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Morphine dependence is associated with long-term adaptive changes in the brain that involve gene expression. Different behavioral
effects of morphine are mediated by different brain regions, for example, the locus ceruleus (LC), a noradrenergic nucleus, is implicated
in physical dependence and withdrawal, whereas the ventral tegmental area (VTA), a dopaminergic nucleus, contributes to rewarding
and locomotor responses to the drug. However, the global changes in gene expression that occur in these brain regions after morphine
exposure and during withdrawal remain unknown. Using DNA microarray analysis in both mice and rats, we now characterize gene
expression changes that occur in these brain regions with chronic morphine and antagonist-precipitated withdrawal. In the LC, numer-
ous genes display common regulation between mouse and rat, including tyrosine hydroxylase, prodynorphin, and galanin. Furthermore,
we identify clusters of genes that are regulated similarly by chronic morphine and by withdrawal, as well as clusters that show opposite
regulation under these two conditions. Interestingly, most gene expression changes that occur in the VTA in response to chronic
morphine are different from those seen in the LC, but the gene expression patterns in the two brain regions are very similar after
withdrawal. In addition, we examined two genes (prodynorphin and FK506 binding protein 5) that are strongly regulated by chronic
morphine or morphine withdrawal in the LC for their role in regulating withdrawal-associated behaviors. Inhibition of either protein
profoundly affects withdrawal responses, demonstrating that the genes identified in this study have important functional roles in

mediating opiate-induced behaviors.
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Introduction

Morphine and other opiates are highly abused substances that
exert their effects via G-protein-coupled w-opioid receptors (Na-
rita et al., 2001; Kieffer and Gaveriaux-Ruff, 2002). The conse-
quences of repeated opiate use include increased drug craving,
tolerance to opiate analgesia, and expression of a withdrawal syn-
drome when the drug is discontinued (Kreek, 2001; Inturrisi,
2002). Each of these features is a result of adaptive changes in
several neuronal networks. One of the best-characterized brain
regions for the cellular adaptations that occur during prolonged
activation of p-opioid receptors is the locus ceruleus (LC), a
major noradrenergic nucleus in the anterior pons (Aghajanian
and Wang, 1986; Harris and Williams, 1991; Nestler and Aghaja-
nian, 1997; Ivanov and Aston-Jones, 2001; Alvarez et al., 2002;
Nakai et al., 2002). Increased activity of LC neurons is responsible
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for many of the symptoms observed after withdrawal from the
drug. Part of this increased activity is thought to be attributable to
changes intrinsic to these neurons, in particular, upregulation of
the cAMP signaling pathway and subsequent changes in protein
phosphorylation and gene expression (Rasmussen et al., 1990;
Guitart et al., 1992; Widnell et al., 1994; Punch et al., 1997; Shaw-
Lutchman et al., 2002). Similar adaptive changes after repeated
opiate use have been observed in other brain regions, such as the
ventral tegmental area (VTA), part of the mesolimbic dopami-
nergic system, a neuronal network critical for drug reward (Self et
al., 1995; Bonci and Williams, 1996, 1997).

Several studies have identified and characterized proteins reg-
ulated by opiates in these and other brain regions (Nestler and
Aghajanian, 1997). Some of these proteins, such as the transcrip-
tion factor CREB (cAMP response element-binding protein) and
tyrosine hydroxylase (the rate-limiting enzyme in norepineph-
rine and dopamine biosynthesis), appear to play key roles in the
molecular adaptations to chronic opiate exposure in the LC,
VTA, and other brain regions (Lane-Ladd et al., 1997; Walters et
al., 2003), whereas other proteins appear to be regulated only in
specific regions (Nye and Nestler, 1996). Many of these changes
in protein levels are thought to be mediated at the level of gene
expression, but there has not yet been a large-scale analysis of
drug-induced changes in gene expression in the LC or VTA. Bet-



6006 - J. Neurosci., June 22, 2005 - 25(25):6005- 6015

ter understanding such molecular changes in these neurons could
provide new targets for the treatment and prevention of opiate
addiction.

Here, we use Affymetrix microarrays to obtain a global profile
of genes regulated by chronic morphine and by antagonist pre-
cipitated withdrawal in the LC of mice and rats and identify clus-
ters of genes that show similar regulation after chronic morphine
versus withdrawal, and others in which the regulation is opposite.
In addition, we find that gene expression changes in the LC and
VTA are very different in response to chronic morphine, whereas
morphine withdrawal produces very similar patterns of gene ex-
pression. Furthermore, when two of the genes that we identified
in this study, prodynorphin and FK506 binding protein 5
(FKBP5) are inhibited, we find that this dramatically alters
withdrawal-associated behavioral responses.

Materials and Methods

Mice and rats. For all sets of experiments, we used 8- to 12-week-old male
C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) or male
Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) ini-
tially weighing 250275 g. Mice were housed in groups of five and rats in
groups of two, in a 12 h dark/light cycle with food and water available ad
libitum. All animal protocols were in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by our institutional Animal Care and Use Committee.

