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Narp knockout (KO) mice demonstrate an impaired extinction of morphine conditioned place preference (CPP). Because

the medial prefrontal cortex (mPFC) has been implicated in extinction learning, we tested whether Narp cells in this region

play a role in the extinction of morphine CPP. We found that intracranial injections of adenoassociated virus (AAV) ex-

pressing wild-type (WT) Narp into the mPFC of Narp KO mice rescued the extinction and the injection of AAV expressing

a dominant negative form of Narp (NarpN) into the mPFC of WT mice impaired the extinction of morphine CPP. These

findings suggest that Narp in the mPFC mediates the extinction of morphine CPP.

[Supplemental material is available for this article.]

Neuronal activity-regulated pentraxin (Narp) is an immediate ear-
ly gene product that is induced by neuronal activity and is secret-
ed at synapses where it binds to the extracellular surface of AMPA
receptors (AMPARs; O’Brien et al. 1999). Narp-positive neurons
are present in many limbic and cortical regions, including the me-
dial prefrontal cortex (mPFC), hippocampus, hypothalamus, and
amygdala (Tsui et al. 1996; Reti et al. 2002a,b; Reti and Baraban
2003; Johnson et al. 2010). Narp has been implicated in regulating
AMPAR trafficking (O’Brien et al. 1999, 2002), a cellular event that
plays a role in synaptic plasticity (Anggono and Huganir 2012),
and cue- and context-induced drug seeking (Van den Oever
et al. 2010; Wolf and Ferrario 2010; Dias et al. 2012).

Several studies have implicated Narp in mediating responses
to drugs of abuse. Recent evidence indicates that Narp expression
in the nucleus accumbens is increased by alcohol consumption
(Ary et al. 2012). Narp expression is also increased by withdrawal
from opiates, nicotine, and D(9)-tetrahydrocannabinol (Reti
and Baraban 2003; Reti et al. 2009), and mice lacking Narp have
altered responses to cocaine (Pacchioni and Kalivas 2009;
Pacchioni et al. 2009) and alcohol (Ary et al. 2012). Other studies
show that cocaine does not alter Narp expression, but that Narp is
involved in responding to a novel environment (Lu et al. 2002).

In previous studies we found that Narp knockout (KO)
mice acquire instrumental and Pavlovian learning normally
(Johnson et al. 2007; Crombag et al. 2009). In contrast, Narp KO
mice show behavioral inflexibility after learning has occurred.
Specifically, Narp KO mice are deficient in a food devaluation pro-
cedure (Johnson et al. 2007) and have impaired extinction of mor-
phine conditioned place preference (CPP, Crombag et al. 2009).

Extinction deficits are thought to play a key role in drug ad-
diction and anxiety disorders (Peters et al. 2009). Previous studies

have focused attention on the role of the infralimbic region (IL) of
the mPFC in the extinction of aversive and appetitive learning
(Peters et al. 2009; LaLumiere et al. 2010; Myers and Carlezon
2010; Millan et al. 2011). The IL is one of the cortical regions
with a prominent population of Narp-positive neurons; therefore,
we tested the hypothesis that Narp expressed in these neurons
plays a role in mediating the extinction of morphine CPP. An ad-
ditional rationale for selecting this region was provided by our
previous studies demonstrating that selective expression of a
Narp-dominant negative construct in mPFC mimicked the deficit
in food reward devaluation observed in the global Narp KO
(Johnson et al. 2010).

In this report, we have assessed whether local adenoassoci-
ated virus (AAV)-mediated expression of wild-type Narp (WTN)
in the IL mPFC of Narp KO mice would be sufficient to rescue
the extinction of morphine CPP. Conversely, we have also deter-
mined whether localized expression of a Narp-dominant negative
construct (AAV-NarpN) in the IL mPFC is sufficient to block the
extinction of morphine CPP in wild-type (WT) mice.

Morphine CPP was conducted using 10-week-old male Narp
KO and WT mice (Johnson et al. 2007) obtained by breeding Narp
heterozygotes that had been backcrossed 12 times to the C57BL/6
strain. Mice were kept on a 12-h-light/dark cycle (lights on 07:00–
19:00), and CPP training, testing, and extinction occurred during
the hours of 09:00–15:00. Food and water were freely available in
the home cage.

