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Abstract

Chronic cocaine abuse induces long-term neurochemical, structural and behavioural changes thought
to result from altered gene expression within the nucleus accumbens and other brain regions playing
a critical role in addiction. Recent methodological advances now allow the profiling of gene
expression in human postmortem brain. In this article, we review studies in which we have used
Affymetrix oligonucleotide microarrays to identify transcripts that are differentially expressed in the
nucleus accumbens of cocaine abusers in comparison to well-matched control subjects. Of the
approximately 39 000 gene transcripts interrogated, the expression of only a fraction of 1% is
significantly modified in cocaine abusers. Found within this list are equivalent incidences of
increased and decreased transcript abundance, including known gene transcripts clustered into
several functional categories. A striking exception is a group of myelin-related genes, consisting of
multiple transcripts representing myelin basic protein (MBP), proteolipid protein (PLP) and myelin-
associated oligodendrocyte basic protein (MOBP), which as a group are substantially decreased in
cocaine abusers compared to controls. These data, suggesting a possible dysregulation of myelin in
cocaine abusers, are discussed in the context of myelin-related changes in other human brain
disorders. Finally, the effects of cocaine abuse on the profile of gene expression in some other brain
regions critical for addiction (the prefrontal cortex and ventral midbrain) are briefly reviewed.

Introduction

Drug addiction, which poses a serious threat to public health in terms of lost productivity and
lives (Office of Applied Statistics 2000; National Institute on Drug Abuse 2003), is a
multifaceted disorder involving tolerance, dependence, craving and relapse (Nestler, 2002). A
better understanding of the molecular mechanisms underlying drug addiction can be expected
to facilitate the development of more successful drug 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 (Norrholm et al., 2003; Toda et al., 2002). At the same time, it is difficult to model
in laboratory animals the 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.
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With the sequencing of the human genome and the advent of microarray technologies, it seems
incumbent upon neuroscientists to characterize gene expression patterns within the human
brain that underlie complex, presumably polygenic disorders such as drug abuse. Although it
is possible in some instances (e.g. neurosurgery patients) to obtain brain tissue biopsies, most
human brain tissue becomes available only at autopsy. Fortunately, numerous studies over the
last 20 years have demonstrated that mRNA is remarkably stable post mortem, and that changes
in the expression of individual transcripts can be assessed readily using autopsy material
(Bannon et al., 1992a, 1992b, 2002; Wilson et al., 1996; Segal et al., 1997; Albertson et al.,
2004). Analysis of post-mortem brain provides a unique opportunity to examine changes in
gene expression in the human drug abuser. We have used microarray technology to investigate
changes in gene expression in the nucleus accumbens of chronic cocaine abusers relative to
matched control subjects. Of the relatively small number of differentially expressed genes
detected, the most robust finding was a decreased expression of several myelin-related genes
(Albertson et al., 2004). We review the findings of these studies as well as the other published
reports of gene expression profiling in the brains of human cocaine abusers.

Methodologies employed

Tissue acquisition and subject characterization

Brain specimens were collected as part of the routine autopsy process, as described previously
(Albertson et al., 2004). Cause and manner of death were determined after medicolegal
examination by the Medical Examiner. Study | consisted of five subjects whose deaths were
ruled chronic cocaine abuse (based on toxicology, history of drug use and cardiovascular
findings (Karch, 2002)) and five drug-free control subjects matched pairwise with cocaine
abusers for age, gender and race. Study Il consisted of five subjects who exhibited a positive
toxicology for cocaine and/or its metabolites (but died of gunshot wound-related trauma) and
five controls matched for demographics and cause of death. Post hoc analysis revealed no
significant differences between studies of cocaine abusers and control subjects on any
demographic, with the exception that Study Il subjects were younger than subjects in Study |
(Albertson et al., 2004).

Sample preparation and microarray hybridization

Coronal sections (2 — 3 cm thickness) were taken throughout the rostrocaudal extent of the
basal ganglia at the time of autopsy. As illustrated in Fig. 1, the nucleus accumbens, defined
as the ventral extension of the caudate immediately below the anterior limb of the internal
capsule, was dissected free while excluding adjacent external capsule as described (Albertson
et al., 2004). Isolation of RNA, elimination of contaminating genomic DNA, and assessment
of RNA abundance and quality have been described in detail elsewhere (Albertson et al.,
2004).

