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Abuse of drugs can elicit compulsive drug seeking behaviors

upon repeated administration, and ultimately leads to the

phenomenon of addiction. We developed a procedure for

the standardization of microarray gene expression data of

rat brain in drug addiction and stored them in a single

integrated database system, focusing on more effective

data processing and interpretation. Another characteristic

of the present database is that it has a systematic flexibility

for statistical analysis and linking with other databases.

Basically, we adopt an intelligent SQL querying system, as

the foundation of our DB, in order to set up an interactive

module which can automatically read the raw gene

expression data in the standardized format. We maximize

the usability of this DB, helping users study significant

gene expression and identify biological function of the

genes through integrated up-to-date gene information such

as GO annotation and metabolic pathway. For collecting

the latest information of selected gene from the database,

we also set up the local BLAST search engine and non-

redundant sequence database updated by NCBI server on

a daily basis. We find that the present database is a useful

query interface and data-mining tool, specifically for

finding out the genes related to drug addiction. We apply

this system to the identification and characterization of

methamphetamine-induced genes’ behavior in rat brain. 
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Introduction

Abuse of drugs elicits compulsive drug seeking behaviors

upon repeated administration, and ultimately leads to the

phenomenon of addiction (Everitt and Robbins, 2005).

Addiction (specially methamphetamine addiction) becomes a

great problem not only for individual but also for the society

(Klag et al., 2005). However, the action mechanism has not

been clearly elucidated yet, and thus no therapeutics is

available for the treatment of drug addiction. For development

of treatment, it is important to clarify addiction mechanism.

Recently, many researchers have studied addictive mechanism

using high throughput screening tools. Microarray experiment

is one of the most popular high throughput screening

techniques for the comparative study of gene expression in

disease-related cells and tissues (Rouse and Hardiman, 2003;

Alberts et al., 2005). This technique has been commonly used

in the addiction problem of drug such as methamphetamine

(Noailles et al., 2003; Funada et al., 2004; Thomas et al.,

2004; Yamada et al., 2005; Yamamoto et al., 2005), cocaine

(McClung and Nestler, 2003; Albertson et al., 2004; Ahmed et

al., 2005; Bahi and Dreyer, 2005) and alcohol (Arlinde et al.,

2004; Iwamoto et al., 2004; Sommer et al., 2005). However,

there was no systematic approach to gather these biological

data in a large scale. We have only limited information on

drug abuse and the significantly expressed genes without a

systematic database (DB).

We develop a procedure for the standardization of microarray

gene expression data of rat brain in drug addiction and stored

them in a single integrated database system, named as Gene

Expression in Drug Addiction (GEDA: http://compbio.

sookmyung.ac.kr/~geda/search3_newwin.html), focusing on

more effective data processing and interpretation. Repeated

drug exposure leads to gene expression change and consequently

behavior alteration (Nestler, 2001). Therefore, we divided the

experimental samples into four types of addiction model in

rats: Saline, MAP1, MAP2 and MAP3 that based on behavior

alteration measurement. We used CPP (conditioned preference

place) test for behavior alteration measurement (Zhao et al.,

2003). Saline is a group without any drug treatment. MAP1

is an addiction formation group (after treatment of

methamphetamine, strong addictive drug). MAP2 is an

addictive behavior disappearance group after addictive

behavior pattern formation. MAP3 is a maintenance group of

addictive behavior. We use oligonucleotide microarray to
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identify the drug addiction mechanism in these four groups.

Especially we investigated specific brain regions in rats:

cingulate cortex (Cing), hippocampus (Hipp), nucleus accumbens

(Na) and striatum (Str). These four regions are involved in

mesolimbic dopamine system. The mesolimbic dopamine

system is the main region of drug addiction. For identifying

addictive mechanism, we screened meaningful genes using

microarray in the specific brain region of each addiction

group.

It is be worthwhile to set up a user-friendly, easy-accessible

web interface to carry out genetic analysis for drug addiction.

Thus we also tried to maximize the usability of this DB,

helping users study significant gene expression and identify

biological function of the genes accurately and easily through

up-to-date gene information such as GO annotation, metabolic

pathway, BLAST search, and etc.

