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Abstract
NAC1 is a novel member of the POZ/BTB (Pox virus and Zinc finger/Bric-a-brac Tramtrack Broad
complex) but varies from other proteins of this class in that it lacks the characteristic DNA-binding
motif, suggesting a novel role. We have employed constitutive gene deletion to elucidate the role of
NAC1 in vivo. Nac1 mutant mice are viable with no obvious developmental or physiological
impairments. Previous studies suggest a role for NAC1 in cocaine-mediated behaviors. Therefore,
we evaluated a variety of behaviors associated with psychomotor stimulant effects in Nac1 mutant
mice. Acute locomotor activating effects of cocaine or amphetamine are absent in Nac1 mutant mice,
however longer exposure to these psychomotor stimulants result in the development of behavioral
sensitization. Acute rewarding properties of cocaine and amphetamine are also blunted in mutant
mice, yet repeated exposure resulted in conditioned place preference similar to that observed in wild
type mice. Lastly, increases in extracellular dopamine in the nucleus accumbens, which accompany
acute cocaine administration, are blunted in mutant mice, but following chronic cocaine extracellular
dopamine levels are increased to the same extent as in wild-type mice. Together these data indicate
involvement of NAC1 in the acute behavioral and neurochemical responses to psychomotor
stimulants.

Introduction
Addiction is associated with long-term behavioral changes produced by repeated exposure to
drugs of abuse. In particular, chronic exposure to psychomotor stimulants like cocaine and
amphetamine produce adaptations in brain circuitry similar to those associated with long-term
plasticity. Molecules that contribute to these enduring structural and behavioral changes
elicited by addictive drugs may provide novel pharmacotherapeutic targets for treating
addiction. One such molecule is the protein NAC1, a member of the POZ/BTB family of
transcription factors (Pox virus and Zinc finger/Bric-a-brac Tramtrack Broad complex). In
other proteins this motif mediates interactions among several other transcriptional regulators
[1] however the Nac1 gene does not encode the characteristic DNA-binding motif domain
[4], suggesting a unique function for this protein.
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NAC1 was first discovered as an mRNA up-regulated in the nucleus accumbens by self-
administered cocaine [4], and later shown to exist in two isoforms, long (lNAC1) and short
(sNAC1; [14]). Relative to other known cocaine-regulated proteins, the expression of NAC1
has a unique expression profile in response to cocaine with increased expression evident at
both an early and late phase of drug exposure. For example, levels of NAC1 rise shortly after
acute administration and return to baseline within 12 hours after injection [4], similar to
expression patterns seen for a variety of immediate early genes (IEGs) [3,4,17]. However,
unlike most IEGs that return to baseline levels within a few days or weeks after drug exposure,
levels of NAC1 in the nucleus accumbens are elevated over control one week following
withdrawal from cocaine administration, and remain elevated for at least 3 months. This unique
profile poses the possibility that the cocaine-induced changes in NAC1 expression may
influence the behavioral response to acute cocaine, as well as the expression of addicted
behaviors produced by long-term cocaine administration, such as behavioral sensitization,
craving and paranoia [7,8].

Two splice variants of NAC1 have been identified based on cDNA cloning: long NAC1
(lNAC1) and a short form that has 27 fewer amino acids (sNAC1) [14]. The sNAC1 expression
increases rapidly and transiently in the nucleus accumbens 2 hours following acute cocaine
administration [14]. In contrast lNAC1 expression is increased with repeated administration
of cocaine. Moreover, when levels of lNAC1 and sNAC1 are correlated with the development
of sensitization, animals that did not sensitize had significantly higher levels of lNAC1 in the
nucleus accumbens compared to animals that did sensitize [22]. These data suggest that NAC1
may serve to prevent the development of sensitization to repeated cocaine. This inverse
correlation appears to be causally relevant in light of antisense experiments, though these
studies do not differentiate the contribution of specific NAC1 isoforms. Regardless, rats
microinjected with two different antisense oligonucleotides into the nucleus accumbens
demonstrate an increase in locomotor activity elicited by acute cocaine [11]. Increased
expression of genes or proteins is usually associated with a role in enhancing behavioral effects,
however, in the case of NAC1, the induction may be a compensatory response that will decrease
consequences of cocaine administration. Indeed, adenoviral-mediated overexpression of
NAC1 (Ad-NAC1) protein in the nucleus accumbens of rats blocked the development of
behavioral sensitization to the locomotor activating effects of cocaine [16].