Affymetrix oligonucleotide arrays (Santa Clara, CA, USA) were used in all studies. Before use
in full-scale experiments, the quality of all RNA samples was verified by test array
hybridization (test 2 or test 3). The 3'/5' ratios of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, a housekeeping gene) were generated from these test chips as a further measure of
sample quality and efficiency of the reverse transcription-polymerase chain reaction (RT-PCR)
and in vitro transcription. According to Affymetrix quality control parameters, this ratio should
not be more than 3.0. For subsequent full-scale analysis, Study | samples were hybridized
separately to five oligonucleotide arrays representing distinct probe sets: human u95Av2,
u95B, u95C, ul33A and ul33B, for a total of 50 microarrays. Study Il samples were analysed
on both the u133A and ul33B arrays. The sample labelling, hybridization and scanning
followed the Affymetrix GeneChip® Expression Analysis Technical Manual
(www.affymetrix.com).
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Microarray data analysis

Methods for

Microarray data were analysed with the Affymetrix Microarray Suite 5.0 software package.
Images were scaled for signal intensity to account for any differences in hybridization
efficiencies. Data were analysed 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. Although initially
analysed separately, data from Study | and Study 11 were pooled for increased statistical power.
Only transcripts that were increased or decreased in the majority (2 6 of 10) of subject pairs,
representing 0.2% of the total transcripts, were considered differentially expressed. Transcripts
meeting this criterion were examined post hoc for the statistical significance of differences
between groups using Mann — Whitney U-tests (p < 0.05). Functional groups were created
using probe information provided by Affymetrix.

In order to look for similar patterns of gene expression across subjects, hierarchical clustering
was performed with Spotfire Decision Site software (Somerville, MA, USA). Microarray
signal data were converted to Z scores for comparison across studies. The clustering was carried
out using unweighted averages, giving equal importance to each gene, and the Euclidian
distance default with subsequent logistic regression analysis with SPSS version 10.0.5
(Chicago, IL, USA).

validation of microarray findings

RNA from all 20 subjects was used for verification of the microarray data. Equivalent amounts
of RNA from each subject were pooled to create standard curves assayed in parallel with
replicate samples consisting of 5 ng RNA from individual subjects. RT was performed
(Sensiscript RT Kit, Qiagen, Valencia, CA, USA) using random hexamers, followed by PCR
using the Qiagen SYBR Green PCR Kit and specific primers for myelin basic protein (MBP),
proteolipid protein (PLP), myelin-associated oligodendrocyte basic protein (MOBP), cocaine-
and amphetamine-regulated transcript (CART) or g-actin. LightCycler3 Data Analysis
software (Roche, Palo Alto, CA, USA) used standard curve data to create a regression model
from which transcript concentrations were calculated. For sample normalization, MBP, PLP,
MOBP or CART values were divided by the subject’s p-actin values. Details of this assay are
published (Albertson et al., 2004). In addition, representative subject pairs were assessed for
the level of MBP-immunoreactivity as described (Albertson et al., 2004).

Results of nucleus accumbens gene profiling studies

Quality control experiments

The quality of the post-mortem samples used in these experiments was assessed initially by
brain pH (a reliable indicator of RNA quality and stability; Kingsbury et al., 1995) followed
by RNA analysis using spectrophotometric and electropherographic techniques (Albertson et
al., 2004). Sample quality was further demonstrated by hybridization to Affymetrix
oligonucleotide test arrays. The 3'/5" GAPDH ratios of all samples ( <2.0) documented the
quality of input RNA as well as efficiency of the RT-PCR and in vitro transcription reactions
preceding hybridization to microarrays. Thus all samples passed multiple quality measures
before inclusion in the subsequent analyses. No significant differences were found among
studies or groups in terms of brain pH, 3'/5' GAPDH ratios, tissue weight, RNA yield or 260/280
ratios (Albertson et al., 2004).

In order to determine test — retest reliability for the overall microarray procedure an experiment
was performed by splitting human nucleus accumbens RNA (not otherwise used in subsequent
experiments) into two aliquots that were then treated as unique samples. These samples were
labelled several months apart with separate RT, PCR and in vitro transcription reactions and
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hybridized onto two individual u95Av2 arrays. The reproducibility of the entire procedure is
shown in Fig. 2 and demonstrates a significant correlation in the abundance of present
transcripts (n = 5558) between the two samples as determined by Pearson’s product moment
(R2=0.98, p = 0.002). None the less, because of the enormous number of genes interrogated,
even a small residual variance means that scores of genes may be detected as differentially
expressed when they are not, thus necessitating multiple microarray experiments and validation
of targets using QRT-PCR.

