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Behavioral/Systems/Cognitive

Nuclear Factor kB Signaling Regulates Neuronal
Morphology and Cocaine Reward
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Although chronic cocaine-induced changes in dendritic spines on nucleus accumbens (NAc) neurons have been correlated with behav-
ioral sensitization, the molecular pathways governing these structural changes, and their resulting behavioral effects, are poorly under-
stood. The transcription factor, nuclear factor k B (NFkB), is rapidly activated by diverse stimuli and regulates expression of many genes
known to maintain cell structure. Therefore, we evaluated the role of NF«B in regulating cocaine-induced dendritic spine changes on
medium spiny neurons of the NAc and the rewarding effects of cocaine. We show that chronic cocaine induces NFxkB-dependent tran-
scription in the NAc of NF«kB-Lac transgenic mice. This induction of NF«B activity is accompanied by increased expression of several
NF«kB genes, the promoters of which show chromatin modifications after chronic cocaine exposure consistent with their transcriptional
activation. To study the functional significance of this induction, we used viral-mediated gene transfer to express either a constitutively
active or dominant-negative mutant of Inhibitor of k B kinase (IKKca or IKKdn), which normally activates NF«B signaling, in the NAc.
We found that activation of NF«B by IKKca increases the number of dendritic spines on NAc neurons, whereas inhibition of NF«B by
IKKdn decreases basal dendritic spine number and blocks the increase in dendritic spines after chronic cocaine. Moreover, inhibition of
NFkB blocks the rewarding effects of cocaine and the ability of previous cocaine exposure to increase an animal’s preference for cocaine.
Together, these studies establish a direct role for NFkB pathways in the NAc to regulate structural and behavioral plasticity to cocaine.

Introduction

Drug addiction involves persistent alterations in the structure
and function of the brain’s reward circuitry, leading to motiva-
tion to take the drug (Robinson and Kolb, 2004; Hyman et al.,
2006). Previous exposure to cocaine increases preference for the
drug and escalates drug self-administration (Shippenberg and
Heidbreder, 1995; Ahmed and Koob, 1998; Ahmed et al., 2003;
Ferrario et al., 2005; Renthal et al., 2007). Drug regimens that
increase the frequency of motivated behaviors [e.g., self-
adminstration and conditioned place preference (CPP)] also
cause long-lasting structural changes within the nucleus accum-
bens (NAc) (ventral striatum), a key brain reward region. These
structural changes, which include increased dendritic spine den-
sity of NAc medium spiny neurons (MSNs), correlate with sen-
sitized behavioral responses to cocaine and other stimulant drugs

of abuse (Robinson and Kolb, 1997, 2004; Jedynak et al., 2007).
Also, electrophysiological evidence has associated the induction
of behavioral sensitization with long-term potentiation (LTP)
(Yao et al., 2004) or long-term depression (LTD) at excitatory
glutamatergic synapses in the NAc (Ungless et al., 2001; Thomas
and Malenka, 2003). Further evidence points to a slow-onset
redistribution of AMPA-type glutamate receptors to the surface
of NAc neurons as a critical neuroadaptation associated with
sensitization (Boudreau and Wolf, 2005). Although a few reports
have implicated specific molecular targets in drug-induced regu-
lation of NAc neuron spine density (see Discussion), the detailed
intracellular signaling pathways regulated by cocaine to promote
structural changes in neuronal morphology, and the behavioral
consequences of these changes, remain poorly defined.

Nuclear factor k B (NFkB), a transcription factor best studied
for its involvement in inflammation and immune responses
(Chen and Greene, 2004; Lin and Karin, 2007), has more recently

Received Dec. 29, 2008; revised Feb. 5, 2009; accepted Feb. 5, 2009.
This work was supported by grants from the National Institute on Drug Abuse and the National Institute of Mental
Health.
*M.B.W. and M.S.M.-R. contributed equally to this work.
Correspondence should be addressed to Dr. Eric J. Nestler, Fishberg Department of Neuroscience, Mount Sinai
School of Medicine, One Gustave L. Levy Place, Box 1065, New York, NY 10029-6574. E-mail: eric.nestler@mssm.edu.
DOI:10.1523/JNEUR0SCI.6173-08.2009
Copyright © 2009 Society for Neuroscience  0270-6474/09/293529-09%15.00/0

been shown to regulate synaptic plasticity and memory in the
adult brain (O’Neill and Kaltschmidt, 1997; Meffert et al., 2003;
Mattson, 2005; Meffert and Baltimore, 2005; Mattson and Mef-
fert, 2006). A role for NF«B in the neural plasticity associated
with drug addiction is not known; however, NF«B has been im-
plicated in the neurotoxic effects of amphetamine derivatives in
the striatum (Asanuma and Cadet, 1998), and we have shown
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previously that levels of certain NF«B subunits are regulated in
the NAc by chronic cocaine (Ang et al., 2001), although the net
effect of cocaine on NFkB functional activity remains unknown.

To more clearly understand the regulation of NF«B systems
by cocaine, we used a multilevel approach to characterize the
effect of cocaine on the chromatin state of several NFkB genes, on
levels of expression of their protein products, and on NF«kB func-
tional activity in an NFkB-LacZ reporter mouse. Cocaine regula-
tion of the NFkB system is of interest based on its involvement in
nerve growth factor (NGF)-induced differentiation of pheochro-
mocytoma (PC12) cells (Foehr et al., 2000) and brain-derived
neurotrophic factor (BDNF)-induced differentiation of cultured
cortical neurons (Gutierrez et al., 2005). Given the many reports
implicating growth factor signaling in addiction-related struc-
tural plasticity (Russo et al., 2009), we hypothesized that NFkB
may exert a similar effect on the structure of adult NAc neurons
during a course of chronic cocaine exposure and thereby contrib-
utes to drug-induced behavioral plasticity.