Gene targeting is a powerful approach to investigate gene function in vivo. By generating mice
homozygous for a null allele for Nac1 we are able to study the role of NAC1 with respect to
psychostimulant-induced behaviors. Given our previous findings that interrupted expression
of NAC1 via antisense oligonucleotide injection augments the behavioral responses to cocaine
and that adenoviral-mediated overexpression of NAC1 protein in the rat nucleus accumbens
prevents the development but not the expression of cocaine behavioral sensitization, we
hypothesized that NAC1-deficient mice would show deficits in the development of behavioral
sensitization and reward learning. The present study examines the effects of two psychomotor
stimulants cocaine and amphetamine. In both cases, mice deficient in NAC1 protein
demonstrated significant reductions in the behavioral and neurochemical effects of acute
cocaine and amphetamine administration, but no alterations in chronic responses to these drugs.

Materials and Methods
Generation of Nac1 mutant mice

The mouse Nac1 gene was cloned from a 129SvJ BAC library (Research Genetics, Inc.,
Huntsville, AL, USA) as described previously [15]. The targeting vector containing the
Escherichia coli lacZ gene encoding β-galactosidase and the neomycin-resistance gene driven
by the mouse phosphoglycerate kinase promoter [10] was inserted into exon 2 (figure 1A).
Exon 2 was chosen as it encodes for the POZ/BTB functional domain of the NAC1 protein.
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Thus, deletion of exon 2 of the Nac1 gene produces a functional null allele. The construct was
electroporated into mouse 129SvTac embryonic stem (ES) cells (a gift from Dr. P. Labosky,
Vanderbilt University) and neomycin resistant colonies were selected for Southern blot
analysis. 198 resistant clones were analyzed by PCR using a common 5' primer (5'-
GGCCGCTAGTAGCTCTTACTT-3'), and specific 3' primers derived from exon 2 (5'-
GTCGCAACTTGGAGAGCTAAC-3') for the wild type allele, resulting in an amplified
fragment of 243 bp and the lacZ gene (5'-CAAAGCGCCATTCGCCATTCA-3') for the mutant
allele resulting in an amplified fragment of 340 bp. Targeted ES cells were injected into C57BL/
6N blastocycts to obtain 8 germ line chimeras. Chimeric mice were mated with C57BL/6N
mice (Taconic, USA) to obtain heterozygote mice, which were mated to give rise to mice of
all three genotypes (figure 1B).

RNA Isolation and cDNA Synthesis
All RNA was isolated using TRIzol (GIBCO-BRL, Gaithersburg, MD) according to
manufacturer's instructions. The quality of the RNA samples was determined by ethidium
bromide staining of 18S and 28S rRNAs following fractionation on denaturing agarose gels.
Contaminating genomic DNA was removed using 1 μL RNase-free DNase I (Boehringer)/10
μg of RNA at 37°C for 30 min. cDNA was synthesized using MMLV-RT (GIBCO-BRL) with
deoxyribonucleotides (dNTPs) and random hexamer primers RT (GIBCO-BRL) at 42°C for
30 min.

Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Conditions used for RT-PCR followed the method of Wilson and Melton (1994) with minimal
modifications. The mouse HPRT (hypoxanthine guanine phosphoribosyl transferase) gene was
used as an internal control, as the mRNA of this gene is expressed in most tissues in roughly
equal amounts. cDNA synthesized from total brain RNA provided templates for PCRs under
the following conditions: one cycle of 95°C for 5 min, followed by 25 cycles of 95°C for 1
min, 60°C for 1 min, 72°C for 2 min, and one cycle of 72°C for 5 min in a buffer containing
1.5 mmol/L MgCl2, 10 μmol/L primers , 0.05 μCi 32P-dATP, and 200 μmol/L dNTPs. Primer
sequence available upon request. PCR products were separated on 5% acrylamide gels that
were dried and exposed to phosphorimager screens overnight.

