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Levels of the mRNA NAC-1 are increased in the rat forebrain
weeks after cocaine exposure. This long-term neuroadaptation
occurs during the expression of behavioral sensitization, a model
of psychostimulant-induced paranoia. NAC-1, the protein en-
coded by this cocaine-regulated mRNA, contains a Pox virus and
zinc finger/bric-a-brac tramtrack broad complex (POZ/BTB) mo-
tif, which mediates interactions among several transcriptional
regulators. The present studies demonstrate that NAC-1 acts as
a transcription factor. NAC-1 was localized to the nucleus of
neurons in the brain. Transfection of NAC-1 in cell culture re-
pressed transcription of a reporter gene. NAC-1 was also able to
affect the actions of other POZ/BTB proteins in mammalian

two-hybrid studies; these interactions required the presence of
the POZ/BTB domain. However, NAC-1 appears to be a unique
POZ/BTB transcriptional regulator because it does not contain
any zinc finger regions found in these other DNA-binding pro-
teins. Adenoviral-mediated overexpression of NAC-1 protein in
the rat nucleus accumbens prevented the development but not
the expression of behavioral sensitization produced by repeated
administration of cocaine. Thus, NAC-1 may modify the long-
term behaviors of psychostimulant abuse by regulating gene
transcription in the mammalian brain.
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Members of the Pox virus and zinc finger/bric-a-brac tramtrack
broad complex (POZ/BTB) family share a protein–protein inter-
action motif in the N terminal that mediates homodimer and
heterodimer formation (Bardwell and Treisman, 1994; Albagli et
al., 1995). Many of these proteins contain zinc finger regions that
bind DNA, allowing the proteins to regulate gene transcription. In
humans the POZ/BTB proteins BCL-6 and promyelocytic leuke-
mia zinc finger act as powerful oncoproteins when altered by
genomic translocations (Chen et al., 1993; Kerckaert et al., 1993).
Several POZ/BTB mRNAs are present in the mammalian CNS at
levels much higher than those observed in peripheral tissues (Bard-
well and Treisman, 1994; Albagli et al., 1995), but the functional
significance of this unequal expression is unknown. NAC-1 is a
member of the POZ/BTB family, and NAC-1 mRNA levels re-
mained elevated weeks after cocaine use (Cha et al., 1997). This
increase was restricted to the nucleus accumbens, a forebrain
structure critical for the manifestation of many addictive behaviors
(Koob, 1996). Reduction of NAC-1 expression after antisense
oligonucleotide injection into the nucleus accumbens augmented
the acute locomotor responses to systemic cocaine (Kalivas et al.,
1999). This finding suggested that the induction of NAC-1 by
repeated cocaine administration may be a homeostatic response to
limit the cocaine-induced behaviors. Because repeated cocaine
administration results in the emergence of maladaptive behaviors
indicative of addiction, such as drug craving and paranoia (O’Brien,

1995), it is possible that the induction of NAC-1 may limit the
emergence of these negative behavioral neuroadaptations.

Experiments in the present study characterize NAC-1 as a
transcription factor similar to other nuclear POZ/BTB proteins
except for the absence of a known DNA-binding domain. In
addition, the interactions between NAC-1 and the behavioral ef-
fects of cocaine were further evaluated using adenoviral transfer of
the NAC-1 cDNA into cells in the nucleus accumbens. Because of
the previous observation that microinjection of antisense oligonu-
cleotides directed against NAC-1 augmented the locomotor re-
sponse to an acute systemic injection of cocaine (Kalivas et al.,
1999), it was hypothesized that overexpression of this transcription
factor would inhibit the motor stimulant effect of cocaine. More-
over, repeated cocaine administration in rodents results in behav-
ioral sensitization that can be operationally defined as the progres-
sive augmentation in cocaine-induced motor stimulation (Post and
Rose, 1976; White and Kalivas, 1998). Behavioral sensitization is
thought to model the development of paranoia in psychostimulant
addicts (Segal and Schuckit, 1983), and it was hypothesized that the
overexpression of NAC-1 would inhibit the development of behav-
ioral sensitization to repeated cocaine injections.