Materials and Methods

Animals. Male C57BL/6 mice (The Jackson Laboratory) or NF«kB-LacZ
reporter mice (Bhakar et al., 2002), weighing 25-30 g, were used for these
studies. All animals were habituated to the animal facility for at least 1
week before experimental manipulation and maintained at 23-25°Con a
12 h light/dark cycle in which lights were on between 7:00 A.M. and 7:00
P.M. All animals were provided with food and water ad libitum. Experi-
ments were conducted in accordance with guidelines of the Society for
Neuroscience and Mount Sinai’s institutional animal care and use
committee.

Cocaine treatment. Animals were administered daily injections of co-
caine (20 mg/kg, i.p.) or saline for 5 d and killed either 4—6 or 24 h after
their final injection. For neuronal morphology experiments (see Fig. 5),
animals were injected with a binge cocaine regimen (5 X 20 mg/kg) over
3 dand killed 4—6 h after their last injection to ensure that herpes simplex
virus (HSV)-mediated transgene expression remained high throughout
the course of cocaine treatment. It is important to note that all acute
cocaine injections were preceded by 4 d of saline injections to control for
injection stress.

Chromatin immunoprecipitation assay. Chromatin immunoprecipita-
tion (ChIP) was performed following previously described methods (Ku-
mar et al., 2005). First, animals were treated with cocaine (20 mg/kg) or
saline for 5 d. Four hours after the last injection, animals were killed, and
their brains were removed to cold PBS. The brain was sectioned, and
bilateral 14 gauge NAc punches were taken. Punches were briefly fixed in
1% formaldehyde; fixation was stopped using 2 m glycine. For each ChIP
sample, four animals (eight punches) were pooled and sonicated on ice
with a Fisher Sonic Dismembrator (Model F550) once for 25 s, followed
by three 15 s sonications. Samples were centrifuged, and supernatant was
removed to a new tube. After preclearing with protein A-agarose beads,
each sample was immunoprecipitated with anti-rabbit antibodies di-
rected against acetylated histone H3 (AcH3; 06-599; Millipore), trim-
ethylated lysine 4 of histone H3 (3mK4H3; ab-8580; AbCam) or trim-
ethylated lysine 9 of histone H3 (3mK9H3; ab-8898; AbCam). One
hundred microliters of chromatin were removed from each sample to use
as input (i.e., nonimmunoprecipitated control). Samples were immuno-
precipitated overnight and then washed using low salt, high salt, LiCl salt,
and Tris-EDTA buffers. Reverse cross-linking was performed with 5 m
NaCl, 0.5 M EDTA, and Tris-HCI, pH 6.5, at 65°C, and proteins were
digested with RNA-grade proteinase K (Invitrogen). DNA was purified
using phenol-chloroform-isoamyl alcohol extraction and resuspended
in 200 ul of RNase—DNase-free water (Invitrogen).

Real-time PCR. Real-time PCR was performed for the NFkB-related
genes p105/50, p65/Rel-A, Inhibitor of k B a (IkBe), Inhibitor of k B 8
(IkBB), and c-rel, as well as for BDNF and glial cell line-derived neuro-
trophic factor (GDNF). Total RNA was isolated using Trizol (Invitrogen)
and an RNAeasy Micro Kit (Qiagen), mRNA was reverse transcribed
using iScript (Bio-Rad), and primers were designed to amplify regions of
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Table 1. ChIP primer sequences

Gene Forward Reverse

p50/105 ATTCCATCCACAGCGATGAT CATCTGCTTGTTCCCTCCTC
p65/Rel-A GGCAATTTTTGCTCCCTACA AGAGTCCCTGAGAGCCATGA
IkBa TAGCCAGCGTTTCCACTCTT CAGACCTGCTAGGCTGTTCC
kBB CAACCTTAGCAACCGGGATA ACCTGAAGGGAGTGGGATTC
¢-Rel GGTATCTCGGCCAATCTCTG CGCAGCCTTATTTTCCCTCT

Primer sequences used to study chromatin modifications at NF B gene promoters.

Table 2. mRNA primer sequences

Gene Forward Reverse

p105/p50 GCCTGCAAAGGTTATCGTTC GTCCTTGGGTCCTGCTGTTA
p65/Rel-A TGTGGAGATCATCGAACAGC GGGGTGTGTCTTGGTGGTAT
IkBa TCGCTCTTGTTGAAATGTGG TGGAGATTTTCCAGGGTCAG
kBB TCAGAGCCAGGACTGTACCC CTCTTCGTTCTCTGGGTTGG
BDNF GCGGCAGATAAAAAGACTGC TCAGTTGGCCTTTGGATACC
GDNF TGGGCTATGAAACCAAGGAG CAACATGCCTGGCCTACTTT

Primer sequences used to study mRNA expression of NF kB subunits and of BDNF and GDNF.

~150 bp located within the gene (sequences shown in Table 2). For ChIP
samples, primers were designed to amplify products of ~150 bp in the
regions immediately 5 to the start site of the respective genes (sequences
shown in Table 1). PCR was performed using an Applied Biosystems
7500 quantitative reverse transcription-PCR system with the following
cycle parameters: 10 min at 95°C; 40 cycles of 95°C for 1 min, 60°C for
335, 72°C for 33 s; and graded heating to 95°C to generate dissociation
curves for confirmation of single PCR products. Data were analyzed by
comparing cycle treshold (Ct) values of the treatment condition (co-
caine) to the control condition (saline) using the 2*-AACt method (Livak
and Schmittgen, 2001). Briefly, the input Ct values for each sample were
subtracted from the immunoprecipitated Ct values [ACt]. These values
were averaged for all of the saline samples, and this value [average ACt] was
subtracted from the ACt generated for each sample above. This gives the
AACt value for each sample. Two was raised to the negative power of each
AACt giving the fold change induced by cocaine in NF«kB-related genes.
Several genes not regulated by cocaine were studied as controls; these in-
cluded B-tubulin and histone H4, among others. Samples were normalized
such that saline samples showed no fold change (i.e., a fold change of 1).

