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Opiate analgesics are widely used and abused drugs.
Individual differences in opiate sensitivity can hamper
effective pain treatments and increase risks of drug
abuse. Although genetic factors might affect individual
differences in opiate sensitivity, scientific evidence for
specific genetic mechanisms that underlie these differ-
ences has been sparse. Recent studies using inbred and
knockout mice have revealed that the mu opioid peptide
(MOP) receptor encoded by the Oprm1 gene has a
mandatory role in the analgesic and addictive properties
of opiate drugs. Increasing evidence suggests that
differences in Oprm1 gene sequences affect the amount
of Oprm1 mRNA and sensitivity to opiates, and >100
polymorphisms have been identified in the human
OPRM1 gene, some of which are related to vulnerability
to drug dependence in some populations. Rapid
advances in this research field are leading to improved
understanding of the relationships between gene poly-
morphisms and opiate sensitivities that will enable
more-accurate prediction of the opiate sensitivity and
opiate requirements in individual patients.

Opiates, pain and addiction: individual differences

Opiate drugs are used widely for the treatment of pain.
However, sensitivity to opiates can vary widely among
individuals and thus effective pain treatment is often
hampered by significant differences in opiate sensitivity
[1]. Several recent studies have suggested that poly-
morphisms in the human OPRM 1 gene, which encodes the
mu opioid peptide (MOP) receptor, might contribute to this
wide variation in opiate sensitivity [2—4]. Thus, studies on
the relationship between OPRM1 gene patterns and
opiate sensitivity might lead to the development of
methods for predicting opiate sensitivity and opiate
requirements for individual patients. In this review, we
will summarize current knowledge about the relation-
ships between OPRM1 gene polymorphisms and opiate
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sensitivity, including rapidly accumulating data from both
animal and human studies.

Current status of the clinical use of opiates

Opiates, such as morphine and fentanyl, are arguably the
most important human analgesics and have long been
used to alleviate a variety of types of pain, including acute
(e.g. perioperative) and chronic (e.g. cancer) pain [1,5-7].
However, this clinical benefit is associated with several
difficulties. For example, insufficient doses of opiates that
fail to provide adequate pain relief are often identified in
clinical settings, whereas high doses of opiates can result
in adverse side-effects that include nausea, vomiting,
constipation and life-threatening respiratory depression
[1,5-7]. Furthermore, chronic and/or inappropriate use of
opiates increases the risk of problematic adverse effects
that include tolerance to the analgesic effects of opiates,
the development of physical opiate dependence and the
development of addiction to opiates. Clinical observations
have confirmed, however, that many such adverse effects
can be avoided when opiates are used appropriately [5].
Proper administration of opiates to meet the needs of
individual patients is therefore crucial.

Despite the importance of using the correct adminis-
tration protocol for opiates, predicting the optimal dose for
individual patients is difficult. As mentioned earlier, the
sensitivity to opiates varies widely among individual
subjects [8,9]. For example, the minimal effective anal-
gesic concentration (MEAC) of the potent MOP receptor
agonist fentanyl required for analgesia varies from 0.2 to
2.0ngml ! among patients [9]. Similarly, MEACs for
other MOP receptor agonists, including morphine, pethi-
dine, alfentanil and sufentanil, vary among patients by
factors of 5 to 10 [9,10]. Because of this variability, a
plasma opiate concentration that can produce satisfactory
pain relief without adverse effects in some patients might
provide under-dosing (with failure of pain relief) or
overdosing (with serious adverse effects) in other patients
(Figure 1). Although some of these differences in sensi-
tivity can be related to differences in environmental
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Figure 1. Individual differences in opiate sensitivity. (a) Opiate analgesics, such as morphine and fentanyl, act mainly on mu opioid peptide (MOP) receptors and induce
analgesia together with adverse side-effects such as dependence, tolerance, constipation, nausea and respiratory depression. (b) Opiate sensitivity differs among individuals
at least partly because of the differences in the OPRM1 gene. Although the plasma opiate concentration after its administration (arrows) changes in the same manner in
different patients (i-iii), the clinical response can differ between patients because of 5-10-fold inter-patient differences in the minimal effective analgesic concentration
(MEAC) (dashed blue line). Gray, green and red zones indicate ranges of the plasma opiate concentration that produce no analgesia, satisfactory analgesia and severe side-
effects, respectively. An opiate dose that provides satisfactory pain relief in some patients (i) can thus be an overdose (associated with severe side-effects) in others (ii) or,
conversely, an ‘under-dose’ (associated with persistent pain) in others (iii). Green and red bars indicate the magnitudes of the analgesic effect and side-effects, respectively.