MATERIALS AND METHODS
Generation of a polyclonal anti-NAC-1 antibody and immunohistochemistry.
The peptide CTNDPRRKPLDSR, located within the non-POZ/BTB
domain of NAC-1, was synthesized and used to immunize a rabbit (the
cysteine was added to couple the peptide to limpet hemocyanin). Enzyme-
linked immunoadsorbent assays demonstrated the presence of antibodies
that recognized this antigenic peptide after three immunizations. Radio-
labeled NAC-1 protein was synthesized in vitro (Promega, Madison, WI)
with the addition of [ 35S]methionine and incubated with the serum, fol-
lowed by immunoprecipitation of any antigen–antibody complexes with
protein A-agarose. For immunohistochemistry, rats were killed with an
overdose of pentobarbital (100 mg/kg, i.p.), and the brains were perfused
via intracardiac infusion of 4% paraformaldehyde in PBS. The brains were
removed and stored overnight in the paraformaldehyde, and coronal tissue
sections (15 or 50 mm thick) were made for immunohistochemical evalu-
ation of the location of NAC-1 protein. A soluble peroxidase–antiperoxi-
dase complex (Aldrich, Milwaukee, WI) was used along with nickel en-
hancement of a 3,3-diaminobenzidine color reaction. The primary
antibodies were diluted 1:500 in PBS containing 1% normal goat serum
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and 0.25% Triton X-100. a-Tubulin was detected with a monoclonal
antibody (Amersham, Arlington Heights, IL). To verify gene transfer in
the adenovirus study (see below), immunocytochemistry for NAC-1 was
conducted as described above. Green fluorescent protein (GFP) or Esch-
erichia coli b-galactosidase (lacZ) cDNAs inserted in the control adenovi-
rus were used as reporter genes. GFP was visualized using a fluorescence
excitor filter in the UV range (330–380 nm) and a barrier filter at 420 nm.
For b-galactosidase detection, sections were incubated for 1 hr at 37°C with
the chromogenic 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside sub-
strate (Navarro et al., 1999). In addition, to evaluate the viral gene transfer
into glia, sections were labeled for glial expression of glial fibrillary acidic
protein (GFAP; 1:800; Sigma, St. Louis, MO) or microglial expression of
integrin aM (1:1200; Chemicon International). The GFAP-indocarbo-
cyanine (-Cy3) primary antibody was incubated with tissue for 8 hr in the
presence of 1% normal goat serum plus 0.25% Triton X-100, washed in
PBS, and mounted onto slides. After incubation for 2 hr with the integrin
aM primary antisera, the tissue was washed and incubated for 2 hr with a
goat anti-mouse-Cy3 secondary antibody (1:1000; Chemicon Internation-
al). Double labeling was determined by switching between the Cy3 (590
nm) and the GFP (420 nm) barrier filter at a magnification of 2003. Cell
counts were made in two 500 3 700 mm square regions of high GFP
labeling for each of seven animals injected with a recombinant adenovirus
containing GFP (Ad-GFP) 1 week before killing for immunocytochemistry
(see above). In addition to immunocytochemistry, some tissue sections
were stained using a cresyl violet Nissl procedure to permit additional
evaluation of neurotoxicity.

Transfections, mammalian two-hybrid experiments, and transcription
assays. Plasmids were cotransfected by calcium/phosphate precipitation
into H293T (see Fig. 2 B,C) or Cos-7 (see Fig. 2 D) cells along with a
plasmid encoding luciferase downstream of multiple Gal4 elements and a
second plasmid encoding b-galactosidase (Chang et al., 1996). After ;48
hr, the cells were lysed, and both luciferase and b-galactosidase activities
were measured. Western blots were performed to ensure that all Gal4
fusion proteins were synthesized. In the mammalian two-hybrid experi-
ments, either Gal4–zinc interaction domain (–ZID; see Fig. 2C) or Gal4–

BCL-6 (see Fig. 2 D) represented the acceptor protein, and either NAC-1
or NAC-1 lacking the POZ/BTB domain (dNAC-1) represented the
donor protein. Luciferase values were normalized to the b-galactosidase
results to adjust for transcription efficiency. Each set of transfections was
performed a minimum of three times. A Student’s t test with a correction
for multiple groups was used for statistical analysis.

Electrophoretic mobilit y shif t assays. Gel shift assays were completed as
described previously (Bardwell and Treisman, 1994). Briefly, proteins were
synthesized in vitro using a coupled transcription–translation system (Pro-
mega), and the success of all reactions was determined with SDS-PAGE
analysis. The NAC-1 cDNA constructs were inserted in the same T7 Plink
vector used for the ZID cDNA constructs. The DNA probe was labeled by
PCR amplification with [a- 32P]dCTP and allowed to bind to ;20% of the
synthesized protein for 20 min at room temperature. This mixture then
underwent electrophoresis in a nondenaturing, 6% polyacrylamide gel.

Construction of NAC-1 and control adenovirus. The open reading frame
of NAC-1 was subcloned into the shuttle vector pCA14 (Microbix). This
vector contains the cytomegalovirus (CMV) promoter. Recombinant ad-
enoviruses were formed by cotransfection of this plasmid with replication-
deficient adenovirus type 5 DNA into H293 cells. A recombinant adeno-
virus containing the NAC-1 cDNA (Ad-NAC) was isolated, confirmed by
restriction mapping and PCR amplification, and used for large-scale puri-
fication of live virus. By the use of the same protocol, Ad-GFP and a
recombinant adenovirus containing b-galactosidase (Ad-lac) were con-
structed, purified, and used as controls for the transfer of a foreign gene in
the in vivo transfection studies.