Western blot analysis
Tissues from individual animals were homogenized in 200 μL of ice-cold extraction buffer
containing phosphate buffered saline (PBS), 1 mM EGTA, 1 mM EDTA, 1% SDS, and 1 mM
PMSF. Protein concentrations were determined using a Bradford assay, with bovine serum
albumin as the standard. Equivalent amounts of protein (50 μg) for each sample were resolved
in 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After
electrophoresis, proteins were transferred to Immobilon-P membranes (Millipore). Membranes
were incubated in PBS with 0.5% Tween 20 (PBS-T) containing 5% non-fat milk for 1 hr at
room temperature to block non-specific binding. The blots were reacted with primary
antibodies) overnight at 4 °C. After washing in PBS-T, the blots were incubated in secondary
antibody in PBS-T for 1 hr. Membranes were then washed three times with PBS-T.
Immunolabeling was detected by enhanced chemiluminescence (Amersham Biosciences,
Piscataway, NJ, USA). The blots were stripped using the standard protocol, washed and
reprobed with the reference antibody (α-tubulin). The antibody for NAC1 was generated using
a C-terminal peptide (TASHDGEAGPSAEVLQ) (Pro-Sci Inc., Poway, CA). Primary
antibodies used were Nac-1 and α-tubulin (1:1000) (Sigma, St. Louis, MO). The secondary
antibodies used were goat anti-rabbit IgG-HRP (1:500) and goat anti-mouse IgG-HRP (1:1000)
(Santa Cruz Biotechnology, Santa Cruz, CA). Densitometric analysis was conducted to
quantify the immunoreactivity in Western blotting with a scanner and ImageQuant software

Mackler et al. Page 3

Behav Brain Res. Author manuscript; available in PMC 2009 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Amersham Biosciences, Piscataway, NJ). The NAC1 bands were detected at ∼59 kDa, α-
tubulin bands at 50 kDa.

Behavior Analysis
Animals—All mice (3−5 months old, in a mixed genetic background of 129SvEvTac;C57BL/
6N F2 generation; 23−40g) were housed in groups of 4 per cage and maintained on a 12 hr
light-dark cycle with food and water available ad libitum in accordance with the University of
Pennsylvania Animal Care and Use Committee. Mice of both sexes were used in all studies.
All experimental testing sessions were conducted between 12.00 and 18.00 hours, with animals
randomly assigned to treatment conditions and tested in counterbalanced order.

Drugs—All drug doses were calculated as mg/kg base weight and were dissolved in 0.9%
saline. Cocaine hydrochloride and amphetamine was obtained from NIDA Drug Supply
(Research Triangle Park, NC). Saline (0.9%) and dopamine hydrochloride were obtained from
Sigma Aldrich, St Louis, MO.

Locomotor Activity
Locomotor activity in response to intraperitoneal drug administration was analyzed in a “home
cage” activity monitoring system (MedAssociates, St. Albans, VT). The home cage (28.9 ×
17.8 × 12 cm) was placed in a photo-beam frame (30 × 24 × 8 cm) with sensors arranged in
an 8-beam array strip. To avoid effects of novelty during testing, mice were injected i.p. with
saline (0.9% sodium chloride) and individually placed in the cages for 3 days prior to drug
administration. Beam break data were read into MedAssociates personal computer-designed
software and monitored for 30 min. For acute studies, mice were injected i.p. with either saline,
cocaine (5.0 mg/kg, 10.0 mg/kg or 20.0 mg/kg) or amphetamine (2.0 mg/kg) and individually
placed in the cages. For behavioral sensitization studies, baseline activity was recorded for 3
days to reduce novelty induced hyperlocomotion similar to the procedure for acute
administration. Drugs were administered on day 4 and repeated once a day for 7 days (day 4
−10, cocaine) or 4 days (day 4−7, amphetamine) and locomoter activity was recorded. All mice
remained in their home cages with no drug administration during the development of
sensitization. To evaluate cocaine induced sensitization, mice were tested on day 29 with an
i.p. injection of either saline (saline control groups) or a challenge dose of cocaine (5 mg/kg).
A second cocaine challenge was administered on day 40 to evaluate long lasting effects of
sensitization. During the course of the amphetamine study, compliance with animal facility
regulation on moving mice prevented us from testing on day 29, therefore mice were tested on
day 90 with saline only and then on day 91 with an i.p. injection of a challenge dose of
amphetamine (2.0 mg/kg). Beam break data was monitored and recorded for 30min.