Mice were anesthetized with ketamine/xylazine (80 and
12 mg/kg, respectively, i.p.) and 26-gauge bilateral cannulae
were implanted above the IL mPFC (AP +2.2, ML +0.4, DV 21.8,
Plastics One) and secured to the skull with dental cement. The
33-gauge internal cannulae extended 1.2 mm beyond the guide
cannulae. Four weeks following cannulae implantation, place
conditioning began (see Crombag et al. 2009 and Supplemental
Material for details). During the pre-conditioning (bias) test,
mice were placed in the chambers with half grid and half hole
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floors for 30 min. Following the pre-conditioning test, on alter-
nate days, mice received an injection of saline paired with a
30-min placement on one floor type or of morphine (10 mg/kg,
dissolved in saline, i.p.) paired with 30-min placement on the al-
ternate floor type, for a total of eight conditioning sessions; injec-
tions were given immediately prior to placement. On the next
day, the mice were tested for morphine CPP (30-min test), using
procedures identical to those of the pre-conditioning test. Two
days later, mice were anesthetized as described above and 1 mL
of virus (see Supplemental Material for details) was injected
through the bilateral cannulae into the IL mPFC (AP +2.2, L
+0.4, V 23.0; Paxinos and Franklin 2004). AAV-WTN or
AAV-YFP was injected into Narp KO mice (n ¼ 12 per group),
and AAV-NarpN or AAV-YFP was injected into WT mice (n ¼ 12
and 11, respectively). The mice remained in their home cage for
2 wk to allow for adequate viral expression.

Following this period, the mice underwent 10 repeated ex-
tinction sessions (30 min, twice daily) identical to the pre-
conditioning and post-conditioning tests. A timeline of the place-
preference procedure is presented in Figure 1A. Preference score
was the dependent measure for the CPP pre-conditioning test,
post-conditioning test, and extinction. The preference score was
calculated by subtracting the time (sec) on the saline-paired side
from the time (sec) on the morphine-paired side. ANCOVAs using
the post-conditioning test preference score as a co-variate fol-
lowed by Fisher’s LSD post-hoc tests were used to analyze extinc-
tion data. Statistical significance was determined by P , 0.05.

Following extinction, mPFC sections were processed and YFP
fluorescence was visualized directly. Immunostaining was per-
formed according to Reti et al. (2002a) and Johnson et al. (2010;
also described in the Supplemental Material). The percentage of

the IL region expressing AAV-WTN, AAV-NarpN, or AAV-YFP was
then quantified (see Johnson et al. 2010 and Supplemental
Material for details). To assess the spread of the virus, the percent-
age of the prelimbic (PrL) region expressing viral product was also
quantified.

Prior to evaluating the effect of IL injections on the extinc-
tion of morphine CPP, we determined that all groups acquired
drug CPP. Overall, the performance and variability of the Narp
KO and WT mice in the CPP paradigm were similar to those ob-
served previously (Crombag et al. 2009). Consistent with our pre-
vious study, the KO (Fig. 1B) and WT (Fig. 1C) mice acquired
morphine CPP and did not differ in their preference scores. The
preference score data were analyzed with mixed ANOVA using
the between-subjects factors of Genotype (KO, WT) and the
within-subjects factors of Session (pre-conditioning, post-con-
ditioning). This analysis demonstrated a main effect of Session
(F(1,45) ¼ 26.1, P , 0.01), but not of Genotype or an interaction
between the two factors (P . 0.1).

Following the post-conditioning test, the KO group was sub-
divided into two groups, one that received injections of a control
virus (AAV-YFP) and one that received injections of AAV-WTN.
The WT group was also subdivided into two groups, one that re-
ceived injections of AAV-YFP and one that received injections
of AAV-NarpN. All groups were matched for their post-condition-
ingpreference scores (Fig.1B,C).Toassesswhether local expression
of Narp in the IL mPFC can rescue the deficit in the extinction
of morphine CPP observed in the global Narp KO mice, we com-
pared the performance of Narp KO mice receiving IL injections
of AAV-YFP with that of Narp KO mice receiving IL injections of
AAV-WTN over the course of multiple extinction sessions (Fig.
2A).AVirusCondition (YFPor WTN)bySession(extinctionsession
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Figure 1. (A) Timeline of the CPP procedure shows the stage of the procedure and the schedule of injections. (B) Preference scores before and after
conditioning of KO mice receiving YFP after the post-conditioning test (KO + YFP) and KO mice receiving WTN after the post-conditioning test (KO +
WTN). (C) WT mice receiving YFP after the post-conditioning test (WT + YFP) and WT mice receiving NarpN after the post-conditioning test (WT +
NarpN). All groups were matched based on post-conditioning preference scores. White bars indicate preference scores prior to conditioning and
black bars indicate preference scores after conditioning. All groups of mice acquired the CPP task. No significant differences were found between KO
or WT mice in the acquisition. Error bars represent +SEM, n ¼ 11–12 per group. (KO) knockout, (WT) wild-type, (YFP) yellow fluorescent protein,
(WTN) wild-type Narp, (NarpN) dominant negative Narp.
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1 through 10) ANCOVA showed a significant Virus Condition ×
Session interaction (F(9,189) ¼ 4.18, P , 0.01). Furthermore, in-
jection of AAV-NarpN into the IL mPFC of WT mice blocked the
extinction of CPP under conditions that produced extinction
in YFP-injected WT mice (Fig. 2B). In the WT mice, a Virus
Condition (YFP or NarpN) by Session ANCOVA showed a signifi-
cant effect of Virus Condition (F(1,20) ¼ 5.01, P ¼ 0.04).