Immunohistochemistry. Mice were sequentially perfused with cold 1X
PBS, followed by 4% paraformaldehyde in 1 X PBS ata pH of 7.4, and the
intact brains were removed, cryoprotected in PBS containing 30% su-
crose, and later sectioned and processed for immunohistochemistry ac-
cording to previously published protocols (Russo et al., 2007). Briefly,
sections were incubated in blocking buffer (containing donkey serum)
and then with either anti-rabbit green fluorescent protein (GFP) (Ab-
cam), or anti-goat 3-galactosidase (3-gal) (Biogenesis) primary antibod-
ies. Sections were then incubated either with Cy2 and Cy3 secondary
fluorophores or a biotinylated rabbit anti-goat secondary antibody
(DakoCytomation) and avidin—biotin complexes, followed by peroxi-
dase labeling using a DAB substrate kit (Vector Laboratories). Neurons
were analyzed under bright-field microscopy or with a Zeiss 560LSM
confocal microscope under 63X or 100X.

Immunoblotting. Immunoblotting from NAc lysate was performed as
described previously (Russo et al., 2007). After chronic cocaine treat-
ment, brains were removed from decapitated mice, placed on ice, and
sectioned on a brain matrix at a thickness of 1 mm, and tissue punches
were taken with a 15 gauge cannula and frozen at —80°C until used.
Tissue punches were sonicated on ice in a modified detergent-based
buffer also containing 50 mm NaF (to inhibit protein phosphatase activ-
ity), protease inhibitor mixture I, and phosphatase inhibitor mixtures I
and II from Sigma. After sonication, samples were centrifuged at
15,000 X g for 15 min, and the supernatant was collected and processed
for protein concentration determination using a Lowry assay from Bio-
Rad. For Western blotting, 30 ug of protein/sample were run on a Cri-
terion 4-20% acrylamide/bisacrylamide gradient gel from Bio-Rad,
transferred to a polyvinylidene difluoride membrane, blocked with 4%
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milk, and incubated using primary antibodies against anti-mouse Inhib-
itor of k B kinase (IKK)f, anti-rabbit p65/Rel-A, p105/p50, IBa, IkBf
(Santa Cruz Biotechnology), and anti-rabbit phospho-p65/Rel-A (Cell
Signaling Technology).

Construction of viral vectors. Coding sequences for the 8 form of either
wild-type IKK (IKKwt) or a dominant-negative mutant [IKKdn; lysine
44 was substituted with methionine (Mercurio et al., 1997)] and sub-
cloned into the bicistronic p1005+ HSV plasmid (Clark et al., 2002). For
a constitutively active mutant [IKKca; serine 177 and 181 were mutated
to glutamate (Mercurio and Manning, 1999) (kindly provided by Z.
Chen, University of Texas Southwestern Medical Center, Dallas, TX)],
we designed primers with Kpnl restriction sites (forward primer, CAAG-
GTACCARGAGCTGGTCACCTTCCC; and reverse primer, CAAGG-
TACCTCATGAGGCCTGCTCCA). Fragments were subcloned into the
bicistronic p1005+ HSV plasmid at Kpnl.

Stereotaxic surgery. Mice were anesthetized with a mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg) and positioned in a small-animal
stereotaxic instrument (Kopf Instruments), and the skull surface was
exposed. Thirty-three gauge syringe needles (Hamilton) were used to
bilaterally infuse 0.5 ul of virus into the NAc at a rate of 0.1 ml/min
(Graham et al., 2007; Krishnan et al., 2007).

Behavior analysis. The place conditioning procedure was conducted as
previously described (Russo et al., 2007), with the following modifica-
tions. Briefly, 3 d after intra-NAc infusions of HSV-IKKwt, HSV-IKKdn,
or HSV-GFP, mice were placed into the conditioning chambers, which
consist of three distinct environments. Mice that showed any significant
preference for either of the two conditioning chambers (<10% of all
animals investigated) were excluded from the study. On subsequent days,
animals were injected with saline and confined to one chamber in the
morning for 30 min and then injected with cocaine (2.5-10 mg/kg, i.p.)
and confined for 30 min to the alternate chamber in the afternoon for 2 d
(two cocaine and two saline pairings). On the test day, mice were placed
back into the apparatus in a drug-free state for 20 min and tested to
determine which side they prefer. To control for unconditioned chamber
bias, all experimental conditions included a group of mice that were
administered saline in both chambers.

As we show in Figure 6, A and B, sensitization to the rewarding effects
of cocaine was conducted as described previously with the following
modifications (Shippenberg and Heidbreder, 1995; Renthal et al., 2007).
Eight-week-old mice were injected with HSV-IKKdn, HSV-IKKca, or
HSV-GFP into the NAc via stereotaxic injection. The animals were given
cocaine (20 mg/kg, i.p., for 4 d) at the onset of HSV expression, and after
3 additional days without treatment, animals received CPP training as
described above with 5 mg/kg cocaine. As a result of the transient trans-
gene expression seen with HSV vectors, with peak expression between
days 1 and 4 subsiding to zero by days 6—7 (Barrot et al., 2002), we used
this paradigm to test the role of NFkB signaling on sensitization to co-
caine during a chronic exposure to the drug. Baseline locomotor activity
was measured using a photobeam system (San Diego Instruments) 3 d
after stereotaxic delivery of HSV vectors. We confirmed that viral gene
transfer of IKK mutants alone did not affect baseline locomotor activity,
and thus did not cause gross behavioral deficits unrelated to cocaine
reward.

