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Abstract:

Background: Immediate early gene (IEG) induction elicited by drugs of abuse may contribute to development of plastic changes in

the brain responsible for drug-induced behavioral changes leading to addiction. The aim of the present study was to characterize the

changes in IEG expression in the striatum and nucleus accumbens produced by an acute or chronic administration of morphine.

Methods: In order to search for a possible relationship between morphine-induced IEG expression and behavior, the experiment was

performed on two inbred strains of mice, C57BL/6J and DBA/2J, which differ markedly in their sensitivity to the rewarding and lo-

comotor stimulatory actions of opiates. Gene expression was assessed using RT-PCR and DNA microarrays.

Results: The experiments demonstrated a prolonged or a delayed up-regulation of 14 IEG in the striatum at 4 h after morphine ad-

ministration. Among them, a cluster of 8 genes, including 6 inducible transcription factors (c-fos, fra-2, junB, zif268 (egr1), egr2,

NGFI-B) and 2 effector IEG (arc and mkp1) seemed to be regulated in concert in response to morphine. This group of genes was in-

duced to a greater degree after chronic than acute morphine administration selectively in C57BL/6J mice and the difference bore ap-

parently no relationship to opiate-produced locomotor activation. The strain-selective regulation was also demonstrated for cyclin

L2 and tPA after an acute morphine injection.

Conclusions: Our data indicate that morphine up-regulates many IEG in the mouse striatum at a strikingly delayed time-point and

that these changes are genotype-dependent. They also suggest inter-strain differences in the development of striatal neuroadapta-

tions to chronic morphine treatment.

Key words:

morphine, addiction, immediate early gene, striatum, transcription, inbred strain
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diate early gene(s), TFBS transcription factor binding site(s),

for abbreviated gene names: full names are presented in Table 1

Introduction

Drugs of abuse belonging to different pharmacologi-

cal classes elicit induction of immediate early genes

(IEG) in discrete regions of the brain, most commonly

in the striatum [3, 12, 14, 15, 18, 24]. Although IEG

induction (in particular of c-fos) is considered mainly

to be a marker of neuronal activation, temporary up-

regulation of these genes may also have important

functional consequences. In particular, IEG may be

involved in the development of long-lasting behav-

ioral changes produced by drugs of abuse, such as

drug-induced conditioned place preference (CPP) and

locomotor sensitization [21, 26, 27, 37, 38].
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Tab. 1. List of the analyzed immediate early genes, their alternative names, and the corresponding Affymetrix probe sets

Gene name
used in

the paper

Full name
(if acronym)

Other frequently used
gene names

Gene name
used by

Affymetrix

Probe sets on Affymetrix
GeneChip Mouse Genome 430

2.0 microarrays

c-fos FBJ osteosarcoma oncogene Fos 1423100_at

fosB FBJ osteosarcoma oncogene B Fosb 1422134_at

fra-1 Fos-related antigen 1 Fosl1 1417487_at; 1417488_at

fra-2 Fos-related antigen 2 Fosl2 1422931_at; 1437247_at

c-jun Jun 1417409_at; 1448694_at

junB Junb 1415899_at

junD Jund 1440265_at; 1449117_at

zif268 (egr1) early growth response 1 NGFI-A, krox-24, zenk Egr1 1417065_at

egr2 early growth response 2 krox-20 Egr2 1427682_a_at; 1427683_at

egr3 early growth response 3 Egr3 1421486_at; 1436329_at

egr4 early growth response 4 NGFI-C Egr4 1449977_at

NGFI-B nerve growth factor-inducible B nur77, TIS1 Nr4a1 1416505_at

arc activity-regulated cytoskeleton-associated
protein

arg3.1 Arc 1418687_at

cox-2 cyclooxygenase-2 Ptgs2 1417262_at; 1417263_at

rheb RAS-homologue enriched in brain Rheb 1416636_at

narp neuronal activity-regulated pentraxin Nptx2 1420720_at; 1449960_at

b-activin activin b-B
inhibin b-B

Inhbb 1426858_at; 1426859_at

BDNF brain-derived neurotrophic factor Bdnf 1422168_a_at; 1422169_a_at

chop C/EBP-homologous protein gadd153 Ddit3 1417516_at; 1443897_at

mkp1 MAP kinase phosphatase 1 Dusp1 1448830_at

tPA tissue plasminogen activator Plat 1458553_at; 1415806_at

cyclin L1 ania-6a Ccnl1 1423622_a_at; 1437383_at

cyclin L2 ania-6b Ccnl2 1432195_s_at
1453740_a_at
1454149_a_at
1459694_at

dcamkl1 double cortin and
calcium/calmodulin-dependent protein

kinase-like 1

ania-4 Dcamkl1 1423125_at 1424270_at
1424271_at 1435940_at
1436659_at 1446190_at

1450863_a_at 1451289_at
1451917_a_at 1454592_at

homer1 * ves-1 Homer1 1421768_a_at
1425671_at
1436387_at

* Only the shorter transcripts of homer1 gene, homer1a and ania-3 (which terminate within intron 5 of the gene) are regulated as immediate-
early transcripts [5]. Thus, only the probe sets covering the first 5 exons and introns of homer1 gene were considered in the analysis



Whereas most of the initial investigations into the

changes in IEG expression elicited by drugs of abuse

and their mechanisms, performed in the 1990s, con-

cerned mainly the c-fos gene (and scarcely a few other

IEG), more than 30 IEG were identified in further

studies which can be rapidly and transiently induced

in neurons in response to synaptic activation [3, 20].