Drug treatments. Mice were implanted subcutaneously with 25 mg
morphine pellets, with one pellet given on day 1 and a second pellet given
onday 3, and were used on day 6, 4 h after a single saline or naltrexone (50
mg/kg, s.c.) injection. Rats were implanted with 75 mg morphine pellets
daily for 5 d, and animals were used on day 6, 4 h after a single saline or
naltrexone (50 mg/kg, s.c.) injection. Control animals received sham
surgery followed by saline or naltrexone injections. For all studies, four
groups of animals were used: (1) sham—saline (control), (2) morphine—
saline (chronic morphine), (3) sham—naltrexone (naltrexone), and (4)
morphine—naltrexone (withdrawal). These treatment conditions were
based on substantial evidence for their ability to induce high levels of
morphine dependence in the chronic morphine condition and high lev-
els of opiate withdrawal in the withdrawal condition (Shaw-Lutchman et
al., 2002; Gold et al., 2003).

Tissue preparation and RNA extraction. Brains were removed and
punches were taken from the LC or VTA as described previously (Fitzger-
aldetal., 1996; Gold etal., 2003). The tissue was then immediately frozen.
RNA was isolated from pooled tissue samples from three to five mice or
rats using Trizol reagent (Invitrogen, San Diego, CA) according to the
instructions of the manufacturer. RNA was subjected to DNAase treat-
ment for 30 min using the DNA free system according to instructions of
the manufacturer (Ambion, Austin, TX).

Microarray analysis. Microarray analysis was performed as described
previously (McClung and Nestler, 2003) with few modifications. Briefly,
total RNA (5 ug per array isolated from pools of tissue from three to five
mice or rats) was converted to cDNA, amplified, and labeled according to
the Affymetrix (Santa Clara, CA) protocols [reagents for the single- and
double-strand ¢cDNA synthesis were from Invitrogen, and the in vitro
transcription and biotin labeling were performed using the ENZO IVT
kit from Affymetrix. cRNA was not used if the total RNA recovered after
amplification was <30 ug or if the 260/280 ratio was less then 1.9. For the
mouse, we used the murine genome U74AV2 array (~12,500 tran-
scripts). For the rat, we used the rat genome U34A array (~8000 tran-
scripts). Both arrays were from Affymetrix. RNA fragmentation, hybrid-
ization, washing, and scanning were also performed according to the
instructions of the manufacturer (Affymetrix). The raw data were ini-
tially analyzed using Microarray suite version 5.0 (Affymetrix). All values
were scaled to a target value (250) to normalize the expression and allow
us to compare arrays. Arrays were judged as acceptable for additional
analysis if the 3'/5' ratios of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and B-actin were less then 3, the percentage of genes on the
array considered to be present was >40%, and if the scaling factors were
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comparable from array to array. Chronic morphine and withdrawal an-
imals were directly compared with control and naltrexone animals that
were treated and dissected at the same time. This was performed two or
three times, producing duplicate or triplicate arrays from completely
separate groups of animals. Arrays were directly compared using Mi-
croarray suite version 5.0. The values taken from comparison files were
imported into Genespring (Silicon Genetics, Redwood City, CA) for ad-
ditional analysis and data visualization. In each replicate, genes were
considered to be regulated if the signal was >40 and considered
“present” by Microarray suite version 5 in the experimental group (or
control group in the case of downregulated genes), the log, ratio of
experimental/control was more than 0.3 or less than —0.3, and the com-
parison p value (using the nonparametric Wilcoxon’s signed-rank test)
was <0.01. The Benjamini Hochberg method for false discovery rates
was used comparing the computed p values with the adjusted p values
(Benjamini and Hochberg, 1995), and the false discovery rate was calcu-
lated to be ~0.1 in all arrays. Only genes that met these criteria in all sets
of arrays were considered significantly regulated.

In addition, we performed a control study to determine the amount of
biological, environmental, and technical variability in our system using
wild-type, untreated C57BL/6 mice. Samples from these mice were run
on four arrays and analyzed using the statistical methods outlined above.
We found that only 16 of 45,038 transcripts were significantly different
among these control replications. These findings indicate that very few
(~0.035%) of the regulated transcripts identified in this study might
show regulation attributable to external variables.

Real-time PCR. We confirmed gene expression changes by real-time
PCR for 26 genes that were regulated on our arrays (supplemental Tables
S7, S9, available at www.jneurosci.org as supplemental material). RNA
was extracted from pooled tissue punches from two groups of three to
five animals. These groups were separate from those used in the array
study. The RNA was converted to cDNA using Superscript II reverse
transcriptase according to the instructions of the manufacturer (Invitro-
gen). Twenty-five microliter PCR reaction mixtures contained cDNA,
Fast start LC SYBR green master mix (Roche Products, Welwyn Garden
City, UK), MgCl,, H,0, and custom primers designed for each gene of
interest. The PCR reactions were performed in the Light Cycler (Ce-
pheid, Sunnyvale, CA). Each reaction was performed in duplicate, and
threshold cycles (C.) were calculated using the second derivative of the
reaction. The C; of each gene was normalized against that of GAPDH,
which shows no regulation by morphine under any condition on our
microarrays. Fold changes were determined using the —AAC;. RNA
controls were performed to ensure that amplification of products did not
come from genomic DNA contamination. Statistical significance was
determined by t tests.