Conditioned Place Preference
10-day Conditioned Place Preference—To facilitate adaptation to novel surroundings,
mice were transported to the testing room at least one hour prior to testing. Briefly, for
preconditioning, day 1, mice were allowed to explore both sides of a 2-chambered CPP
apparatus. The place conditioning boxes consisted of two distinct plastic sides (20×20×20 cm)
differing in lighting intensity; one with stripes on the walls and a metal grid over cage bedding
(referred to as striped side) and the other with gray walls and smooth flooring (referred to as
solid side). A partition separated the two sides with an opening that allowed access to either
side of the chamber during preconditioning and test days. This partition was closed off during
pairing days. Preconditioning phase: On day 1 mice were placed randomly on the striped or
solid side and allowed to explore both sides of the place conditioning boxes for 900 sec; time
spent in each side was determined using the criteria of placement of head and front paws in
the chamber. These data were used to separate mice into groups with approximately equal
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biases for each side. None of the mice exhibited a significant preference for one side over the
other. Conditioning phase: Mice were paired for 8 days (days 2−9), with the saline group
receiving injections (0.9% sodium chloride) on both sides of the boxes, while the drug paired
group received cocaine (10mg//kg) or amphetamine (2mg/kg) on one side and saline on the
other side. For cocaine experiments, drug was paired for 30min, while amphetamine was paired
for 45 min. Drug-paired sides were randomized among all groups. Testing phase: On day 10,
all animals were given a saline injection and placed on the same side they were originally
introduced on pre-conditioning day (striped or solid). Because of the randomization,
approximately half of the drug-paired mice were introduced into the side that was paired with
drug, and the other half were introduced into the side that was paired with saline. Animals were
allowed to roam freely between the two sides, and time spent on each side was recorded.

3-day Conditioned Place Preference—These studies were carried out essentially as
described above with respect to preconditioning and testing days. However, conditioning took
place on one day, in two sessions. Animals were exposed to one side of the box in the morning
session and the opposite side in the afternoon session. Animals were paired with either a saline
injection on each side (saline paired group), cocaine (20 mg/kg), or amphetamine (2.0mg/kg)
on one of the sides (drug paired group) and saline on the opposite side. Drug-paired mice were
randomized with respect to session time and box side among all groups.

Surgery
Naïve mice were anesthetized with a combination of ketamine (100 mg/kg, i.p.) and xylazine
(5 mg/kg, i.p.). Using coordinates derived from Franklin and Paxinos (1997) atlas (in
millimeters: AP, +1.42; ML, ± 0.8; DV, −2.8 relative to bregma) microdialysis guide cannulae
(20 gauge, 10mm; Small Parts, Miami Lakes, FL) were implanted bilaterally above the nucleus
accumbens. The animal was placed in a stereotaxic alignment system (David Kopf Instruments,
Tujunga, CA)with a Cunnigham mouse adapter. The skull was exposed and two holes were
drilled. Cannulae were positioned and the skull was prepared for resin application and a light-
cured dental resin was used to secure guide cannulae in position (Kerr Corporation, Orange,
CA). The incision was closed with a tissue adhesive. After surgery, mice were allowed to
recover at least 7 days prior to microdialysis.

Microdialysis
A microdialysis probe (24 gauge; including 1.5−2 mm of active membrane) was lowered into
the guide cannula and perfused with a microdialysis buffer (5 mM glucose, 2.7 mM KCl, 140
mM NaCl, 1.4 mM CaCl2, 1.2 mM MgCl2, 0.15% phosphate-buffered saline [pH=7.4]) at a
rate of 2 μl/min via a syringe pump (BAS Bioanalytical System, West Lafayette, IN). After
four hours, dialysis samples were collected every 20 min, beginning 2 hours prior to an i.p.
injection of 20 mg/kg cocaine (0.01 ml/g) and for 120 min thereafter. Samples were collected
into vials containing 10 ml of 0.05 M HCl and were frozen at −80°C until analysis.

HPLC analysis of dopamine
Dopamine in the dialysate sample was measured using a HPLC system with electrochemical
detection. The mobile phase consisted of 4.76 mM citric acid, 150 mM NaH2PO4, 50 μM
EDTA, 2.5 mM sodium dodecyl sulfate, 10% methanol (v/v), 17% acetylnitrile (v/v) at a pH
= 5.6. Dopamine was separated using a reversed-phase column (HR-80, ESA) and oxidized/
reduced using coulometric detection (Coulochem II; ESA Inc.). Three electrodes were used: a
guard cell (+0.40 V), a reduction analytical electrode (E1, −0.10 V), and an oxidation analytical
electrode (E2, +0.22 V). The peak area was measured with ESA 501 Chromatography Data
System and the dopamine values were compared with an external standard curve for
quantification.
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Histology and Statistical Analysis
After completion of microdialysis experiments, mice were deeply anesthetized using
pentobarbital (50mg/kg, i.p.) and perfused transcardially with saline and 4% formaldehyde
solution. The brains were stored in the latter solution until sectioning. Placement of the
microdialysis probes within the nucleus accumbens were verified in cresyl violet-stained tissue
sections (50 μm). Only those mice with probes located in the nucleus accumbens were included
in the data analysis. For all data, statistical analyses were performed using StatView (SAS).
Behavioral sensitization locomotor data and conditioned place preference data were analyzed
for significance with ANOVAs using a Bonferroni–Dunn post hoc test. The microdialysis data
were analyzed using a two-way ANOVA with repeated measures over time followed by an
LSD multiple comparisons post hoc test.