Overexpression of NAC-1 protein in the rat brain and behavioral measures.
Male Sprague Dawley rats (250–300 gm; Harlan Laboratories) were anes-
thetized using a combination of ketamine and xylazine, and bilateral
microinjection needles were stereotaxically placed into the nucleus accum-
bens [anteroposterior, 9.0 mm; mediolateral, 2.0 mm; and dorsoventral,
0.0 mm (Pellegrino et al., 1979)]. The microinjection of adenovirus (10 7

plaque-forming units/side) was made over 60 sec in a volume of 0.7 ml.
Bilateral microinjection of adenovirus encoding lacZ or GFP served as the
control. In addition, in one group of animals Ad-NAC was microinjected

Figure 1. NAC-1 is localized to the cell nucleus. A, A single band (arrow) of the correct size was present after in vitro translation of NAC-1 (lane 1), and
50% of this amount was used as input for each immunoprecipitation. A similar-sized band was present after immunoprecipitation with a 1:500 dilution
of antibody (lane 2); less protein was immunoprecipitated using a 1:1000 dilution of antibody (lane 3). Coincubation of a 1:500 dilution of antibody and
free peptide markedly decreased immunoprecipitation (lane 4 ). B, Cos-7 cells were examined with either preimmune serum ( panel 1) or anti-NAC-1
polyclonal antibody ( panel 3). The area of NAC-1 staining overlaps with each cell nucleus, as determined by counterstaining with the DNA-binding dye
496-diamidino-2-phenylindole (DAPI; panels 2, 4 ); one cell on each side is indicated for comparison (arrowheads). C, The distribution of the cytoplasmic
protein a-tubulin in rat cerebellar Purkinje cells is restricted to the periphery of the cell body and also the large dendrites that project to the surface. D,
A section processed with preimmune serum does not reveal any staining. This and the other tissue sections are oriented with the pial surface to the bottom
and right. E, NAC-1 protein staining is restricted to the central region of Purkinje cells and is not present in the large dendrites. Smaller cells that also
appear to contain NAC-1 protein are in the granular cell layer.
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into the striatum dorsal to the injection site in the nucleus accumbens
(anteroposterior, 9.0 mm; mediolateral, 2.0 mm; and dorsoventral,
2.5 mm).

Motor activity was monitored in a photocell apparatus (Omnitech In-
struments, Columbus, OH). The photocell cages have been described in
detail elsewhere (Kalivas et al., 1988), and photocell beam breaks were
quantified to estimate three motor behaviors. Locomotor behavior was
estimated by measuring the distance traveled (determined by quantifying
the breaking of adjacent photocell beams), rearing behavior was estimated
by the breaking of eight photocell beams located at 8 cm above the cage
floor, and stereotyped behavior was estimated by quantifying repeated
breaking of the same photocell beam. Five to seven days after virus was
administered into the nucleus accumbens or striatum, the animals were
adapted to the photocell apparatus for 1 hr. The next day all rats were
injected with cocaine (15 mg/kg, i.p.) after a 1 hr adaptation. This proce-
dure was repeated for the next 6 d. Rats were then allowed to remain in the
home cage for 20 d. Twenty-one days after the last cocaine injection, all
rats were returned to the photocell cage and after a 60 min adaptation
period were injected with cocaine (15 mg/kg, i.p.). Separate animals were
injected with saline (1.0 ml/kg, i.p.), caffeine (10 mg/kg, i.p.), or morphine
(3 mg/kg, i.p.) in random order separated by a 3 d intertrial interval. The
motor responses to these acute treatments were monitored using a photo-
cell apparatus as described above. A separate experiment was designed to
evaluate the effect of Ad-NAC in the nucleus accumbens on the expression
of behavioral sensitization. Animals were administered daily cocaine
(15 mg/kg, i.p., for 7 d), and 1 week after the last injection Ad-NAC or
Ad-lac was bilaterally injected into the nucleus accumbens as described
above. Two weeks later (day 28) the rats were placed in a photocell cage,
and motor activity was monitored as described above.

Statistical analysis of motor responses was conducted using a one- or
two-way ANOVA, and a least significant difference test was used for post
hoc comparisons between treatment groups (Milliken and Johnson, 1984).
Immunohistochemistry was performed as described above to confirm the
site and extent of NAC-1 overexpression. Animal use was in compliance
with institutional and National Institutes of Health guidelines.

RESULTS
Antibody characterization and cellular localization
of NAC-1
The specificity of the generated polyclonal antibody was verified by
immunoprecipitating NAC-1 made by in vitro translation, and an
excess of free peptide significantly reduced this immunoprecipita-
tion (Fig. 1A). The antibody did not immunoprecipitate the related
family member ZID. Figure 1B shows that endogenous NAC-1
expression in Cos-7 cells was detected only in the nucleus because
the staining directly overlapped that observed when a DNA-
binding dye was used. NAC-1 exhibited a similar pattern of staining

in multiple neurons in the rat brain, including cerebellar Purkinje
cells (Fig. 1C–E). The central pattern of staining was complemen-
tary to the distribution of the cytoplasmic protein a-tubulin. The
heterogeneous appearance of NAC-1 staining in brain cells may
reflect the speckled distribution observed under confocal micros-
copy for other POZ/BTB proteins (Bardwell and Treisman, 1994;
Albagli et al., 1995). The nuclear localization of NAC-1 is consis-
tent with a function in regulating gene transcription.

