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Abstract

Although long-lasting effects of drug withdrawal are thought to play a key role in motivating
continued drug use, the mechanisms mediating this type of drug-induced plasticity are unclear. As
Narp is an immediate early gene product that is secreted at synaptic sites and binds to AMPA
receptors, it has been implicated in mediating enduring forms of synaptic plasticity. In previous
studies, we found that Narp is selectively induced by morphine withdrawal in the extended amygdala,
a group of limbic nuclei that mediate aversive behavioral responses. Accordingly, in this study, we
evaluated whether long-term aversive effects of morphine withdrawal are altered in Narp KO mice.
We found that acute physical signs of morphine withdrawal are unaffected by Narp deletion.
However, Narp KO mice acquire and sustain more aversive responses to the environment conditioned
with morphine withdrawal than WT controls. Paradoxically, Narp KO mice undergo accelerated
extinction of this heightened aversive response. Taken together, these studies suggest that Narp
modulates both acquisition and extinction of aversive responses to morphine withdrawal and,
therefore, may regulate plasticity processes underlying drug addiction.

Keywords
Immediate Early Gene; Naltrexone; Place Aversion; AMPA; Amygdala

INTRODUCTION

Although much attention has been paid to the role of reward in sustaining addiction to drugs
of abuse, it has been proposed that the negative affective states associated with drug withdrawal
also play an important role in motivating continued compulsive drug use (Khantzian, 1985;
Koob, 1999). Several studies have focused attention on the ability of environmental cues
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associated with either opiate withdrawal per se (Koob and LeMoal, 2005) or with opiates given
to alleviate withdrawal (Hutcheson et al., 2001) to trigger relapse in individuals who have
undergone long periods of abstinence. For example, Goldberg et al. (1969) showed that
presentation of previously neutral stimuli to morphine-dependent rhesus monkeys following
repeated nalorphine-induced withdrawal episodes resulted in large conditioned increases in
morphine self-administration. Along these lines, cues previously paired with withdrawal can
precipitate a withdrawal-like state both in rats (Schulteis et al., 2000) and humans (O'Brien et
al., 1977). More recently, Kenny et al., (2006) report a similar phenomenon in heroin-
dependent self-administering rats. Thus, further insights into the mechanisms mediating this
type of conditioning may be quite helpful in combating drug relapse.

Amongst the limbic structures thought to be key in mediating the aversive effects of morphine
withdrawal are the amygdala nuclei and brain regions making up the “extended amygdala”,
including the central nucleus of the amygdala (CeA), the bed nucleus of the stria terminalis
(BNST) and the shell of the nucleus accumbens (NAc; Heimer et al., 1997; Koob, 1999). Recent
evidence also points to a critical role for the basolateral amygdala (BLA) in mediating
conditioned place aversion (CPA) following morphine withdrawal. Schulteis et al., (2000)
showed that selective lesions of the BLA prevent the development of CPA in morphine-
dependent rats. More recently, Frenois et al (2005) have demonstrated that following morphine
withdrawal, re-exposure to the withdrawal-paired environment increases the expression of c-
fos in the BLA. Hellemans et al., (2006) found that disrupting reconsolidation of conditioned
withdrawal memories by injecting zif268 antisense oligonucleotides in the BLA reduces
suppression of heroin seeking in rats. Similarly, other structures within the “extended
amygdala” also play important roles in mediating the aversive responses to drug withdrawal
(Stinus et al., 1990; Heinrichs et al., 1995; Delfs et al., 2000; Watanabe et al., 2002 a,b).

As the aversive effects of drug withdrawal can be long-lasting, it is tempting to speculate that
their enduring effects may be mediated by induction of immediate early genes (IEGs). Support
for this line of reasoning has come from recent studies demonstrating that morphine withdrawal
is associated with heightened activation of CREB and CRE-mediated transcription in the CeA
as well as other parts of the extended amygdala (Shaw-Lutchman, 2002). In addition, as
mentioned above, two IEGS, c-fos and zif268, have been implicated in mediating long-term
aversive responses triggered by opiate withdrawal (Frenois et al., 2005; Hellemans et al.,
2006). Furthermore, in previous studies we found that Narp is induced in the extended
amygdala by morphine withdrawal (Reti and Baraban, 2003).

