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Alk Is a Transcriptional Target of LMO4 and ER␣ That
Promotes Cocaine Sensitization and Reward
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Previously, we showed that the mouse LIM-domain only 4 (Lmo4) gene, which encodes a protein containing two zinc-finger LIM
domains that interact with various DNA-binding transcription factors, attenuates behavioral sensitivity to repeated cocaine
administration. Here we show that transcription of anaplastic lymphoma kinase (Alk) is repressed by LMO4 in the striatum and
that Alk promotes the development of cocaine sensitization and conditioned place preference, a measure of cocaine reward. Since
LMO4 is known to interact with estrogen receptor ␣ (ER␣) at the promoters of target genes, we investigated whether Alk expression
might be controlled by a similar mechanism. We found that LMO4 and ER␣ are associated with the Alk promoter by chromatin
immunoprecipitation and that Alk is an estrogen-responsive gene in the striatum. Moreover, we show that ER␣ knock-out mice
exhibit enhanced cocaine sensitization and conditioned place preference and an increase in Alk expression in the nucleus accumbens. These data define a novel regulatory network involved in behavioral responses to cocaine. Interestingly, sex differences in
several behavioral responses to cocaine in humans and rodents have been described, and estrogen is thought to mediate some of
these differences. Our data suggest that estrogen regulation of Alk may be one mechanism responsible for sexually dimorphic
responses to cocaine.

Introduction
Chronic exposure to cocaine leads to long-lasting cellular, molecular, and structural adaptations in brain reward systems and
concurrent behavioral changes that are thought to lead to cocaine
addiction (Thomas et al., 2008). One measure of behavioral plasticity to cocaine is psychomotor sensitization. Sensitization is
induced by repeated, intermittent exposure to cocaine and is observed as a progressive increase in locomotor and stereotypic
activity (Robinson and Berridge, 2003). The nucleus accumbens
(Acb) is a critical region for the development of cocaine sensitization (Vanderschuren and Kalivas, 2000). We showed previously that the transcriptional regulator Lim domain only 4
(Lmo4 ) functions in the Acb to attenuate cocaine sensitization
(Lasek et al., 2010).
The LMO proteins act to modulate transcription through
their ability to interact with DNA binding transcription factors
(Rétaux and Bachy, 2002). In a previous study, we undertook a
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search for potential transcriptional targets of Drosophila LMO
using gene expression microarrays. We found that levels of dAlk,
which encodes the Drosophila homolog of anaplastic lymphoma
kinase, are altered in dLMO mutants (Lasek et al., 2011). Here we
show that mouse Alk expression increases in striatal neurons
upon downregulation of Lmo4 by RNA interference (RNAi), implicating Alk as a negatively regulated target of LMO4. Treatment
of mice with RNAi targeting Alk in the Acb or with an orally
available ALK small-molecule inhibitor resulted in attenuated
development of cocaine sensitization, indicating that regulation
of Alk expression by LMO4 is functionally relevant for this behavior. We also found a role for Alk in cocaine conditioned place
preference (CPP), which measures the rewarding properties of
cocaine and is hypothesized to be model for drug-seeking behavior (Bardo and Bevins, 2000).
LMO4 is a known interacting partner of estrogen receptor ␣
(ER␣), and negatively regulates transcriptional activation by ER␣
(Singh et al., 2005). This led us to hypothesize that an interaction
between LMO4 and ER␣ in the Acb might be important for the
regulation of Alk expression. We demonstrate that Alk levels in
the Acb increase upon estradiol treatment in mice, suggesting
that Alk is a novel estrogen-regulated gene in the nervous system.
Using chromatin immunoprecipitation (ChIP), we show that
LMO4 and ER␣ are associated with the Alk promoter, implying a
direct regulation of Alk by a transcriptional complex including
LMO4 and ER␣. Finally, knock-out of the Esr1 gene (encoding
ER␣) in mice resulted in enhanced cocaine sensitization, a trend
toward increased cocaine CPP, and higher levels of ALK protein
in the Acb. Together, these data identify a novel molecular mechanism that regulates cocaine reward and behavioral plasticity.
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Materials and Methods
Animals. Mice used for experiments were male C57BL/6J aged 8 –12
weeks, unless otherwise indicated. All mice were group housed until they
underwent stereotactic surgery, after which they were singly housed,
throughout subsequent testing. ER␣ knockout (Esr1KO) mice were purchased from Jackson Laboratory (B6.129P2-Esr1tm1Ksk/J), where they
have been maintained on a C57BL/6J background for 10 generations, and
were bred in-house for behavioral experiments. Food and water were
provided at all times and animals were on a 12 h light– dark cycle. All
animal protocols were approved by the Ernest Gallo Clinic and Research
Center Institutional Animal Care and Use Committee.
Chemicals and antibodies. 17␤-Estradiol and ␤-estradiol 3-benzoate
was purchased from Sigma. TAE684 was a generous gift from Novartis.
The GFP monoclonal antibody (3E6) was purchased from Invitrogen.