The effects of NAC-1 on transcription
The POZ/BTB domain present in some other proteins can auton-
omously alter gene transcription (Deweindt et al., 1995; Chang et
al., 1996; Kaplan and Calame, 1997). The ability of NAC-1 to
either enhance or repress transcription was tested in cultured cells
using Gal4 DNA-binding domain fusion proteins (Fig. 2A) and a
Gal4–luciferase reporter gene. Figure 2B reveals that both the
POZ/BTB and non-POZ/BTB domains of NAC-1 produced an
;5-fold repression of Gal4–luciferase reporter transcription. This
is in comparison with the nuclear hormone corepressor NCoR
(Hong et al., 1997), which under the same conditions repressed
transcription ;10-fold. A plasmid encoding either full-length
NAC-1 or dNAC-1 (both proteins without the Gal4 DNA-binding
domain) was cotransfected with plasmids encoding the POZ/BTB
proteins BCL-6 (Kerckaert et al., 1993) or ZID (Bardwell and
Treisman, 1994) as Gal4 fusion proteins (Fig. 2A). In these mam-
malian two-hybrid studies, NAC-1 induced (Fig. 2C; ZID) or
enhanced (Fig. 2D; BCL-6) repression by these CNS proteins. The
in vivo interactions required the presence of the NAC-1 POZ/BTB
domain because the effects were not present after cotransfection
with dNAC-1. These results using transfected cDNAs show that
NAC-1 alone is able to repress transcription (Fig. 2B) and also
mediate the actions of other brain POZ/BTB proteins in a POZ/
BTB domain-dependent manner (Fig. 2C,D).

NAC-1 interacts with the binding of the POZ/BTB
protein ZID to the ZID DNA element
The ability of a POZ/BTB protein’s zinc finger to bind to its
specific DNA element is altered by protein dimerization via the
POZ/BTB domain. This dimerization may inhibit DNA binding
in vitro via steric hindrance on the DNA-binding domains (Bard-

Figure 2. NAC -1 can alter tran-
scription of the Gal4–luciferase re-
porter gene. A, The different proteins
used in transient transfections are dia-
grammed. Control levels of transcrip-
tion represent transfection of only the
Gal4 DNA-binding domain (Gal 4 )
with the Gal4–luciferase reporter plas-
mid. All other transfected plasmids en-
coded Gal4 fusions except for NAC-1
and dNAC-1 in C and D. B, Both the
POZ/BTB and non-POZ/BTB regions
of NAC-1 repressed transcription to
the same extent as did full-length
NAC-1. The nuclear hormone core-
pressor NCoR as a Gal4 fusion protein
was used as a separate measure of re-
pression in this system (Wong and
Privalsky, 1998). C, ZID only repressed
transcription when full-length NAC-1
was present. D, NAC-1 enhanced re-
pression by BCL-6, also an interaction
that required a POZ/BTB domain in
NAC-1. *p , 0.01 versus control;
**p , 0.01 versus BCL-6 or BCL-6 and
dNAC-1. POZN, POZ/BTB domain in
NAC-1; 4xZn, zinc fingers in ZID.
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well and Treisman, 1994). In contrast, dimerization is thought to
enhance the binding of POZ/BTB proteins to genomic DNA
in vivo (Katsani et al., 1999). Experiments examined whether the
POZ/BTB consensus sequence present in NAC-1 could alter the
binding of ZID protein to the ZID DNA element. Different in
vitro-translated proteins were allowed to bind to the consensus
DNA sequence for ZID and used in electrophoretic mobility shift
assays. Decreased mobility of the DNA probe (represented by an
upward shift) indicates protein binding to the DNA. As expected,
the free POZ/BTB portion of NAC-1 by itself did not affect the
mobility of the ZID DNA consensus sequence (Fig. 3B, lane 2). A
chimeric protein consisting of the NAC-1 POZ/BTB domain fused
to the ZID zinc finger region (Fig. 3B, lane 3; POZN—ZID) also
did not bind to the ZID DNA probe, a result similar to that
observed with full-length ZID (Bardwell and Treisman, 1994).
However, addition of an excess of the NAC-1 POZ/BTB domain
“rescued” the ability of this POZN–ZID fusion protein to bind to
the ZID DNA probe (Fig. 3B, lane 4). A shift was also observed
after incubation of either the truncated form of ZID that lacks its

POZ/BTB domain or a combination of an excess of the free
NAC-1 POZ/BTB domain and full-length ZID with the ZID
DNA probe (data not shown). These results show that the NAC-1
POZ/BTB domain functions in a manner similar to that of the
ZID POZ/BTB domain (Bardwell and Treisman, 1994) and is able
in vitro when fused to the ZID zinc finger regions to prevent
protein binding to the ZID DNA element. This protein interaction
presumably involves dimerization.