Narp is an attractive candidate for mediating long-lasting forms of synaptic plasticity since it
binds directly to AMPA receptors (O'Brien et al., 1999). Although its precise role in AMPA
receptor trafficking is still under investigation, studies conducted to date have established that
it is a secreted protein that is targeted to axons and released in an activity-dependent fashion
(Tsui et al., 1996; O'Brien et al., 1999; Reti et al., 2002; Reti et al., 2007). Furthermore, the
available evidence indicates that Narp monomers aggregate into either homomeric complexes
or heteromeric complexes containing other members of the neuronal pentraxin family, NP1
and NPR (Kirkpatrick et al., 1999; Xu et al., 2003). These complexes bind to the extracellular
surface of AMPA receptors and regulate their clustering at synaptic sites. Thus, Narp has
emerged as an IEG that is well-positioned to regulate synaptic plasticity.

In light of these findings, we hypothesized that Narp induction in the extended amygdala (Reti
and Baraban, 2003) may mediate the long-term, aversive behavioral effects induced by

morphine withdrawal. We report here our evaluation of this hypothesis. Using Narp KO mice,
we have assessed whether CPA acquired after morphine withdrawal is altered by Narp deletion.
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MATERIALS AND METHODS

Animals

Experiments were approved by the Johns Hopkins University Institutional Animal Care and
Use Committee. Both male and female mice between 3 and 5 months were used for all
experiments. Mice were maintained on a 12 hour light/dark cycle and were given access to
food and water ad libitum. For anatomic studies we used C57BL/6 mice (Charles River) and
for behavioral experiments we used Narp KO and WT control mice on an N4 background
generated by breeding Narp heterozygotes.

Generation of Narp KO mice is described elsewhere (Johnson et al., 2007). Briefly, 129
genomic DNA was prepared by screening of a mouse genomic DNA BAC library. Genomic
DNA regions of the mouse Narp gene were subcloned into pBluescript vector and the targeting
vector construct was based on mouse genomic DNA databases. The entire exon 2 was replaced
by a neo resistant gene cassette. ES cell screening and generation of the knock out mouse line
were carried out as described previously (Kim et al., 2003; Gardner et al., 2005). Deletion of
exon 2 was confirmed by Southern blot and absence of Narp protein in brain was confirmed
by Western blot.

Morphine dependence and withdrawal

Morphine sulfate was delivered to mice via a micro-osmotic pump (Model 2001, Durect
Corporation) designed to deliver morphine at a constant rate of about 4 mg/kg/hour for 7 days.
The pump was placed subcutaneously on the mouse's back under light anesthesia (a solution
containing ketamine 80mg/kg and xylazine 12mg/kg). Morphine withdrawal was induced in
anatomic and behavioral studies by administration of naltrexone 250ug/kg via subcutaneous
(sc) injection at varying time points after implantation, as described below.

Anatomical studies

Morphine dependent C57BL/6 mice were subjected to morphine withdrawal in a novel
environment 3 days after pump implantation. Control mice which did not undergo morphine
withdrawal were either implanted with saline filled pumps and were then administered
naltrexone 250ug/kg sc, or were implanted with morphine filled pumps and then administered
saline sc. Four hours after the sc injection, the mice were deeply anesthetized and then perfused
transcardially with a 4% paraformaldehyde fixative. Twenty micrometer coronal brain sections
were cut on a freezing microtome and tissue was processed for Narp immunohistochemistry
as previously described (O'Brien et al., 1999; Reti et al., 2002b,c). Rabbit anti-Narp antibody
(a gift of Dr. Paul Worley) was used at 1:1500. To control for the specificity of Narp
immunostaining, we confirmed that staining is absent in brain sections from Narp KO mice.