LMO4 (C-15) and ER␣ (MC-20 and HC-20) antibodies were purchased
from Santa Cruz Biotechnology. The ALK antibody (ab650) was purchased from Abcam. Fluorescent and biotin-conjugated secondary
antibodies were purchased from Jackson ImmunoResearch. HRPconjugated secondary antibodies for Western blotting were purchased
from GE Healthcare.
Design and cloning of short hairpin RNAs. Small interfering RNAs
(siRNAs, 19 nt) were designed against the Alk mRNA (GenBank
NM_007439) using the siDesign Center at Thermo Fisher Scientific
(http://www.dharmacon.com/DesignCenter/DesignCenterPage.aspx). These
19 nt target sequences were then incorporated into DNA oligonucleotides encoding short hairpin RNAs (shRNAs) and cloned into the lentiviral vector pLL3.7 as described previously (Lasek et al., 2007). The 19 nt
targeting sequences for the shRNAs are as follows (5⬘ to 3⬘): shAlk.1,
GCAACGCAGCAUCAAACAA; shAlk.2, GCAACGCAGCAUCAAACAA;
shAlk.3, GGUUCUGGCUGCAGAUAGU.
RNAi in cell culture. Primary mouse striatum was dissected from P1
C57BL/6J mouse pups and treated as described previously (McGough et
al., 2004). Cells were plated at 6 ⫻ 10 5 per well on poly-D-lysine-coated
12-well dishes and transfected with 100 nM siRNA using Dharmafect3
transfection reagent (Thermo Fisher) at 4 d in vitro (DIV). RNA was
isolated from cells at 11 DIV using the Qiagen RNeasy Plus kit. The 19 nt
targeting sequence for siLmo4.3 is 5⬘-GUGUUUCACAUGUUCUACC
and for siScr is 5⬘-GCGCUUAGCUGUAGGAUUC. These siRNAs were
based on previously described shRNAs (Lasek et al., 2010). Neuro-2a
cells (ATCC) were grown in DMEM plus 10% fetal bovine serum and
10% CO2. Cells were seeded into six-well dishes and transfected with
pLL3.7 plasmids containing shRNA sequences using Lipofectamine 2000
and Opti-MEM media (Invitrogen) according to the manufacturer’s instructions. Forty-eight hours after transfection, media was removed, 0.5
ml of Trizol reagent (Invitrogen) added to each well, and total RNA
isolated according to the Trizol instructions. Total RNA was treated with
RNase-free DNase (Promega) to remove genomic DNA contamination.
Quantitative RT-PCR. RNA isolation, cDNA synthesis and quantitative RT-PCR (qPCR) were performed as described previously (Lasek et
al., 2010). Probes and primers for Taqman gene expression assays were
predesigned by Applied Biosystems with the following assay IDs: mouse
Alk, Mm00431757_m1; mouse Esr1, Mm00433149_m1; mouse Lmo4,
Mm00495373_m1. Mouse Gapdh or Actb probes and primers were used
as controls for the PCRs.
Chromatin immunoprecipitation. Striatum from eight male mice were
rapidly dissected, pooled, cross-linked, and homogenized as described
previously (Tsankova et al., 2004). Following homogenization, the EZChIP kit (Millipore) was used according to the manufacturer’s instructions. For ER␣ ChIP, NB41A3 cells (ATCC) were maintained in F-12K
media containing 15% horse serum and 2.5% fetal bovine serum (FBS) at
37°C with 5% CO2. For ChIP experiments, 5 ⫻ 10 6 cells were seeded into
two 10 cm dishes. One day later, cells were rinsed with warm PBS and
media was changed to phenol-red free DMEM containing 10% charcoalstripped FBS. The next day, cells were treated with 100 nM ␤-estradiol for
45 min. Formaldehyde was added to a final concentration of 1% to crosslink chromatin, and all subsequent steps were followed using the EZChIP kit. DNA was analyzed using the Applied Biosystems 7900 system
and SYBR green master mix. Sequences for primers to the mouse Alk

J. Neurosci., October 5, 2011 • 31(40):14134 –14141 • 14135

promoter are as follows: ⫺963F, TGGAAACCTGTGCAGACACC;
⫺963R, CAGACCTGTCAGCCACTTGGT; ⫺274F, GATTCTGTCCAGCGGTTTTCTC; ⫺274R, CTTGGTTCCTCGGAGTTCAC; ⫹158F,
GCAAGACAGTGACCGACTCG; ⫹158R, CTGCAACTTTCCAGGCTGTG; exon 29F, AAAAAGCAATCAGTGCAAGGC; exon 29R, CATGCACGAAAACTTGGCG. Experiments were repeated three times with
consistent results each time.
Lentivirus production. Lentivirus was produced in 293FT cells (Invitrogen) as described previously (Lasek et al., 2007).
Stereotactic surgeries. Male 8- to 12-week-old C57BL/6J mice weighing
23–28 g were infused with lentivirus in the Acb as described previously
(Lasek et al., 2010). Mice were allowed to recover for at least 14 d before
commencing behavioral experiments.