NGF-induced PCI12 cell differentiation. To determine whether NF«kB
regulates NGF-induced PC12 cell differentiation, we plated cells at 50%
confluency (undifferentiated) in chamber slides. Twenty-four hours h
later, cells were infected with HSV-IKK mutants (diluted 1:3 with H,O to
prevent any cell death) and, after 6—8 h, NGF was added at a concentra-
tion of 100 ng/ml once daily for 3 d until HSV-GFP-infected cells began
to branch. On day 3, cells were washed with 1X PBS, fixed in 1% form-
aldehyde, and processed for immunohistochemistry. Briefly, cells were
incubated in blocking solution containing 0.25% cold-water fish gelatin
and 0.04% saponin and then incubated with a primary antibody against
GFP. Cells were then washed and incubated with Cy2 secondary fluoro-
phores. To measure neurite differentiation, pictures were taken at 40X,
and the total number of cells (30-50 per image) undergoing neurite
differentiation were assessed by counting the number of neurite protru-
sions from the soma. Given that these data had been previously shown,
we used this technique as a proof-of-principle procedure to validate our

J. Neurosci., March 18, 2009 - 29(11):3529 -3537 + 3531

viral constructs for in vivo work and did not further examine the quali-
tative differences between the groups. Data presented are from three
independent samples and are expressed as the mean percentage of cells
with any detectable neurite formation.

Slice pharmacology. Acute bilateral NAc punches were subjected to
pharmacological manipulation as described previously (Renthal et al.,
2007). Briefly, adult male mice (~9 weeks old) were killed by decapita-
tion, and brains were removed and placed in cold, oxygenated Krebs
buffer (124 mm NaCl, 4 mm KCl, 26 mm NaHCO35, 10 mm p-glucose, 1.5
mu CaCl,, 1.5 mm MgSO,, and 1.25 mm KH,PO,, pH 7.4). NAc punches
(1 mm, 14 gauge) were transferred to tubes containing 4 ml of normal
Krebs buffer and were allowed to recover at 30°C under continual oxy-
genation (95% O,/5% CO,) for 60 min. Punches were subsequently
incubated for 30 min with or without BDNF in a 20 mm K ™ depolarizing
Krebs buffer (109.25 mm NaCl, 18.75 mm KCl, 26 mm NaHCOs;, 10 mm
D-glucose, 3 mm CaCl,, and 1.25 mm KH,PO,, pH 7.4). Punches were
then transferred to Microfuge tubes (LabScientific), frozen on dry ice,
and stored at —80°C before RNA isolation.

Use of bicistronic HSV vectors to measure NAc neuron spine density. To
study the role of NF«B in regulating neuronal morphology in vivo, we
used methods previously described with the following modifications
(Pulipparacharuvil et al., 2008). Three days after injection of HSV-GFP,
HSV-IKKdn, or HSV-IKKca, when viral expression is maximal, mice
were perfused, and brains were cryoprotected and sectioned on a vi-
bratome at 100 wm. Sections were then immunostained using an anti-
body against GFP according to a previously published protocol (Russo et
al., 2007) and described above. To assess the effects of NFkB on spine
numbers, we measured the number of spines on approximately one to
two neurites per neuron equaling at least 100 wm of secondary dendrites
from GFP-expressing MSNs in the NAc. For each group, we examined
~30 neurons in four to eight animals, after which an average value was
obtained for each animal for statistical analysis. All images were captured
with a confocal microscope (Zeiss) using a 100X oil-immersion objec-
tive. Images were acquired with the pinhole set at 1 arbitrary unit and a
1024 X 1024 frame size. The average stacks for the x- and y-plane were
~90 and 5 wm for the z-plane. Dendrite length was measured using NIH
Image] software, and dendritic spine number was counted by two trained
observers that were blind to the experimental condition. The average
number of spines per 10 wm of dendrite was calculated.

In vivo LacZ activity and cell surface area measurement. To quantify the
surface area of MSNs in the NA, rats received bilateral injections of HSV
vectors, and GFP was detected by immunohistochemistry, as described
above. We acquired confocal z-scans of MSNs, defined by spine mor-
phology, which were reconstructed in three dimensions using Volocity
software (Improvision), and the surface area and pixel intensity of these
neurons were measured. For cells to be chosen for morphological analy-
sis, consistent cytoplasmic staining patterns throughout the entire cell
body for GFP were required. Any cells with overlapping cell bodies or
dendritic processes that interfered with the accuracy of cell measure-
ments were omitted. Cells that met these criteria were sampled through-
out the rostral-caudal extent of the NAc. Each confocal scan captured
approximately two infected neurons meeting the criteria, and within
each field of cells, 10-20 uninfected LacZ-expressing cells were measured
to serve as internal controls. Approximately 15 neurons from three ani-
mals were used for each virus treatment.

Statistical analysis. All data are expressed as the mean = SEM. Mean
differences between groups were determined using a Student’s ¢ test or a
one-way ANOVA followed by Newman—Keuls post hoc tests when the
main effect was significant at p << 0.05. Statistical analyses were con-
ducted using software from GraphPad Prism 4.0.