Methods

Preliminary data analysis. GEDA database is composed of gene

expression profiles of four rat brain regions (Cing, Hipp, Na, Str) in

four drug addiction groups (Saline, MAP1, MAP2, MAP3 grouped

by CPP test). We preliminarily analyzed the 10 k BioArray

oligoneucleotide chip data using appropriate statistical method (Fig.

1). We filtered out several genes in accordance with a measured

status of fluorescent intensity of gene expression. We considered

the unqualified data as missing values. After the filtering process,

10,399 genes were included in each of the 16 slides. We analyzed

the gene expression microarray data of Saline, MAP2, MAP3,

comparing to MAP1 in each of four brain regions. We used intensity

dependent (LOWESS) normalization, and scale adjustment

normalization to adjust the scale differences in each pin. Finally,

6,300 informative genes were obtained for our analysis, after

filtering out genes where more than one (8.4%) of the expression

values was missing. For informative genes, the K-nearest neighbor

(KNN) method with k = 10 was used for missing data imputation.

Statistical analysis was performed using the R-Bioconductor.

Database format. At present NCBI website of America has a DB

named GEO (Gene Expression Omnibus) (http://www.ncbi.nlm.

nih.gov/entrez/query.fcgi?db=geo), which has been saving the

results of various gene expression experiments having been carried

out in the world, using a standardized format based on raw data.

Accordingly, we standardize a number of gene expression profile

data of rat brain in drug addiction in the mode of SOFT (Simple

Omnibus Format in Text) used in the GEO to be compatible with

other DBs in the future, setting up a systematic DB based on the

standardized materials. Another characteristic of the present

database is that it has a systematic flexibility for statistical analysis

and linking with other databases (Fig. 1). Basically, we adopt an

intelligent SQL querying system, as the foundation of our DB, in

order to set up an interactive module which can automatically read

the raw gene expression data in the SOFT format. 

Application module for data classification. We develop Java

application module which enables printing out the results of data

classification with multiple-choice options on website. For

example, Fig. 2 shows an interface to find genes related to the

methamphetamine drug addiction in the microarray data. “Target

group” includes main subgroups we focus on, and “Control group”

contains subgroups to be compared with the target group. Users can

specify the “Fold change” value for gene expression profile ratio

(for example, 1 or −1), and select “>” (greater than specified cutoff

value) or “<” (less than the cutoff value). Three different groups of

“Saline”, “MAP2”, and “MAP3” are composed of the normalized

ratios of gene expression profiles for Saline against MAP1, those

for MAP2 against MAP1, and those for MAP3 against MAP1,

respectively. Each of groups consists of four subgroups of different

brain regions such as “Cing”, “Hipp”, “NA”, “Str”.

As a result, the gene expression profile ratios can be compared

within or between groups through the interface. Eventually, the

established DB enables to verify significantly expressed genes that

meet the conditions suggested by users. For example in Fig. 2,

focusing on genes relatively down regulated in Hipp region (target

group), we explore genes that are not down regulated in the other

three brain regions (control groups) within Saline group (against

MAP1 group). In this search, we found 148 genes differently

Fig. 1. Database structure for gene expression data related to drug addiction.
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expressed at the Hipp region, comparing to other three brain

regions (Fig. 3).

Linking to other databases. The established DB enables to confirm

their biological functions by using their DNA chip annotation

information. We try to link the expression profile genes with the

existing DB, referring gene annotation ID of oligoneucleotide chip

used in this study (Fig. 1). We maximize the usability of this DB,

helping users study significant gene expression and identify

biological function of the genes through integrating up-to-date gene

information such as GO annotation and KEGG metabolic pathway.

We can link to other databases such as NCBI and KEGG using

RefSeq ID (mRNA sequence ID provided in NCBI), gene name

and pathway information for genes hit by GEDA (Fig. 3). In this

Fig. 2. Main web interface.

Fig. 3. Results of gene expression database search.
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process we try to make GEDA DB do an important role to find

genes susceptible to drug abuse.