Narp positive cell bodies were counted by a person blind to the withdrawal status of the animals.
For each mouse used to monitor changes in the number of Narp-immunopositive cells, these
cells were counted in 3 — 5 sections containing the structure being analyzed and the values
obtained averaged. Sections counted for the BLA and CeA were cut midlevel through these
nuclei at which the stria terminalis is positioned dorsomedially to the CeA. Fields counted for
the BNST were cut at a level corresponding to figure 29 (Bregma +0.26mm) of Paxinos and
Franklin (2001) at the branching of the anterior commissure and fields counted for the shell of
the NAc were cut at a level corresponding to figure 19 (Bregma +1.42mm) of the same atlas
at the anterior corpus callosum. To analyze the effects of morphine withdrawal on Narp
expression compared with the two control conditions, Narp-positive cell counts were compared
using a one-way analysis of variance (ANOVA). When main effects were observed, post hoc
comparisons were made using the Bonferroni correction.
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Somatic signs of morphine withdrawal

Narp KO and WT control mice were monitored for somatic signs of morphine withdrawal.
Assessments were made in chambers located within ventilated, light- and sound-attenuating
enclosures. The chambers were fitted with photobeams for monitoring locomotor activity and
mouse behavior was recorded by a camera connected to a VCR. Three days after morphine
pumps were implanted as described above, mice were administered a single dose of saline sc,
and then placed in the chambers for 30 minutes. The following day, morphine withdrawal was
induced by administration of naltrexone 250ug/kg sc followed by placement in the chambers
for 30 minutes also.

Videos of the mice were analyzed by an investigator blind to their genotype and whether saline
or naltrexone had been administered. We evaluated mice on several behaviors, often monitored
during morphine withdrawal (Kest et al., 2001; Shaw-Luchtman et al., 2002; Georgescu et al.,
2003):- Jumps, diarrhoea, locomotor activity, tremor, grooming, digging, rearing and
stretching. Tremor was scored as present if the animal demonstrated either head, body and/or
paw tremor. Additionally, upon evaluation of the video records we noticed, short duration
repetitive front paw wipes of the nose (“nose slaps”) that were distinct from the stereotypical
grooming sequences seen in rats and mice. Although we are not aware of published reports of
these behaviors following morphine withdrawal they may be related to occurrence of
lacrimation observed in rats following morphine withdrawal.

Conditioned place aversion

Apparatus—The conditioned cue preference apparatus was custom-built based on previous
designs by Cunningham and colleagues (1992; 1995) and Vezina and Stewart (1987). Itisa
single-chamber design that utilizes distinct floor textures as the discriminating cue. Each place
conditioning apparatus consists of an open field enclosed in a separate light-and sound-
attenuating chamber (Med-Associates, St. Albans, VT). A low-level red light and constant
ventilation are provided to each sound-attenuating chamber. Location in the open field is
monitored by 2 methods. Firstly, there are 8 pairs of infrared photocells, located along the long
axis of the chamber collecting position data which is recorded and analyzed by a Med-PC
software package (Med-Associates, St. Albans, VT). Secondarily, confirmatory data on
location in the apparatus is also recorded by a digital camera and subsequently analyzed by
observers blind to the experimental conditions. The floor of the open field consisted of two
interchangeable halves made of one of two textures: either a “grid” made from stainless-steel
rods (2.3-mm stainless steel rods mounted 6.4-mm apart) or “hole” floor (16 GA stainless steel
perforated with 6.4-mm diameter holes). Prior to each session the open field and floors were
cleaned using a 70% ethanol solution.

Procedure—The effect of Narp deletion on CPA induced by morphine withdrawal was
assessed over the following consecutive phases (see also figure 1).

1. Habituation: To reduce the novelty and stress associated with handling, injection and
exposure to the apparatus, mice were subjected to a one day habituation procedure. For this
procedure mice were injected with saline prior to being placed on a smooth floor surface
covered with white paper for 10 minutes. Importantly, mice were not exposed to the to-be-
conditioned distinctive floor types to avoid latent inhibition (Cunningham et al., 1999).

2. Pre-conditioning test: On day 2, prior to the induction of morphine dependence, place
preference/aversion was assessed during a 15 minute test session in the chambers containing
one half of each of the two floor types. The time spent on each floor type was recorded to
establish floor-type preference. The preferred floor-type for each mouse at pre-testing was
assigned as the floor-type which in the next phase was paired with morphine withdrawal ie the
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conditioned stimulus (CS+); the other floor-type was assigned as CS— and paired with saline
injections.