Results

Cocaine-induced chromatin modifications on NFxB genes
Prior studies have shown that cocaine increases protein levels of
two NFkB subunits, p105/p50 and p65/Rel-A, in the NAc (Ang et
al., 2001). To determine whether such adaptations may be medi-
ated at the transcriptional level, we used ChIP to examine two
markers of gene activation, acH3 and 3mK4H3, and one marker
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Figure 1. Cocaine regulates acetylation of histone H3 (acH3) and trimethylation of Lys9 of

H3 (3mK9H3) on NF kB gene promoters (tissue was collected 4 — 6 h after cocaine administra-
tion). A, Increased binding of acH3 at the p105/p50, p65/Rel-A, and [B3 promoters (*p <
0.05, Student’s t test, n = 6—8), and no significant changes on the | kB or c-rel promoters. B,
A general decrease in 3meK9H3 binding, a repressive mark, on all NFkB promoters examined
(*p << 0.05, Student's t test, n = 6 —8). In contrast, C shows no changes in 3mK4H3 binding at
any of the NF«B promoters. All data are expressed as mean fold change = SEM and are nor-
malized to total input DNA.

of gene repression, 3mK9H3, at several NFkB genes. We found
that chronic cocaine administration increases levels of acH3 at
the p105/p50, p65/Rel-A, and IkBB genes (p105/p50: t,,) =
3.314, p < 0.015 p65: £, = 2.946, p < 0.05; IkB: £, = 4.660,
p <0.001) (Fig. 1A). No changes in acH3 were observed on c-rel
or IkBa genes. In contrast, chronic exposure to cocaine decreased
3mK9H3 binding at all of the NFkB promoters studied (p105/
p50: £(9) = 3.281, p < 0.05; p65: £(19) = 2.200, p = 0.05; IxBax: 11,
= 3.546, p = 0.05; IkBp: t;,, = 5.493, p < 0.05; c-rel: t(,o) =
3.415, p < 0.05) (Fig. 1B), whereas binding of 3mK4H3 was
unaltered (Fig. 1C). No changes in levels of acH3, 3mK4H3, or
3mK9H3 were observed on several control genes studied for
comparison (see Materials and Methods). Given that acH3 is a
known marker of gene activation, whereas 3mK9H3 is a marker
of gene repression, it is interesting to note that these two modifi-
cations may be acting synergistically at NFkB promoters to con-
trol gene expression (Kurdistani et al., 2004).

Cocaine increases NFkB-dependent signaling in the NAc

Given the relatively high expression of certain NFkB subunits in
the NAc and dorsal striatum (Asanuma and Cadet, 1998; Ang et
al., 2001), we first determined the relative activity patterns of
NFkB-dependent transcription throughout the striatum. Using a
transgenic NFkB-LacZ reporter mouse treated chronically with
cocaine, we demonstrated high levels of NFkB transcriptional
activity, as determined by -gal expression, throughout the NAc
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(core and shell) and dorsal striatum (i.e., caudate—putamen) (Fig.
2A).

Although previous data showed that chronic exposure to cocaine
increases total protein levels of the p105/p50 and p65/Rel-A NF«B
subunits in the NAc (Ang et al., 2001), it has remained unclear
whether these changes correspond to any net functional change in
NFkB-dependent transcription, because among the upregulated
subunits are those that either activate or inhibit NF«B activity. We
first replicated our published data showing that chronic cocaine ad-
ministration increases levels of expression of the NF«B subunits,
p65/Rel-A (1,5 = 2.170, p < 0.05) and p105/50 (t,,, = 3.171,p <
0.05), in the NAc; there was also a strong trend toward increased
levels of IkBS (f;,, = 1.449, p = 0.08) (Fig. 3), which was not
examined in our previous study. In addition, we did not observe any
changein NAclevels of IkBa ( p > 0.05), and c-rel was not detectable
by Western blotting in this brain region. Importantly, the three
NEFkB subunits that showed evidence of induction in the NAc after
chronic cocaine administration (Fig. 3) also showed evidence of
transcriptional activation based on increased binding of acH3 to
their gene promoters (Fig. 1A).

To determine the net effect of these adaptations in NF«B sub-
unit expression on NF«kB-dependent transcription, we counted
the number of B-gal-positive nuclei in the NAc of saline- and
cocaine-treated NF«B-LacZ reporter mice. As shown in Figure
2 B, chronic cocaine increases the number of -gal-positive nu-
cleiin the shell subregion of the NAc 4—6 h after the last injection
(ANOVA, F(, 4, = 7.656, p < 0.05 and post hoc p < 0.05). In
contrast, no effect was seen in the core subregion or in the dorsal
striatum (data not shown). The increase in 3-gal expression is
maintained for at least 24 h after the last injection only in animals
treated chronically with cocaine (ANOVA, F, 4 = 8.513, p <
0.05 and post hoc p < 0.05) (Fig. 2B).

Validation of viral vectors

Having demonstrated that cocaine induces NF«B activity in the
NAc, we next sought to study the influence of this transcription
factor on neural and behavioral effects of cocaine. To achieve this
goal, we developed HSV vectors that express IKKwt, IKKca, or
IKKdn. IKK functions to activate NF«B signaling in diverse cell
types. IKKca and IKKdn differ from IKKwt by single- or double-
point mutations only (Mercurio et al., 1997; Mercurio and Man-
ning, 1999). We used multiple approaches in vitro and in vivo to
verify the appropriate transgene expression and activity from these
novel HSV vectors. As shown in supplemental Figure 2F, all three
vectors expressed IKK at similar levels in PC12 cells. Additionally,
both IKKwt and IKKca expression increased levels of phospho-p65/
Rel-A, without changing its total levels, in PC12 cells (supplemental
Fig. 2F, available at www.jneurosci.org as supplemental material), as
would be expected. Viral-mediated overexpression of IKKca in the
NAc of NFkB-LacZ reporter mice showed that IKKca significantly
increased [-gal expression (supplemental Fig. 2D, available at
www.jneurosci.org as supplemental material), an effect not seen for
IKKwt (ANOVA, F5 59y = 10.99, p < 0.05 and post hoc p < 0.05).
Therefore, all subsequent behavior and morphology experiments
used the IKKca vector to activate NFkB. In unstimulated PC12 cells,
basal levels of phospho-p65/Rel-A were undetectable, which pre-
vented us from assessing the utility of IKKdn in decreasing NFkB
activity in vitro (supplemental Fig. 2F, available at www.jneurosci.
org as supplemental material). However, given the high constitutive
activity of NFkB in the NAc of NFkB-LacZ reporter mice, we were
able to test its efficacy in vivo. Indeed, we verified a 50% reduction of
NFkB activity upon intra-NAc injection of HSV-IKKdn compared



