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Abstract

Chronic cocaine abuse induces long-term neural adaptations as a consequence of alterations in gene
expression. This study was undertaken to identify those transcripts differentially regulated in the
nucleus accumbens of human cocaine abusers. Affymetrix microarrays were used to measure
transcript abundance in 10 cocaine abusers and 10 control subjects matched for age, race, sex, and
brain pH. As expected, gene expression of cocaine- and amphetamine-regulated transcript (CART)
was increased in the nucleus accumbens of cocaine abusers. The most robust and consistent finding,
however, was a decrease in the expression of a number of myelin-related genes, including myelin
basic protein (MBP), proteolipid protein (PLP), and myelin-associated oligodendrocyte basic protein
(MOBP). The differential expression seen by microarray for CART as well as MBP, MOBP, and
PLP was verified by RT-PCR. In addition, immunohistochemical experiments revealed a decrease
in the number of MBP-immunoreactive oligodendrocytes present in the nucleus accumbens and
surrounding white matter of cocaine abusers. These findings suggest a dysregulation of myelin in
human cocaine abusers.
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Drug addiction, which constitutes a serious threat to public health, is a multifaceted disorder
involving tolerance, dependence, craving, and relapse (Nestler 2002). A better understanding
of the molecular mechanisms underlying drug addiction would presumably facilitate the
development of more successful treatment strategies. Although the molecular basis of drug
abuse is not fully understood, more is known about the neural systems subserving this disorder.
In particular, animal studies have identified the nucleus accumbens as a brain region that plays
a critical role in addiction (Dackis and O’Brien 2001; Everitt and Wolf 2002). Furthermore, in
animal models, chronic exposure to cocaine induces structural and functional changes in the
nucleus accumbens that are presumably mediated by altered gene expression (Toda et al.
2002; Norrholm et al. 2003).
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Although animal models continue to advance our understanding of the neurobiological
underpinnings of drug abuse, it is difficult to model some uniquely human aspects of cocaine
abuse, namely the spontaneous self-administration of cocaine, most often in a binging pattern
of abuse, over a period of years or decades. Analysis of post-mortem brain provides a unique
opportunity to examine changes in gene expression in the human drug abuser (Hurd and
Herkenham 1993; Segal et al. 1997; Bannon et al. 2002). Recently, microarray technology has
been employed to analyze gene expression in complex brain disorders (Mirnics et al. 2001).
In the present study, we used DNA microarrays to investigate changes in gene expression in
the nucleus accumbens of chronic cocaine abusers relative to carefully matched control
subjects.

Materials and methods

Tissue acquisition and subject characterization

Brain specimens were collected as part of the routine autopsy process under a protocol approved
by Wayne State University’s Human Investigation Committee, as previously described
(Bannon et al. 1992, 2002). Cocaine users (n = 10) exhibited a positive toxicology for cocaine
and/or its metabolites. Control subjects (n = 10) were matched pair-wise with cocaine users
for manner of death, age, gender, and race (Table 1). Of the 20 subjects, two cocaine and two
control subjects tested positive for subintoxicating doses of alcohol (g/dL < 0.07) but did not
exhibit common signs of chronic alcohol abuse, and alcohol did not have predictive value in
hierarchical clustering of subjects based on gene expression (data not shown). Subjects tested
negative for other common drugs of abuse including opiates, barbiturates, benzodiazepines,
and phencyclidine.

Sample preparation

Coronal sections measuring 2—3 cm were taken throughout the rostrocaudal extent of the basal
ganglia; hemispheres were randomly assigned to RNA or immunohistochemical analysis. For
RNA analysis, the nucleus accumbens was dissected as previously described (Bannon et al.
2002), flash-frozen in isopentane cooled in liquid nitrogen and stored at —80°C. Frozen tissue
was rapidly homogenized by Polytron in 10x w/v Tri Reagent (Sigma, St Louis, MO, USA),
RNA extracted with 1x w/v chloroform and 0.5 mL isopropanol per ml supernatant,
precipitated, and reconstituted in 100 uL 1 mM sodium citrate, pH 6.4 (Ambion, Austin, TX,
USA). Contaminating DNA was eliminated using a Qiagen RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). The mean RNA yield was 0.43 pg/mg tissue with the predicted
ODg0/280 ratio of 1.80 in water (Okamoto and Okabe 2000). The Agilent 2100 Bioanalyzer
(RNA Nano LabChip Kit, Agilent Technologies, Palo Alto, CA, USA) was used to verify RNA
abundance and sample quality (as indicated by a 2:1 ratio of 28S to 18S rRNA and the absence
of DNA and degraded RNA species).