In situ hybridization. Mice were treated chronically with morphine
pellets or sham surgery as described above, followed by an injection of
naltrexone (for the withdrawal group). Four hours later, brains were
removed and frozen. Tissue was sectioned in a cryostat at 12 um. RNA
probes for prodynorphin and FKBP5 were prepared and labeled with *>S
by incorporation during in vitro transcription using T7 RNA polymerase
as described previously (Gold et al., 2003). Tissue sections were fixed in
4% paraformaldehyde, washed, acetylated, dehydrated, and incubated
with probe (10 X 10° cpm/ml) in hybridization buffer (20 mm Tris-HCI,
pH 7.5,1 mM EDTA, 1X Denhardt’s solution, 335 mm NaCl, 50% deion-
ized formamide, 10% dextran sulfate, 0.3 mg/ml salmon sperm DNA,
0.15 mg/ml yeast tRNA, and 80 mm DTT, in DEPC-H,0) overnight at
60°C. The following day, sections were washed in progressively less con-
centrated SSC buffers (4%, 2, 0.5X, and 0.1X) containing 10 mum so-
dium thiosulfate, treated with RNase A, dried, and exposed to film. Levels
of RNA were quantified by densitometry using NIH Image as described
previously (Gold et al., 2003).

Withdrawal behavior. C57BL/6 mice, 8 weeks old, were implanted sub-
cutaneously with two 25 mg morphine pellets, as described above. Three
days after the second pellet implantation, opiate withdrawal was precip-
itated with 50 mg/kg subcutaneous naltrexone (Sigma, St. Louis, MO),
and withdrawal signs (jumps, wet dog shakes, tremor, ptosis, diarrhea,
and weight loss) were monitored for 30 min exactly as described previ-
ously (Zachariou et al., 2003b). The role of FKBP5 was assessed by use of
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Table 1. Genes regulated by chronic morphine or morphine withdrawal in the LC of both mice and rats

Gene Regulation in mice Fold change Regulation in rats Fold change

Genes showing similar regulation in rats and mice
Tyrosine hydroxylase T M MW 2424 1M, MW 21,16
Galanin T M, MW 23,17 T M, MW 23,15
Prodynorphin T 23 T 14
Serum/glucocorticoid regulated kinase T 19 T MW 2.0
(D24A antigen T 15 T MW 15
ATPase, Na™/K* o 1 T 14 T 21
Metallothionein 1 T MM 13 T MW 21
Glutathione S-transferase T 13 T MW 13
Glutamate decarboxylase L 14 L 14
Farnesyl disphosphate synthetase 1 M, Mw 13,13 L Mw 14
Glial fibrillary acidic protein & T MW 20 T M, MW 20,16
Heat shock protein 70 T MW 1.6 T M, MW 3731
Metallothionein 2 T MW 13 1T MW 34
Amyloid 3 (A4) binding protein B T MW 15 T 14
Brain fatty acid-binding protein L Mw 2.0 L Mw 13
Sterol-C5 desaturase L Mw 14 I Mw 15
Guanine nudleotide binding protein 31 L mw 14 LM 1.6

Genes showing opposite regulation in rats and mice
Aquaporin 4 1, mw 13,15 T 15
Endothelin receptor B L Mw 14 1T 20
Prosaposin 1 mMw 15 T 2.0

The table lists those genes that weressignificantly regulated (p << 0.01) in duplicate arrays in the LC of both mice and rats by chronic morphine versus sham or precipitated withdrawal versus naltrexone treatment alone. CM, Chronic morphine;

MW, morphine withdrawal.

tacrolimus (Alexis Biochemicals, San Diego, CA), which blocks the ac-
tions of this and related proteins (Kaminska et al., 2004). The role of
prodynorphin was assessed by use of Nor-binaltorphimine (Nor-BNI), a
k-opioid receptor antagonist, which blocks the actions of dynorphin
(Shippenberg and Rea, 1997). The drugs were used in two ways in sepa-
rate groups of animals: they were given intraperitoneal injections every
morning during the days of chronic morphine treatment or 2 h before
precipitation of opiate withdrawal in morphine-dependent animals. Pre-
liminary studies were conducted to determine the optimal dose and
number of administrations necessary for each drug to induce an effect on
withdrawal behavior with minimal confounding effects. A dose of 5
mg/kg of each compound was found to be optimal.