Results
Nac1 mutant mice are viable

A null allele of the Nac1 gene was generated by gene targeting and homologous recombination
(figure 1A). Mice carrying the Nac1 mutant allele were derived by blastocyst injection and
mated to homozygosity to produce adult mice of all three genotypes in normal Mendelian ratios
of +/+ 25%; +/−50%; −/−25% (figure 1B). Successful gene ablation was confirmed by RT-
PCR analysis that demonstrated the absence of NAC1 mRNA using primers directed against
the POZ domain as well as a 5' region of exon 2 (figure 1C). In addition, Western Blot analysis
revealed no protein of the appropriate size is produced in mutant mice (figure 1D). Nac1 mutant
mice exhibit normal weight gain, fertility and home cage exploratory activity compared to
wildtype controls (data not shown).

Acute locomotor activating effects of psychomotor stimulants are absent in Nac1 mutant
mice

Naïve wild type and mutant mice were injected with saline, cocaine (5.0, 10.0, or 20.0 mg/kg,
ip) or amphetamine (2.0 mg/kg, ip) and locomotor activity monitored. Wild type mice showed
a dose-dependent increase in locomtor activity to cocaine, while the response was blunted in
Nac1 mutant mice (figure 2A). Similarly, the acute motor stimulant effect of amphetamine was
absent in the mutant mice (figure 2B).

Behavioral sensitization is normal in Nac1 mutant mice
Although Nac1 mutant mice show a blunted acute behavioral response to cocaine or
amphetamine when either drug was administered acutely, behavioral sensitization to the
activating effects developed in both wild type and mutant mice (figure 3). By the last day of
daily drug administration there was no genotypic difference in locomotor activity to cocaine
(see day 10 in figure 3A) or amphetamine (day 7 in figure 3B). Cocaine (10mg/kg i.p) was
administered daily from day 4−7. Importantly, animals were challenged with a lower dose of
cocaine (5mg/kg,i.p) on day 29 (19 days drug free) or day 40 (30 days drug free). The sensitized
locomotor response remained intact in both genotypes.

Similarly, behavioral sensitization developed to the repeated injections of amphetamine (2.0
mg/kg, i.p.). Acute locomotor effects of amphetamine are evident in wild type mice starting
on day 4 (first day of drug administration). Of interest, Nac1 mutant mice do not show a
behavioral response for the first two days of drug administration but only demonstrate increased
locomotor activation on day 6. The sensitization paradigm was altered from that used for
cocaine due to an animal quarantine in the vivarium that prevented animals from being removed
from their housing room on the appropriate testing days. To continue the study once quarantine
was lifted, we exposed all mice to the locomotor testing chambers on day 90 (84 days after the
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last daily amphetamine injection) and administered saline to all groups. Both wild type and
mutant mice previously exposed to saline demonstrate slightly higher baseline locomotor
activity that is not significantly different from mice that had pre-exposure to amphetamine
(figure 3B). To evaluate the state of sensitization in the drug treated mice all mice were
administered amphetamine (2.0mg/kg) the following day (day 91). Wild type mice previously
administered saline show an increased response to amphetamine, as expected, however Nac1
mutant mice previously administered saline throughout the study do not show this
augmentation, consistent with previous results. All mice that had pre-exposure to amphetamine
show significantly greater activity compared to day 4 (wild type) or day 6 (mutant)
demonstrating expression of behavioral sensitization is intact.

Single exposure to psychomotor stimulants induced conditioned place preference in wild
type but not Nac1 mutant mice

In a conditioned place preference paradigm in which animals were paired over 8 consecutive
days with either drug or saline, both Nac1 mutant and wild type mice showed significant
preference for cocaine at 10.0 mg (figure 4A) as well as amphetamine at 2.0mg/kg (figure 4B).
As this paradigm uses multiple exposures to the apparatus and repeated drug administration,
it is not possible to evaluate a deficit of an acute response to drug. Therefore, we modified this
paradigm to evaluate rewarding properties of a single drug exposure in the conditioning
apparatus. Twenty-four hours following cocaine or amphetamine administration we tested
mice for place preference. When trained under the one-day conditioned place preference
conditions (1 day; 1 morning/1 afternoon session) wild type mice show significant place
preference for the side of the box paired with either cocaine or amphetamine. In contrast,
Nac1 mutant mice did not show significant preference for one side of the box or the other
(figure 5A and B).