Microarray experiments

Affymetrix oligonucleotide arrays (Affymetrix, Santa Clara, CA, USA) were used in all
studies. The quality of all RNA samples was initially verified by test array hybridization. The
3'/5' ratios of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were generated from
these test chips as a measure of sample quality and efficiency of the RT-PCR and in vitro
transcription (IVT). According to Affymetrix quality control parameters, this ratio should be
< 3.0. For subsequent full-scale analysis, samples were hybridized to both Human U133A and
U133B arrays, representing over 39 000 transcripts. In addition, half of the sample pairs were
interrogated with the Affymetrix Human U95A, U95B, and U95C arrays providing an
additional level of confirmation prior to RT-PCR of selected transcripts of interest. All sample
labeling, hybridization and scanning followed the Affymetrix GeneChip® Expression Analysis
Technical Manual (http://www.affymetrix.com).
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Microarray data analysis

RT-PCR

Data were analyzed with the Affymetrix Microarray Suite 5.0 software package. Images were
scaled for signal intensity to account for any differences between hybridization efficiencies.
Subjects were analyzed in pairs, comparing each cocaine sample with its matched control.
Significant differences between subject pairs were calculated using the Wilcoxon signed rank
test (p < 0.05); marginal calls were considered non-significant. For purposes of the present
study, transcripts increased or decreased in the majority (> 6 of 10) of pairs, representing only
0.2% of the total transcripts, were considered differentially expressed. Transcripts meeting this
criterion were examined posthoc for statistical significance using Mann-Whitney U-tests (p <
0.05). Functional groups were created using information provided by Affymetrix.

RNA from all 20 subjects was used for verification of the microarray data. RT was performed
(Sensiscript RT Kit, Qiagen) using random hexamers while the PCR used sequence-specific
primers (amplicons: MBP 70-126, PLP 573-635, MOBP 164-215, CART 189-237 and f3-
actin 2366-2631). For myelin-related transcripts, PCR was performed in the LightCycler
version 3.3 with the Qiagen SYBR Green PCR Kit (Roche, Indianapolis, IN, USA). Equivalent
amounts of RNA from each subject were pooled to create standard curves (input RNA 1.25-
10 ng) and assayed in parallel with replicate samples (5 ng RNA) from individual subjects. A
standard curve was created from which transcript concentrations were calculated. Because of
the lower basal transcript abundance and greater inducibility of CART, 15 ng input RNA was
used for the RT reaction, PCR was performed using the Qiagen HotStarTaq Master Mix Kit,
and transcript abundance was quantified using an Agilent DNA 500 LabChip Kit on the Agilent
Bioanalyzer 2100. For sample normalization, individual transcript values were divided by the
subject’s B-actin values determined using the same method. B-Actin transcript levels did not
differ between cocaine abusers and control subjects, as determined by either RT-PCR (p =
0.6468) or microarray (p = 0.6641).

Immunohistochemistry

Results

Fresh-frozen thaw-mounted tissue sections from four representative subject pairs were fixed
in 3% paraformaldehyde, washed in phosphate-buffered saline (PBS), post-fixed in cold
methanol, washed again in PBS with 0.25% Triton X-100 (PBST), then blocked in PBST
containing 2.5% normal goat serum, 1% normal donkey serum, 1% normal horse serum, and
2% bovine serum albumin. Sections were then incubated 48 h at 4°C with monoclonal antibody
to MBP (SMI 94; Sternberger Monoclonal Incorporated, Lutherville, MA, USA,; 1 : 500),
washed in PBST, incubated 3 h in anti-mouse 1gG (H + L; 1:1000; Vector Laboratories,
Burlingame, CA, USA), then washed in PBS. After incubation in Vectastain elite ABC for 1
h, MBP-immunoreactivity was visualized with 3,3'-diaminobenzidine as chromagen (Sigma).
Representative fields were captured on a Zeiss Axioskop (Carl Zeiss, Inc., Thornwood, NY,
USA) running Image-Pro Plus software version 4.5 (Media Cybernetics, Silver Springs, MD,
USA) using the SPOT RT Slider Color digital camera with SPOT RT software version 3.2.4
(Diagnostic Instruments, Inc., Sterling Heights, MI, USA).