Results

Regulation of gene expression in the LC

The first step in this study was to identify and characterize genes
that are regulated by chronic morphine and by antagonist-
precipitated morphine withdrawal in the mouse LC. Mice were
implanted with two morphine pellets over 6 d, conditions known
to cause a high level of morphine dependence and characteristic
biochemical changes in this brain region (Shaw-Lutchman et al.,
2002). Comparison of chronic morphine with control (sham)
conditions revealed significant upregulation of 13 transcripts and
downregulation of 13 transcripts by chronic morphine adminis-
tration (supplemental Table S1, available at www.jneurosci.orgas
supplemental material). To induce withdrawal, animals were
treated as described above and, on day 6, injected with naltrex-
one, an opioid receptor antagonist, and the animals were used 4 h
later. Arrays from withdrawal animals were compared with those
that received naltrexone alone to control for gene expression
changes that may be attributable solely to naltrexone treatment.
We found an upregulation in 53 transcripts and downregulation
in 25 transcripts by morphine withdrawal (supplemental Table
S2, available at www.jneurosci.org as supplemental material). Di-
rect comparison of naltrexone animals to control animals re-
vealed a much smaller number of genes that were regulated by
naltrexone treatment alone in this brain region (data not shown).
We used real-time PCR to verify morphine or withdrawal regu-

lation of a subset of genes altered in the LC (supplemental Table
S§7, available at www.jneurosci.org as supplemental material) and
found a false-positive rate of <10% (see Discussion).

To determine whether these changes in gene expression ob-
served in the mouse LC are shared across species, we also exam-
ined gene expression changes in the LC of rats under similar
treatment conditions (see Materials and Methods). In general, a
larger number of genes were regulated in the rat versus the mouse
(supplemental Tables S1-S5, available at www.jneurosci.org as
supplemental material). Fifty-four transcripts were upregulated
after chronic morphine treatment and 19 transcripts were down-
regulated in the rat LC. After morphine withdrawal, 64 tran-
scripts were upregulated and 40 were downregulated. Although
the rat and mouse arrays contain different sets of genes, we found
numerous genes that are commonly regulated in the two species.
These genes are listed in Table 1, and they include several genes
that have been identified previously as being morphine regulated
in the LC. In fact, a number of the genes regulated in both mice
and rats have been shown previously to be regulated by morphine
or involved in morphine-related behavioral responses, which
gives us a high degree of confidence in our methods (supplemen-
tal Table S6, available at www.jneurosci.org as supplemental ma-
terial). There are also several regulated genes that are novel.

Functional and cluster analysis of morphine- and withdrawal-
regulated genes in the LC

The cAMP pathway and CREB have been implicated as impor-
tant mediators of morphine- and withdrawal-induced changes in
gene expression in the LC (Lane-Ladd et al., 1997; Nestler and
Aghajanian, 1997). Therefore, we wanted to determine whether
any of the genes that we see regulated in our study are cAMP- or
CREB-responsive genes. We found that ~20% of the genes reg-
ulated in mice or rats are known to be regulated by cAMP or
CREB or contain known consensus CRE sites within their pro-
moters (Table 2). These results further increase our confidence in
this assay and confirm the importance of the cAMP—CREB path-
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way in mediating the effects of chronic
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Table 2. Morphine-regulated genes in the LC that are known to be regulated by the cAMP pathway or CREB

morphine and morphine withdrawal in Fold Change
the LC. At the same time, the findings "

Y . ouse Rat
highlight the involvement of numerous _ _ _—
additional mechanisms that are likely —9ene Regulation o Mw M MW
involved. Galanin ) 23 1.7 23 15

We next wanted to put the genes regu-  Tyrosine hydroxylase 1 24 24 2.1 1.6

lated in the LC into a functional context.  Aquaporin 4 1 13 15 15
We found that chronic morphine or mor- DYTTPT“ i 23 14
phine withdrawal upregulates several key ~Na /K™ ATPase 1 14 21
genes involved in LC neurotransmission, ~ Glufamate decarboxylase l 1.4 1.4
; ; . 2 seK 1 19 20
including three genes encoding norepi- .

. : . Metallothionein 1 ) 13 2.1
nephrine synthetic enzymes (tyrosine hy- 0\ 1 20 20 16
droxylase, dopamine S-hydroxylase, and  yeqt shock protein 70 1 16 37 3.1
aromatic acid decarboxylase), mono- g protein g1 ! 14 16
amine oxidase A, vesicular monoamine  Glytamate receptor 1 ! 13
transporter, vesicle-associated membrane  Dopamine 3 hydroxylase 1 19 17
protein, and two genes encoding colocal-  Monoamine oxidase A 1 15
ized neuropeptides (galanin and pro- Eef2 7 36
dynorphin) (supplemental Table S8A, SubstanceP y 13
available at www.jneurosci.org as supple-  1/70sine 3 monooxygenase ! 13

. . Type 1 collagen ) 17

mental material). These findings are con- e
. . . . . Norepinephrine transporter i 13
sistent with the increase in noradrenergic ;. 1 16
transm.ission associated with. .the FGF receptor 1 1 13
morphine-dependent state (Aghajanian,  3cH134/cL100 PTPase 1 15
1978). In addition, morphine withdrawal  ¢/esp g 0 15
induced dramatic changes in clusters of  JunD ) 2.1
genes involved in cell signaling, cell struc-  Carbonicanhydrase ! 1.6
ture, and stress and immune responses. Lanosterol 14-a demethylase | 13

These include several protein kinases,
structural molecules, metallothioneins,
and heat shock proteins (supplemental
Table S8B, available at www.jneurosci.org
as supplemental material).