Cocaine sensitization and CPP. Locomotor activity measurements
were performed in Plexiglas locomotor activity chambers (Med Associates). To test locomotor sensitization to cocaine, on the first two
days, mice were injected with saline (10 ml/kg, i.p.) and placed into
the activity chambers for 15 min to habituate them to the testing
procedures. On days 3–7, drug-induced locomotor activity was measured by treating with cocaine HCl (15 mg/kg, Sigma). Mice were then
immediately placed into the activity chambers and horizontal distance traveled (in centimeters) was recorded for 15 min. Cocaine
sensitization was also measured 10 d later (day 17), by injecting mice
with 15 mg/kg cocaine.
For CPP, mice were conditioned with cocaine in two-chambered
conditioned place preference boxes, consisting of modified locomotor activity boxes (Med Associates) fitted with Plexiglas floor inserts
with different textures (holes vs grooves) and wall patterns (horizontal vs vertical stripes) on each side. Mice were placed initially in the
box on day 1 (without treatment) and allowed ad libitum access for 20
min. to measure their initial side preference. Mice were then assigned
to the initially nonpreferred chamber for cocaine treatment. On days
2 and 4, mice were treated with 10 mg/kg cocaine (i.p.) and confined
to one chamber for 15 min. On days 3 and 5, mice were treated with
saline intraperitoneally and confined to the opposite chamber. On
day 6, mice were placed in the boxes and allowed ad libitum access to
both chambers for 20 min. Preference score was calculated as the
difference (after conditioning minus before conditioning) in minutes
spent in the cocaine-paired chamber.
TAE684 treatments. Mice were treated daily with 10 mg/kg NVPTAE684 (TAE684) in 10% 1-methyl-2-pyrrolidinone/90% PEG-300 solution by oral gavage. Treatment was administered 6 h before each
cocaine or saline treatment to reach maximal plasma concentrations of
TAE684 (Galkin et al., 2007) for 7 d during the cocaine sensitization
experiment. During the 10 d withdrawal period following cocaine sensitization, and on day 17 of the sensitization test, mice were not treated
with TAE684. For the cocaine CPP experiment, mice were treated by oral
gavage with 10 mg/kg TAE684 or vehicle 5 h before each conditioning
session. Mice were not treated with TAE684 on the preconditioning or
postconditioning test day.
Estradiol treatments. Mice were injected subcutaneously in the
flank with 5 g of ␤-estradiol 3-benzoate suspended in sesame oil at
0.1 mg/ml.
Immunohistochemistry. Mice were quickly killed as described above
and were perfused intracardially with 0.9% NaCl for 5 min, followed
by 4% PFA in PBS for 10 min. The brain was removed and processed
as described previously (Kharazia et al., 2003). Images were acquired
using a Zeiss confocal microscope and visualized using LSM software.
Western blots. Mouse Acb samples were rapidly dissected and snap
frozen in liquid nitrogen. Samples were then thawed on ice and homogenized in 100 l of RIPA buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 1% SDS)
containing freshly added Complete mini protease inhibitor tablet
(Roche). After clarifying lysates by centrifugation, a BCA protein assay
(Thermo Fisher) was performed on samples. Samples were diluted into
4⫻ LDS loading buffer containing ␤-mercaptoethanol, and subjected to
electrophoresis and Western blotting using the NuPAGE Novex Trisacetate mini gels (Invitrogen) and the GE Healthcare ECL Plus Western
blotting detection system according to the manufacturer’s instructions.
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For ALK blots, blocking and antibody incubation solutions contained
5% bovine serum albumen. Blots were quantified using ImageJ software.
Statistical analysis. Biochemical data were analyzed by Student’s t test
or ANOVA. Cocaine sensitization experiments were analyzed by twoway repeated-measures ANOVA with post hoc comparisons as appropriate and CPP preference scores were analyzed by t tests.

Results
Alk expression is repressed by LMO4 in the striatum
We previously found that Lmo4 expression in the Acb attenuates
the development of cocaine sensitization (Lasek et al., 2010). One
known function of LMO4 is to negatively regulate expression of
target genes by interacting with various DNA-bound transcription factors (Sum et al., 2002; Singh et al., 2005; Lu et al., 2006b;
Xu et al., 2007). We hypothesized that expression of genes controlled by LMO4 would contribute to the development of cocaine
sensitization. In fruit flies, dLmo regulates the acute behavioral
response to cocaine (Tsai et al., 2004) and represses the expression of anaplastic lymphoma kinase (dAlk) (Lasek et al., 2011).