Some of them encode transcription factors (belonging

to Fos, Jun and Egr protein families, and the nuclear

receptor NGFI-B) [16], whereas others, the so-called

‘effector’ IEG code for proteins implicated in other,

diverse cellular functions. This second class of IEG

includes genes for the dendritic proteins homer1a and

arc (activity-regulated cytoskeleton-associated pro-

tein) involved in glutamate receptor trafficking and

scaffolding postsynaptic proteins, cox-2 (cyclooxy-

genase-2), secretory proteins such as tPA (tissue plas-

minogen activator), narp (neuronal activity-regulated

pentraxin) and b-activin, as well as proteins engaged in

the regulation of intracellular signaling e.g., rheb (ras

homologue enriched in brain) and mkp1 (MAP kinase

phosphatase 1) [3, 20]. Thus, many IEG except for

c-fos seem to be involved in cellular processes poten-

tially relevant to drug-induced neuronal plasticity.

However, for some classes of abused drugs, including

the most powerfully addictive opiates, no comprehen-

sive description of their effects on the expression of

various IEG in the brain has been presented so far.

In the present paper, we describe the first approach

to our objective of characterizing the changes in IEG

expression produced by morphine in the forebrain re-

gions relevant to rewarding and locomotor activatory

actions of opiates, the striatum and nucleus accum-

bens. Systemically administered morphine was previ-

ously demonstrated to elicit a transient induction of

c-fos (and to a lesser extent junB and c-jun) most con-

sistently in the dorsomedial striatum of the rat [4, 7,

14, 24]. Some activation of c-fos gene was also re-

ported in the nucleus accumbens, lateral septum, tha-

lamic nuclei and neocortex [4, 14, 24]. The striatal c-

fos induction by morphine was shown to be due to

opiate-produced dopamine release and stimulation of

the D1 receptor [4, 24]. Whereas the c-fos up-regu-

lation was reported to be rapid and transient [7, 14],

the levels of mRNA for other IEG, arc and tPA, were

demonstrated recently to be increased in the mouse

striatum at 4 or 6 h after morphine administration [27,

40]. Thus, the first question that seemed worthwhile

to address concerned the time-course of IEG induc-

tion by morphine, including time-points beyond the

time window (1 to 2 h) of typical IEG induction. The

second aim of the study was to determine, using mi-

croarray hybridization analysis, which of the known

IEG (apart from the already reported ones) were up-

regulated in the striatum in response to morphine ad-

ministration. Our next goal was to search for a possi-

ble relationship between morphine-produced behav-

ioral changes and IEG expression. To this end, the

study was conducted on two inbred strains of mice,

C57BL/6J and DBA/2J, which differ markedly in

their behavioral responses to morphine. Particularly

striking is the difference in their locomotor response:

the C57BL/6J strain shows a marked locomotor acti-

vation following an acute opiate administration,

which is virtually absent in DBA/2 mice [6, 25, 29].

After chronic morphine treatment, either tolerance or

sensitization of the locomotor response was evi-

denced in C57BL/6J mice, depending on the treat-

ment paradigm, whereas no altered responses were

observed in the DBA/2J strain [1, 22, 29, 31]. Other

inter-strain differences in reactions to opioids have

also been reported, including a greater sensitivity to

opioid reward and stronger withdrawal symptoms in

the C57BL/6J strain [2, 6, 17, 30, 35]. In order to de-

termine whether these behavioral differences are par-

alleled by differential IEG transcriptional responses to

morphine in the striatum, the IEG expression was as-

sessed comparatively in C57BL/6J and DBA/2J

strains, after acute morphine administration and after

a chronic treatment paradigm which was expected to

produce locomotor tolerance in C57BL/6J mice.

Materials and Methods

Animals

The experiments were performed on male C57BL/6J

and DBA/2J mice (bred in the Medical Research Center,

Warszawa, Poland) weighing 20 to 25 g. The mice were

kept under standard conditions, on a 12/12 h light/dark

cycle, with free access to rodent chow (Labofeed H,

Kcynia, Poland) and tap water. Treatment of the mice in

the present study was in full accordance with the ethical

standards laid down in the respective European (Direc-

tive no. 86/609/EEC) and Polish regulations. The ex-

perimental protocol was approved by the local Bioethics

Commission working in the Institute of Pharmacology,

Polish Academy of Sciences (Kraków, Poland).
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Morphine treatment

Morphine hydrochloride (Polfa, Kutno, Poland) was ad-

ministered to the mice subcutaneously. The dosage calcu-

lation was based on the weight of the salt form of the

drug. The following administration paradigms were used:

Acute administration

The animals were pretreated with saline injections

(10 µl/g, sc) thrice daily (at 8:00, 12:00 and 16:00) for 4

days. On the fifth day, they were administered a single

dose of morphine (20 mg/kg) and sacrificed by decapi-

tation after 1, 4 or 8 h. The control groups were sub-

jected to subchronic saline pretreatment on the same

schedule and sacrificed 1 or 4 h after the last saline in-

jection. The 4 h saline group served as a control for

morphine-treated groups sacrificed both after 4 and 8 h.