Quality control experiments

The quality of the post-mortem samples used in these experiments was initially assessed by
brain pH (the most reliable indicator of RNA quality and stability; Kingsbury et al. 1995)
followed by spectrophotometric and electro-pherographic RNA analysis (Table 1; data not
shown). The 3'/5'-GAPDH ratios of all samples, obtained from hybridization to Affymetrix
oligonucleotide test arrays (not shown) and U133 arrays (ratios of 1.0-1.6; Table 1),
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documented the quality of input RNA as well as efficiency of the RT-PCR and IVT reactions
preceding hybridization to microarrays. Thus all samples passed multiple quality measures
before inclusion in the subsequent analyses. No significant differences were found between
groups in terms of brain pH, 3'/5’-GAPDH ratios, tissue weight, RNA yield, or 260/280 ratios
(Table 1; data not shown). Another quality control microarray experiment involved splitting a
human nucleus accumbens RNA sample into two aliquots used several months apart for
separate RT, PCR, and IVT reactions and hybridization onto two individual U95Av2 arrays.
The reproducibility of the entire procedure was demonstrated by the significant correlation in
the abundance of present transcripts (n = 5558, r = 0.98, p = 0.002).

Microarray analysis and validation of results

Only 49 of the 44 928 DNA probes (0.1%) on the U133 microarrays detected nucleus
accumbens transcripts that were present in all pairs, differentially expressed in the majority of
cocaine users relative to their matched controls, and were annotated (Table 2). An equivalent
number of cocaine-regulated but unannotated expressed sequence tags or hypothetical proteins
were detected (complete list available upon request). Table 2 reports the signal log ratio (fold
change expressed in log,) for differentially expressed, annotated transcripts across the 10
matched pairs of subjects. Post-hoc examination confirmed the statistical significance of
differential expression for the majority of transcripts (Mann—Whitney U-test, p < 0.05; data
not shown). Transcripts were assigned to functional categories. In most cases, there was no
overall pattern of change in gene expression by category (Table 2).

It is interesting to note that CART transcript levels were increased in the nucleus accumbens
of human cocaine abusers (Table 2). These transcript changes were confirmed using a second
distinct (U95) array and by RT-PCR (data not shown). CART represents a gene whose
expression is induced in rodents by cocaine administration (Douglass et al. 1995). Some of the
gene expression changes seen in the cocaine-exposed human brain therefore are consonant
with previous animal model data.

A compelling benefit of microarray studies, however, is the ability to investigate global changes
in gene expression unfettered by a priori hypotheses. In the present experiments, the most
robust (and unanticipated) changes were seen in the expression of numerous myelin-related
genes, including MBP, PLP, MOBP, and myelin and leukocyte T-cell differentiation protein
2 (MALZ2; Table 2). Specifically, two representations of MBP transcripts were significantly
decreased in cocaine abusers (p = 0.002, p = 0.01), as were MOBP (p = 0.004) and PLP (p =
0.05), while MAL2 expression was increased (p = 0.05; Mann-Whitney U-test). Similar
changes in myelin-related transcript abundance were confirmed when RNA aliquots from one-
half of the subject pairs were evaluated using the U95 microarray series (not shown). Logistic
regression analysis revealed that the relative abundance of MBP transcripts alone was sufficient
to classify with 80% accuracy the subjects as either cocaine abusers or controls (y2(2) = 8.007,
p = 0.018), reflecting the robustness of cocaine-related changes in MBP gene expression. No
such predictive value was seen with a randomly chosen set of transcripts (data not shown).

Confirmation of changes in the more abundant myelin-related transcripts was obtained using
quantitative real-time RT-PCR (QRT-PCR). Cocaine abusers who by microarray analysis
exhibited decreases in MBP, MOBP, and PLP gene expression relative to their controls were
also found to have decreases in these mMRNAs by QRT-PCR (Fig. 1). There was a significant
correlation between the subject pairs” QRT-PCR and microarray data for all transcripts (MBP:
r =0.94, p = 0.0001; PLP: r =0.91, p = 0.0003; MOBP: r = 0.72, p = 0.0191).

To assess potential myelin-related changes at the protein level, tissue sections from

representative subject pairs were processed for MBP immunohistochemistry. In keeping with
the diminished abundance in MBP mRNA (Table 2; Fig. 1), we observed a substantial decrease
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in the number of MBP-immunoreactive oligodendrocytes within the gray matter and
myelinated fiber bundles of the nucleus accumbens (Fig. 2).