It also was of interest to compare global patterns of gene ex-
pression in the LC after chronic morphine versus withdrawal. For
this, we used a hierarchical cluster analysis based on standard
correlations. Regulated genes fell into several clusters. Some were
upregulated or downregulated under both chronic morphine
and withdrawal conditions. Some went from unchanged after
chronic morphine to upregulated or downregulated during with-
drawal, whereas still others reversed their expression under these
two conditions (Figs. 1, 2). Many of the genes that show an up-
regulation after both chronic morphine and withdrawal are in-
volved in norepinephrine synthesis and transmission, as men-
tioned above, and include tyrosine hydroxylase, dopamine
B-hydroxylase, aromatic acid decarboxylase, monoamine oxi-
dase A, vesicular monoamine transporter, and plasma membrane
norepinephrine transporter. Those genes that are upregulated by
chronic morphine and then unchanged or downregulated after
withdrawal include several genes involved in cell metabolism,
such as aldolase A, phosphofructokinase-M, stearoyl-CoA de-
saturase 2, and cytochrome P450. As well, two GABAj, receptor
subunits and several RNA binding proteins fall in this category.
Several genes that are involved in cell growth and differentiation
are downregulated or unchanged by chronic morphine but are
upregulated during withdrawal, including hepatocyte growth
factor, nerve growth factor-induced factor A, and NeuroD1,
along with structural genes including «-actin, «,-collagen, and
actin filament-binding protein. These findings highlight the
complexity in gene expression changes that accompany mor-
phine dependence and morphine withdrawal.

Genes listed in the table have been reported previously to be regulated by cAMP or are thought to be a CREB target gene (p << 0.01). CM, Chronic morphine;
MW, morphine withdrawal; Eef2, eukaryotic translation elongation factor; C/EBP, CAATT enhancing binding protein; PTPase, protein tyrosine phosphatase.
For other abbreviations, see supplemental tables (available at www.jneurosci.org as supplemental material).

Regulation of gene expression in the VTA

We next examined regulation of gene expression in the VTA. Like
the LC, the VTA is a brainstem catecholaminergic nucleus but,
unlike the LC, is integrally involved in morphine reward rather
than physical dependence. There were 16 significantly upregu-
lated transcripts in the mouse VTA and 16 downregulated tran-
scripts after chronic morphine treatment (supplemental Table
S5, available at www.jneurosci.org as supplemental material).
The upregulated genes include two ATPase transporting pro-
teins, the dopamine transporter, and genes involved in regulating
transcription, including nuclear factor kB inhibitor, X-box bind-
ing protein 1, and two zinc finger proteins. The downregulated
genes include several that are involved in lipid movement or
metabolism, such as phospholipid transfer protein, stearoyl-
coenzyme A desaturase 1, farnesyl diphosphate synthase, and
brain fatty acid-binding protein 7.

There were 26 transcripts significantly upregulated in the VTA
by morphine withdrawal and 46 downregulated (supplemental
Table S6, available at www.jneurosci.org as supplemental mate-
rial). Among the upregulated genes are several involved in stress
responses, cell protection, and apoptosis, including two heat
shock proteins, metallothionein 2, IkBa, cyclin-dependent ki-
nase inhibitor 1A, serum/glucocorticoid regulated kinase, HIF-
1-responsive RTP801, FK506 binding protein 5, and homer 1A.
The downregulated genes again include several involved in main-
tenance of lipids, as well as several structural proteins, such as
actin-related protein 2, kinesin heavy chain (A and C), matrin 3,
and microtubule-associated protein 2.

As with the LC, many of the genes found to be regulated in the
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Figure 1.
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Beta tachykinin

G-protein beta 1

neurogenic differentiation 1
hepatocyte growth factor
tyre/tryp monocoxygenase AP
phosphoserine aminotransferase
EST

EST sim. to ribosomal protein L5
G-protein beta 1

maspin

unr protein

glutamate receptor delta-2

EST sim. to dendritic cell protein
EST

EST

DNA primase small subunit
glutamic acid decarboxylase
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EST similar to eukaryotic translation elongation factor 2

EST similar to eukaryotic translation elongation factor 2
protein interacting with beta-amyloid precursor protein

EST similar to glutamate oxaloacetate transaminase 2
Na/Cl dependent neurotransmitter transporter

cyclase-associated protein homologue MCH1

Hierarchical clusters of genes regulated by chronic morphine in the rat LCand how they are affected by morphine withdrawal. Hierarchical cluster analysis was based on changes from

duplicate arrays using standard correlations and are colored using a heat map (red, upregulated; green, downregulated). The figure shows genes that are significantly upregulated (left) or
downregulated (right) by chronic morphine in the LC and how they respond after morphine withdrawal. Genes listed more than once were identified multiple times on the array.