Injection of AAV-NarpN, AAV-YFP, and AAV-WTN viruses re-
sulted in .60% infection of the IL mPFC in mice and �40% infec-
tion of the PrL (Fig. 3). A one-way ANOVA showed no differences
in IL mPFC viral expression among the groups. In all groups,
paired t-tests showed that IL mPFC viral expression was signifi-
cantly greater than viral expression which spread to the PrL (Fig.
3E,F; WT + YFP: P ¼ 0002, t ¼ 5.79; WT + NarpN: P ¼ 0.02, t ¼
2.83; KO + YFP: P ¼ 0.0003, t ¼ 5.31; KO + WTN: P , 0.0001,
t ¼ 6.78).

Using a viral-based expression of wild-type Narp or a domi-
nant negative Narp construct, we have examined the role of
Narp-expressing neurons in the mPFC in the extinction of mor-
phine CPP. We found that selective expression of Narp in the
mPFC reversed the impaired extinction displayed by Narp KO
mice. Conversely, selective expression of the NarpN construct in
the mPFC of WT mice mimicked the deficit in extinction observed
in Narp KO mice in the morphine CPP procedure. Although the
expression of mPFC NarpN resulted in a complete blockade of ex-
tinction in the WT mouse, this blockade was evident from the first
day of extinction. Because the post-conditioning test is identical
to an extinction session, the WT controls may have retained
some extinction memory over the 2-wk interval between the post-
conditioning test and the first extinction session. Injection of
NarpN into the mPFC following the post-conditioning test may
have blocked the retention or expression of this extinction
memory.

Local injections of viral vectors allowed us to manipulate
Narp expression with both anatomical and temporal control.
Therefore, compared to prior studies conducted with global
Narp KO mice, these studies enabled us to define with much great-
er precision where and when Narp expression is critical for the ex-
tinction of morphine CPP. The ability of a local injection of NarpN
to block extinction in WT mice indicates that Narp expression in

mPFC neurons is necessary for extinction to occur. Furthermore,
since NarpN was injected into mice following the acquisition of
morphine CPP, we can infer that Narp is needed in mPFC neurons
during the extinction phase. Furthermore, mPFC injection of
AAV-WTN following acquisition rescued the extinction of mor-
phine CPP in Narp KO mice, indicating that Narp expression is
not needed during acquisition in order for normal extinction to
occur. Taken together, the results of these viral injection studies
indicate that even though Narp is expressed in multiple brain
areas, its expression in the mPFC during extinction is both neces-
sary and sufficient for the extinction of morphine CPP to occur.

Although viral injections were aimed at the IL region, the vi-
rus spread to the PrL region. Thus, Narp cells in either or both of
these mPFC regions may play a role in the extinction of morphine
CPP. However, viral expression in the IL was significantly greater
than that in the PrL region. In addition, cells of the IL region
are known to play a critical role in the extinction of both appeti-
tive and aversive learning (Santini et al. 2008; Laurent and
Westbrook 2009; Peters et al. 2009; Kim et al. 2010; LaLumiere
et al. 2010; Millan et al. 2011). Although little is known about
the specific signaling pathways in the IL that mediate the extinc-
tion of morphine CPP, a recent study indicates that inhibiting
PKMz in the IL but not in the PrL region of the mPFC blocks the
extinction of morphine CPP (He et al. 2011). PKMz, like Narp,
has been shown to regulate AMPARs and is thought to act postsyn-
aptically (Yao et al. 2008). Thus, PKMz likely regulates AMPARs on
IL neurons, while Narp is secreted from these neurons and may
bind to AMPARs in the IL or in other brain regions. It may be in-
teresting to determine whether PKMz’s effect on extinction is me-
diated by its actions in Narp neurons located in the IL mPFC.