Discussion

Human cocaine abusers typically self-administer cocaine in a binging pattern over a period of
years or decades. To the extent that animal models fail to completely duplicate these and other
aspects of human cocaine abuse, they may fall short in revealing some relevant changes in gene
expression. In the present study therefore we chose to investigate gene expression changes in
human post-mortem brain using microarrays. This unbiased approach allowed us fully to
explore differences in the nucleus accumbens of human cocaine abusers unconstrained by a
priori hypotheses. Previous studies have demonstrated the stability of human brain RNA post-
mortem (Perrett et al. 1988; Kobayashi et al. 1990; Bannon et al. 1992) and, more recently, its
suitability for use with microarray platforms (Mirnics et al. 2001; VVawter et al. 2002). In the
present experiments, subject pairs were carefully matched and the quality of each sample was
confirmed by multiple measures (brain pH, RNA characterization, and test array
hybridization).

We found that the abundance of a relatively small number of nucleus accumbens transcripts
was differentially expressed in human cocaine users. Among these was CART, which is also
altered in animal models of cocaine administration. CART is expressed in the shell region of
the human ventral striatum (nucleus accumbens), the area most affected by addictive drugs
(Hurd and Fagergren 2000). These CART-immunoreactive neurons receive synaptic input
from TH-positive terminals (Smith et al. 1999), providing the anatomical substrate for CART
induction by cocaine (which increases extracellular dopamine through inhibition of dopamine
transport). Basal levels of CART in the rat and human nucleus accumbens are extremely low
prior to induction by cocaine (Douglass et al. 1995; Hurd and Fagergren 2000). We observed
an upregulation of CART gene expression in the nucleus accumbens of cocaine abusers, as
determined by microarray and RT-PCR analyses. Following the completion of these
experiments, Hemby and colleagues (Tang et al. 2003), using macroarrays, reported increased
CART mRNA levels in the midbrain of cocaine abusers, although CART-producing cells have
not been previously reported in the midbrain.

The major finding of this study is a striking dysregulation of myelin-related gene expression
in the nucleus accumbens of human cocaine abusers. The abundance of MBP, PLP, and MOBP
transcripts was significantly lower in cocaine users than matched control subjects, as
determined by both microarray and RT-PCR (Table 2; Fig. 1). In addition, fewer MBP-
immunoreactive oligodendrocytes were evident in the nucleus accumbens (Fig. 2) and in
surrounding white matter (data not shown). Together, MBP and PLP constitute ~80% of CNS
myelin protein and serve as major structural components of the myelin membrane. MBP plays
a role in myelin compaction, while PLP seems to form a stabilizing membrane junction after
compaction (for areview, see Baumann and Pham-Dinh 2001). Recent data suggest that various
products of these genes subserve other biological functions, including transcriptional
regulation, signal transduction, vesicular transport, and neuronal viability (Campagnoni and
Skoff 2001). Although the precise function of MOBP is unknown, it is a component of the
myelin sheath that has been posited to play an MBP-like role in myelin compaction (Baumann
and Pham-Dinh 2001). Microarray data (Table 2) suggest that two other genes associated with
oligodendrocytes and myelin (hamely MAL?2 and alpha B crystallin) may be differentially
expressed in cocaine abusers’ nucleus accumbens, although these data await experimental
validation. In aggregate, these microarray, RT-PCR and immunohistochemical data strongly
suggest a significant dysregulation of myelin-related proteins in human cocaine abusers.
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Our observations find support in several studies suggesting that drug administration in animals
or humans may change myelin expression (Volkow et al. 1988b; Wiggins and Ruiz 1990;
Kittler et al. 2000; Mayfield et al. 2002). While this manuscript was in preparation, Lehrmann
et al. (2003) reported changes in PLP mRNA levels in the dorsolateral pre-frontal cortex of
human cocaine abusers. In neuroimaging studies, white matter hyperintensities and chemical
changes indicative of white matter pathology are often seen in cocaine abusers (Chang et al.
1997; Bartzokis et al. 1999a, 1999b; Chang et al. 1999). More recently, two studies have
demonstrated a loss of white matter volume (Bartzokis et al. 2002) and microstructure integrity
(Lim et al. 2002) in chronic human cocaine abusers.