Elevations in extracellular dopamine are reduced in Nac1 mutant mice following acute, but
not repeated exposure to cocaine

Wild type and Nac1 mutant mice received three saline injections (1 per day), followed by 5
days of cocaine injections (20mg/kg, i.p./day). The first injection of cocaine was administered
during a microdialysis session (Day 1). A second microdialysis session was conducted during
the last cocaine injection (Day 5). Akin to the behavioral deficit in acute cocaine-induced
locomotor activity, the elevation in accumbens extracellular dopamine normally produced by
an acute injection of cocaine was significantly blunted during the first 60 min after injection
(figure 6A). Also akin to the lack of genotypic behavioral difference in sensitized locomotor
activity, the sensitized increase in extracellular dopamine in response to cocaine on day 5 was
equivalent between genotypes (figure 6B).

Discussion
Current molecular and cellular theories surrounding addiction indicate that molecular changes
in specific brain circuits are associated with the induction and expression of behavioral
responses associated with chronic exposure to drugs of abuse [12]. While most of these changes
have been examined as the effects of acute drug administration, some appear to be long-term
adaptations [13,18]. Relative to other known cocaine-regulated genes, the expression of NAC1
is unique in response to cocaine. Like, c-fos, Homer1a and zif268, NAC1 is elevated shortly
after acute administration and returns to baseline within 12 hours after drug injections [3,4,
17]. However, levels of NAC1 are also significantly elevated one week following withdrawal
from cocaine. While other genes demonstrate this longer withdrawal induced pattern of gene
expression, such as the A1 adenosine receptor, homer1bc, activator of G-protein signaling 3
[2,20,21], these genes are not increased acutely like NAC1. Thus, this unique biphasic pattern
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of Nac1 gene expression suggests different roles for this protein throughout the development
of addiction.

Previously we have shown that interrupted expression of NAC1 via antisense oligonucleotide
injection augments the acute motor stimulant responses to cocaine [11], suggesting that the
acute increase in NAC1 expression may be required for this behavioral response. Adenoviral-
mediated overexpression of NAC1 protein in the nucleus accumbens in rat did not alter acute
motor responses to cocaine, but did prevent the development of cocaine behavioral
sensitization [16]. However, if virus is injected following the development of behavioral
sensitization rats exhibit augmented behavioral response in locomotor activity similar to
controls [16]. One caveat of these studies is the manipulation of NAC1 expression either in a
gain of function or loss of function study was restricted to a single brain region, the nucleus
accumbens.

Deletion of NAC1 by gene targeting blocked the acute locomotor activating response to cocaine
as well as to amphetamine, but did not affect the development of sensitization. In parallel with
the acute versus chronic effects of cocaine and amphetamine on locomotion, the conditioned
rewarding properties of both drugs were absent in Nac1 mutant mice using a place preference
paradigm involving a single drug pairing. In contrast, using a conditioning paradigm that
involved multiple drug-context exposures no genotypic difference in preference was observed.
When comparing the data between the present study using constitutive gene deletion with the
results of previous studies using antisense oligonucleotide strategies, it is clear that nearly
opposite effects on behavior and neurochemistry are produced. Indeed, there is precedent in
other systems for discrepancies between antisense and gene targeting approaches where
different outcomes are achieved in behavioral tasks depending on the method used to alter gene
function [5,6,9,19].

While many reasons may exist for these and other discrepancies in the literature between knock-
out and antisense techniques, two primary differences stand out between strategies for changing
gene expression. First, gene deletion is constitutive throughout development, while the changes
in expression produced by antisense or over-expression are produced in adult animals. In
addition, gene deletion experiments identify genes that are necessary for a given phenotype,
while over-expression analysis identifies genes that are sufficient to confer a specific
phenotype. Second, gene deletion experiments involve complete loss of NAC1 expression
versus incomplete loss produced by antisense strategies. Both of these distinctions between
gene deletion and more acute up or down-regulation of NAC1 expression are considered in
detail below.