VTA have been implicated previously in morphine action in this
or some other brain region (supplemental Table S6, available at
www.jneurosci.org as supplemental material). In addition, we
verified morphine or withdrawal regulation of a subset of genes
altered in the VTA (supplemental Table S7, available at www.
jneurosci.org as supplemental material) by real-time PCR and
again found a false-positive rate of <10%.

When we compared the gene expression profiles between the
VTA and LC, we found that most gene expression changes seen
with chronic morphine are unique to each brain region. A dra-
matic example of such VTA-LC differences is tyrosine hydroxy-
lase, which showed upregulation in the LC but no significant
regulation in the VTA in our array experiments. This is interest-

ing in light of previous studies that have shown that, although
tyrosine hydroxylase protein levels are increased in both regions
by chronic morphine, the tyrosine hydroxylase gene promoter is
induced by chronic morphine in the LC only (Beitner-Johnson
and Nestler, 1991; Boundy et al., 1998). Thus, even common
adaptations seen in the two brain regions at the protein level may
be generated via very different molecular mechanisms.

In striking contrast, after withdrawal, the patterns of gene
expression that occur are very similar between the two brain
regions (Figs. 3, 4). This suggests that chronic morphine pro-
duces mostly unique changes in different brain regions, whereas
withdrawal may produce a more global response in gene
regulation.
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Hierarchical clusters of genes regulated by morphine withdrawal in the rat LC and how they are affected by chronic morphine. Hierarchical cluster analysis was based on changes from

duplicate arrays using standard correlations and are colored using a heat map (red, upregulated; green, downregulated). The figure shows genes that are significantly upregulated (left) or
downregulated (right) after morphine withdrawal in the LCand how they respond after chronic morphine.

Functional studies of two morphine-regulated genes

To demonstrate the utility of the gene expression array findings
outlined above, we investigated the roles of two genes, prodynor-
phin and FKBP5, in morphine dependence. These genes show a
high degree of regulation in the mouse LC after chronic mor-
phine or morphine withdrawal (FKBP5). As well, prodynorphin
and a protein similar to FKBP5, FKBP1a, were also regulated in
the rat LC. Dynorphin is an opioid peptide that functions primar-
ily as a k-opioid receptor agonist, and dynorphin levels have been
shown previously to be regulated in several brain regions and
spinal cord after morphine treatment (Rattan et al., 1992;
Georges et al., 1999). However, the role of dynorphin in
withdrawal-associated behaviors is unclear (Simonin et al., 1998;

Cuietal., 2000). FKBP5 functions as a cochaperone of heat shock
protein 90 and regulates glucocorticoid receptor sensitivity (Si-
nars etal., 2003). The regulation of FKBP5 (or other FK506 bind-
ing proteins) after morphine treatment, and the function of these
proteins in morphine dependence and withdrawal, has not been
examined to date. However, administration of FK506 itself has
been shown to reduce tolerance to morphine-induced antinocep-
tion and reduce weight loss after naloxone-precipitated with-
drawal (Homayoun et al., 2003), suggesting that FKBP5 may also
play a role in these responses.

We first wanted to determine whether these two genes are
enriched in the LC and whether we could replicate our microar-
ray and real-time PCR data by quantitative in situ hybridization.
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Indeed, as expected, both genes show relatively high basal expres-
sion in the LC as well as increased mRNA levels in this region after
chronic morphine treatment or naltrexone-precipitated with-
drawal (Fig. 5).

We next determined whether blocking the functions of these
proteins would affect morphine dependence. We used tacroli-
mus, a compound known to block the actions of FK506 binding
proteins, and Nor-BNI, a k-opioid receptor antagonist that
blocks the actions of dynorphin. Administration of tacrolimus
concomitantly with morphine resulted in a milder opiate with-
drawal syndrome compared with vehicle-treated animals (Table
3). In contrast, administration of tacrolimus immediately before
naltrexone in morphine-dependent animals did not affect the
severity of opiate withdrawal (data not shown). These findings
implicate FKBP5 in the development of morphine physical de-
pendence but not in its expression. The converse was observed
with Nor-BNI, which decreased the severity of the withdrawal
syndrome when given just before naltrexone (Table 3) but did
not influence the development of physical dependence when
given concomitantly with morphine (data not shown). These
findings implicate prodynorphin in the expression of morphine
withdrawal but not in its development. Together, our results
demonstrate that genes identified on DNA microarrays as being
regulated by chronic morphine or morphine withdrawal can be

anatomically verified by in situ hybridization and can then be
used to explore new leads in the biological mechanisms govern-
ing morphine dependence and withdrawal syndromes.