The interaction between the POZ/BTB domains of ZID and
NAC-1 raised the possibility that NAC-1 may help to regulate
ZID-binding activity in the mammalian brain. The ability of an
excess of the NAC-1 POZ/BTB domain to unmask the binding of
full-length ZID to the ZID DNA element was used. Incubation of
the total protein extract from different brain regions resulted in a
shift of the ZID DNA consensus sequence only after addition of
the free NAC-1 POZ/BTB domain (Fig. 3C). Incubation of brain
extract with full-length NAC-1 or NAC-1 without the POZ/BTB
domain did not result in a shift of the ZID DNA probe. The shifts
demonstrated a dose-dependent effect, and the resulting broad
bands suggest that multiple proteins are involved. These data
demonstrate that there is protein(s) present in the mammalian
brain that is capable of binding to the ZID DNA element in vitro
after interacting with NAC-1’s POZ/BTB domain.

Overexpression of NAC-1 in the rat brain
Figure 4 shows that the rats pretreated with Ad-lac or Ad-GFP
demonstrated behavioral sensitization at days 7 and 28 after the

Figure 3. NAC-1 contains a functional POZ/BTB domain. A, The differ-
ent in vitro-translated proteins used in the gel shifts are shown. POZZ
represents the POZ domain in ZID; POZN represents the first 120 amino
acids in NAC-1. B, Incubation of the radiolabeled ZID DNA element
(arrowhead) with bovine serum albumin revealed no effect on the mobility
of the probe (lane 1). Incubation of the same probe with POZN (lane 2),
a fusion protein of POZN and the ZID zinc fingers (lane 3), or full-length
ZID (lane 5) also did not result in a shift. Coincubation of POZN with the
POZN–ZID zinc finger fusion protein did lead to retardation of the probe
(lane 4; arrow; this result is similar to coincubation of POZN with ZID).
C, Mobility of the ZID DNA element (lane 1; arrowhead) is the same after
incubation with albumin (lane 2) or the total protein extract from the
striatum of the rat brain (lane 3). The ZID DNA probe does shift after
coincubation of striatal protein and POZN (lane 4; arrow) and increases in
amount with higher doses of POZN (lanes 5, 6 ). Similar findings occurred
with substitution of the protein extract from the cerebellum (lanes 7–10).
The broad bands from these shifts presumably reflect complexes of multiple
proteins.

Figure 4. NAC-1 overexpression prevents the development of behavioral
sensitization. Ad-NAC or control injections of Ad-lac (n 5 9) or Ad-GFP
(n 5 4) were administered into the nucleus accumbens 1 week before
beginning daily injections of cocaine (15 mg/kg, i.p.) for 7 d (days 1–7).
Three weeks after the last daily cocaine administration (day 28) the rats
received another injection of cocaine (15 mg/kg, i.p.). Motor activity was
monitored using a photocell apparatus. Top, The effect of repeated cocaine
on different components of cocaine-induced behavioral hyperactivity is
shown. Two-way ANOVAs revealed that behavioral sensitization occurred
in the distance traveled and rearing only in the AD-lac/Ad-GFP group and
that no sensitization of stereotypy was elicited in either treatment group.
The significant F scores were as follows: distance traveled, virus F(1,21) 5
5.70, p 5 0.027, and day F(2,42) 5 3.56, p 5 0.037; rearing, day F(2,42) 5 5.04,
p 5 0.011, and interaction F(2,42) 5 3.74, p 5 0.032. Bottom, The time course
of the locomotor-stimulant response (distance traveled) in response to
cocaine is shown. Two-way ANOVAs with repeated measures over time
revealed that the motor-stimulant effect of cocaine was greater on days 7
and 28 compared with that on day 1 only in the Ad-lac/Ad-GFP group.
Ad-NAC, day F(2,37) 5 1.36, p 5 0.270, time F(17,629) 5 48.08, p , 0.001, and
interaction F(34,629) 5 0.19, p . 0.999. Ad-lac/Ad-GFP, day F(2,31) 5 2.06,
p 5 0.145, time F(17,527) 5 70.06, p , 0.001, and interaction F(34,527) 5 2.27,
p , 0.001. *p , 0.05, comparing day 1 with days 7 and 28 using a least
significant difference post hoc comparison (Milliken and Johnson, 1984).
Open squares, Day 1; filled squares, Day 7; half-filled squares, Day 28.
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first cocaine injection. The sensitized motor response was revealed
in both locomotor activity (distance traveled) and rearing behav-
ior, but not in stereotyped behavior. The time course analysis
revealed that significant behavioral sensitization occurred during
the first 30 min after cocaine administration. In contrast, the
Ad-NAC-pretreated rats did not exhibit sensitization or any sig-
nificant difference between treated days in any of the measured
behaviors. Comparing the first day of cocaine administration be-
tween the virus treatment groups reveals that the acute motor
response to cocaine did not differ. Similarly, both groups of rats
demonstrated equivalent motor responses to a novel environment
(the first exposure to the photocell chamber) and to the acute
intraperitoneal administration of saline, morphine, or caffeine (Ta-
ble 1). Thus, the blockade of behavioral sensitization by Ad-NAC
pretreatment did not result from a general inhibitory effect on
motor activity.

