA was significant, and both drugs tended to
decrease locomotor activity compared with vehicle, but only
sulpiride did so significantly (P < 0.05) (Fig. 5). There was no
difference among the groups in locomotor activity during the
drug-free test on Day 2, indicating that there were no residual
effects on motor activity that might account for the differences
in freezing that we saw after extinction training in the experi-
ments above.

Discussion

We used a dopamine D2-like receptor agonist, quinpirole, and an
antagonist, sulpiride, to investigate the role of D2 receptors in
fear-extinction in mice. We generated dose-response curves, us-
ing acquisition for sulpiride and extinction for quinpirole, to
determine optimal systemic dosing for these two compounds in
fear-conditioning protocols in mice (Fig. 1). These doses of sulp-
iride and quinpirole had no effect by themselves on the retention
or expression of conditioned fear at ceiling when injected with-
out CS presentations (Fig. 2B). Furthermore, these drugs had no
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Figure 4. Effect of D2 dopaminergic agents on response to spaced CS
presentations. (A) Protocol for experiment. Mice were fear conditioned
on Day 1 with three CS-US pairings in Context A. On Day 2, they were
injected with vehicle or sulpiride (20 mg/kg) 45 min before or with quin-
pirole (1 mg/kg) 30 min before seven spaced CS presentations in Context
B (20 min ITI). RC group spent equivalent times in Context B, but re-
ceived no CS presentations. On Day 3, all mice were tested for freezing
during three CS presentations in Context B, and the results are averaged
in the graphs. (B) Freezing during the CS presentations. Mixed ANOVA
significant only for time. (C) Freezing at Day 3 test, drug-free. (*) P < 0.05
compared with all other groups.
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Figure 5. Effect of D2 dopaminergic agents on locomotion. (A) Experi-
mental protocol. Mice were injected with vehicle, sulpiride, or quinpirole
before being placed in the open field for 1 h on Day 1 (B). On Day 2, they
were returned to the open field, drug-free. (*) P < 0.05 vs. vehicle group.
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persistent effects on locomotion, although sulpiride decreased
locomotion acutely (Fig. 5). These controls support the argument
that neither drug has effects on freezing that are not contingent
on CS presentations.

However, in conjunction with CS presentations, systemic
injection of the D2-like receptor antagonist, sulpiride, facilitates
fear-extinction memory formation severalfold in mice (Fig. 2).
With sulpiride treatment before CS presentations, significant ex-
tinction occurs with as few as 10 massed presentations (Fig. 2C),
as well as with seven spaced CSs (Fig. 4), neither of which gen-
erate extinction in vehicle-treated controls. In our hands, the
D2-like receptor agonist, quinpirole, only blocked extinction sig-
nificantly with 30 CS presentations (Fig. 1D), but not with 20 or
fewer, or with 40 (Fig. 2) CS presentations.

While we predicted the facilitation of extinction by sulp-
iride, we were surprised to find that quinpirole blocked extinc-
tion so poorly in mice. Taking our extinction experiments to-
gether (Figs. 1D, 2), quinpirole only blocked extinction once in
five experiments. Although the failure of blockade in the experi-
ments with five and 10 CS presentations during extinction might
be explained by ceiling effects, as no significant extinction oc-
curred in controls, there was still no significant blockade in two
of the three experiments that remain. Our results contrast
strongly with the complete blockade of extinction by quinpirole
reported for rats (Nader and LeDoux 1999). One possibility is that
this difference is due to the lower dose of quinpirole we used in
our extinction experiments, since Nader and LeDoux (1999) used
5 mg/kg in rat. However, we saw an inverted U-shaped response
in mice, with extinction tending to be less blocked by 2 mg/kg
than by 1 mg/kg (Fig. 1D). We therefore speculate that D2 recep-
tors are nearly maximally activated during extinction in mice,
acting to slow extinction, while in rats, where extinction is faster,
less D2 activation might normally be present. Thus, D2 agonists,
like quinpirole, would have a greater effect in rats than in mice,
while D2 antagonists, like sulpiride, may have a greater effect in
mice than in rats. There are previous data indicating a similar
distinction between rats and mice in the D2 dependence of pre-
pulse inhibition (Ralph-Williams et al. 2003). We have previ-
ously argued that massed extinction sessions overcome a brake,
or inhibitory constraint, on extinction learning. The experiments
in this study suggest that D2 activity plays an important role in
generating that inhibitory constraint, so that D2 agonists help
block extinction, while D2-like antagonists block this inhibitory
mechanism.

Some of the data in this study provide support for the idea
of an inhibitory constraint on extinction mediated by D2-like
activity. First, inspection of the consolidated graph for the
massed extinction data normalized to the freezing of the reten-
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tion control groups in each experiment (Fig. 2G) reveals a flexion
in the curves for vehicle- and quinpirole-treated groups. Sulp-
iride-treated groups show a smooth linear decline in freezing
with increased numbers of CS presentations. Since the x-axis of
this graph is logarithmic, these data indicate that there is an
exponential decrease of freezing all along the range of CS pre-
sentations in the sulpiride-treated mice. The vehicle- and quin-
pirole-treated groups show no decline in freezing at all with up to
10 CS presentations, and then show an accelerated exponential
decrease of freezing, suggesting that massed CS presentations
eventually overcome a physiological constraint on extinction.