Russo et al. ® NFkB and Cocaine Reward

6 x KB elements

I SV4D promoter

fi-galactosidase

200~ _
= * [ saline
=) ;
5 ol * [ Acute cocaine
= 150+ . .
S Bl Chronic cocaine
AP
=3
g 1 00— b - o o - - = -
(3
3
m
v 504
[T
z

0 T T T T T

4-6 hr 24 hr

Figure2. Cocaine regulates NF kB-dependent gene transcription in striatum. 4, The NFxB-LacZ reporter construct as well as a

20 image of NF«B activity in the NAc shell and core, and 4 X photomicrographs of the relative distribution of activity through-
out the anterior to posterior gradient, as marked by 3-gal immunohistochemistry (B). NFkB-dependent transcription was
measured in the NAc shell 4—6 and 24 h after saline, acute, or chronic cocaine. Representative photomicrographs of 3-gal
expression after saline or chronic cocaine are shown. The bar graph shows that NFkB-dependent 3-gal expression is increased in

the NAc shell only by acute or chronic cocaine (*p << 0.05, ANOVA, n = 3-5).

150- * p=0.08 )

:-E“ ® T [ Saline
‘g‘ Il Cocaine
§ 100-bps T T
-y
12
5
2 50
g
B
o

C T L T T T T

p105 p65 IKBf  IKBa
[— ] == | ]
GAPDH [ [===| === ==
Figure 3.  Chronic cocaine increases protein levels of certain NF«B subunits in the NAc. The

figure shows via Western blotting that 4 — 6 h after chronic cocaine there are increased levels of
the NF&B subunits p65/Rel-A (*p << 0.05, Student’s ¢ test, n = 7—8) and p105 (*p < 0.05,
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density percentage control = SEM.

J. Neurosci., March 18,2009 - 29(11):3529 -3537 + 3533

with HSV-GFP as a control ( p < 0.05) (sup-
plemental Fig. 2D, available at www.
jneurosci.org as supplemental material).

Molecular cross-talk between NFxB

and BDNF

Given the known interactions between neu-
rotrophic factors and NFkB signaling in
other cell lines, we studied possible cross-talk
between these two pathways in the NAc. We
first injected HSV vectors expressing mutant
IKK proteins into the NAc and found that
overexpression of IKKca increased levels of
BDNF mRNA in this brain region (ANOVA,
F5 14 = 3.149, p < 0.05 and post hoc p <
0.05) (Fig. 4). There was a trend for IKKdn
overexpression to decrease BDNF mRNA
levels, although this result was not statisti-
cally significant ( p = 0.08). In contrast, nei-
ther IKKca nor IKKdn overexpression al-
tered levels of GDNF mRNA in the NAc
(p > 0.05). These findings suggest that
BDNF is a target of NF«B signaling in the
NAc. Conversely, we then treated NAc slices
ex vivo with purified BDNF protein and ex-
amined the mRNA levels of several NFkB-
related genes. It was found that BDNF in-
creased mRNA levels of IkBa (140 * 9% of
control, t,,) = 2.644, p < 0.05), which is
typically increased in response to NF«B acti-
vation of other tissues, without affecting
mRNA levels of other NF«B subunits (data
not shown).

NFkB regulates dendritic spines in

NAc MSNs

The observation that alterations in
NFkB activity in the NAc regulates
BDNF expression raised the possibility
that such alterations might influence the
morphology of NAc neurons. We there-
fore used the HSV-IKK vectors to di-
rectly investigate the influence of NFkB
signaling on dendritic spine density in
the NAc. For proof of principle, we first screened the HSV-
IKK mutants in a cell-culture-based assay of differentiation.
NGF treatment of PC12 cells, a pheochromocytoma cell line
with neuron-like characteristics, leads to differentiation and
neurite outgrowth. As shown in Figure 5, D and E, we found
that expression of IKKdn during NGF treatment blocked neu-
rite formation, whereas HSV-mediated expression of IKKca
greatly enhanced neurite formation (ANOVA, F, ,,, = 18.21,
p < 0.05 and post hoc p < 0.05).

Given these robust effects, we investigated the effect of these
vectors on basal and cocaine-induced dendritic spine density of
MSNsinthe NAc (ANOVA, F, ,5, = 16.79, p < 0.05 and post hoc,
p < 0.05). Under basal conditions, we found that overexpression
of IKKdn decreased the density of dendritic spines, whereas over-
expression of IKKca enhanced dendritc spine density on these
neurons (Fig. 5A-C). Importantly, we found that expression of
IKKdn blocks the ability of chronic cocaine to increase dendritic
spines on NAc neurons (Fig. 5C).
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Figure4.  Molecular cross-talk between BDNF and NF«B signaling in the NAc. Expression of
HSV-IKKca increases BONF mRNA (*p << 0.05, ANOVA, n = 5-6) and HSV-IKKdn expression
produced a trend for decreased BONF mRNA in the NAc (p = 0.08). Neither manipulation
altered GDNF mRNA levels in the NAc. Data are expressed as the mean fold change of control ==
SEM.