3. Conditioning: On day 3, mice were implanted with morphine pumps and allowed to recover
and develop morphine dependence over 3 days. Place conditioning to morphine withdrawal
was conducted on days 6 through 9 using the following protocol. Each conditioning day, the
chambers were furnished with one floor type (either grid or holes). The mice were brought into
the testing room and were administered either saline or naltrexone, and then confined
immediately in the conditioning chamber for 30 minutes. On alternating days, mice were
injected with naltrexone on the preferred floor-type and with saline on the non-prefered floor-
type. Each mouse received 2 saline injections and 2 naltrexone injections on consecutive and
alternating days (counterbalanced) for a total of 4 days. On the day after the last conditioning
session, the pumps were removed under light, general anesthesia.

4. Post-conditioning bias tests: Mice were allowed to recover for one week after pump
removal before undergoing testing for the development of a post-conditioning bias (ie
conditioned place aversion) on day 16. Mice were confined for a 15 minute period to the test
chambers which were each furnished with the two floor types. The time spent on the morphine
withdrawal-paired floor (CS+) and the saline-paired floor (CS-) were recorded and later
quantified. The time difference spent on the CS+ floor type between the pre-test and test served
as an index of aversive conditioning.

5. Post-conditioning retention: CPA was subsequently assessed at 3 weekly intervals (ie at
2, 3 and 4 weeks following the last conditioning session). After retention assessment at day
37, an extinction phase was commenced.

6. Extinction: During the first 15 days of the extinction phase, 3-day extinction blocks were
conducted such that on the first and second days mice received a morning and an afternoon
session during which they received an injection of saline before being placed on one of the
floor types (one floor type in the morning and the alternate floor in the afternoon). Then, on
the third day a bias test was conducted using the same procedures as during the pre and post-
conditioning bias tests. Because this extinction procedure produced no evidence of extinction
in WT mice, a different procedure was used. During this phase, mice underwent repeated daily
bias testing and preference for each floor was assessed throughout.

Narp expression in amygdala following morphine withdrawal

Inour earlier studies in rats, we found induction of Narp in cell bodies in the extended amygdala
following administration of low dose opiate receptor antagonists to animals that had been
implanted with morphine pellets (Reti and Baraban, 2003). For the present study, we initially
confirmed that Narp expression in mice parallels that seen in rats. In sections from mouse brain
harvested four hours following morphine withdrawal triggered by naltrexone 250 ug/kg sc
(figure 2), we found strong induction of Narp cell body staining in the lateral portion of the
CeA, inthe BNST and NAc. Unlike the CeA, the BLA has constitutive Narp expression. Four
hours after morphine withdrawal is triggered, the number of Narp-positive cells in BLA
approximately doubles compared with morphine-naive mice treated with naltrexone or
morphine-dependent mice treated with saline.

Somatic signs of morphine withdrawal are not altered by Narp deletion

Next we checked whether Narp deletion affects somatic signs of morphine withdrawal induced
by injections of naltrexone given 3 or 4 days following implantation of the morphine pump.
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Table 1 shows the average frequency for 9 behaviors observed during a 30-min sessions
following naltrexone or saline injection. Two way ANOVA revealed three patterns of results.
Firstly, jJumping, overall activity levels, and the occurrence of diarhoea and nose-wipes (see
Methods) were significantly altered following naltrexone injection (Fs > 14.2, ps < 0.01), but
these naltrexone induced changes did not vary as a function of genotype (ps > 0.78). Secondly,
both grooming and digging behaviors were reduced in mice following naltrexone injection (Fs
>14.9, ps < 0.01) and this decrease did not differ between WT or KO mice. However,
independent of injection, levels of grooming and digging behaviors in Narp KO mice were
overall higher and lower, respectively. Thirdly, naltrexone injections failed to produce
significant changes in rearing behavior or the occurrence of stretches in either WT or KO mice.
Thus, statistical analysis yielded no significant effects of injection, genotype or injection x
genotype interaction effects (Fs < 1.8, ps>0.29). Additionally, the effect of naltrexone injection
on the occurrence of tremors was very small and only approached significance (F(1,11) =4.3,
p = 0.06) and there were no genotype or injection x genotype effects.