Constitutive gene deletion and developmental effects
The constitutive nature of the gene deletion experiment may result in functional redundancy
in a studied system. The effects of deleting NAC1 early in development may be compensated
for in the adult such that repeated exposure to cocaine or amphetamine is not affected by the
loss of this protein. Of interest, acute responses to these drugs are altered in mice lacking the
NAC1 protein. Thus, identification of changes that may have occurred in mice lacking NAC1
during development could lead to novel targets associated with acute psychomotor stimulant
response. Overexpression of NAC1 in the nucleus accumbens was shown to prevent the
development of cocaine induced behavioral sensitization [16]. This type of gain-of function
experiment identifies NAC1 as a gene that could alter this drug response, but cannot determine
if NAC1 is essential in mediating this response. The latter conclusion can only be made using
loss-of-function experiments, such as gene deletion.
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Partial versus complete loss of NAC1 expression
The manipulations of NAC1 expression in adult animals result in more graded changes in
expression versus complete absence in knock-out mice. The unique bi-modal pattern of NAC1
expression following cocaine administration indicates this protein can influence both the acute
and chronic effects of psychostimulant administration. While precise roles remain to be
elucidated, previous studies using up or down regulation of NAC1 in adult rats indicate that it
is perhaps the acute regulation of NAC1 that is most critical. For example, the acute motor
activating effect of cocaine was enhanced by NAC1 down-regulation [11], however, if this up-
regulation is manifested by viral overexpression of NAC1, the development of sensitization is
blocked [16]. These data suggest that NAC1 may signal a sequence of events that initiates
locomotor activating effects, but this signal must be repressed to enable the further development
of sensitization. In contrast, acute motor activating effects of cocaine and amphetamine were
blocked by gene deletion, while the expression of sensitization was not affected. Thus the
complete absence of a NAC1 signal produces a very different phenotype than partial regulation
where transient changes in NAC1 expression are still possible. In addition, both gene deletion
and antisense studies suggest very different molecular roles for NAC1 during the initiation of
psychomotor stimulant effects compared to those underlying the development of behavioral
sensitization.

Summary
Deletion of the NAC1 gene resulted in a blunted locomotor stimulation and development of
place conditioning in response to acute administration of cocaine and amphetamine. The
attenuated behavioral efficacy of acute psychostimulants was associated with a reduction of
cocaine-induced increases in extracellular dopamine in the nucleus accumbens. These results
offer a likely neurochemical basis for the decreased behavioral response in NAC1 mutant mice.
Interestingly, the sensitized locomotor response and place preference elicited by repeated drug
administration showed no genotypic difference. The mechanism by which repeated
psychostimulant treatment overcomes the initial blunted responding is unclear, but may rely
on the recruitment of corticolimbic circuitry by repeated psychostimulants that restores the
activity of mesoaccumbens dopamine cells.
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Figure 1.
Generation of Nac1 mutant mice. A. The targeting vector of Nac1 a 5kb lacZ-PGK-neo cassette
was inserted into exon 2; Enzyme restriction sites are designated as X;Xba and E; EagI, the
positions of primersets used to detect wild-type and mutant alleles are indicated by black
arrows, geneotypes of mice were identified using PCR primers corresponding to 5' and 3' in
wild type allele, where the 3' primer is located just downstream of the EagI site where the
targeting vector was inserted. B. DNA analysis in wild type and mutant mice. Wild-type band
is 293bp, mutant band 340bp that is amplified using the same 5'primer and a primer located
within the lacZ-PGK-neo cassette. C. The absence of Nac1 mRNA was confirmed by RT-PCR
analysis using primer sets corresponding to either the POZ/BTB domain or a 5' region of Exon
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1. HPRT is used as an internal control. D. The absence of Nac1 protein was confirmed in mutant
mice by Western analysis in both nucleus accumbens (NAC-/-) and cortex (CTX-/-).
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Figure 2.
A. Nac1 mutant mice do not show a significant increase in ambulatory behavior at 5mg/kg or
10mg/kg acute cocaine administration (i.p. injection), but do show a significant increase at
20mg/kg. Wild-type mice show a significantly increased behavioral response in response to
all doses of acute cocaine administration. *p < 0.05 from corresponding saline group (n = 6
per group). (ANOVA; Fisher's PLSD post hoc test). B. Nac1 mutant mice do not show a
significant increase in ambulatory behavior while wild-type mice do show a significantly
increased behavioral response in response to acute amphetamine administration (2mg/kg i.p.
injection). *p < 0.05 from corresponding saline group (n = 6 per group). (ANOVA; Fisher's
PLSD post hoc test).
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Figure 3.
A. Behavioral sensitization in Nac1 mutant and wild-type mice. No significant differences
between the wild type and mutant mice during the habituation period (days 1−3; saline
injections only). A geneotype effect is present on the first day of cocaine administration (day
4). During the development of sensitization (days 5−10) cocaine-treated (10mg/kg i.p.
injection) wild-type mice and Nac1 mutant mice exhibit significantly more ambulatory activity
than saline-treated mice Both cocaine-treated groups exhibit sensitization on the challenge days
(days 29 and 40; 5mg/kg cocaine). # p < 0.05 from corresponding saline group on same day,
and * p < 0.05 from corresponding group on day 4 (n = 6 per group). (ANOVA; Fisher's PLSD
post hoc test). B. Behavioral sensitization to amphetamine (2 mg/kg) in Nac1 mutant mice
(NAC1−/−) and wild-type mice. No significant differences appear between geneotypes during
the habituation period (days 1−3; saline injections only). During the development of
sensitization (days 4−7) amphetamine-treated mice exhibit significantly more ambulatory