Discussion

Results of the present study show that chronic morphine and
precipitated morphine withdrawal lead to both specific as well as
more global changes in gene expression in the LC and VTA. We
have a high degree of confidence in these array findings for several
reasons. First, we used Affymetrix chips in which each gene is
represented multiple times. Second, we used rigorous statistical
analysis to identify regulated genes with a = 0.01. Third, for each
array, the RNA used was from samples pooled from three to five
animals in each group, which decreases differences attributable to
individual variability and increases the statistical power of these
experiments (Peng et al.,, 2003). Each drug treatment group is
compared directly with saline-treated controls, which were han-
dled, treated, and killed at the same time, under the same condi-
tions. As well, the RNA is isolated and labeled, and arrays are run
at the same time for each experiment. Statistical analysis of the
data indicated a false discovery rate of ~0.1 for all arrays in this
study, and control experiments revealed that an extremely small
number of transcripts (~0.035%) might be regulated by external
variables, such as differences between animals, their environ-
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ment, or technical deviations (see Materials and Methods).
Fourth, all arrays were performed in duplicate or triplicate using
separate groups of animals. Under these conditions, when noise
(i.e., “absent” genes) are excluded, Affymetrix arrays have been
shown to achieve a statistical power of >0.99 to detect twofold
changes and 0.8—0.9 for 1.5-fold changes (Shippy et al., 2004).
Fifth, many of the genes that we find regulated in the LC and VTA
have been reported previously to be involved in responses to
morphine in this or some other brain region (supplemental Table
S6, available at www.jneurosci.org as supplemental material). In
addition, when we attempted to verify morphine or withdrawal
regulation of 26 representative genes by real-time PCR on sepa-
rate pools of animals (supplemental Table S8, available at www.
jneurosci.org as supplemental material), all but one of the
changes were replicable, consistent with our experience of <10%
false positives with our methodology (McClung and Nestler,
2003). These findings further confirm the validity of the gene sets
described here.

Among the genes regulated in the LC by chronic morphine
and morphine withdrawal are those involved in noradrenergic
neurotransmission, including tyrosine hydroxylase, dopamine
B-hydroxylase, and aromatic amino acid decarboxylase. An up-
regulation of these genes would be expected to increase the syn-
thesis of norepinephrine. It has been shown that norepinephrine
levels are increased in the LC and its target regions after precipi-

tated withdrawal and are believed to contribute to particular
withdrawal symptoms (Taylor et al., 1988; Nakai et al., 2002).
Upregulation of these genes could support the increased norad-
renergic transmission seen during withdrawal. In other cases,
changes in gene expression appear to represent compensatory
mechanisms that oppose the actions of morphine. For example,
galanin is significantly upregulated in mouse and rat LC. Galanin
is also a CREB target (Corness et al., 1997), and recent studies
have suggested that overexpression of galanin in noradrenergic
neurons results in a milder withdrawal syndrome (Zachariou et
al., 2003a). Another example is the GABAg receptor (1C and 1D
subunits), which we find to be upregulated in our studies. The
GABAergic system inhibits neuronal activity in the LC (Ahmadi-
Abhari et al., 2001), and the observed upregulation in these re-
ceptor subunits could also be perceived as a compensatory adap-
tation. Chronic morphine and withdrawal produce changes in
several other genes that are known to be downstream of cAMP
and CREB, which supports the hypothesis that the cAMP-CREB
pathway is highly involved in the long-term changes produced by
chronic morphine in the LC. Regulation of many of these cAMP—
CREB-dependent genes is more dramatic during withdrawal
than after chronic morphine per se, as would be expected, be-
cause removal of opiate during withdrawal unmasks the full
functional potential of the upregulated cAMP pathway in these
neurons (Nestler and Aghajanian, 1997).
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precipitated withdrawal. D, Quantification of FKBP5 mRNA expression from in situ hybridiza-
tions. The light bar represents sham treatment, and the dark bar represents morphine
withdrawal. *p << 0.05 by ANOVA; n = 7-10.

Morphine withdrawal produced a larger number of gene ex-
pression changes compared with chronic morphine. Many of
these withdrawal-regulated genes are involved in cell signaling, as
well as stress and immune responses, such as several heat shock
proteins, « crystallin B, and the metallothioneins. Previous stud-
ies have implicated many of these same genes in morphine action.
For example, the metallothionein genes are regulated by mor-
phine in the brain and liver (Hidalgo et al., 1991; Florianczyk and
Stryjecka-Zimmer, 2001). We also find numerous genes that have
not been identified previously as important in morphine action,
including o B-crystallin, farnesyl diphosphate synthetase, aqua-
porin 4, FK506 binding proteins (5 and 1la), prosaposin, and
hippocampal cholinergic neurostimulating peptide.

Many of the gene expression changes observed in the LC are
consistent between mice and rats (Table 1). This is even more
striking given that the mouse and rat arrays used contain different
sets of genes. These results give credence to our assay, because
mice and rats have similar behavioral and biochemical responses
to morphine and withdrawal. It also pinpoints genes that may be
more important for morphine action, such as tyrosine hydroxy-
lase, galanin, prodynorphin, ATPase « 1, and glutamic acid de-
carboxylase, which show similar regulation in the LC of both
species. However, because not all genes that were regulated on the
mouse array are included on the rat array and vice versa, the lack
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of common regulation between mice and rats must be viewed
with caution. Moreover, a small number of genes showed oppo-
site regulation in the mouse and rat LC, and these too might be
interesting candidates for future studies, although, as with all
array studies, these opposing effects could be attributable to false
discoveries or technical variability from the two arrays. A larger
number of genes were found to change in rat versus mouse LC.
This could be attributable to the particular genes on the two
arrays or to the lower variability and hence greater homogeneity
in LC dissections from the larger rat brain.