In summary, naltrexone significantly altered (increased or decreased) 6 of the 9 behaviors that
were monitored during the 30-min test sessions and that are typically observed following
morphine withdrawal. Importantly, although some overall genotype differences were seen in
some behaviors (digging and grooming), no differences were evident between Narp KO and
WT in naltrexone-induced somatic withdrawal symptoms.

Acquisition and retention of conditioned place aversion

Behavior testing revealed that Narp KO mice develop and retain stronger place aversion to the
environment in which they underwent morphine withdrawal than their WT controls. In the pre-
conditioning bias test, out of a total of 15 min, the WT mice spent 6.76 min on the CS— side
and the KOs spent 5.42 min on the CS— side (CS+ versus CS— (p<0.01)). Each pair of bars in
figure 4 shows the mean increase in time spent on the CS— side after conditioning compared
with the pre-test evaluation. A group (KO versus WT) x session ANOVA of the increase in
time spent on the CS— side revealed a significant effect of genotype (F(12,78)=5.27, p<0.0001)
and session (F(1,7g)=20.39, p<0.0001) as well as a genotype x session (F(12 7g)=2.5, p<0.01)
interaction effect, indicating the Narp KO mice develop and retain aversion more strongly than
the WT controls.

Although the KOs show less preference for the CS— side during the pretest, they wind up
spending more time on the CS— side than the WTs after conditioning. Therefore, the pretest
bias alone cannot explain the phenotype. Nevertheless, we were concerned that the greater
change among KO mice might be related to their larger unconditioned preferences between
the floor types. Therefore, we also analyzed the CPA acquisition data after excluding mice
with outlying pretest times, ie those mice whose pretest times lay more than 1 standard
deviation outside the mean. This analysis included 8 WT's and 8 KO's with comparable mean
CS— pretest times (WT: 6.39 min, KO: 6.03 min). In this subset there was still an effect of
genotype on CPA acquisition and retention over four weeks. On a 2-way ANOVA: genotype
(F(7,48)=3.78, p=0.0024); session (F(1,48)=6.2, p=0.0163); genotype x session (F(7,48)=1.37,
p=0.24).

Extinction of conditioned place aversion

Narp KO mice display accelerated extinction of CPA following morphine withdrawal (figure
4). Whereas WT mice continue to prefer the CS— side until the 9" assessment of extinction,
in contrast, Narp KO mice were spending as much time on the CS+ side by the third extinction
assessment.
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To determine if the rates of extinction differ by genotype, we assessed a group (KO versus
WT) x session ANOVA which included the retention test and first four extinction assessments.
There was a main effect of genotype x session interaction (F12,104), P<0.01) indicating the
extinction of the WT controls is significantly slower than that of the Narp KOs. There was an
effect of session (F(12,104), p<0.0005) but no effect of genotype (F(1,104), P>0.05). We also
used another established procedure for analyzing the rates of extinction (Crombag et al.,
2000) across the first four extinction assessments. We developed a linear curve fit for each
mouse and obtained slope coefficients. When analyzing across the RT and first four extinction
assessments, the mean slope coefficient (S) for the Narp KO mice was significantly higher than
for the WT controls (KO: S=0.053+0.013, WT: S=0.012+0.009, p<0.05, two-tailed Student's
t-test). These lines are superimposed on the graphs. Thus, using two different analyses we
found that the rate of extinction significantly differed as a function of genotype and that KO
mice showed a faster rate of extinction during the initial phase of extinction testing compared
with WT mice.