Mackler et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2009 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activity than saline-treated mice in all cases except for Nac1 mutant mice on the first and second
days of development (days 4 and 5). Both groups show no difference in ambulation in response
to saline after development of sensitization (day 90) and both amphetamine-treated groups
exhibit sensitization on the challenge days (day 91; 2mg/kg amphetamine). # p < 0.05 from
corresponding saline group on same day, * p < 0.05 and + p < 0.01 from corresponding group
on day 90 (n = 6 per group). (ANOVA; Fisher's PLSD post hoc test).
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Figure 4.
A. Nac1 mutant mice and wild-type mice exhibit significant cocaine-conditioned place
preference. The left side of the graph indicates that no initial preference for either side of the
testing box exists for any of the groups. The right side of the graph shows that both mutant and
wild-type mice show a preference for the side of the testing box that was paired with 10 mg/
kg cocaine. There is no significant genotype effect * p < 0.05 from corresponding saline group
(n = 6 per group). (ANOVA; Fisher's PLSD post hoc test). B. Nac1 mutant mice and wild-type
mice exhibit significant amphetamine-conditioned place preference. The left side of the graph
indicates that no initial preference for either side of the testing box exists for any of the groups.
The right side of the graph shows that both mutant mice and wild-type mice show a preference
for the side of the testing box that was paired with 2 mg/kg amphetamine. There is no significant
difference between the amphetamine-treated Nac1 mutant mice and the wild-type mice. * p <
0.05 from corresponding saline group (n = 6 per group). (ANOVA; Fisher's PLSD post hoc
test).
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Figure 5.
A. Nac1 mutant mice do not exhibit significant one-day cocaine-conditioned place preference.
The left side of the graph indicates that no initial preference for either side of the testing box
exists for any of the groups. The right side of the graph shows that wild-type mice show a
preference for the side of the testing box that was paired with a single injection of 20 mg/kg
cocaine whereas the mutant mice do not show a significant preference. There is a significant
difference between the cocaine-paired wild-type mice and the cocaine-paired Nac1 mutant
mice. * p < 0.05 from all groups (n = 6 per group). (ANOVA; Fisher's PLSD post hoc test). B.
Nac1 mutant mice do not exhibit significant one-day amphetamine-conditioned place
preference. The left side of the graph indicates that no initial preference for either side of the
testing box exists for any of the groups. The right side of the graph shows that wild-type mice
show a preference for the side of the testing box that was paired with a single injection of 1
mg/kg amphetamine whereas the mutant mice do not show a significant preference. There is
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a significant difference between the amphetamine-paired wild-type mice and the amphetamine-
paired Nac1 mutant mice. * p < 0.05 from all groups (n = 6 per group) (ANOVA; Fisher's
PLSD post hoc test).
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Figure 6.
A. Nac1 mutant mice exhibit significantly decreased levels of dopamine in the nucleus
accumbens following an acute injection of cocaine (20 mg/kg). Following the first injection,
mutant mice show significantly reduced levels of dopamine in the nucleus accumbens as
compared to their wild-type counterparts. There are no differences in the levels of dopamine
in the nucleus accumbens of Nac1 mutant and wild-type mice following the last injection of
cocaine. *p < 0.05 from mutant group (n = 6−9). B. Nac1 mutant mice and wild-type mice
were exposed to 5 injections of cocaine over the course of 5 days. Both groups show equivalent
increases in dopamine over the time-course examined.
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