NFkB in the NAc regulates cocaine reward

We next determined the ability of alterations in NF«B activity in
the NAc to regulate behavioral responses to cocaine. In drug
naive mice, inhibition of NF«B in the NAc, via bilateral injection
of HSV-IKKdn, significantly attenuated cocaine CPP at 5
(ANOVA, F(, 35 = 7.644, p < 0.05) and 10 mg/kg (ANOVA,
Fy16) = 7.644, p < 0.05) training doses of cocaine, whereas ac-
tivation of NFkB, via bilateral injection of HSV-IKKca, had no
effect (Fig. 6A). We then used a CPP reward sensitization para-
digm, in which animals are first treated with cocaine for 4 d,
allowed to rest drug free for 4 d, and then trained for cocaine CPP.
Such prior exposure to cocaine makes animals more sensitive to
cocaine’s rewarding effects; this is shown in Figure 6 B (two-way
ANOVA, F, 73y = 20.57, p < 0.05), in which animals injected
bilaterally with HSV-GFP showed enhanced CPP after prior
chronic exposure to the drug (¢, = 2.039, p < 0.05). Interest-
ingly, inhibition of NFkB with IKKdn overexpression completely
blocked the development of reward sensitization (Fig. 6 B). Be-
cause transgene expression dissipates before the beginning of
CPP training (5-7 d), these findings suggest that inhibition of
NFkB during prior drug exposure attenuates this behavioral ad-
aptation. Overexpression of IKKca during the prior cocaine
course had no effect in this behavioral paradigm; animals sensi-
tized similar to controls (.4, = 2.065, p < 0.05). As a control, we
found that neither IKK virus, when injected into the NAc, af-
fected conditioning to saline (0 mg/kg cocaine dose in Fig. 6A),
nor did they alter general locomotor activity, which is necessary
for the expression of CPP behavior (GFP, 74.65 * 15.56; IKKdn,
69.40 * 14.47; IKKca, 74.4 = 15.51).

Discussion

It has been hypothesized previously that cocaine induction of
dendritic branching and spine formation in MSNs of the NAc
mediates behavioral sensitization, namely, increased behavioral
responses to the drug after repeated administration (Robinson
and Kolb, 1997, 2004). We have extended these findings to spe-
cifically implicate an increase in NFkB signaling during cocaine
administration as a key mediator of these adaptations. The results
of the present study show that cocaine upregulates NFkB signal-
ing in the NAc and that this signaling pathway is crucial for con-
trolling the morphology of NAc neurons as well as regulating the
rewarding responses to cocaine. Specifically, we show that block-
ade of NFkB in this brain region decreases cocaine reward, as
measured by CPP. We show further, by use of novel bicistronic
HSV vectors to upregulate or downregulate NF«B activity specif-
ically within the NAc of adult animals, that inhibition of NFkB
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decreases the number of dendritic spines on MSNs, whereas ac-
tivation of NFkB signaling increases dendritic spine density. Fu-
ture work is needed to determine how long enhanced NFkB sig-
naling persists in the NAc after cessation of chronic cocaine
administration and whether NF«B is required not only for the
induction of increased dendritic spines on MSNs but also their
long-term maintenance.

NFkB has received much attention in recent years as a prosur-
vival transcription factor that is important during inflammatory and
immune responses. Numerous studies have shown that NF«B
knock-out mice have increased cell death in response to an excito-
toxic lesion (Yu et al.,, 1999; Kassed et al., 2002). A previous study
demonstrated activation of NFkB activity in dorsal striatum in re-
sponse to methamphetamine, a treatment that is known to induce
neuronal cell death in this brain region (Asanuma and Cadet, 1998).
However, no causal evidence was provided that NFkB induction per
se mediates the cell death observed; in fact, it is possible that NFkB
induction represents a homeostatic response to limit drug-induced
neural damage. In contrast to methamphetamine, cocaine, at least at
the dosing schedules used here, does not induce cell death or frank
injury in the CNS (Dietrich et al., 2005), although it has been shown
to alter cell morphology in the NAc and certain other reward-related
brain structures (Li et al., 2004; Robinson and Kolb, 2004). We pro-
pose that activation of NF«B during cocaine exposure may represent
a prosurvival response to the insult of the drug. We hypothesize
further that, in addition to promoting cell survival, NF«B activation
causes structural changes in MSN’s that mediate drug reward-based
learning. Indeed, we show here that inhibition of NF«B not only
decreases cocaine reward in naive mice but also blocks the ability of
a prior course of cocaine exposure to increase an animal’s sensitivity
to the rewarding effects of subsequent doses of the drug. This impor-
tant experiment was made possible by the unique features of HSV
vectors, which express their transgenes for 3—5 d only. Thus, it was
feasible to inhibit NF«B in the NAc, by HSV-IKKdn injection, dur-
ing the cocaine pretreatment period only, and show that this manip-
ulation prevented the ability of cocaine pretreatment to enhance
subsequent CPP to the drug when transgene expression no longer
occurs. However, overexpression of IKKca was not able to enhance
cocaine CPP. Together, these results suggest that NF«B activation by
cocaine is necessary but not sufficient for normal rewarding re-
sponses to cocaine.

