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Chronic exposure to cocaine induces long-term adaptations that
are likely to involve changes in transcription factor expression. This
possibility has not been examined in the cocaine-exposed human
brain. The transcription factor nurr1 is highly expressed in rodent
midbrain dopamine neurons and is essential for their proper
phenotypic development. Here we show that human NURR1 gene
expression is robust within control subjects and reduced markedly
within the dopamine neurons of human cocaine abusers. NURR1 is
known to regulate transcription of the gene encoding the cocaine-
sensitive dopamine transporter (DAT). We show here that DAT
gene expression also is reduced markedly in the dopamine neurons
of NURR1-deficient cocaine abusers, suggesting that NURR1 plays
a critical role in vivo in controlling human DAT gene expression and
adaptation to repeated exposure to cocaine.

hronic cocaine exposure induces long-term adaptations that

are incompletely understood at the molecular level but most
likely involve changes in transcription factor gene expression (1).
The transcription factor nurrl is an orphan nuclear receptor of
the steroid/thyroid hormone receptor superfamily (2, 3) that
plays a pivotal role in the proper development of dopamine
neurons (4-6). It is conceivable that nurrl also plays a role in
maintaining dopamine neuron phenotype within the mature
nervous system. Consistent with this possibility, recent data (7,
8) suggest that nurrl regulates transcription of the gene encoding
the cocaine-sensitive dopamine transporter (DAT), a plasma
membrane transport protein that regulates extracellular dopa-
mine concentrations (9). To date, expression of the NURR1
gene (the human homolog of rodent nurrl) has not been
examined in human brain. In the present experiments, we
examine NURRI gene expression within cocaine-exposed adult
human midbrain.

Materials and Methods

Tissue Acquisition and Subject Characterization. Postmortem brain
specimens were obtained from Miami, Florida (study 1) and
Wayne County, Michigan (study 2) during routine autopsy and
analyzed as described (10, 11). Medicolegal investigations were
conducted by forensic pathologists. The cause and manner of
death were determined after evaluating the circumstances of
death, toxicology data, and autopsy results. All cases were
evaluated for common drugs of abuse (including alcohol), and
positive urine screens were confirmed by quantitative analysis of
blood. Blood (and, in study 1, brain) levels of cocaine and
metabolites were determined as described (12). The cocaine
overdose cases used in the present study tested negative for other
drugs of abuse. Control subjects were drug-free and died as a
result of cardiovascular disease (n = 8), gunshot wounds (n = 6),
or multiple trauma (n = 3). Cocaine abuse and control subject
groups were matched closely in terms of age, sex/race, post-
mortem interval (PMI), and tissue pH: study 1 controls (29 = 2
yr, 43% black male, 16 = 2 h PMI) compared with cocaine
subjects (34 = 2 yr, 50% black male, 11 * 1 h PMI); study 2
controls (39 = 2 yr, 70% black male, <20 h PMI, brain pH 6.5 =
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0.5) compared with cocaine subjects (42 * 3 yr, 50% black male,
<20 h PMI, brain pH 6.5 = 0.5).

In Situ Hybridization Histochemistry and Quantitative Analysis. I sifu
hybridization was carried out as described (11, 13). Midbrain
sections (~12 um thick) from different subjects were matched
with regard to rostrocaudal plane and processed in parallel by
using 3S-labeled antisense riboprobes for hNURRI (nucleo-
tides 7,822-8,199 from GenBank accession no. AB017586),
hDAT (nucleotides 509-848; ref. 14), and human vesicular
monoamine transporter 2 (VMAT?2, nucleotides 682-883 from
GenBank accession no. NM_003054). Signal intensity (grain
density) within 50 dopamine neurons, spanning the entire me-
diolateral extent of the substantia nigra ventral tier, was quan-
tified under dark field illumination (11, 13) by an investigator
blind to any information regarding the subjects.

Immunohistochemistry. Fresh-frozen thaw-mounted tissue sec-
tions were fixed in 3% paraformaldehyde and then incubated for
48 h with anti-NURRI polyclonal antibody (1:100; Santa Cruz
Biotechnology). NURRI1-immunoreactivity was visualized by
using a standard avidin-biotin-based procedure (Vector Labo-
ratories) with nickel enhancement of 3,3’-diaminobenzidine as
chromagen.

Results

NURR1 Gene Expression in the Human Midbrain. Because the distri-
bution of NURRI gene expression in human brain has not been
reported previously, we first examined NURR1 expression using
coronal slices of human midbrain. The NURRI1 gene was found
to be expressed abundantly in the ventral midbrain with a pattern
precisely paralleling that of the DAT, a highly specific pheno-
typic marker of dopamine neurons (Fig. 1). At a microscopic
level, NURR1 mRNA was visualized within nearly every mid-
brain dopamine cell (Fig. 24). No NURRI probe binding was
seen in the presence of 100-fold excess of unlabeled probe (data
not shown).