of gene expression in cocaine abusers and matched controls

Transcripts detected in the nucleus accumbens of all subject pairs and differentially expressed
in the majority of cocaine abusers relative to their matched controls represent only
approximately 0.2% of the ~ 45 000 oligonucleotide probes on the u133 series Affymetrix
microarrays (a total of 110 genes; see Albertson et al., 2004 for details). One-half of these were
unannotated; the remainder could be clustered into broad functional categories (Fig. 3). The
largest groups of annotated genes were related to signal transduction, translation/transcription/
RNA processing, neurotransmission/synaptic function/membrane recycling, glia and
structural/cell adhesion. Post-hoc examination (by Mann — Whitney U test) confirmed the
statistical significance of the differential expression for the majority of transcripts (Albertson
etal., 2004). Most functional categories encompassed both increases and decreases in cocaine-
related expression patterns, such that there was little overall change seen by functional group.
This could be due to a number of factors, not least of which are the broad categories employed
and current limitations in gene annotation and functional clustering tools.

It was interesting to note that cocaine- and amphetamine-regulated transcript (CART) mRNA
levels were increased in the nucleus accumbens of human cocaine abusers, a finding confirmed
by hybridization to a second distinct (u95) array as well as by RT-PCR (Albertson et al.,
2004). CART represents a gene whose expression is induced by cocaine in rodent forebrain
(Douglass et al., 1995), supporting the notion that at least some of the gene expression changes
seen in the cocaine-exposed human brain are consonant with previous animal model data.

Although cocaine abuse was associated with equivalent incidences of increased and decreased
gene expression overall (seen as positive and negative signal log ratios, respectively; Fig. 4),
a striking exception was the group of myelin-related genes, consisting of multiple transcripts
representing myelin basic protein (MBP), proteolipid protein (PLP) and myelin associated
oligodendrocyte basic protein (MOBP). As a group, these transcripts showed a substantial
decrease in cocaine abusers compared to controls (Fig. 4). Changes in myelin-related transcript
abundance found using the u133 microarrays were confirmed in separate analyses using u95
series microarrays and RNA from Study | subjects (Albertson et al., 2004).

We performed hierarchical clustering (Fig. 5) to illustrate the relatedness and relative
expression levels of transcripts differentially expressed between cocaine abusers and control
subjects. Microarray signal data were converted into Z scores for this analysis, with each
column representing transcript expression from individual subjects. When looking at overall
patterns of expression (Fig. 5, left side), some clusters of genes with both increased expression
(red) and decreased expression (green) are evident in the cocaine subjects. The tight branching
of MBP and MOBP (Fig. 5, right side) is indicative of a decline in cocaine subjects and suggests
a similarity in their transcriptional regulation. Two genes not associated previously with MBP
and MOBP, namely dishevelled associated activator of morphogenesis 2 (DAAM2) and
peanut-like 2 (PNUTL2) were also found in this cluster. We performed a logistic regression,
creating a mathematical model for the prediction of group affiliation (cocaine vs. control). This
analysis revealed that the relative abundance of MBP and MOBP was sufficient to classify
with 90% accuracy our subjects as either cocaine abusers or controls (¥2(2) = 14.14, p = 0.001).
When data from all four genes in this cluster (MBP, MOBP, DAAM2 and PNUTL2) were
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used, the classification of cocaine abusers and controls was 100% accurate (y2(4) = 27.73,p =
0.0001) regardless of cause of death. No such predictive value was seen with arandomly chosen
set of transcripts (Albertson et al., 2004). The ability of this limited cluster of genes to identify
samples derived from cocaine abusers supports the microarray data and suggests that changes
in myelin-related gene expression are a fundamental characteristic of cocaine abusers.

Confirmation of changes in myelin-related transcripts was obtained using quantitative RT-
PCR. Cocaine abusers who exhibited decreases in MBP, MOBP and PLP relative to their
controls on the microarrays were also found to have decreased abundances of these mMRNASs
by QRT-PCR (Albertson et al., 2004). Pearson’s correlation revealed a significant correlation
between the subject pairs” QRT-PCR and microarray data (Fig. 6; MBP for Study Il subjects
shown; R? = 0.98). In addition, tissue sections from representative subject pairs processed for
immunohistochemistry revealed a significant decrease in the number of MBP-immunoreactive
oligodendrocytes within the nucleus accumbens (Albertson et al., 2004).