These data suggest that a similar regulatory mechanism might
operate in mammals. To determine whether mouse Alk expression is controlled by LMO4, we transfected primary mouse striatal neurons at 4 DIV with control siRNA (siScr) or siRNA
targeting Lmo4 (siLmo4.3). At 11 DIV, RNA was isolated from
the transfected cells and analyzed for Lmo4 and Alk expression by
qPCR. In cells transfected with siLmo4.3, we observed a 70%
reduction in Lmo4 expression (Fig. 1 A, p ⬍ 0.001). In these same
samples, Alk expression was modestly but significantly increased
by 15% (Fig. 1 B, p ⫽ 0.01), suggesting that Lmo4 normally functions to repress the expression of Alk. We also examined Alk
expression in the Acb of adult mice infected with a lentivirus
expressing shRNA targeting Lmo4 (shLmo4.3), or a control
shRNA that is predicted to not target any transcript in the mouse
genome (shScr). Alk expression in shLmo4.3-infected tissue
showed a trend toward enhanced expression when compared to
shScr-infected tissue (2.9-fold difference, p ⫽ 0.18, data not
shown). Together, these data suggest that Alk is negatively regulated by LMO4 in the striatum.
We next examined whether LMO4 associates with the Alk
promoter in striatum of adult mice using ChIP with LMO4
antibodies. Although LMO4 does not bind to DNA directly, it
associates with promoters in large multiprotein complexes containing DNA binding factors. ChIP with an LMO4 antibody led
to an enrichment of ⬃10-fold of Alk promoter DNA as compared
to control ChIP with nonimmune IgG (Fig. 1C,D). This enrichment was not observed with sequences located at the 3⬘ end of the
Alk gene (exon 29), indicating specific binding of LMO4 to the
Alk promoter. Thus, LMO4 appears to associate with the Alk
promoter in striatum.
Alk promotes cocaine sensitization and reward
Since Alk expression is negatively regulated by LMO4 in the striatum, and loss of Lmo4 in Acb enhances cocaine sensitization, we
hypothesized that, if this regulatory interaction was of functional
significance, Alk downregulation in Acb should attenuate cocaine
sensitization. To test this, we generated lentiviral vectors expressing shRNAs targeting Alk and found that all three constructs
effectively reduced levels of the endogenous Alk transcript in
Neuro-2a cells (Fig. 2 A). Lentivirus expressing shAlk.2 or shScr
was injected bilaterally into the Acb of mice. Two weeks after
injection, infected Acb tissue was dissected and RNA was isolated and tested for Alk expression by qPCR. We found a 30%
reduction in Alk expression in shAlk.2-infected compared to

Figure 1. Alk expression in the striatum is repressed by LMO4. A, B, RNA was isolated
from primary mouse striatal neurons transfected with siRNA targeting Lmo4 (siLmo4.3) or
a control siRNA (siScr) and analyzed by qPCR for expression of Lmo4 (A) and Alk (B). Levels
of each gene were normalized to Gapdh expression to control for RNA input. Data are
expressed as mean ⫾ SEM, n ⫽ 6. C, Schematic of the Alk promoter region. Colored boxes
indicate the four sets of primers used for qPCR. The positions of nucleotides from the
transcription start site are indicated with numbers, the first exon of the Alk gene is boxed,
and shading shows the beginning of the open reading frame. The arrow indicates the
direction of transcription. D, ChIP was performed using either an LMO4 (C-15) antibody or
nonimmune IgG. Following ChIP, the relative amount of Alk promoter was analyzed by
qPCR with each of the genomic primer sets. Black bars, Nonimmune IgG ChIP; colored bars:
anti-LMO4 ChIP. Error bars are the SD of triplicate amplification reactions. ***p ⬍ 0.001,
**p ⫽ 0.01, *p ⬍ 0.05.

shScr-infected Acb (Fig. 2 B, p ⫽ 0.016), indicating that the
shAlk.2 construct was effective in reducing Alk expression in
vivo. GFP expression from lentivirus was visible in the Acb
after the completion of the cocaine sensitization experiment
(see below), confirming sustained expression from the lentiviral vector throughout the testing period (Fig. 2C).
We next injected mice bilaterally in the Acb with shScr or
shAlk.2 lentivirus and tested cocaine sensitization 2 weeks after
surgery. Cocaine sensitization was significantly attenuated in
mice expressing shAlk.2 compared to shScr control mice (treatment: F(1,25) ⫽ 6.537, p ⫽ 0.017; day: F(5,125) ⫽ 25.525, p ⬍ 0.001;
treatment ⫻ day: F(5,125) ⫽ 1.717, p ⫽ 0.135, Fig. 2 D), especially
during the period of sensitization development. We observed a
similar phenotype with a second lentiviral construct targeting Alk
in the Acb (shAlk.1, data not shown). To confirm the results
obtained with shRNA-mediated downregulation of Alk, we tested
a small-molecule inhibitor of ALK’s tyrosine kinase activity,
TAE684 (Galkin et al., 2007). Mice were treated daily (days 1–7)
during the cocaine sensitization experiment with 10 mg/kg
TAE684 or vehicle by oral gavage 6 h before behavioral testing.