There is a growing literature that drug-induced activation of
growth factor signaling, such as BDNF and GDNF, in the NAc me-
diates behavioral and cellular plasticity to cocaine or other drugs of
abuse (Messer et al., 2000; Freeman and Pierce, 2002; Bolafios and
Nestler, 2004; Graham et al., 2007; Russo et al., 2009). In addition, a
few reports have shown in cell culture that NF«B activation is nec-
essary for growth factor-induced neuronal outgrowth (Foehr et al.,
2000; Gutierrez et al., 2005). We show here that NF«B activity is not
only necessary for growth factor-induced PC12 cell differentiation
but can also promote BDNF gene expression itself in the NAc. In the
adult brain, BDNF has been found to promote synaptic plasticity
through a TrkB and p75 receptor mechanism and to thereby regulate
LTP- and LTD-related reorganization of the actin cytoskeleton
(Woo et al., 2005; Rex et al., 2007; von Bohlen und Halbach et al.,
2007). Interestingly, chronic cocaine administration has been shown
to increase BDNF signaling to the NAc (Grimm et al., 2003; Graham
etal., 2007) and to induce changes in actin within this brain region
(Toda et al., 2006). Therefore, activation of neurotrophic factor sig-
naling and NFkB may represent a fundamental pathway to promote
both neuronal survival as well as the reorganization of actin and
consequent changes in dendritic spine density observed in the NAc
after chronic exposure to cocaine.
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Although many previous studies have
shown correlative evidence that increased
numbers of dendritic spines on MSNs in the
NAc are correlated with locomotor sensiti-
zation (Robinson and Kolb, 2004), there are
both supportive and conflicting results from
recent behavioral and molecular studies (Di-
etz et al., 2009; Russo et al., 2009). For exam-
ple, using a variety of approaches, our group
has shown that chronic cocaine administra-
tion leads to the prolonged induction of the
transcription factor AFosB in the NAc,
which underlies sensitized responses to co-
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Figure 6.  Regulation of cocaine CPP by NFkB signaling. 4, Cocaine CPP (time in cocaine-
paired chamber minus time in saline-paired chamber) was measured after intra-NAc injections
of HSV-GFP, -IKKdn, or -IKKca in male (57BL/6 mice. Animals infected with HSV-IKKdn had
decreased preference for 5and 10 mg/kg cocaine (*p << 0.05, ANOVA, n = 8—16). B, Enhanced
levels of CPP after a prior course of cocaine exposure, as seen in the GFP and IKKca groups ( p <
0.05, Student’s t test, n = 8-16). In contrast, expression of IKKdn, during chronic cocaine
pretreatment, prevents this enhancement of cocaine CPP. Below each graph, in A and B, is the
timeline for CPP and (PP sensitization paradigms. For baseline CPP, mice were injected with
intra-NAcinfusions of HSV-IKKca, -IKKdn, or -GFP and conditioned for cocaine CPP starting 3 d
after HSV infusion (A). For CPP sensitization, mice were pretreated with cocaine (20 mg/kg, i.p.
for 4 d) at the onset of HSV expression, and after 3 additional days without treatment, animals
received CPP training with 5 mg/kg cocaine (B).
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NF kB signaling is necessary for basal and cocaine-induced changes in the number of dendritic spines on NAc MSNSs,
as well as growth factor-induced neurite outgrowth in PC12 cells. A-C, Representative confocal scans from MSNs in the adult NAG;
as shown in €, the total number of dendritic spines on MSNs (mean == SEM spines per 10 wm) is reduced by IKKdn and increased
by IKKca (*p << 0.05, ANOVA, n = 4 -8).1KKdn also blocks the ability of chronic cocaine to increase dendritic spines. D and E show
that manipulation of NF kB signaling by IKK mutants similarly regulates the differentiation and outgrowth of PC12 cells by NGF
(*p << 0.05,ANOVA, n = 8).Images in D show representative qualitative differencesin neurite branching. Datain E are expressed

caine and to other drugs of abuse and natural
rewards (Nestler, 2008). Among the target
genes for AFosB in the NAc are several NFkB
subunits (Ang et al., 2001), and we show in
the present study that such induction of
NFkB activity leads to an induction of den-
dritic spines on NAc MSNs and to sensitized
drug responses. Consistent with this hypoth-
esis is the observation that cocaine induction
of dendritic spines occurs predominantly in
D, dopamine receptor expressing NAc
MSNs that also show induction of AFosB
(Lee et al., 2006).

However, another target gene for AFosB in the NAc is cyclin-
dependent kinase 5 (Cdk5) (Bibb et al., 2001), and a known sub-
strate for Cdk5 in this brain region is the transcription factor
myocyte enhancing factor 2 (MEF2) (Pulipparacharuvil et al.,
2008). Induction of Cdk5, and its subsequent phosphorylation
and inhibition of MEF2, have been shown to also mediate the
ability of chronic cocaine to induce dendritic spines on MSNs in
this brain region (Norrholm et al., 2003; Pulipparacharuvil et al.,
2008). Surprisingly, however, functional studies show that al-
though inhibition of Cdk5, or activation of MEF2, prevents the
cocaine-induced spine induction in the NAc, these manipula-
tions paradoxically potentiate the behavioral responses to co-
caine (Bibb et al., 2001; Taylor et al., 2007; Pulipparacharuvil et
al., 2008).

The paradoxical differences between the effects of Cdk5-
MEF?2 versus the effects of NFkB on NAc spine density and co-
caine’s behavioral effects, despite the fact that induction of both
pathways is mediated via AFosB, highlight the complexity of
these intracellular pathways and the importance of future re-
search. Our hypothesis is that the net effect of cocaine is to in-
duce, via AFosB, NAc spine density through multiple down-
stream targets (e.g., NFkB, Cdk5-MEF2) and that the net
consequence is sensitized behavioral responses to the drugs. At
the same time, however, an individual target pathway like Cdk5-
MEF2 may in isolation elicit distinct behavioral effects via its own
diverse downstream molecular consequences. Thus, it will be in-
teresting to profile the downstream molecular pathways for the
many cocaine and AFosB targets to gain insight into the specific
contributions of each pathway to cocaine-induced spinogenesis
and heightened behavioral responses to cocaine. Additionally, by
measuring the number of dendritic spines only, we are losing vital
information about whether these new spines form functional
synapses. It will therefore be important in future studies to con-
sider the electrophysiological consequences of drug-induced
spine plasticity.

In summary, the data presented here provide direct evidence
that NFkB activation is a key regulator of the structural properties

g
&



3536 - J. Neurosci., March 18, 2009 - 29(11):3529 -3537

of MSNs in the NAc during chronic cocaine exposure and is
necessary for sensitization to the rewarding effects of cocaine.
These data also point to a novel mechanism for growth factor-
induced neuroadaptations, providing fundamentally new insight
into the molecular mechanisms controlling experience-
dependent structural plasticity in the adult brain.
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