Quantification of NURR1 Gene Expression in Cocaine Abusers and
Control Subjects. To determine the effects of chronic cocaine
abuse on NURRI gene expression in these neurons, the dopa-
mine cell-rich ventral tier of the substantia nigra of cocaine
abusers and matched, drug-free control subjects were analyzed
by an experimenter blind to subject identity. In contrast to
drug-free controls, we found that dopamine neurons of cocaine
abusers expressed very low levels of NURR1 mRNA (compare
Fig. 2 A with B). Quantitative analysis confirmed a significant
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Distribution of DAT and NURR1 gene expression in human midbrain. Autoradiographic experiments revealed a parallel distribution of DAT mRNA and

NURR1T mRNA in adjacent coronal sections of adult human midbrain. The region of highest signal intensity, the ventral tier of the substantia nigra (indicated

by the arrowheads), was subjected to further analyses.

reduction in the abundance of NURR1 mRNA in cocaine
abusers (Fig. 4). To assess the robustness of this finding, we
analyzed a second, independent set of subjects from a second
study site. We found nearly identical cocaine-related decreases
in NURRI mRNA abundance in these subjects (Fig. 4). In
keeping with the diminished abundance of NURR1 mRNA,
NURRI1-immunoreactivity also was decreased significantly
within the nuclei of dopamine cells of cocaine abusers compared
with matched controls (compare Fig. 2 D with C).

DAT and VMAT2 Gene Expression in Cocaine Abusers and Control
Subjects. Because the transcription factor NURRI1 regulates
DAT gene transcription in vitro (7, 8), DAT gene expression also

was examined in these subjects. The normally high abundance of
DAT mRNA within ventral tier dopamine cells of control
subjects (Fig. 1) was reduced by 70-75% in both study groups of
cocaine abusers studied compared with drug-free controls (in-
dividual cases shown in Fig. 3 4 and B; data summarized in Fig.
4). There was a significant correlation (r* = 0.7067, P < 0.0005,
n = 20) between DAT and NURR1 mRNA abundances among
the subjects.

The VMAT?2 represents a distinct transporter protein ex-
pressed in high abundance within dopamine neurons but not
known to be regulated by NURR1. VMAT2 mRNA abundance
was unaltered in the dopamine neurons of the cocaine abusers
who exhibited striking losses of NURR1 and DAT gene expres-
sion (compare Fig. 3 C with D; Fig. 4).

Fig. 2.

Decreased NURRT mRNA and protein abundances within the dopamine neurons of cocaine abusers. (A and B) NURR1 mRNA, visualized as grains

overlying neuromelanin-containing dopamine neurons, in a representative drug-free subject (A) and cocaine abuser (B). (C and D) NURR1 immunoreactivity
(indicated by the arrows) within the nucleus of a dopamine neuron from a drug-free control subject (C) and a cocaine abuser (D). (Scale bars, 25 um.)
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Fig. 3.

Decreased DAT mRNA but unchanged VMAT2 mRNA levels within dopamine neurons of cocaine abusers. (A and B) DAT mRNA in a control subject (A)

and cocaine abuser (B). (C and D) VMAT2 mRNA in a control subject (C) and cocaine abuser (D). (Scale bar, 25 um.)

Discussion

We show here that NURRUI, a transcription factor critical for the
development of the midbrain dopamine cell phenotype, contin-
ues to be expressed abundantly in adult human dopamine
neurons. These data are consistent with findings in the adult
rodent brain (15) and suggest that NURR1 may play a role in the
maintenance, as well as the development, of the dopamine
phenotype. We have demonstrated previously that NURRI1
activates transcription of the dopamine cell-specific DAT gene

in cell culture (7, 8). The corresponding cocaine-related de-
creases in NURRI1 and DAT gene expression seen in the present
study are consistent with the possibility that NURRI1 exerts a
significant influence over the level of human DAT gene expres-
sion in vivo as well.

The cocaine-related reduction in DAT gene expression that
we find in the present study is consistent with recent reports
associating cocaine abuse or cocaine-induced excited delirium
with decreased DAT mRNA (16, 17) and DAT protein (18).
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Fig. 4.

Summary of changes in gene expression within the dopamine neurons of cocaine abusers. Bars represent the means =+ SE (n = 5-7 for study 1; n = 6-9

for study 2). *, P < 0.001; **, P < 0.0001. Ctrl, control subjects; Coc, cocaine abusers.
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Inconsistent changes in DAT ligand binding (17-19) may reflect
modulation of the binding sites, phosphorylation state or sub-
cellular distribution of the DAT in the brains of cocaine abusers.
In any case, because the DAT is a major site of action for cocaine
in the brain, cocaine-induced decreases on DAT gene transcrip-
tion could represent an important component of the compen-
satory mechanisms that occur as a result of chronic drug
exposure.

We found that although DAT mRNA levels were decreased in
cocaine abusers, there was no change in the level of VMAT2
mRNA. VMAT?2 mediates the intracellular storage of dopamine
(and other monoamine neurotransmitters) and serves as another
phenotypic marker for midbrain dopamine neurons (20). A
number of conditions that change DAT expression do not alter
VMAT?2, which is thought to provide an excellent index of
dopamine cell integrity (10, 21). Therefore the data suggest that
changes in NURR1 and DAT expression seen in cocaine abusers
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are gene-specific and not indicative of some generalized patho-
logical process within midbrain dopamine neurons. Further
studies will be required to elucidate the cellular and molecular
mechanisms linking chronic cocaine abuse to decreased NURR1
gene expression.

Profiling drug-related changes in transcription factor expres-
sion in human brain may provide a forensic assay for chronic
cocaine abuse. Such studies may extend our knowledge of the
molecular basis of addiction and ultimately lead to the devel-
opment of novel therapeutic strategies.
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