Consistent with shRNA knockdown of Alk in the Acb, treatment
with the ALK inhibitor resulted in delayed cocaine sensitization,
particularly during the second to fourth days of cocaine injection
(Fig. 3A). Data for cocaine treatment on days that mice received
TAE684 (days 3–7) was analyzed by two-way repeated-measures
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Figure 2. Alk in the Acb promotes cocaine sensitization. A, shRNAs targeting Alk are efficacious in cell culture. The inset in the
graph diagrams the Alk transcript with the ORF shaded gray and the position of the shRNAs as colored boxes. Graph shows qPCR of
Alk cDNA from Neuro-2a cells transfected with plasmids expressing one of three Alk shRNAs (shAlk.1–3) or a scrambled control
shRNA (shScr). Data are presented as mean ⫾ SD from triplicate transfections. *p ⬍ 0.001. B, qPCR indicating reduced Alk
expression in the Acb of mice infected with shAlk.2 virus, *p ⬍ 0.05. C, Representative coronal section from a mouse infected with
shAlk.2 lentivirus in the Acb. Section was stained with anti-GFP antibody (brown) and counterstained with Nissl (blue). ac, Anterior
commissure; lv, lateral ventricle. Scale bar, 500 m. D, Knockdown of Alk by RNAi in Acb results in attenuated cocaine sensitization.
Mice were injected intraperitoneally with saline on days 1 and 2, and then injected with 15 mg/kg cocaine on days 3–7 and 17.
Shown is distance traveled over a 15 min period immediately following injection. Error bars indicate SEM.
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Figure 3. The ALK inhibitor TAE684 reduces cocaine sensitization and CPP. A, Delayed
cocaine sensitization in mice treated with TAE684. Mice were administered TAE684 daily
6 h before saline or cocaine treatments and tested for sensitization as described in Figure
2 D. B, Reduced cocaine CPP in mice treated with TAE684. Mice were treated daily 5 h
before saline and cocaine conditioning sessions. On the test day, mice were not treated
with TAE684. Shown is the preference score in minutes, *p ⬍ 0.05, n ⫽ 13. Error bars
indicate SEM.

ANOVA. There was a trend toward an effect of treatment and a
treatment by day interaction (treatment: F(1,35) ⫽ 2.461, p ⫽
0.126; day: F(4,140) ⫽ 13.196, p ⬍ 0.001; treatment ⫻ day: F(4,140)
⫽ 2.001, p ⫽ 0.098). However, a focused ANOVA on days 4 – 6
showed a significant effect of treatment (treatment: F(1,35) ⫽

4.660, p ⫽ 0.038; day: F(2,70) ⫽ 0.617, p ⫽
0.543; treatment ⫻ day: F(2,70) ⫽ 0.00257,
p ⫽ 0.997).
We next tested whether ALK activity
might be important for the development
of cocaine CPP, a measure of cocaine reward. We treated mice with TAE684 5 h
before each 10 mg/kg cocaine and saline
conditioning session. One day after the
completion of the final conditioning session, mice were tested for CPP in the absence of both cocaine and TAE684. Mice
that had been previously treated with
TAE684 displayed a significantly attenuated preference for the cocaine-paired
chamber compared to vehicle-treated mice
(Fig. 3B). No differences in total distance
traveled on test day were found between the
two groups (data not shown).
Since ALK affects the development of
cocaine sensitization and CPP, we asked
whether Alk expression in the Acb is altered by cocaine. Alk transcript levels were
analyzed in mice treated for 1, 2, or 5 d
with single daily injections of 15 mg/kg
cocaine or saline as a control. Acb tissue
was dissected 2 and 24 h after the final
injection and analyzed for Alk levels by
qPCR. Alk transcript levels in the Acb
were unchanged with cocaine treatment
(data not shown). These results indicate
that Alk expression is not affected by cocaine. However, our data indicate that
ALK functions normally in the Acb of
adult mice to promote the development of
cocaine sensitization and that ALK activity is important for cocaine reward.

ER␣ is expressed in Acb and colocalizes with LMO4
Our data indicate that LMO4 regulates Alk expression through an
interaction with the Alk promoter. However, LMO4 does not
bind to DNA directly, but instead modulates transcription
through various DNA-binding transcription factors, including
ER␣ (Sum et al., 2002; Singh et al., 2005; Lu et al., 2006b; Xu et al.,
2007). To determine whether an interaction between LMO4 and
estrogen receptors in the Acb might be possible, we examined the
expression of ER␣ in the Acb. We found that Esr1 mRNA (encoding ER␣) is expressed in Acb, consistent with ER␣ antibody
staining in mouse brain (data not shown) (Mitra et al., 2003). To
visualize ER␣ protein expression in Acb, we immunostained
Acb-containing brain sections using antibodies to ER␣ and
LMO4. Nuclear ER␣ staining was visible in scattered cells
throughout the Acb (Fig. 4), colocalizing in some cells with nuclear LMO4. We observed a similar pattern of ER␣ localization in
the Acb of both male and female mice (A.W.L. and V.K., unpublished results). LMO4 was more widely expressed in Acb than
ER␣. Thus, ER␣ is expressed in Acb and is present in a subset of
cells that also express LMO4.