Chronic administration

Animals were injected with increasing doses of mor-

phine thrice daily (8:00, 12:00 and 16:00) for 4 days

using the dosing schedule of 10, 20, 40 and 40 mg/kg

on days 1, 2, 3 and 4, respectively. On the fifth experi-

mental day, a final 40 mg/kg morphine dose was

administered and the animals were sacrificed 4 h

thereafter for gene expression analyses. In the control

group, morphine was substituted by saline.

Locomotor activity measurements

Locomotor activity was assessed in separate groups of

mice treated acutely or chronically with morphine

according to the paradigms described above. Mice

were tested individually in a) Med Associates (St. Al-

bans, VT, USA) place preference chambers, measur-

ing 17 × 12.5 × 12 cm, equipped with 6 pairs of light

sources and photoelectric cells distributed opposite to

each other 1 cm above the cage floor (acute experi-

ment) or b) Opto-Varimex locomotor activity cages

(Columbus Instruments, Columbus, OH, USA), meas-

uring 7.5 × 25.7 × 20.5 cm, equipped with 16 pairs of

light sources and photoelectric cells located 1.5 cm

above the cage floor (chronic experiment). Locomotor

activity counts were recorded following a subsequent

interruption of two adjacent photobeams by the animal.

The measurements were performed for 180 min after

the injection at 15-min intervals. Area under the curve

of locomotor counts vs. time (AUC) was considered to

be the overall measure of locomotor activity.

The effects of an acute morphine administration, as

compared to saline, were assessed in both C57BL/6J

and DBA/2J strains (n = 8 to 10). The locomotor

activity counts were analyzed in each strain separately

by a two-way analysis of variance (ANOVA), consid-

ering treatment and time as categorical predictors.

The t-test was used to compare the effects of mor-

phine vs. saline at individual time points. For an

inter-strain comparison, AUC was calculated for each

experimental group and the resulting data were ana-

lyzed by a two-way ANOVA, considering strain and

treatment as factors. This was followed by the Bon-

ferroni post-hoc test.

The locomotor effect of chronic morphine was

tested only in C57BL/6J mice. The measurements

were performed every day on days 1 to 5 after the first

daily injection of morphine (n = 10) or saline (n = 8).

In order to assess reactivity of the chronically treated

mice to the lowest morphine dose (and thus find out if

sensitization or tolerance to the opiate had devel-

oped), the effect of an additional injection of mor-

phine (10 mg/kg, sc) was measured on day 6. The

AUC results were statistically analyzed by a two-way

ANOVA, considering treatment and day of the experi-

ment as factors. The Bonferroni test was used to

locate significant differences between animal groups

both for the AUC data and locomotor activity counts

at individual time points.

Tissue dissection

After decapitation, brains were removed from the

skulls and dissected rapidly. Samples containing the

rostral part of caudate/putamen plus the nucleus ac-

cumbens (referred to as the striatum) were collected.

The samples were placed in individual tubes with the

tissue storage reagent RNA later (Qiagen Inc., Valen-

cia, CA, USA), frozen on dry ice, and stored at –70°C

until RNA extraction.

RNA extraction

Total RNA was extracted from the tissue by the

method of Chomczynski and Sacchi [8], with further

modifications, using the TRIzol reagent (Invitrogen,

Carlsbad, CA, USA). Quality of the total RNA was

assessed based on the intensity of 28S and 18S rRNA

bands after denaturing agarose gel electrophoresis fol-
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lowed by ethidium bromide staining, and by calcula-

tion of the spectrophotometric ratio A260/A280 (1.9

to 2.1). RNA concentration was measured using the

fluorescent reagent RiboGreen (Molecular Probes,

Eugene, OR, USA).

Reverse transcription-real-time PCR

Reverse transcription was performed using Omniscript

reverse transcriptase (Qiagen) and oligo(dT16) primer

at 37°C for 60 min. Quantitative reverse transcription-

real-time PCR (RT-PCR) reactions were performed,

according to the manufacturer’s protocol, using the

c-fos (Mm00487425_m1), junB (Mm00492781_s1),

zif268 (egr1) (Mm00656724_m1) and arc (Mm-

00479619_g1) TaqMan Gene Expression Assays

from Applied Biosystems (Foster, CA, USA). The re-

actions were run on the iCycler device (BioRad, Her-

cules, CA, USA) with the 3.0a software version. Am-

plification efficiency for the assays was determined

by running a standard dilution curve for each gene.