Discussion

Gene expression profiles in the nucleus accumbens of human cocaine abusers:
dysregulation of myelin-related genes

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 duplicate these and other aspects of
human cocaine abuse, they may fall short in revealing relevant changes in gene expression.
This has led us to investigate changes in gene expression in human postmortem brain using
microarray. This unbiased approach allowed us to explore fully 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., 1992a,b; Kingsbury et al., 1995) and its suitability for
use with microarray (Mirnics et al., 2000; Hakak et al., 2001; Hemby et al., 2002). In the
experiments described here, subject pairs were matched carefully and sample quality was
confirmed by multiple measures (brain pH, RNA characterization and test array hybridization).
With these samples, we found that a very small percentage of all the transcripts expressed in
the nucleus accumbens was affected by chronic cocaine abuse. A major finding of these studies
is the decreased expression of myelin-related genes in the nucleus accumbens of human cocaine
abusers, 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, multiple experimental techniques and two independent cohorts
of cocaine-abusing individuals with different causes of death.

Our observations find support in several studies suggesting that drug administration in animals
or humans may change myelin expression (Volkow et al., 1988a; Filley et al., 1990; Wiggins
and Ruiz, 1990; Korbo, 1999; Kittler et al., 2000; Mayfield et al., 2002; Saito et al., 2002). In
neuroimaging studies, white matter hyperintensities and chemical changes indicative of white
matter pathology are often seen in cocaine abusers (Chang et al., 1997, 1999; Bartzokis et al.,
1999a,b). More recently, two studies have demonstrated a loss of white matter volume
(Bartzokis et al., 2002) and microstructure integrity in chronic human cocaine abusers (Lim et
al., 2002). Paralleling our findings, Lehrmann et al. (2003) have reported decreased PLP mRNA
in the prefrontal cortex of human cocaine abusers (discussed below).

One possible explanation for these documented effects on white matter 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
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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 transcripts and decreased MBP-immunoreactive oligodendrocytes
(Albertson et al., 2004). Alternatively, the effects of cocaine on myelin-related gene expression
may be directly related to the increases in extracellular dopamine (DA) that cocaine elicits in
the nucleus accumbens (Pettit and Justice, 1989; Hemby et al., 1997). Oligodendrocytes
express D2 and D3 DA receptors (Bogarzone et al., 1998; Howard et al., 1998), and it has been
reported that DA receptor stimulation decreases the conversion from immature to mature
oligodendrocytes (Bogarzone et al., 1998). It is plausible that in the DA-rich nucleus
accumbens, cocaine diminishes generation of mature myelin-producing oligodendrocytes
through the overstimulation of oligodendrocyte DA receptors. The extent to which these effects
are localized solely 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
required to distinguish 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 (\Volkow et al., 1988b; Holman et
al., 1991; Strickland et al., 1993). Both the cognitive and focal vascular defects reportedly
persist in periods of abstinence.

‘Another possibility that cannot be discounted at present is that the decreased expression of
myelin-associated genes is not secondary to cocaine’s neurochemical effects, but represents
instead a predisposing phenotype associated with cocaine abuse. In this regard, it may be worth
noting that chronic cocaine abusers such as the subjects in our study (half of whom died directly
as a result of drug abuse), represent a very small proportion of individuals in the general
population who have self-administered cocaine at some time. The dysregulation of myelin in
a number of other central nervous system (CNS) disorders is discussed below.

Gene expression profiles in other brain regions from human cocaine abusers

Another recent gene expression profiling study has focused on changes occurring within the
ventral midbrain, the site of origin for DA neurones that project to the nucleus accumbens and
other forebrain areas (Tang et al., 2003). In this study, the midbrain ventral tegmental area and
lateral substantia nigra from 10 cocaine abusers and 11 matched controls were analysed using
custom neural macroarray blots consisting of 81 cDNAs corresponding to DA, glutamate and
GABA receptors, regulators of G protein signalling and a few other transcripts. The
predominant effect observed in this small subset of genes was an up-regulation of several
glutamate receptor transcripts in the ventral tegmental area, a finding broadly supported by
immunoblot data. It is also interesting to note that the neurotransmitter CART is down-
regulated in the ventral tegmental area of cocaine abusers (Tang et al., 2003) although up-
regulated in the nucleus accumbens (Albertson et al., 2004).

In addition to the nucleus accumbens, the prefrontal cortex is thought to play an important role
in mediating responses to cocaine in animals and man (Lehrmann et al., 2003). The profile of
gene expression in the dorsolateral prefrontal cortex has been examined using samples from
seven cocaine abusers and matched controls with a pairwise design and an 1100 clone
neuroarray (Lehrmann et al., 2003). Sixty-five differentially expressed transcripts were
identified, representing changes in broad functional categories including energy metabolism,
cytoskeleton, cell signalling, transcription and oligodendrocyte function. The authors noted
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that each subject pair fell into one of two distinct patterns of gene expression, with the
subgroups often showing opposite directions of change for any given gene. The presence of
anhydroecgonine (a cocaine metabolite generated by smoking crack cocaine) in most of the
cocaine abusers from one of the two subgroups led to the suggestion that the distinct patterns
of gene expression might reflect an acute response to crack cocaine exposure in one group vs.
a post-drug refractory state in the other cohort. This intriguing hypothesis warrants further
investigation.