Alk is an estrogen-regulated gene
Since LMO4 and ER␣ are known to directly interact and control
transcription through estrogen response elements (EREs) (Singh
et al., 2005), we asked whether Alk expression may be regulated by
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ER␣. We first analyzed the Alk promoter for predicted transcription factor binding sites using the transcription element search
system (TESS) (Schug, 2008). Indeed, the Alk promoter region
between ⫺2 kb and the transcription start site contains three
predicted ER␣ half binding sites. To test whether these potential
ER␣ binding sites are functional, we treated mice with a single
injection of either 5 g of ␤-estradiol 3-benzoate (EB) or sesame
oil vehicle. Two hours later, brains were rapidly dissected, RNA
isolated, and cDNA analyzed by qPCR for Alk expression. Alk
ERα
LMO4
levels were increased by 46% in Acb (p ⫽ 0.018) and 42% in
caudate–putamen (CPu, p ⫽ 0.040) upon EB treatment, while
remaining unchanged in frontal cortex and hippocampus (Fig.
5A). Alk levels remained elevated in the Acb for 16 h after a single
EB injection (data not shown). Similarly, Alk levels in ovariectomized females treated with EB increased by 38% in the CPu (p ⫽
0.016, data not shown). Neither expression of Lmo4 nor Esr1
changed with EB treatment in the four brain regions analyzed
(data not shown). These data suggest that Alk is an estrogenresponsive gene in specific brain regions, particularly the
Merge
DAPI
striatum.
To establish whether Alk is directly regulated by ER␣, we perFigure 4. Colocalization of LMO4 and ER␣ in mouse Acb. A coronal section from mouse Acb
formed ChIP on the endogenous Alk promoter using antibodies
was immunostained with antibodies to ER␣ (green) and LMO4 (red). ER␣ and LMO4 are colo␣
.
Since
ER
␣
is
sparsely
expressed
in
mouse
Acb
specific to ER
calized in some Acb neurons (arrows). The yellow staining in the merged panel illustrates
(Fig. 4), we used a mouse neuroblastoma cell line, NB41A3,
localization of ER␣ in a subset of LMO4-positive neurons. Many LMO4-positive neurons do not
which expresses ER␣ and responds to ␤-estradiol when transappear to express ER␣ (arrowhead). Nuclear (DAPI) staining is in blue. Scale bar, 50 m.
fected with a synthetic reporter construct
containing estrogen response elements
(A.W.L. and U.H., unpublished results).
Cross-linked chromatin from NB41A3
cells was immunoprecipitated with two
independent ER␣ antibodies. Treatment
of NB41A3 cells for 45 min with 100 nM
␤-estradiol led to a fivefold and threefold
enrichment of ER␣ bound to the Alk promoter using the ER␣ MC-20 and HC-20
antibodies, respectively, compared to
ChIP with nonimmune IgG (Fig. 5B). Together, these results indicate that ER␣ is
enriched on the Alk promoter when cells
are stimulated with ␤-estradiol, and sugFigure 5. Alk expression is regulated by ␤-estradiol and ER␣. A, Alk levels increase in striatum with ␤-estradiol
gest that Alk is a bona fide estrogen- treatment. Mice were injected once with 5 g of ␤-estradiol 3-benzoate (EB), brains were dissected 2 h later, and RNA was
regulated gene in neurons. Since Alk isolated from individual brain regions. Alk mRNA levels were measured by qPCR and normalized to ␤-actin (Actb) expresexpression appears to be regulated by sion. B, ER␣ is enriched on the Alk promoter with estrogen treatment. Cross-linked chromatin was immunoprecipitated
ER␣, we predicted that Alk levels would be from untreated (white bars) or ␤-estradiol (E2)-treated (100 nM, black bars) NB41A3 cells using nonimmune IgG (control)
altered in Esr1KO mice. We examined ALK or ER␣ antibodies. Shown is a representative experiment. C, ALK protein levels are increased in the Acb of Esr1KO mice. Acb
protein levels in the Acb of Esr1KO mice by from wild-type (⫹/⫹) and homozygous (⫺/⫺) Esr1KO mice was dissected and probed for ALK expression using antibodWestern blotting and found, to our sur- ies to ALK by Western blotting. Blots were stripped and reprobed for ␤-actin as a loading control. Results were quantified
prise, that ALK protein levels were in- using ImageJ analysis. *p ⬍ 0.05. Error bars indicate SEM.
creased in the Acb of Esr1KO mice (p ⫽
0.047, Fig. 5C), suggesting that ER␣ negatively regulates ALK
sensitization when compared to wild-type littermates (genotype:
expression (see Discussion).