Narp is expressed in glutamatergic neurons and is trafficked
from the cell body to axon terminals, where it is thought to act
on AMPARs located on target neurons (O’Brien et al. 2002).
Thus, while the results presented in our study demonstrate that
Narp neurons located in the mPFC play a key role in the extinction
of morphine CPP, Narp may exert its effect on AMPAR trafficking
in target neurons located in downstream regions that are pro-
posed to mediate extinction learning (Schroeder and Packard
2003; Peters et al. 2009; Myers and Carlezon 2010). Previous stud-
ies indicate that projections from the mPFC to the amygdala

(Quirk et al. 2003; Peters et al. 2009;
Myers and Carlezon 2010; Van den
Oever et al. 2010) and to the nucleus
accumbens shell (Peters et al. 2008,
2009; Muschamp et al. 2010) play a role
in the extinction of both appetitive and
aversive responding. Furthermore, stud-
ies show that extinction training decreas-
es the cell-surface expression of the
GluR1 subunit of the AMPAR in the baso-
lateral amygdala (Kim et al. 2007; Myers
et al. 2011) and increases GluR1 expres-
sion in the accumbens shell (Sutton
et al. 2003; Ghasemzadeh et al. 2009;
Wolf and Ferrario 2010). Although in-
creases in GluR1 expression in the
accumbens shell have been shown to ac-
company extinction learning, similar in-
creases have been associated with
increased drug and alcohol consumption
(Conrad et al. 2008; Ping et al. 2008;
Reissner et al. 2011; Ary et al. 2012;
Shabashov et al. 2012). Therefore, the ex-
act role of accumbens GluR1 expression
changes in addiction behavior is unclear.
Since retrograde tracing studies indicate
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Figure 2. (A) AAV-WTN injected into the IL mPFC of Narp KO mice rescued extinction of morphine
CPP. Graph represents the preference score during the 30-min test after morphine conditioning (Test)
or during 10 30-min extinction sessions. (Closed black circles) preference score of the KO + WTN
group, (open circles) preference score of the KO + YFP group. (B) AAV-NarpN injected into the IL
mPFC of WT mice blocks the extinction of morphine CPP. The graph represents the preference score
during the 30-min test after morphine conditioning (Test) or during ten 30-min extinction sessions.
Closed black circles, preference score of the WT + NarpN group; open circles, preference score of
the WT + YFP group; asterisks (∗) post-hoc tests indicate that the preference scores of the two
groups differed significantly (P , 0.05). Error bars, +SEM, n ¼ 11–12 per group. (KO) knockout,
(WT) wild-type, (YFP) yellow fluorescent protein, (WTN) wild-type Narp, (NarpN) dominant negative
Narp.
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that Narp cells of the mPFC project to both the nucleus accumbens
and to the amygdala (Johnson et al. 2010; data not shown), Narp
secreted from the mPFC may participate in the trafficking of
AMPARsthatoccur in thesedownstreamregionsduringtheextinc-
tion of drug seeking.

In addition to the possibility that Narp neurons modulate
AMPARs in downstream regions, it is also possible that mPFC
Narp neurons send collaterals locally to neurons in the mPFC. If
this is the case, it is unknown whether mPFC Narp neurons
send local projections to glutamatergic cells or to GABAergic in-
terneurons. Some evidence indicates that Narp can cluster
AMPARs on GABAergic interneurons, facilitating network inhibi-
tion in the hippocampus (Chang et al. 2010). Thus, it is possible
that Narp could cluster AMPARs on GABAergic interneurons
in the PrL region and inhibit PrL cells which are thought to pro-
mote conditioned responding (Peters et al. 2009). Our retrograde
studies indicate that Narp cells in the IL send projections to
the PrL mPFC (data not shown). Narp may also cluster AMPARs
on GABAergic cells in downstream regions, such as on BLA inter-
neurons or on the GABAergic intercalated cells of the amygdala,
which inhibit output of the central nucleus of the amygdala
and conditioned responding (Quirk et al. 2003; Myers et al.
2011). Further studies aimed at determining which mPFC Narp
cells mediate the extinction of morphine CPP and identifying

their targets may be useful in defining the circuitry underlying ex-
tinction learning.

In summary, using viral-mediated knockdown and rescue
of Narp in cells of the mPFC of mice that have already acquired
morphine CPP, our results indicate that Narp in the mPFC is re-
quired for the extinction of morphine CPP to occur. In light of
these findings, it will be interesting, in future studies, to deter-
mine whether Narp cells in the mPFC are also involved in other
types of extinction learning, such as fear extinction, extinction
of CPP to other drugs of abuse, or extinction of drug self-
administration.
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