Expression of hypoxanthine guanine phosphoribosyl

transferase 1 (Hprt1, Mm00446968_m1) transcript

was quantified to control for variation in cDNA

amounts. The threshold cycle values were calculated

automatically by iCycler IQ 3.0a software with de-

fault parameters. Abundance of RNA was calculated

as 2-(threshold cycle). The results were statistically ana-

lyzed by a one-way ANOVA. The Newman-Keuls

post-hoc test was used to identify significant differ-

ences between experimental groups.

Microarray hybridization and data analysis

The detailed procedure of microarray hybridization

and analysis was described previously [19]. Briefly,

total RNA extracted from the striatum was converted

to biotin-labeled cRNA and hybridized to Gene-

Chip®Mouse Genome 430 2.0 microarrays (Affy-

metrix, Santa Clara, CA, USA). For each microarray,

a pool of RNA from three animals was prepared.

Three independent biological replicates of the mi-

croarrays were prepared for each experimental group.

Raw microarray data were normalized using quantile

method. The subsequent partial data analysis was per-

formed on a subset of 52 probe sets which corre-

sponded to 25 known IEG represented on the Gene-

Chip®Mouse Genome 430 2.0 arrays (Tab. 1), which

were selected on the basis of findings by Lanahan and

Worley [20] and Berke et al. [3]. The gene expression

levels were obtained by the model-based expression in-

dex (MBEI) algorithm and PM/MM model [23]. The

following criteria were applied for probe set detection:

the present call at least in 33% of PM/MM pairs and sig-

nal intensity greater than 7.65 (log2 data) in at least 33%

of arrays, both measured using the MBEI algorithm. Hi-

erarchical clustering and measurement of relative ex-

pression levels were performed using dChip software.

The statistical analysis was performed by a two-way

ANOVA (considering treatment and strain as factors)

followed by the Bonferroni test.

Gene expression correlation and promoter

analyses

Correlation of the selected genes expression in recom-

binant inbred BxD (C57BL/6J x DBA/2J) strains was

assessed using the trait correlation tool on HBP Rosen

Striatum M430V2 (Apr05) PDNN dataset deposited

in WebQTL database (http://www.genenetwork.org).

Pearson coefficients were considered to be the meas-

ure of correlation. Promoter analysis was done using

cremag.org online tool with default parameters [32].

Results

Time-course of morphine-produced changes

in the striatal IEG expression

The time profile of morphine-elicited changes in the

striatal IEG expression was examined using RT-PCR.

The mRNA abundance of four IEG (c-fos, junB,

zif268 (egr1) and arc) was measured after an acute in-

jection of morphine (20 mg/kg, sc). The c-fos and arc

mRNAs were up-regulated by morphine administra-

tion (Fig. 1), but no significant induction of junB and

zif268 (egr1) mRNA was detected (data not shown).

Whereas in the C57BL/6J strain, c-fos mRNA was in-

duced at 1 h after morphine injection and remained

elevated up till 4 h, in the DBA/2J mice an increase in

c-fos mRNA levels was observed only at 4 h. Striatal

arc mRNA levels were elevated no earlier than at 4 h

after morphine in C57BL/6J mice, and a similar (but

statistically non-significant) tendency was observed

in DBA/2J mice (Fig. 1). On the basis of these results,

we concluded that the changes in IEG expression

could be detected in the striatal extracts most consis-

tently at 4 h after morphine administration.
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Microarray data analysis for striatal IEG

expression after morphine treatment

An analysis of the microarray results for striatal tissue

RNA hybridized to GeneChip®Mouse Genome 430

2.0 microarrays (Affymetrix) was performed at 4 h af-

ter the (last) opiate injection in C57BL/6J and DBA/2J

mice injected with morphine acutely (20 mg/kg, sc) or

chronically (increasing dose from 10 to 40 mg/kg, sc,

thrice daily for 4 days followed by a single injection on

day 5) [19]. Except for tPA and fra-2, other known IEG

did not meet the statistical criteria for a significant

change in gene expression according to the global

analysis of the microarray data [19].

Hybridization results for 52 probe sets correspond-

ing to 25 known IEG (Tab. 1) were selected and sub-

jected to a separate analysis according to the criteria

described in the Materials and Methods. Hybridiza-

tion signal intensities met the detection criteria for 25

out of the 52 probe sets (Fig. 2). The IEG for which

no probe set signal reached the detection threshold in-

cluded: fosB, fra-1, egr4, cox-2, narp, b-activin and

BDNF.

The hybridization results for the 25 probe sets

which met the detection criteria were analyzed indi-

vidually by a two-way ANOVA, considering treat-

ment and strain as factors. Significant effects of mor-

phine treatment were found for c-fos, fra-2, c-jun,

junB, zif268 (egr1), egr2, arc, mkp1, NGFI-B, tPA, cy-

clin L2, rheb and dcamkl1.