DISCUSSION

In this study, we report Narp modulates the long-lasting aversive effects of morphine
withdrawal. Firstly, in Narp KO mice, the induction of morphine withdrawal in the presence
of distinct environmental cues resulted in the development of more robust place aversion than
observed in WT mice. This acquired place aversion was persistent and remained robust even
4 weeks following the last experience with morphine withdrawal. Secondly and most
interestingly, when mice underwent extinction experience, Narp KO mice showed a markedly
enhanced rate of extinction relative to WT mice. Thirdly, these effects are unlikely to be
explained by differences in the physical experience of morphine withdrawal as we were unable
to observe genotype specific differences in the response to naltrexone injections in morphine
dependent mice. In summary, our results suggest that, in addition to playing a role in the initial
acquisition of withdawal based acquired aversion, Narp plays an important role in the
maintenance of this aversion under extinction conditions.

Narp increases in basolateral and extended amygdala following morphine withdrawal

As found previously in rat (Reti and Baraban, 2003), Narp is expressed in the mouse amygdala
- a key region mediating CPA following morphine withdrawal (Koob, 1999; Schulteis et al.,
2000). We found that following morphine withdrawal, constitutive Narp expression is
increased in the BLA and is markedly induced from negligible levels in the central amygdala,
and associated regions that form the extended amygdala (BNST and NAc). Recent evidence
shows that these regions play a critical modulatory role in the aversive effects of morphine
withdrawal and in the establishment of acquired affective responses. For instance as we
discussed earlier, previous lesion and immunohistochemical studies have implicated the BLA
in the establishment of CPA based on morphine withdrawal (Schulteis et al., 2000; Frenois et
al 2005; Hellemans et al., (2006)) and the “extended amygdala” is increasingly considered
critical (Heimer et al., 1997; Stinus et al., 1990; Heinrichs et al., 1995; Koob, 1999; Delfs et
al., 2000; Watanabe et al., 2002 a,b). Therefore, we explored whether Narp deletion would
alter performance in such a task, by altering morphine withdrawal experience and/or the ability
of environmental cues to become endowed with aversive properties when paired with morphine
withdrawal.

Narp deletion has no effect on somatic symptoms of withdrawal

To check if Narp deletion alters the acute response to morphine withdrawal, we evaluated the
physical signs of morphine withdrawal in Narp KO mice and found they did not differ from
control mice. Lesion studies and intracerebral injections of opiate antagonists indicate the locus
coeruleus, which contains the largest cluster of noradrenergic neurons, plays a key role in
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generating the physical signs of morphine withdrawal (Maldonado et al., 1992; Maldonado
and Koob, 1993). We have previously demonstrated Narp expression in terminals of orexin
afferents to the locus coeruleus (Reti et al., 2002b). Interestingly, Georgescu et al. (2003)
recently showed that somatic signs of morphine withdrawal are attenuated in orexin KO mice.
Nevertheless, we did not find Narp deletion altered the acute signs of morphine withdrawal.

Narp deletion enhances acquisition of withdrawal place aversion

Narp KO mice show increased CPA compared with wild-type controls when re-exposed to the
previously conditioned environment. Moreover, the increased aversion appears to be sustained
for at least 4 weeks consistent with a previous study in mice showing persistent CPA following
morphine withdrawal lasting at least 6 weeks (Sakoori and Murphy, 2005). This finding
suggests Narp plays a role in synaptic plasticity associated with acquisition of CPA. However,
the mechanism by which this occurs is unknown. Recent studies examining the impact of
neuronal pentraxins on synaptic plasticity have not detected a defect in hippocampal LTP in
mice containing targeted deletions of all three neuronal pentraxins, Narp, NP1 and NPR
(Bjartmar et al., 2006). However, subsequent studies indicate that these mice are deficient in
AMPA receptor endocytosis and LTD (R. Cho and P. Worley, personal communication). Thus,
it is tempting to speculate that a defect in AMPA receptor endocytosis may underlie the
observed enhancement in acquisition of CPA found in Narp KO mice in this study.