In agreement with the literature (for review, Peltekian et al.,
1997), the adenoviral-mediated overexpression of transgenes en-
dures for at least the 35 d of the behavioral experiment (see Fig. 6).
Thus, it is possible that rather than disrupting the development of
behavioral sensitization by the daily cocaine treatment regimen,
NAC-1 overexpression may have interfered with the expression of
the behavioral sensitization elicited by cocaine on day 28 after the
3 week withdrawal period. Figure 5 reveals that the effect of NAC-1
overexpression on behavioral sensitization was selective for the
development and not the expression of sensitization because ani-
mals microinjected with Ad-NAC 1 week after repeated cocaine
administration demonstrated behavioral sensitization at 3 weeks of
withdrawal. Behavioral augmentation was observed in both Ad-
NAC- and Ad-GFP-treated groups in the distance traveled and
stereotypy but not in rearing behavior. Similar to the selectivity of
the nucleus accumbens as a site where cocaine upregulated NAC-1
mRNA (Cha et al., 1997), when Ad-NAC was administered into
the striatum, repeated cocaine administration continued to elicit
sensitization in the measure of distance traveled (Fig. 5).

Immunohistochemistry revealed the presence of substantial cel-
lular overexpression of NAC-1 in subjects injected with the Ad-
NAC (Fig. 6A). Figure 6B shows a similar distribution of cells
infected with control Ad-GFP. The overexpression of NAC-1,
lacZ, and GFP was typically in the ventral half of the nucleus
accumbens and bounded by the anterior commissure and the ol-
factory tubercle. Thus, transfected cells appeared in both the ven-
tral core and ventrolateral shell compartments. High-power micro-
graphs indicate some morphological differences in cellular
overexpression of NAC-1. Figure 6A9 shows cells with dense nu-
clear staining and clustered cytoplasmic immune labeling, whereas
Figure 6A0 shows cells resembling the constitutive expression pat-
tern (see Fig. 1) with labeling restricted to the nucleus. The tissue
in Figure 6 was obtained from animals at 40 d after microinjection
of virus, showing that robust adenoviral-mediated NAC-1 expres-
sion was present for the duration of the experiment. Modest neu-
rotoxicity at the injection site was occasionally observed that was
approximately spherical in shape and ranged from 0 to 300 mm in
diameter. This toxicity was not present in all animals and occurred

equally in animals injected with Ad-lac, Ad-GFP, and Ad-NAC.
Figure 6C shows a Nissl-stained tissue section after microinjection
of Ad-NAC and reveals the maximum extent of neurotoxicity
observed at the tip of the injection cannula. The neurotoxicity is
very restricted; adjacent to the immediate injection site in the
region containing an abundance of transfected cells, there is no
neurotoxicity, and cell morphology appears normal.

Some cells were found to be double-labeled for GFP and the
astroglial marker GFAP at day 7 after microinjection of Ad-GFP
(Fig. 7). A cell count of seven brains revealed that 46.0 6 6.3% (149
of 316 cells total) of the GFP-containing cells were double-labeled
for GFAP. In contrast, few microglia or macrophages were present
at the virus injection site, and only two cells were found to be
double-labeled for GFP and integrin aM (data not shown).

DISCUSSION
NAC-1 acts as a transcription factor
This report demonstrates that the cocaine-regulated gene NAC-1
encodes a transcription factor. NAC-1 is localized to the cell
nucleus and is able to repress transcription in the context of a
foreign gene. NAC-1 is unique in the family of mammalian POZ/
BTB transcriptional regulators because it does not contain a typical
zinc finger structure (Mackay and Crossley, 1998). Some POZ/
BTB proteins interact with other nuclear proteins that lack DNA-
binding domains, including the nuclear hormone corepressors
SMRT and NCoR (Hong et al., 1997; Wong and Privalsky, 1998).
NAC-1 may thus alter transcription by either binding directly to
DNA (efforts to date have not isolated a target DNA site for
NAC-1) or interacting as a cofactor with other proteins that reg-
ulate transcription.

NAC-1 required its POZ/BTB domain to alter repression by two
other POZ/BTB proteins, ZID or BCL-6. This domain also af-
fected the binding of proteins containing the ZID zinc fingers to
the ZID DNA element in multiple regions of the rat brain, includ-

Table 1. Lack of effect by Ad-NAC administration into the nucleus
accumbens on the acute motor response to novelty and psychostimulants

Drug
Dose
(mg/kg, i.p.)