Hierarchical clustering analysis of data was per-

formed for these 25 probe sets (Fig. 2). Two potentially

interesting gene clusters could be distinguished in the

resulting data arrangement, the cluster A containing

c-fos, fra-2, junB, zif268 (egr1), egr2, NGFI-B, arc and

mkp1, and the cluster B containing cyclin L2, rheb

and dcamkl1 (Fig. 2). The fact that all of these genes

were significantly regulated by morphine treatment,

as revealed by a two-way ANOVA, suggests that the

genes in each cluster may be regulated in concert in

1096 Pharmacological Reports, 2012, 64, 1091�1104

0

100

200

300

400

500

contr mor
1 h

mor
4 h

mor
8 h

c
-f

o
s

m
R

N
A

le
v

e
l

[%
o

f
c

o
n

tr
o

l]

***

*C57BL/6J

c - fos

0

100

200

300

400

500

contr mor
1 h

mor
4 h

mor
8 h

c
-f

o
s

m
R

N
A

le
v

e
l

[%
o

f
c

o
n

tr
o

l]

*

DBA/2J

c - fos

0

100

200

300

contr mor
1 h

mor
4 h

mor
8 h

a
rc

m
R

N
A

le
v
e
l

[%
o

f
c
o

n
tr

o
l]

DBA/2J

arc

0

100

200

300

contr mor
1 h

mor
4 h

mor
8 h

*

a
rc

m
R

N
A

le
v

e
l

[%
o

f
c

o
n

tr
o

l]

C57BL/6J

arc

Fig. 1. The influence of an acute morphine administration on c-fos and arc mRNA levels in the striatum of C57BL/6J and DBA/2J mice, as
determined by RT-PCR. The time of sacrifice after morphine injection (mor; 20 mg/kg, sc) is indicated below the bars. The results are presented
as the mean ± SEM (expressed as a percentage of control) of five to six animals per group. Asterisks denote statistical significance (* p < 0.05:
*** p < 0.001) vs. the respective control group, one-way ANOVA followed by Newman-Keuls test



the striatum in response to the opiate administration.

For most of the cluster A genes (c-fos, junB, egr2,

NGFI-B, arc and mkp1), a significant correlation be-

tween their expression levels in the striatum was con-

firmed by a trait correlation analysis in recombinant

inbred BxD (C57BL/6J x DBA/2J) strains using the

WebQTL database (Fig. 2). No such correlation was

found for the cluster B genes.

In addition, promoter nucleotide sequences of the

cluster A genes were subjected to an analysis in

a search for overrepresented transcription factor bind-

ing sites (TFBS), possibly conferring common me-

chanisms of regulation on these genes. SRF and

CREB binding sites demonstrated the highest over-

representation fold values (12.5 and 6.5, respectively)

in the evolutionarily conserved promoter regions of

c-fos, fra-2, zif268 (egr1), egr2 and NGFI-B genes.

Furthermore, the hierarchical clustering results suggest

that the profiles of acute vs. chronic morphine effects on

the expression of the genes belonging to cluster A may

differ between C57BL/6J and DBA/2J strains (Fig. 2). In

fact, a two-way ANOVA revealed a significant effect of

treatment and strain interaction (p < 0.05 or less) for 4 out

of 8 cluster A genes (fra-2, mkp1, zif268 (egr1) and

egr2), whereas in the case of 3 other genes (junB,

NGFI-B and arc) the effect of interaction approached

significance (the p values not exceeding 0.08). Inter-

group comparisons using the Bonferroni post-hoc test

confirmed the different patterns of cluster A IEG

expression changes in the two mouse strains (Fig. 3).

Cluster A genes were most consistently up-regulated in

the striatum of C57BL/6J mice by the last of the chronic

morphine doses. In this mouse strain, the expression of all

cluster A IEG, except for c-fos, was significantly higher

after the last of the repeated morphine injections than

after an acute morphine administration (Fig. 3). Although

an acute morphine injection tended to increase mRNA

levels of most cluster A genes in the C57BL/6J strain,

a significant effect of acute morphine was detected only

for fra-2. On the other hand, in the DBA/2J strain, more

cluster A genes (fra-2, c-fos, arc and zif268 (egr1)) were

significantly up-regulated by an acute morphine admini-

stration. In DBA/2J mice, in sharp contrast to the

C57BL/6J strain, the last of the repeated morphine doses

did not exert a stronger effect on cluster A IEG expression

than an acute opiate administration (Fig. 3).
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Fig. 2. Hierarchical clustering analysis of the microarray data showing the effect of morphine administration on expression of the selected IEG
in the striatum of C57BL/6J and DBA/2J mice. Left panel: Colored rectangles represent expression levels of the genes listed on the right
(together with the corresponding probe sets), each rectangle standing for one microarray. Intensity of the color is proportional to the magnitude
of change, according to the scale below the cluster image, where 2 SD refers to two standard deviations of the mean value for each probe set.
Asterisks denote probe sets for which a significant effect of morphine treatment was found by a two-way ANOVA. Dotted rectangles labeled A
and B mark the gene clusters discussed in the text. Right panel: A network graph showing the results of an expression correlation analysis for
cluster A genes in the striatum of recombinant inbred BxD (C57BL/6J x DBA/2J) mouse strains using the WebQTL database. Red lines denote
Pearson’s correlation coefficients of 0.7 to 1, orange lines coefficients of 0.5 to 0.7. All p values were of the range between 10�14 and 10�7
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Fig. 3. Quantitative representation of the effects of morphine on expression of the selected IEG in the striatum of C57BL/6J and DBA/2J mice,
as determined by the microarray analysis; contr – control; AM – acute morphine; CM – chronic morphine. The results are expressed as
a percentage of the control values in the C57BL/6J strain and are presented as the mean ± SEM of data derived from three microarrays.
Asterisks denote statistical significance as determined by the Bonferroni test (* p < 0.05; ** p < 0.01; *** p < 0.001).