In this latter study, a significant decrease in PLP expression was seen in the prefrontal cortex
of a subset of cocaine abusers (Lehrmann et al., 2003), paralleling the striking changes we have
seen in PLP and other myelin-related genes in the nucleus accumbens (Albertson et al.,
2004). Surprisingly, decreased expression of PLP and numerous other myelin-related genes
have also been observed in postmortem brains from alcoholics (Lewohl et al., 2000; Mayfield
et al., 2002), schizophrenics (Hakak et al., 2001; Pongrac et al., 2002; Tkachev et al., 2003)
and bipolar disorder patients (Tkachev et al., 2003). The common factors among these disparate
diseases that could underlie similar changes in myelin-related gene expression are, at present,
obscure. The fact that several other brain diseases do not exhibit changes in myelin-related
gene expression (Tkachev et al., 2003) suggests some specificity to this finding. Clearly, this
intriguing commonality of decreased myelin-related gene expression warrants further
investigation.

The difficulties in comparing data across CNS gene profiling studies are manifold. One obvious
difficulty with any study of the CNS is that each brain region encompasses a different
complement of neural types with distinct interneuronal connections and responsivity to stimuli.
Another potential confound of human addiction studies is the cohorts studied, their history of
drug exposure and comorbidity for other brain disorders. Of course, the nature of the gene
expression platform employed (macroarray vs. microarray, custom designed vs. commercial)
is critical, as expression changes cannot be detected for genes that are not assessed. Less
obvious to the scientist not engaged in these types of studies is the importance of experimental
design (e.g. pairwise vs. group analysis) and statistical analyses on the outcome of these studies.
Hopefully, many of these limitations will be overcome successfully through sample and data
sharing arrangements and further standardization of experimental approaches. Even with these
limitations, gene expression profiling of human postmortem brain holds great promise for
providing new and unanticipated insights into the pathogenesis of addictive disorders,
ultimately suggesting novel therapeutic strategies.
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Figure 1.
Coronal section of human forebrain illustrating the dissection of the nucleus accumbens. Arrow
on the midline indicates the area dissected.

Addict Biol. Author manuscript; available in PMC 2008 January 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

BANNON et al.

Page 12

20000
10000
S000

> B
g 8

1004

Array 2 Fluorescent Signal
S

tn &

1 £ 10 50 100 500 1000 5000 10000
Array 1 Fluorescent Signal

Figure 2.
Validation of microarray procedure using human tissue. Sample derived from human nucleus
accumbens was hybridized to separate Affymetrix U95A chips as described in the text.
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Figure 3.

Functional categorization of annotated genes whose expression was significantly changed in
cocaine abusers. As most categories encompassed both increased and decreased transcripts,
there was little overall change by category.
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Figure 4.

Decreased expression of myelin-related transcripts in cocaine abusers. The signal log ratio
(base 2) distribution of all transcripts detected in the majority of subject pairs was plotted after
binning averages into groups of 0.05 (n = 18055, mean = 0.01). The myelin-specific group
(n =5, mean = —0.81) was found to be significantly decreased from the mean of all transcripts
present (t(4) = —7.95, p = 0.001).
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Figure 5.
Hierarchical cluster showing the relatedness and relative expression levels of transcripts

differentially expressed between cocaine and control groups. Each column represents transcript
expression from individual subjects. Z-score data were converted to color for ease of
interpretation: black represents the mean across subjects, with red for values above the mean,
while green indicates expression below the mean. Branch lengths represent relatedness of
signal expression across subjects. Right side of the figure shows the parallel changes in
expression of four myelin-related transcripts (two MBP, two MOBP), and two closely clustered
transcripts, as a function of cocaine abuse. MBP: myelin basic protein; MOBP: myelin-
associated oligodendrocyte basic protein; DAAMZ2: dishevelled associated activator of
morphogenesis 2; PNUTL2: peanut-like 2.
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Figure 6.

Scatter plot demonstrating the correlation between MBP microarray and quantitative RT-PCR
data. Difference scores for each Study Il subject pair were converted to Z-scores and correlated
by Pearson’s product moment.
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