Ad-NAC
n 5 8

Ad-lac
n 5 7

Novelty — 8636 6 854 8570 6 358
Saline — 1766 6 303 1816 6 329
Morphine 3.0 5774 6 1175 6579 6 1102
Caffeine 10.0 21245 6 944 20944 6 318

All data are shown as the mean (6 SEM) distance-traveled photocell counts over 120
min after drug injection, except in rats exposed to novelty in which the data are the
distance traveled accumulated over 60 min after placement into the open field. An
unpaired, two-tailed Student’s t test revealed no significant difference between the
Ad-NAC and Ad-lac pretreatment groups.

Figure 5. NAC-1 did not affect the expression of behavioral sensitization
when overexpressed in the accumbens or the development of sensitization
when overexpressed in the striatum. Top, The effect of Ad-NAC on the
expression of behavioral sensitization was evaluated by administering Ad-
NAC or Ad-GFP into the nucleus accumbens 1 week after the last daily
injection of cocaine and 2 weeks later giving a cocaine injection (day 28).
The data were evaluated using a two-way ANOVA with repeated measures
over days. A significant effect of the day of cocaine treatment was measured
for the distance traveled [F(1,10) 5 8.08; p 5 0.014] and stereotypy [F(1,10) 5
10.04; p 5 0.010], whereas no effect of virus or interaction between virus
and day was found in rearing behavior. Bottom, Ad-NAC was administered
into the dorsal striatum 5–7 d before administering the first injection of 1
week of daily cocaine, and cocaine was readministered after 3 weeks of
withdrawal (day 28). A one-way ANOVA with repeated measures was
conducted, and a significant effect was measured for the distance traveled
[F(2,20) 5 5.28; p 5 0.023] but not for rearing or stereotypy. *p , 0.05,
comparing day 1 with days 7 and 28 using a least significant difference post
hoc comparison (Milliken and Johnson, 1984).
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ing the protein extract from the nucleus accumbens. The NAC-1
POZ/BTB domain almost certainly forms heterodimers and ho-
modimers to mediate these actions, supported by POZN’s migra-
tion as a homodimer in electrophoresis (data not shown). Reso-
lution of the POZ/BTB domain structure by crystallization
suggests that in vivo obligate homodimers are likely formed, al-
though the homodimers may oligomerize with themselves or other
POZ/BTB proteins (Ahmad et al., 1998; Li et al., 1999). The
functional ability to form dimers, along with selectivity in these
protein–protein interactions, will help to determine the actions of
NAC-1 on transcriptional regulation.

NAC-1 is a POZ/BTB protein that can alter a long-term
behavioral response to cocaine

NAC-1 cDNA was first isolated from the brains of rats that had a
history of cocaine self-administration (Cha et al., 1997). It was
found that NAC-1 was selectively upregulated in the nucleus ac-
cumbens by repeated cocaine administration and that the overex-
pression endured for at least 3 weeks after discontinuing daily
cocaine administration. The long-term increase in NAC-1 levels is
unusual when compared with other mRNAs that return to baseline
levels within a few days or weeks after drug exposure (Hope et al.,

Figure 7. The localization of GFP with
glia and neurons. A, Expression of GFP-
containing cells in the ventral nucleus
accumbens. B, Expression of GFAP in
the same section shown in A. A9, B9,
Higher power micrographs correspond-
ing to the area outlined in A and B,
respectively. White arrowheads indicate
GFP-expressing cells not colocalized
with GFAP. Black arrowheads corre-
spond to cells colocalizing GFAP and
GFP. Scale bars, 0.1 mm

Figure 6. Location of gene transfer
within the nucleus accumbens. A, Low-
power micrograph illustrating Ad-NAC-
mediated overexpression of NAC-1 in the
ventral nucleus accumbens. A9 and A0 in A
refer to the location of the corresponding
high-power micrographs. A9, High-power
micrograph showing substantial cytoplas-
mic localization of NAC-1 in Ad-NAC-
infected cells. Note the somewhat clus-
tered organization of immune labeling for
NAC-1 in the cytoplasm of some cells
(arrowheads). A0, High-power micrograph
showing the primarily nuclear location of
NAC-1 (arrowheads). B, Distribution of
cells from an animal pretreated with Ad-
GFP. C, Low-power micrograph stained
with cresyl violet revealing modest neuro-
toxicity at the injection site. Inset, High-
power micrograph of the boxed area in
C showing an abundance of healthy cells
in tissue adjacent to the injection site.
ac, Anterior commissure. Scale bars: A–C,
0.5 mm; A9, A0, 0.05 mm.
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1992; Moratalla et al., 1996; Berke et al., 1998). This temporal
pattern of overexpression is consistent with the enduring behav-
ioral sensitization produced by repeated cocaine administration
(Segal and Schuckitt, 1983; White and Kalivas, 1998), indicating
that NAC-1 may be a mediator of cocaine-induced behavioral
plasticity. The present data reveal that in contrast to being a
mediator of behavioral sensitization, the induction of NAC-1 may
be a compensatory response to diminish the neuroplastic, long-
term impact of cocaine. Rather than augmenting the effect of
cocaine, viral-mediated overexpression of NAC-1 in the nucleus
accumbens was shown to inhibit the development of behavioral
sensitization. This indicates that the constitutive upregulation of
NAC-1 by cocaine is functioning to blunt the capacity of the CNS
to undergo the cocaine-induced neuroadaptive changes that result
in behavioral sensitization. The protective function by NAC-1 is
consistent with the previous observation that a reduction in NAC-1
expression by microinjecting NAC-1 antisense oligonucleotide into
the nucleus accumbens augmented the acute behavioral activation
elicited by a systemic injection of cocaine (Kalivas et al., 1999).
NAC-1 antisense pretreatment was also found to inhibit selectively
the motor response associated with dopamine receptor stimulation
in the nucleus accumbens. This indicates that the regulation of
gene expression by NAC-1 as a transcription factor may be impact-
ing dopamine receptor signaling and the corresponding changes in
gene expression that are associated with acute and repeated co-
caine administration (Nestler et al., 1993; White and Kalivas,
1998).