F(2,66) ⫽ 1.45, p ⫽ 0.242; day: F(5,330) ⫽ 39.39, p ⬍ 0.001; genotype ⫻ day interaction: F(5,330) ⫽ 2.03, p ⫽ 0.030, Fig. 6A). We also
ER␣ knock-out mice display enhanced cocaine sensitization
tested Esr1KO mice for cocaine CPP; both male and female Esr1KO
and CPP
mice showed a trend toward increased cocaine CPP compared to
Estrogen is known to contribute to altered behavioral responses
wild-type littermates (Fig. 6B, p ⫽ 0.090), with a slight decrease in
to cocaine. In particular, ␤-estradiol enhances cocaine sensitizatotal distance traveled on test day (11% decrease, p ⫽ 0.041,
tion and CPP in female rats (Sircar and Kim, 1999; Hu and
data not shown). We suggest that ER␣ modulates cocaine senBecker, 2003; Russo et al., 2003; Segarra et al., 2010). Since mice
sitization and possibly CPP in mice through regulation of Alk
with reduced levels of Lmo4 or Alk display enhanced and reduced
expression in the Acb.
cocaine sensitization, respectively, and Alk expression is inDiscussion
creased in Esr1KO mice, we hypothesized that mice lacking ER␣
might show enhanced cocaine sensitization. Indeed, both male and
Here we show that Alk is a novel transcriptional target of LMO4
female Esr1KO mice displayed significantly enhanced development of
and ER␣ that normally promotes the development of cocaine
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duced Lmo4 expression in the Acb (Lasek et al., 2010). Similarly, we
predict that increasing ALK either by increasing estrogen levels or
decreasing LMO4 levels would increase cocaine reward, since treatment with the ALK inhibitor TAE684 decreases cocaine CPP.
LMO4 and ER␣ are known to interact directly at the promoters of estrogen-responsive genes in breast cancer cells (Singh et
al., 2005). However, this is the first demonstration to our knowledge that regulation of estrogen-responsive genes in the nervous
system may involve LMO4 and ER␣. In our model, ER␣ and
LMO4 physically interact to oppose each other’s function in modulating transcription (Fig. 7B). Loss of LMO4 would alleviate
Figure 6. ER␣ regulates the development of cocaine sensitization and CPP. A, Wild-type
repression of the Alk promoter, leading to increased Alk levels.
(⫹/⫹, closed circles), heterozygous (⫹/⫺, open circles), and homozygous (⫺/⫺, triangles)
Addition of estrogen would produce the same outcome, through
KO
Esr1 mice were subjected to the cocaine sensitization protocol. Since two-way ANOVA indiKO
hormone binding to ER␣ and potential recruitment of transcripcated no difference between males and females, data from both sexes was combined. Esr1
tional coactivators to the Alk promoter. In breast cancer cells,
mice show increased cocaine sensitization with a significant genotype ⫻ day interaction. *p ⬍
LMO4 is found in a complex with the histone deacetylase
0.05 by post hoc SNK comparisons. All data are presented as mean ⫾ SEM. B, Trend toward
HDAC2 (Singh et al., 2005; Wang et al., 2007). We therefore
enhanced cocaine CPP in Esr1KO (⫺/⫺) mice compared to wild-type (⫹/⫹) littermates. There
was no significant difference between male and female mice by two-way ANOVA, so data from
speculate that LMO4 may recruit a similar corepressor complex
both sexes was combined, n ⫽ 16 –18.
to the Alk promoter in striatal neurons. Surprisingly, we found
that ALK protein levels are increased in
the Acb of male Esr1KO mice. These data
suggest that, in Acb, ER␣ is bound to the
Alk promoter in a repressive complex in
the absence of estrogen and that removal
of ER␣ would destabilize this complex, resulting in derepression of the Alk promoter. This outcome is similar to what is
observed upon downregulation of LMO4.
Since an increase in ALK levels/activity is
predicted to cause enhanced cocaine sensitization and reward, this hypothesis is
supported by the increase in cocaine sensitization and CPP that we observed in
Esr1KO mice. Based on our model, increased Alk expression and cocaine sensitization would be expected in both male
and female Esr1KO mice, an effect that is
independent of estrogen levels. However,
Figure 7. Model for regulation of Alk transcription by estrogen and LMO4. A, Estrogen (through ER␣) and LMO4 have
we cannot formally rule out the possibility
opposing effects on Alk levels in Acb and behavioral responses to cocaine. B, Model illustrating the regulation of Alk
KO
transcription by LMO4 and ER␣. Under conditions of low estrogen or high LMO4, a repressive complex occupies the Alk that compensatory changes in Esr1
promoter, resulting in low levels of Alk expression. Conversely, in the presence of estrogen, or if LMO4 levels decrease, mice are responsible for the observed efrepression of the Alk promoter is relieved by recruitment of a coactivator complex to the Alk promoter and Alk levels fects on Alk expression and behavioral reincrease. We hypothesize that LMO4 recruits a histone deacetylase to the complex, since LMO4 is known to interact with sponses to cocaine. Further investigation
HDAC2 in complex with ER␣ in breast cancer cells, and that ER␣ interacts with another DNA binding partner, such as SP1, is required to stringently test this model.
CREB, or the AP1 complex among others (white oval).