The small statistical power of the expression

changes produced by acute morphine was probably

due, in part, to the smaller magnitude of changes

detected by the microarray methodology, as compared

to RT-PCR. Since hybridization signal intensities

quantified from microarrays depend on several

factors, including signal to background ratio for each

gene and hybridization efficacies of individual

probes, the microarray data provide only a relative

measure of gene expression changes. The magnitude

of inter-group differences in mRNA levels is more

accurately reflected by RT-PCR.

The cluster B display suggests a selective up-

regulation of the belonging genes in the DBA/2J

strain by an acute morphine administration (Fig. 2).

However, statistical analyses substantiated this only

for cyclin L2, where a significant effect of treatment

and strain interaction (p = 0.0242) was found for one

(1432195_s_at) of the two probe sets, and the

Bonferroni test demonstrated a significant increase in

cyclin L2 mRNA signal, as detected by both probe

sets, exclusively after an acute morphine injection,

and only in DBA/2J mice (Fig. 3). In the case of rheb

and dcamkl1 genes, no significant up-regulation by
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Fig. 4. The influence of morphine on locomotor activity of mice. Effects of an acute morphine injection (20 mg/kg, sc) in C57BL/2J and DBA/2J
mouse strains (A, B, C). A, B – locomotor activity counts as registered for 180 min, at 15-min intervals, after morphine (mor) or saline (sal)
administration (n = 8 to 10). A two-way ANOVA (treatment ´ time) revealed a significant effect of treatment in each strain (C57BL/6J: p < 10�17;
DBA/2J: p = 3.65 ´ 10�6); * significant difference between morphine and saline at a given time-point by a t-test (p < 0.03 or less). C – the bars
represent area under the curve (AUC) for the data presented in A and B. The AUC data were analyzed by a two-way ANOVA (considering strain
and treatment as factors), followed by the Bonferroni post-test; *** – significant difference between the strains by two-way ANOVA (p = 1.33 ´
10�11); ### – significant difference vs. the respective saline group by the Bonferroni test (p < 10�17). D, E – locomotor activity of C57BL/6J mice
in response to morphine during chronic treatment. For the sake of clarity, only the results for day 1, day 5 and day 6 are shown. D – locomotor
activity counts as registered for 180 min, at 15-min intervals, after morphine (n = 10) or saline (n = 8) administration. The Bonferroni test was
used to compare the effects of morphine vs. saline at individual time points. Significant effects of morphine administration were detected on
day 1 for time points 30 to 150 min and on day 5 for time points 30 to 180 min. No significant effect of morphine was detected on day 6. E – the
bars represent area under the curve for the data presented in D; ### – significant difference between the effect of morphine vs. saline on the
same day (p < 0.001, Bonferroni test); ** – significant difference between effects of morphine on day 1 and 6 (p < 0.01, Bonferroni test). All data
are presented as the mean ± SEM



acute morphine in the DBA/2J strain was detected by

the Bonferroni test, and the effect of treatment and

strain interaction was also nonsignificant as estimated

by a two-way ANOVA, probably due to the fact that

the differences in hybridization signal intensity between

animal groups were actually very small (Fig. 3). Thus,

the obtained results do not support a similarity of

cluster B genes regulation by morphine, which is in

contrast to the group of genes belonging to cluster A.

Apart from the genes grouped in clusters A and B,

c-jun and tPA were also significantly regulated by mor-

phine treatment. The profile of c-jun expression

changes resembled that of the cluster A genes, the

greatest (and the only significant) effect being exerted

by the last of the chronic morphine doses in C57BL/6J

(but not DBA/2J) mice (Fig. 3; p = 0.0581 for interac-

tion by two-way ANOVA). On the other hand, tPA was

up-regulated exclusively by an acute morphine admini-

stration, selectively in the C57BL/6J strain, as evi-

denced by the Bonferroni test results (Fig. 3) and the

significant effect of treatment and strain interaction

(p = 0.0015) demonstrated by a two-way ANOVA.

Locomotor activity measurements after morphine

treatment

Locomotor activity measurements after an acute mor-

phine administration confirmed the well-known rapid

and significant activation of C57BL/6J mice by the

opiate (Fig. 4A, D). No such stimulation was observed

in the DBA/2J strain, in which locomotor activity was

actually inhibited for the first 75 min after morphine

injection (Fig. 4B, C).

In order to find out whether the increased induction

of cluster A genes in C57BL/6J mice after chronic

morphine treatment accompanied development of

locomotor sensitization in response to morphine,

locomotor activity was measured in that strain after

each first daily injection of the opiate on days 1 to 5.