Methodological considerations using
adenovirus-mediated gene transfer
The use of adenovirus to transfer genetic material in vivo suffers
from certain shortcomings. The most common caveat to be consid-
ered is the induction of an inflammatory response at the site of
injection (Akli et al., 1993; Peltekian et al., 1997). Although this
occurred in the present study and may have contributed to the
slight neurotoxicity observed, by 1 week after injection glial and
microglial infiltration of the injection site was not generally present
(e.g., see Fig. 7), indicating that the inflammatory response had
primarily abated by the time the behavioral experiments began.
Another concern is that by using the CMV promoter there is not
selective gene transfer into neurons (Le Gal La Salle et al., 1993).
Indeed double-labeled cell counts at 1 week after virus adminis-
tration reveal that nearly 50% of the cells expressing the reporter
gene GFP were glial and not neuronal. Nonetheless, in agreement
with other reports (Peltekian et al., 1997), substantial neuronal
infection was produced, and studies to date using specific neural
promoters reveal a marked reduction in the overall infection rate,
although what infection occurs is selective for neurons (Klein et al.,
1999; Navarro et al., 1999). Finally, similar to other transgenic
techniques, the long duration of overexpression will likely result in
adaptations within the infected cells and adjacent neurocircuitry.
This is especially true for a protein such as NAC-1 that is capable
of modifying gene transcription. How these putative alterations in
cell and circuitry function may differ from the overexpression of
NAC-1 by repeated cocaine administration cannot be determined
in the present study. However, it is important to note that although
the constitutive expression of NAC-1 is nuclear, Ad-NAC overex-
pression resulted in significant protein in the cytoplasm (e.g.,
compare Figs. 1, 6A9). Whether this distribution reflects a consti-
tutive cytoplasmic distribution that is below detection by the
NAC-1 antibody in untransfected cells or is an artifact of Ad-NAC-
mediated overexpression is not known. Regardless, the magnitude
of any Ad-NAC-induced confound will likely be less than that
arising from transgene technologies that use constitutive changes in
gene expression present for the lifetime of the animal throughout
the CNS. The present study was completed within 5 weeks after
Ad-NAC administration in adult rats, and the overexpression is
produced in a single brain nucleus. Nonetheless, the interpretation
of behavioral data obtained using adenoviral-mediated gene trans-
fer will be enhanced by the development of inducible expression

systems that minimize the emergence of compensatory adaptations
produced by Ad-NAC-induced overexpression that may not occur
during cocaine-induced NAC-1 upregulation (Ketz et al., 1999).

Why are POZ/BTB proteins found in neurons?
Mammalian POZ/BTB transcriptional proteins appear to regulate
the cell cycle during hematopoiesis (Ball et al., 1999). POZ/BTB
mRNAs are four- to eightfold more abundant in the mammalian
brain when compared with peripheral tissues (Bardwell and Treis-
man, 1994; Albagli et al., 1995), suggesting that POZ/BTB proteins
may play an important role in brain function. However, the ques-
tion of why they may be present in terminally differentiated neurons
arises. NAC-1 is the first mammalian POZ/BTB protein impli-
cated in the regulation of a complex behavior. A cascade initiated
by the coupling of signal transduction pathways with altered protein
expression patterns is thought to induce the neuroadaptations
responsible for addictive behaviors (Nestler et al., 1993; Koob,
1996; White and Kalivas, 1998), and this mechanism may underlie
a POZ/BTB protein’s effect on behavior. Future studies will need
to identify what target genes in vivo are regulated by NAC-1
expression and whether this occurs by a direct (DNA-binding) or
indirect (transcription cofactor) mechanism. NAC-1 mRNA is also
present in the human brain (data not shown), and characterization
of human NAC-1 and its regulated genes may help to initiate new
studies into the mechanisms of psychostimulant abuse.
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