Local BLAST search engine. For collecting the latest information

of selected gene from the database, we also set up the local BLAST

search engine and non-redundant (NR) sequence database updated

by NCBI server on a daily basis (Fig. 1). In Fig. 2, doing BLASTn

search by denoting functional terminology in the “Keyword”, we

can identify genes including the functional terminology related to

BLAST updated annotated information. Fig. 4 shows that 8 genes

(among 148 genes) are detected by GEDA using keyword as

receptor. Among the selected 8 genes, we can investigate

meaningful genes involved in receptors associated with drug

addiction in the next step.

Results

Through GEDA, we could search and classify the drug

addiction data in several aspects. First of all, we focused on

genes with different expression ratio among three CPP groups

of Saline, MAP2 and MAP3 in each of four brain regions.

Here we considered gene expression log (base 2) ratio greater

than 0.5 as U (up-regulated) and gene expression log (base 2)

ratio less than –0.5 as D (down-regulated). Classifying the

data by possible distribution of U in combination with D in

three CPP groups, we obtained several genes hit by the

GEDA in each of four brain regions (Table 1). In particular,

we focused on hits (genes) in four distribution such as

“UUD”, “UDU”, “DUD” and “DDU” for Saline, MAP2 and

Map3 group, since it is important to see genes having

remarkably different distribution between MAP2 (a group that

addictive behaviors are disappeared for a month after addiction

formation) and MAP3 (a group that addictive behaviors are

maintained for a month after addiction formation). Among the

selected genes in these four groups, we found several hits

related to drug addiction such as Hear shock protein 4 (Hspa4,

HSP70) and Galanin (Gal). Hspa4, detected in “UDU” group

in the Str brain region, is considered as an oxidative injury

related marker in methamphetamine addiction (Ishigami et al.,

2003). Found in “DUD” group in the Na brain region, Gal is

known as an important neuropeptide in opiate addiction. Gal

and its receptor are expressed in locus coeruleus and ventral

tegmental region (Hawes et al., 2004). Especially Gal acts

attenuator of opiate reinforcement and withdrawal (Picciotto

et al., 2005). Gal is also related to alcoholism. In vivo model,

Gal is increased by ethanol intake and decreased by

withdrawal in hypothalamus (Leibowitz et al., 2003).

Secondly, we did BLAST search by GEDA using three

keywords such as receptor, EST and factor (Table 1). The

reason why we used these keywords is to find receptors, new

genes, or factors in signaling pathway, related to drug addiction,

respectively. We discovered several genes associated with

drug addiction through GEDA using the keywords. For

example, glutamate receptor (Grin1, NR1) in “UUU” group at

the Na brain region plays an important role in excitatory

neurotransmission, synaptic plasticity and brain development.

In vivo model Grin1 is involved in methamphetamine induced

abnormal behavior (Miyamoto et al., 2004).

Third, we searched genes with various distribution of

expression ratio among four brain regions of Cing, Hipp, NA,

Str in each of three CPP groups. Through GEDA database

analysis, we found genes in each class formed by combination

Fig. 4. Results of database search with keyword.
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of U and D for each of three CPP groups (Table 2). In this

search, we could find several genes differently expressed

among the four brain regions. Current literature searched

through PubMed did not contain any evidence that the

selected genes are related to drug abuse or dependency.

Further experimental study remains to confirm the association

of the identified genes on drug addition.

Discussion

We developed a useful interface and data-mining tool, GEDA

for gene expression data analysis in drug addiction study. The

GEDA DB is for the standardization of oligoneucleotide

microarray data of rat brain in drug addiction and stored them

in a single integrated database system, focusing on more

Table 1. Classified distribution of three different groups in each of brain regions

Distribution of
CPP groupsa

No. of hits (genes) in each of brain regionsb

Without keyword With keyword-receptor With keyword-EST With keyword-factor

Sal M2 M3 Cin Hip Na Str Cin Hip Na Str Cin Hip Na Str Cin Hip Na Str
cUc U U 28 82 37 40 2 5 5 1 2 4 2 2 0 1 2 0

U U D 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0

U D U 1 0 0 3 0 0 0 0 0 0 0 1 0 0 0 0

D U U 17 27 1 5 0 0 0 1 0 0 0 0 0 0 0 0

U D D 18 3 5 18 1 0 0 1 3 0 0 3 2 0 0 0

D U D 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0

D D U 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

D D D 53 66 88 47 3 5 2 2 3 1 3 2 0 3 3 3

aThree different groups determined by the CPP test. Sal, M2, M3 indicate the groups with normalized log ratio (base 2) of gene expres-

sion profile for Saline, MAP2, MAP3 group against MAP1 group, respectively. 
bNumber of genes searched by GEDA in each of four different brain regions. Cin, Hip, Na, Str indicate cingulate cortex, hippocampus,

nucleus accumbens, striatum, respectively.
cU is up-regulated and D is down regulated genes.