In addition, locomotor response to the lowest

morphine dose (10 mg/kg) was determined on day 6

in mice previously subjected to the chronic treatment

with ascending morphine doses. A two-way ANOVA

of locomotor activity curves (Fig. 4E) revealed

a significant effect of treatment (p < 10�7) and day

(p < 0.05), and a significant interaction of both factors

(p < 0.05) on the mouse horizontal motor activity. The

Bonferroni post-hoc test confirmed that morphine

produced a significant increase in locomotor activity

on days 1 to 5 (Fig. 4E). In mice pre-treated with

chronic morphine, the subsequent locomotor response

to the lowest morphine dose (10 mg/kg) was

markedly attenuated, as compared to the effect of its

first injection (Fig. 4D, E). Although the last of the

repeated morphine doses (40 mg/kg) was four times

higher than the first dose (10 mg/kg), they produced

locomotor activation of the same magnitude, the

response to the last injection being slightly delayed

(Fig. 4D, E).

Discussion

The obtained results indicate that morphine admini-

stration produces a prolonged or a delayed up-

regulation of several IEG in the mouse striatum. Al-

though striatal c-fos, junB and c-jun mRNA and/or

protein induction was detected at earlier time points

after morphine in previous studies in rats (with the

maxima of mRNA and protein levels at 45 min and

about 2 h, respectively) [7, 14], our initial RT-PCR

time course screen demonstrated that the changes in

IEG expression can be found most consistently at 4 h

after the injection in homogenates of the mouse cau-

date/putamen and nucleus accumbens. Indeed, the

presented analysis of microarray hybridization results

revealed a significant up-regulation of more than ten

known IEG at 4 h after either an acute or the last of

the chronic morphine doses.

Obviously, this is not a typical time-course of IEG

induction since IEG mRNA levels usually peak within

1 h after a cell-activating stimulus and decay very rap-

idly to reach control values within 2 to 3 h [cf. 39].

However, there are some reports showing elevated

IEG expression at more delayed time points, e.g., af-

ter administration of the dopamine D1 receptor ago-

nist or phencyclidine [3, 28]. Our present results are

in line with some previous observations of morphine

actions in the mouse striatum, where arc and tPA

mRNA levels were significantly increased at 4 to 6 h

after the drug administration [27, 40]. On the other

hand, the present data do not exclude up-regulation of

at least some IEG at time points earlier than 4 h. In

fact, as revealed by RT-PCR, c-fos mRNA level was

already markedly elevated at 1 h after morphine injec-

tion (but only in one of the mouse strains used, namely

C57BL/6J). This is in agreement with earlier reports on

the c-fos gene expression changes in the striatum of

rats [7] and mice [36]. Since the morphine-elicited
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IEG inductions seem to be distributed very heteroge-

neously in the striatal complex, with the main effects

observed in the dorsomedial caudate-putamen and the

nucleus accumbens shell [4, 14, 22, 24, 36], the exact

temporal dissection of the IEG expression changes,

which may also be subregion-specific, may require

techniques (e.g., in situ hybridization) having higher

anatomical resolution than those used in our study.

The presented microarray analysis identified 14

IEG which were induced in the striatum by morphine

treatment. Among them, a cluster of 8 genes (cluster

A), including 6 inducible transcription factors (c-fos,

fra-2, junB, zif268 (egr1), egr2, NGFI-B) and 2

effector IEG (arc and mkp1) seemed to be regulated in

concert in response to morphine. These genes may

share some mechanisms of their transcriptional

regulation, which was substantiated by the fact that

their basal expression in the striatum was highly

correlated in the recombinant inbred BxD (C57BL/6J

x DBA/2J) mouse strains. Actually, a promoter

analysis of the above cluster of genes demonstrated

a significant overrepresentation of SRF and CREB

binding sites in their promoter regions, suggesting an

important and possibly common role of SRF and

CREB in the regulation of those IEG expression. The

opiate-produced co-induction of the cluster A genes in

the striatum has been corroborated by an independent

study of ours, using a different type of microarrays,

where up-regulation of c-fos, fra-2, egr2 and mkp1

(along with several genes not assessed in the present

paper) was evidenced in C57BL/6J mice after

morphine and heroin [33]. Other IEG, which were

significantly regulated by morphine in the striatum,

included c-jun, tPA, cyclin L2, rheb and dcamkl1.

Although the latter three were grouped together by

hierarchical clustering, further analysis did not

support the similarity of their expression changes.

In an attempt to search for a link between mor-

phine-produced changes in the IEG expression and its

behavioral effects, the presented experiments were

performed on two inbred strains of mice, C57BL/6J

and DBA/2J, which display different sensitivity to

morphine actions. As confirmed by our study,

C57BL/6J mice respond to an acute morphine injec-

tion with a strong locomotor activation, whereas

DBA/2J mice show no comparable stimulation [6, 25,

29]. C57BL/6J mice also seem to be more sensitive

than DBA/2J to the rewarding effect of morphine, as

demonstrated in the CPP and oral self-administration

paradigms [2, 17, 30, 35].