Narp deletion enhances extinction of withdrawal place aversion

We were surprised to find that Narp KOs have accelerated extinction of CPA following
morphine withdrawal. As Narp KOs conditioned by morphine withdrawal are starting the
extinction phase more averse to the CS+, this makes their accelerated extinction all the more
impressive. Moreover, Narp KO mice maintained CPA for 4 weeks prior to commencement
of extinction, indicating their accelerated extinction does not reflect a deficit in synapse
formation or stabilization in these animals. Recent work on extinction of fear conditioning
suggests that a key mechanism is the establishment of inhibitory control by the prefrontal cortex
(PFC) over the amygdala-based fear process (Milad and Quirk, 2002, Sotres-Bayon et al.,
2004, Sotres-Bayon et al., 2006). Along these lines, it is of particular interest that the medial
PFC has substantial Narp expression (Tsui et al, 1996; Lu et al., 2002). Lesion studies indicate
that rats with medial PFC lesions need many more days of exposure to the CS in the absence
of the unconditioned stimulus in order for the CS-elicited fear responses to be reduced to pre-
training levels (Morgan et al., 1993; Morgan and LeDoux, 1995). Moreover, AMPA receptors
have also been implicated in extinction learning. For example, Sutton et al., (2003) reported
that extinction induced upregulation of AMPA receptors reduces cocaine-seeking behavior,
and PEPA, a potentiator of AMPA facilitates extinction learning for contextual fear memory
(Zushida et al., 2007). If as described in the previous paragraph, Narp acts to suppress activity
by AMPA receptor mediated endocytosis, it is conceivable that in the Narp KO the medial PFC
input to the amygdala is enhanced thus causing greater inhibition of the amygdala-based CPA
and accelerated extinction.

As Narp KO mice show enhanced acquistion and extinction in this CPA paradigm, it will be
interesting in future studies to assess whether they also display altered performance in other
aversive and appetitive learning paradigms. Although behavioral characterization of these mice
is still ongoing, studies conducted with food-reward learning paradigms have revealed that
they are unimpaired in learning simple Pavlovian discriminations, instrumental lever pressing,
and in acquisition of at least two aspects of Pavlovian incentive learning, conditioned
reinforcement and Pavlovian-instrumental transfer (Johnson et al., 2007). Since Narp displays
a rather heterogenous pattern of expression in the nervous system (Reti et al., 2002a; Reti et
al., 2002b; Reti et al., 2002c; Reti and Baraban, 2003; Reti et al., in press), it is, perhaps, not
surprising that Narp KO mice may display focal, rather than global deficits, in learning and
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memory. Thus, close attention to the anatomical pattern of Narp expression may provide
important clues to which aspects of learning and memory are modulated by it.

In summary, we have shown that Narp deletion alters the intensity of the long-term aversive
response to morphine withdrawal and accelerates extinction of that memory. As more rapid
extinction of long-term behavioral responses to cues associated with drug withdrawal may be
beneficial in preventing relapse and addiction, further studies aimed at understanding Narp's
actions are warranted. In addition, as Narp is thought to act by regulating AMPA receptor
clustering and/or trafficking, these findings implicate AMPA receptor based mechanisms of
synaptic plasticity in extinction learning. Furthermore, these findings suggest that individual
variations in the induction or expression of Narp may contribute to the susceptibility to drug
addiction. Thus, additional studies of the role of Narp and other IEGs in long-term behavioral
responses induced by drug administration may provide valuable insights into the
pathophysiology of the addictive state.
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Figure 1.

Timeline showing the conditioning, retention and extinction phases.
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Figure 2.