Table 2. Classified distribution of four different brain regions in each of CPP groups

Distribution of brain regionsa
No. of hits (genes) in each of CPP groupsb

Without keyword With keyword-receptor With keyword-EST

Cin Hip Na Str Sal M2 M3 Sal M2 M3 Sal M2 M3
cUc U U U 4 2 5 0 0 0 0 0 0

U U U D 0 0 0 0 0 0 0 0 0

U U D U 2 3 0 0 0 0 0 0 0

U D U U 0 1 0 0 0 0 0 0 0

D U U U 2 0 2 0 0 0 0 0 0

U U D D 1 0 0 0 0 0 0 0 0

U D U D 0 0 0 0 0 0 0 0 0

U D D U 0 0 0 0 0 0 0 0 0

D U U D 0 1 0 0 0 0 0 0 0

D U D U 0 0 1 0 0 0 0 0 0

D D U U 0 0 0 0 0 0 0 0 0

U D D D 1 0 0 0 0 0 1 0 0

D U D D 0 1 1 0 0 0 0 0 0

D D U D 0 1 0 0 0 0 0 0 0

D D D U 0 1 0 0 0 0 0 0 0

D D D D 6 23 4 0 1 1 1 1 0

aDistribution of four different brain regions. Cin, Hip, Na, Str indicate cingulate cortex, hippocampus, nucleus accumbens, striatum,

respectively.
bNumber of genes searched by GEDA in each of three different CPP groups. Sal, M2, M3 stand for Saline, MAP2, MAP3 group,

respectively.
cU is up-regulated and D is down regulated genes.
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effective data processing and interpretation. We maximized

the usability of this DB, helping users study significant gene

expression and identify biological function of the genes

through integrating the latest gene information such as GO

annotation and metabolic pathway. For collecting the latest

information of selected gene from GEDA DB, we also set up

the local BLAST search engine and NR sequence database

updated by NCBI server on a daily basis. It is an effective and

user-friendly DB for analyzing concerned data on website,

specifically for finding out the genes related to drug addiction.

We applied this system to the identification and characterization

of methamphetamine-induced genes’ behavior in rat brain. It

might be said that GEDA DB have a similar format with the

search by expression ratio of Fei et al. (2006). However,

GEDA has a unique feature of local BLAST search through

keyword inputting. Actually we found GEDA DB to be a very

useful tool to find genes related to keywords in our drug

addiction experiment.

GEDA is a flexible platform to serve as a foundation of our

on-going high throughput system studies using DNA

microarrays. It aims for accelerating the procedure of selecting

candidate genes for experimental characterization. Our work

will integrate various biological informations, being useful to

understand and study the biological materials systematically.

Through developing an effective DB system, we are planning

to maximize the application of our DB by helping our users

confirm correctly and easily the formation of significantly

expressed genes and their biological functions.

The GEDA DB available now is very useful instrument in a

way, but it requires correction and supplementary measures to

enhance structural flexibility and format standardization. We

are aiming to get confidence from our users by providing

them with a system of fast run-time for processing and

analyzing complex microarray gene expression data. We plan

to do more replicates of microarray experiments in each of

groups. For the repeated data we are going to add various

statistical analysis methods on web-module, such as pairwise

T test and ANOVA test. At the same time, we plan to do

cluster analysis on website, visualizing the results. It is

expected that specific gene expression can be checked by

means of various statistical methods, and biological functions

are more correctly and easily confirmed. Besides that, we will

present MIAME (minimum information about a microarray

experiment) formatted information of microarray data in our

system, enabling more clearly interpretation of the data. This

DB will play an important role to find out genes related drug

abuse/dependency by the public standardization.
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