We wanted to determine how gene expression changes that
occur in a major noradrenergic nucleus of brain (LC) compare
with those seen in a dopaminergic nucleus (VTA). Interestingly,
we found that the changes that occur after chronic morphine are
relatively specific to the LC or VTA. In contrast, changes seen
during morphine withdrawal are very similar between the two
brain regions. Consistent with this conclusion are the results
from a recent study that examined changes in gene expression
after chronic morphine and morphine withdrawal in frontal cor-
tex (Ammon et al., 2003). This study reported many of the same
genes regulated in cortex during withdrawal as we find in the LC
and VTA. These genes, which include I«B, serum glucocorticoid-
regulated kinase, preoptic regulatory factor 1, metallothionein 1
and 2, and minoxidil sulfotransferase, support the view that pre-
cipitated withdrawal produces more global changes in gene ex-
pression than chronic morphine per se. It is also apparent that
prominent among these global changes are genes involved in
stress and immune responses, which demonstrates the degree to
which opiate withdrawal places an extraordinary functional and
metabolic stress on the brain. Additional studies are needed to
determine whether acute treatments or longer withdrawal time
points may identify other interesting similarities or differences in
gene expression changes between the LC and VTA.

Interestingly, both chronic morphine and morphine with-
drawal lead to a downregulation in several genes involved in lipid
movement and processing in the VTA. Previous studies have
shown that brain phospholipid content is reduced in rats with
morphine physical dependence (Selevich and Lelevich, 1997;
Hula et al., 1998). In addition, methadone treatment in opiate-
dependent patients leads to elevated percentages of phosphomo-
noesters and phosphodiesters (Silveri et al., 2004). This altered
phospholipid metabolism is suggestive of alterations in mem-
brane turnover, proliferation, or remodeling. Furthermore, ad-
ministration of citicoline, which increases the production of
membrane phospholipids, can attenuate some measures of crav-
ing in cocaine-dependent patients (Renshaw et al., 1999). It will
be interesting to determine whether the reduction that we see in
lipid processing genes in the VTA is involved in altering dopami-
nergic transmission during morphine exposure or withdrawal.

We chose two genes that were highly regulated after chronic
morphine or morphine withdrawal (prodynorphin and FKBP5)
and examined the behavioral consequences of blocking the func-
tion of these genes. Blockade of prodynorphin by Nor-BNI
caused a milder withdrawal syndrome, whereas blockade of

Table 3. Effect of tacrolimus (5 mg/kg, i.p.) and Nor-BNI (5 mg/kg, i.p.) on opiate withdrawal behavior in mice

Jumps Wet dog shakes Ptosis Tremor Diarrhea Weight loss
Tacrolimus 61.3 = 16.8* 585 £ 14.8* 57 £ 19* 88 = 5.6 49 = 17.7* 50.3 + 13.6*
Nor-BNI n=r 95+ 25 63 = 5% 9% =1 46 = 12* 68 = 13*

Data are expressed as mean % SEM percentage of control (mice that received chronic morphine, naltrexone, and vehicle injections instead of tacrolimus or Nor-BNI). *p << 0.05, t test. n = 5 per group. The raw values for withdrawal signs
for the vehicle-treated mice in the tacrolimus group are as follows: jumps, 82 = 11.9; wet dog shakes, 10.6 = 2; diarrhea, 8.4 = 1.5; tremor, 5.0 == 0; ptosis, 4.6 = 0.2; weight loss (in grams), 3.3 = 0.3. For Nor-BNI, the raw values are
as follows: jumps, 130 == 18; wet dog shakes, 12.6 == 2.4; diarrhea, 9.2 = 0.8; ptosis, 4.4 == 2; tremor, 4.4 == 0.2; weight loss, 3.0 = 0.3.
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FKBPS5 with tacrolimus attenuated the development of physical
dependence. Overexpression of FKBP5 in New World primates
alters glucocorticoid levels and physiological effects (Scammell et
al., 2001), and polymorphisms in the FKBP5 gene in humans
have been associated with depression (Binder et al., 2004). This
regulation of the hypothalamic-pituitary-adrenal axis by FKBP5
may also contribute to the development of opiate dependence.
Our functional data suggest that, whereas prodynorphin appears
more involved in the expression of withdrawal, FKBP5 is more
involved in the development of dependence. These data support
the ability of microarray studies such as this to identify genes
important for functional responses to morphine.

In conclusion, these studies identify sets of genes that are likely
important in morphine action at the cellular level in the LC and
VTA and thereby contribute to the different aspects of morphine
dependence, reward, and addiction mediated by these two brain
regions. Future studies can now evaluate these regulated genes,
individually and in groups, to determine the important roles they
play in morphine-induced molecular and behavioral plasticity.
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