Narp immunoreactivity in the mouse amygdala is induced by morphine withdrawal. Panel (A)
shows an outline of the BLA and CeA from figure 42 of the Paxinos and Franklin (2001) mouse
atlas. (B) Constitutive Narp cell body staining is present in the BLA of a morphine-naive mouse
treated with naltrexone 250 pg/kg sc, but Narp cell body staining is not detected in either the
CeA or lateral amygdala. Four hours following administration of naltrexone 250 pg/kg sc to
morphine dependent mice, Narp cell body staining is induced in both the BLA and the lateral
portion of the CeA. Panel (C) shows induction of Narp staining in the BNST four hours
following morphine withdrawal. (D) Narp cell body staining quantification. ANOVA
comparing staining in the BLA and extended amygdala following morphine withdrawal with
staining after naltrexone given to morphine-naive animals and saline given to morphine-
dependentanimals. BLA: F(2,8)=12.17, p<0.005; after Bonferroni correction, number of Narp-
positive cells after morphine withdrawal is significantly greater than both controls (p<0.01).
CeA: F(2,8)=56.95, p<0.001; after Bonferroni correction, number of Narp-positive cells after
morphine withdrawal is significantly greater than both controls (p<0.001). BNST: F(2,6)
=70.22, p<0.001; after Bonferroni correction, number of Narp-positive cells after morphine
withdrawal is significantly greater than both controls (p<0.001) NAc: F(2,6)=115.8, p<0.001;
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after Bonferroni correction, number of Narp-positive cells after morphine withdrawal is
significantly greater than both controls (p<0.001). (Note: for BNST and NAc staining only 3
morphine withdrawal and 3 naltrexone only animals were examined.) Narp cell body staining
levels in BLA and extended amygdala of morphine-naive mice treated with naltrexone and
morphine-dependent animals given saline is comparable to levels in naive mice or naive mice
given saline only.
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Acquisition and retention of conditioned place aversion following morphine withdrawal in
Narp KO mice and WT controls. The graph shows the mean increase in time spent on the CS
— side after conditioning compared with the pre-test evaluation. The retention tests are spaced
weekly.
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Extinction of conditioned place aversion induced by morphine withdrawal in Narp KO mice
and WT controls. We present the mean proportions of time spent on the CS+ and CS— sides at
each assessment of extinction for WT (top panel) and Narp KO (bottom panel) mice. The initial
values are for the 41 retention trial (RT), afterwhich the extinction phase was commenced.
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Table 1
Somatic signs of morphine withdrawal in Narp KO and WT mice
Three days after morphine pump implantation, Narp KO and WT mice were administered a single dose of saline in a
novel environment. The following day mice were administered a single dose of naltrexone 250ug/kg sc in the same
chamber and were monitored for 30 minutes. The table shows the mean number of somatic morphine withdrawal signs
for each genotype after saline and naltrexone administrations

Genotype Injection Mean+SE Effect!
Jumps equally in both WT and KO WT Naltrexone 29.3+5.9 Naltrexone increased
mice
Saline 0.0+0.0
KO Naltrexone 32.8+8.3
Saline 0.0+0.0
Diarrhoeaequally in both WT and KO WT Naltrexone 7.0£0.7 Naltrexone increased
mice
Saline 0.0+0.0
KO Naltrexone 8.1+1.2
Saline 0.0+0.0
Activity equally in both WT and KO WT Naltrexone 57.6+16.3 Naltrexone decreased
mice
Saline 103.0+13.8
KO Naltrexone 54.7+4.6
Saline 99.0+12.1
Nose-wipe equally in both WT and WT Naltrexone 45.3+16.3 Naltrexone increased
KO mice
Saline 43+18
KO Naltrexone 37.7+10.1
Saline 0.9+0.5
Tremors or genotype WT Naltrexone 1.7+0.5 No effects of naltrexone
Saline 0.0+0.0
KO Naltrexone 3.0£2.0
Saline 0.0+0.0
Grooming levels in both WT and KO WT Naltrexone 0.0£0.0 Naltrexone decreased
mice + overall higher levels in KO
mice
Saline 8.7+2.1
KO Naltrexone 1.6+0.7
Saline 14.4+1.6
Digging levels in both WT and KO WT Naltrexone 2.8+1.7 Naltrexone decreased
mice + overall lower levels in KO
mice
Saline 28.7+6.3
KO Naltrexone 3.9+2
Saline 12.4+4.6
Rearing or genotype WT Naltrexone 21.242.9 No effects of naltrexone
Saline 35.5+10.1
KO Naltrexone 33.3+13.3
Saline 26.6x4.4
Stretches or genotype WT Naltrexone 0.0+0.0 No effects of naltrexone
Saline 0.3+0.3
KO Naltrexone 0.0+0.0
Saline 0.4+-0.4
Note:

Based on 2-way ANOVA that included Injection (Naltrexone versus Saline) and Genotype (WT versus KO) as within and between comparisons.
Significant when p <0.05.
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