Interestingly, these behavioral differences were not

paralleled by differential regulation of the cluster

A IEG in the striatum after an acute morphine admini-

stration. Although the DBA/2J strain displayed no

motor activation after morphine, cluster A genes were

up-regulated in that strain to a comparable degree as

in C57BL/6J mice. On the other hand, clear strain-

selective effects of acute morphine were detected for

two other genes: cyclin L2 and tPA. Cyclin L2 was in-

duced in the striatum of DBA/2J, but not C57BL/6J

mice, only by an acute (but not chronic) morphine ad-

ministration. The tPA up-regulation was detected only

in C57BL/6J mice, and also in response to an acute

but not chronic opiate injection. The latter result is in

agreement with previous data by Nagai et al. [27],

who demonstrated transcriptional activation of the tPA

gene in C57BL/6J mice, as well as in rats, by mor-

phine, and a marked attenuation of this response after

repeated opiate administration. Importantly, the tPA-

plasmin system stimulation is known to be essential

for morphine-induced dopamine release in the nu-

cleus accumbens and the resulting behavioral effects,

the CPP, acute locomotor activation and locomotor

sensitization upon repeated opiate treatment [27].

Thus, the lack of tPA gene induction in response to

morphine in DBA/2J mice, as opposed to C57BL/6J,

may contribute to the relative insensitivity of the

DBA/2J strain to the rewarding and locomotor stimu-

latory actions of the drug. Accordingly, the morphine-

produced increase in the striatal dopamine levels

seems to be significantly smaller in DBA/2J than

C57BL/6J mice [13, 25].

In contrast to the lack of clear-cut inter-strain dif-

ferences in the response of cluster A genes to acute

morphine, marked differences were observed between

C57BL/6J and DBA/2J strains in terms of effects of

chronic, as compared to acute, morphine injection on

the cluster A IEG and c-jun. These genes were up-

regulated to a significantly higher degree by the last

of the chronic morphine doses than after an acute in-

jection in C57BL/6J, but not in DBA/2J mice. The in-

creased transcriptional c-fos response upon chronic

morphine treatment, as compared to its acute effect,

was previously observed in the striatum/nucleus ac-

cumbens of rats and mice in opiate treatment para-

digms which produce locomotor sensitization [9–11,

22, 34]. Moreover, the pattern and relative intensity of

c-fos expression were suggested to reflect alterations

in subregional basal ganglia circuits activation which

are essential for the expression of sensitized motor be-
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havior [9–11, 22, 34]. Actually, a significant correla-

tion between locomotor activity and the number of

Fos protein-immunoreactive nuclei in the nucleus ac-

cumbens shell was demonstrated in mice sensitized to

morphine [22].

Although the protocol of chronic morphine admini-

stration used in the present study, which involved as-

cending drug doses, was expected to produce locomo-

tor tolerance in C57BL/6J mice, the enhanced induc-

tion of the cluster A genes in C57BL/6J mice treated

repeatedly with the drug suggested that locomotor

sensitization rather than tolerance might have devel-

oped. The development of motor tolerance was sub-

stantiated by an additional behavioral experiment in

the C57BL/6J strain, which showed that in mice sub-

jected to the chronic treatment paradigm, the subse-

quent locomotor response to the lowest morphine

dose (10 mg/kg) was markedly attenuated, as com-

pared to the effect of its first injection. Moreover,

although the last of the repeated morphine doses

(40 mg/kg) was four times greater than the first dose

(10 mg/kg), they produced locomotor activation of

the same magnitude. This excludes not only locomo-

tor sensitization, but also an increased motor response

to the last vs. first dose due to a pharmacological

dose-response relationship.

Thus, on the basis of the obtained results, the

overall level of the cluster A IEG expression in the

striatum at 4 h after morphine administration does not

seem to be related to the opiate-stimulated locomotor

behavior. This applies both to the effect of a single

morphine dose and the last of the multiple drug

injections. The above conclusion is in contrast to the

previous observations indicating that the morphine-

stimulated striatal c-fos expression and (sensitized)

locomotor behavior are correlated [22]. However,

both results are not necessarily opposite because the

IEG induction at 4 h after morphine injection reported

herein may be a phenomenon different from the

previously reported induction at earlier time points.

Alternatively, the fact that extracts of the whole dorsal

striatum and nucleus accumbens have been used in

the present study might have precluded a significant

correlation between the IEG expression and behavior,

which had been demonstrated by other authors only

for the circumscribed striatal subregion (nucleus

accumbens shell) [22].

In spite of that uncertainty, our results indicate that

some changes in the striatal IEG expression in re-

sponse to morphine are genotype-dependent. Not only

a few genes (cyclin L2, tPA) are induced selectively in

one of the two investigated mouse strains, but a whole

cluster of genes (cluster A) seems to undergo differen-

tial regulation in the C57BL/6J vs. DBA/2J strain

upon chronic vs. acute morphine administration. The

latter result suggests differences between the strains

in development of adaptive changes in the striatum

during chronic opiate treatment, although their rela-

tionship to animals’ behavior requires further investi-

gation. More detailed time-course and in situ studies

are under way in order to dissect more accurately

inter-strain differences in regulation of the genes se-

lected on the basis of the presented screen.
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