One possible cause of these documented white matter changes might be the vasoconstrictive
effects of cocaine (Kaufman et al. 1998). The normal adult human brain contains
oligodendrocyte progenitors with the capacity for extensive continued myelination through the
fourth decade of life (Chang et al. 2000; Bartzokis et al. 2001). Cerebral vasoconstriction has
been linked to hypoperfusion, which in turn has been shown to decrease MBP over time
(Kurumatani et al. 1998). It is possible that the vascular effects of cocaine could interfere with
the continued myelination in adult brain, accounting for our findings of decreased myelin-
related transcripts and decreased MBP-immunoreactive oligodendrocytes.

Alternatively, the effects of cocaine on myelin-related gene expression may be directly related
to the substantial increases in extracellular dopamine (DA) that cocaine is known to elicit in
the nucleus accumbens (Pettit and Justice 1989; Hemby et al. 1997). Oligodendrocytes express
D2 and D3 DA receptors (Howard et al. 1998; Bongarzone et al. 1998), and DA receptor
stimulation decreases the conversion from immature to mature oligodendrocytes (Bongarzone
et al. 1998). It is plausible that in the DA-rich nucleus accumbens, cocaine diminishes
generation of mature myelin-producing oligodendrocytes through over-stimulation of
oligodendrocyte DA receptors. The extent to which these effects are localized to the nucleus
accumbens is unknown, as we also observed an apparent decrease in MBP-immunoreactive
oligodendrocytes in the white matter immediately surrounding the nucleus accumbens of
cocaine abusers (data not shown). Further studies are warranted to differentiate between these
possibilities.

Although the literature connecting myelin and cocaine is relatively modest, perhaps reflective
of the unexpectedness of the association, a link between altered myelination and the cognitive
and motoric deficits associated with cocaine abuse (Bauer 1996; Strickland et al. 1998;
Robinson et al. 1999; Fillmore and Rush 2002) has face validity. It has been reported that the
majority of long-term cocaine users have focal perfusion defects, a subtle form of
cerebrovascular dysfunction, which have been associated with moderate to severe cognitive
impairment (Holman et al. 1991; Volkow et al. 1988a; Strickland et al. 1993). Both the
cognitive and focal vascular defects reportedly persist in periods of abstinence, suggesting they
are more permanent events occurring beyond acute intoxication. It is worth noting that, in mice,
genetic disruption of the genes encoding myelin proteins generally results in animals with
subtle pathological changes but grossly normal phenotype (Baumann and Pham-Dinh 2001;
Campagnoni and Skoff 2001). This is consistent with the notion that cocaine affects expression
of myelin-related genes without inducing an obvious demyelinating disease phenotype.

We have demonstrated that cocaine abuse decreases the expression of numerous myelin-related
genes in the human nucleus accumbens, accompanied by an apparent loss of MBP-positive
oligodendrocytes. These myelin-related findings were the most robust and consistent findings
from our study, cross-validated with different microarray types, and multiple experimental
techniques. Although a causal relationship and the functional significance of the findings have
yet to be determined, investigation of this association is warranted and may well contribute to
the understanding of the molecular processes underlying addiction.
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Abbreviations used

CART

cocaine- and amphetamine-regulated transcript
GAPDH

glyceraldehyde-3-phosphate dehydrogenase
VT

in vitro transcription
MAL2

myelin and leukocyte T-cell differentiation protein 2
MBP

myelin basic protein
MOBP

myelin associated oligodendrocyte basic protein
PBS

phosphate-buffered saline
PBST

phosphate-buffered saline with 0.25% Triton X-100
PLP

proteolipid protein
QRT-PCR

quantitative real-time RT-PCR
TH

tyrosine hydroxylase
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Fig. 1.

Decreased expression of myelin-related genes in cocaine users. Transcript abundance was
determined by both microarray (m) and quantitative real-time RT-PCR (o, RT-PCR) for (a)
myelin basic protein (MBP), (b) myelin-associated oligodendrocyte basic protein (MOBP),
and (c) proteolipid protein (PLP) as describe in Materials and methods. The MBP microarray
data are averaged values from two independent representations of MBP on the array.
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Fig. 2.

Decreased abundance of MBP-immunoreactive oligodendrocytes in cocaine abusers’ nucleus
accumbens. (a) High magnification view of a single MBP-positive oligodendrocyte
counterstained with cre-syl violet. Note the contact with an MBP-positive fiber bundle in the
left-hand portion of the figure. MBP-positive oligodendrocytes (indicated by arrows) were
evident throughout the gray matter and fiber bundles of control subjects (b and d, respectively)
but were rarely seen in the nucleus accumbens of matched cocaine abusers (c and e,
respectively).
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