Further support for this idea comes from our experiments
using spaced CS presentations. We have previously shown that
temporally spaced CSs, at 20-min ITIs, generate acute increases of
fear that don’t carry over to the next day in mice treated with
vehicle before the CS presentations, although there is no lasting
extinction. However, mice treated with propanolol, an antago-
nist of adrenergic B receptors, uncovers persistent increases of
fear at test, while yohimbine, an antagonist of presynaptic, au-
toinhibitory « 2 receptors, yields significant extinction after
spaced CS presentations (Cain et al. 2004). Others have made
similar observations of “incubation” following CS presentations,
although there have also been failures of replication (Eysenck
1968; Rohrbaugh and Riccio 1970; Silvestri et al. 1970; Motley
1977; Nicholaichuk et al. 1982; Markus and Canavan 1985; San-
din and Chorot 1989). The data in this study (Fig. 4) replicate our
earlier results and extend them. Once again, we observe a con-
sistent increase in freezing with spaced CS presentations, and
that increase fails to carry over day to day. Unlike propanolol,
quinpirole does not uncover any persistent day-to-day increase
in freezing (even though the mice in this experiment are not
freezing at ceiling), again suggesting that D2 activity may be
maximal during CS presentations in mice. On the other hand,
like yohimbine, sulpiride does allow day-to-day extinction, de-
spite the inefficacy of spaced CS presentations in vehicle-treated
animals. These data also argue for an active brake on extinction
mediated by D2 activity, a block that is relieved by sulpiride
treatment or massed CS presentations.

Notably, with enough massed CS presentations, all groups
extinguished equally (Fig. 2F,G), regardless of treatment. This
suggests that the role of D2 receptors can only be modulatory,
rather than essential for extinction. We would propose that the
inhibitory constraint is limited, so that, even when maximally
activated by D2 agonists, it can be overcome by massed training.
This is similar to the pattern we have observed for the adrenergic
contribution to extinction and incubation (Cain et al. 2004).

Notably, the effect of sulpiride is not evident during CS pre-
sentations. With both massed and spaced CS presentations, the
freezing curves of sulpiride-treated animals overlay those of ve-
hicle-treated animals. Thus, short-term extinction and incuba-
tion are not affected by D2 blockade, and sulpiride must there-
fore be acting by facilitating the consolidation phase of extinc-
tion learning.

There is substantial literature on the effect of dopaminergic
agents in operant conditioning and extinction. Early work, using
the D2 antagonist, pimozide, indicated that it accelerates extinc-
tion of rewarded bar pressing in rats (Ettenberg et al. 1979). How-
ever, it also causes decreases in unrewarded and rewarded behav-
iors independently of CS presentations (Tombaugh et al. 1980).
The mechanisms of these effects remain unclear. One hypothesis
advanced is that D2 antagonism reduces the incentive value of
reward in appetitive tasks (Gray and Wise 1980; Ettenberg 1989).
Others suggest that D2 blockade decreases arousal (Beninger
1982) or motor behavior (Salamone 1986).

As noted in our introduction, several lines of evidence have
indicated that extinction is a form of learned inhibition, and not
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an erasure of the originally conditioned association. Consistent
with this observation are data suggesting that extinction shares
several molecular mechanisms with other forms of learning, in-
cluding NMDA receptor dependence (Falls et al. 1992; Baker and
Azorlosa 1996; Walker et al. 2002), a requirement for MAP kinase
(Berman and Dudai 2001; Lu et al. 2001; Lin et al. 2003), and a
dependence on adrenergic activity (Mason and Fibiger 1979; Ber-
man and Dudai 2001; Cain et al. 2004). Nevertheless, some im-
portant differences are emerging between excitatory learning of
new associations and the inhibitory learning of extinction. For
example, as noted above, we have found that fear extinction is
more effective with massed than with spaced CS presentations
(Cain et al. 2003). In addition, we have previously shown that
L-type voltage-gated calcium channels are essential for extinc-
tion of conditioned fear in mice, but not for fear acquisition or
expression (Cain et al. 2002).

The role of D2 receptors also seems to distinguish acquisi-
tion learning and extinction learning. In general, local blockade
of D2-like receptors with pharmacological agents disrupts fear
learning and memory (Guarraci et al. 2000; Greba et al. 2001).
Our results indicate that this is also true for systemic D2 injec-
tions (Fig. 1B). On the other hand, our results also indicate that
a D2 antagonist facilitates fear extinction in two different proto-
cols (Figs. 2, 4). Thus, like the roles of L-type voltage-gated cal-
cium channels, the roles of D2 receptors suggest that the cellular
mechanisms underlying fear acquisition learning and extinction
learning are fundamentally different.

Because extinction of conditional fear is an important pre-
clinical model of behavior therapy of human anxiety disorders,
systemic tests of pharmacological agents may be particularly use-
ful in designing future methods of facilitating and improving
behavior therapy. Our findings suggest that D2 blockers, which
are already widely used in psychiatry, deserve a trial as adjunctive
treatments given at the time of behavioral exposures for anxiety
disorder treatment. On the other hand, local infusion of D2 an-
tagonists into candidate brain regions including basolateral
amygdala (Falls et al. 1992; Schauz and Koch 2000; Lu et al. 2001;
Stevenson and Gratton 2004) and infralimbic prefrontal cortex
(Quirk et al. 2000; Santini et al. 2001, 2004; Milad and Quirk
2002; Lebron et al. 2004) will be crucial to dissecting the synap-
tic, cellular, and circuit bases of the D2 antagonist facilitation of
extinction.
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