We found that LMO4 is more widely
expressed in the striatum than ER␣. Our
model (Fig. 7B) predicts that ER␣ is required to recruit LMO4 to
sensitization and reward. Alk expression is repressed by LMO4
and induced by ␤-estradiol in the striatum. Moreover, ER␣ assothe Alk promoter. The implication of this prediction is that Alk is
ciates with the Alk promoter in neuroblastoma cells, suggesting
not regulated throughout the entire striatum by LMO4 and esthat the induction of Alk expression by ␤-estradiol is mediated by
trogen, but rather in a subset of cells that express both LMO4 and
ER␣. Yet, expression of Alk is increased in Esr1KO mice, a result
ER␣. Indeed, the neurons that express ER␣ may represent a disthat seems initially to contradict the enhanced Alk expression
tinct subtype in the striatum (e.g., neurons expressing dopamine
observed upon ␤-estradiol treatment (see below). We propose a
D1 vs D2 receptors) that play a specific role in regulating cocaine
model for the regulation of Alk expression by LMO4 and ER␣ in
behaviors. Determining whether this is the case is a very interestthe Acb and its effect on behavioral responses to cocaine (Fig.
ing area for future studies. In addition, LMO4 is known to bind to
7A). Estrogen is predicted to activate transcription through ER␣,
many different transcription factors and likely regulates other
resulting in increased ALK in the Acb. Higher levels of ALK in the
genes in neurons independently of ER␣. Although the interaction
between LMO4 and ER␣ only occurs in a subset of total cells in
Acb would enhance cocaine sensitization, since downregulation
the striatum to affect Alk expression, this regulation still appears
of Alk by RNAi in the Acb or treatment with an ALK inhibitor
to be relevant for altering behavioral responses to cocaine.
decreases cocaine sensitization. In this model, reducing LMO4
Another notable point is that Alk expression is increased in
would also lead to increased ALK in the Acb and enhanced comale mice treated with ␤-estradiol. Although males have low
caine sensitization. The behavioral effect is consistent with what
circulating estrogen levels, testosterone is converted locally in the
we have observed with Lmo4 gene-trap mice and mice with re-
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brain to estrogen by aromatase (Simpson and Davis, 2001),
which is important for male sexual and aggressive behaviors (Wu
and Shah, 2011). Thus, it is possible that Alk expression in the
brain of males may be regulated by local estrogen synthesis.
Females have high circulating estrogen that is produced by the
ovaries. Interestingly, estrogen is known to augment several behavioral responses to cocaine in female rats, including cocaine
sensitization, CPP, and intracranial self-stimulation, another
measure of reward (Sircar and Kim, 1999; Hu and Becker, 2003;
Russo et al., 2003; Galankin et al., 2010; Segarra et al., 2010). The
molecular mechanisms responsible for this effect of estrogen on
cocaine behaviors are currently unknown. We propose that the
ability of estrogen to regulate transcription of specific genes, such
as Alk, in the Acb is a potential mechanism by which estrogen
enhances cocaine sensitization and reward. Future studies will
examine more directly whether regulation of Alk expression by
estrogen is responsible for enhanced cocaine sensitization and
reward in females.
ALK is a receptor tyrosine kinase in the insulin receptor
family. The mechanism by which ALK affects behavioral responses to cocaine is currently unknown. We found that cocaine does not alter Alk expression, yet it may affect ALK
phosphorylation and signaling activity. Studies in invertebrates have provided the most information about ALK function in the nervous system. The Caenorhabditis elegans Alk
homolog is hypothesized to regulate synapse differentiation
(Liao et al., 2004). In Drosophila, Alk regulates retinal axon
targeting and the expression of guidance molecules involved
in synapse formation in target neurons (Bazigou et al., 2007).
In the rat cell line PC12 and the human neuroblastoma cell
line SK-N-SH, activation of ALK tyrosine kinase activity leads
to neuronal differentiation and neurite outgrowth through
activation of ERK (Souttou et al., 2001; Motegi et al., 2004).
Thus, ALK could regulate neurite growth and targeting and
synapse differentiation as well as their plasticity through ERK
signaling in the adult animal during cocaine sensitization and
reward. ERK signaling is clearly important for cocaine sensitization and CPP (Lu et al., 2006a). In mammals, the number
of dendritic spines increases in the Acb after cocaine sensitization (Robinson and Kolb, 1999), so one may speculate that
ALK plays a role in this process. We analyzed dendritic spines
in Acb medium spiny neurons expressing either the shAlk.2 or
the control shScr virus after repeated cocaine treatment, and
did not observe any effect of reducing Alk on spine numbers
(A.W.L., F.G., and U.H., unpublished results). However, ALK
tyrosine kinase activity is important for cocaine sensitization
and reward, since the ALK kinase inhibitor TAE684 attenuates
sensitization and CPP. Future studies will address the mechanisms through which cocaine regulates ALK activity and how
this, in turn, affects ALK’s intracellular signaling mechanisms
and, ultimately, behavioral responses to cocaine.
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