factors, pain severity, age, emotional state and prior pain
experience, much of this variation in opiate sensitivity is
likely to be due to genetic factors [3,4,11,12]. Analyzing
the effects of human genetic variations on traits as com-
plex as pain can require large samples. Ethical constraints
limit pain research in humans and thus animal models
continue to provide powerful templates for elucidating
how genetic differences might affect opiate sensitivity in
humans. Recent data from both rodent and human studies
summarized later reveal evidence for genetic mechanisms
that underlie variations in the OPRM1 gene that could
contribute to human individual differences in opiate
sensitivity.

MOP receptor expression levels and opiate sensitivity

Opiates exert their pharmacological actions through
opioid peptide receptors, which exist as mu, delta and
kappa subtypes [6]. Several studies on mice that lack the
Oprm1 gene have now provided evidence that the MOP
receptor is the subtype that is essential for the analgesic
effects, rewarding effects and most of the side-effects of
most clinically useful opiate drugs [13,14]. In several
independently tested strains of MOP receptor knockout
mice, morphine does not exert any analgesic effect even
though normal complements of delta and kappa opioid
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peptide receptors are present. Homozygous and hetero-
zygous MOP receptor knockout mice that display 0% and
50% of the levels of MOP receptors identified in wild-type
mice display complete abolition and partial reductions,
respectively, of the analgesic effects of morphine. Anal-
gesia produced by morphine thus depends crucially on
MOP receptor densities [13]. In addition, nociceptive
sensitivity is increased in MOP receptor knockout mice
compared with that in wild-type mice. Thus, the densities
of Oprm1 expression can affect pain sensitivity even
without the presence of opiates [15]. Individual variation
in MOP receptor densities has also been recognized in
humans [3,4,11]. Identification of the genetic mechanisms
that control the variation in OPRM1 expression might
thus improve our understanding of the individual differ-
ences in responses to opiates and/or pain sensitivity.

Genetic mechanisms underlying mouse strain
differences in opiate sensitivity

Mice have been systematically bred so that many strains
are available, and have been subjected to detailed genomic
characterization. Thus, mouse genome sequences and
many of the variations that distinguish common strains
are known. Mice of the same strain are identical in
genotype and similar in phenotype whereas mice of
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different strains have different genotypes and therefore
often show different phenotypes. Differences found among
mouse strains provide models for differences among
humans, where consanguineous marriage is rare and
genetic variations are substantial. Comparative studies of
different mouse strains that elucidate the genetic differ-
ences that account for strain-to-strain differences in
phenotype thus provide insights into possible genetic
mechanisms for variation in opiate sensitivity among
humans [4,16]. One approach involves mapping mouse
inter-strain genetic variations and correlating these vari-
ations with inter-strain differences in sensitivity to opiates.

Such comparisons among different mouse strains reveal
significant correlations between Oprm1 expression levels
and responses to morphine [4]. The gene loci responsible for
differences in response to morphine among different inbred
strains have also been mapped using quantitative trait locus
(QTL) approaches [11]. Results from QTL studies suggest
that allelic variations in the vicinity of the Oprm1I gene are
linked to variations in the analgesic effect of morphine. In
addition, the genetic mechanisms that underlie the reduced
opiate sensitivity identified in CXBK mice have also been
revealed by studies of their OprmI1 gene (Figure 2). The
CXBK mouse is an inbred strain derived from F2 inter-
crosses between C57BL/6By (B6) and BALB/cBy mice.
CXBK mice have been used widely for >20 years as a
model for reduced MOP receptor expression because CXBK
mice exhibit significantly reduced responses to opiate
agonists and reduced binding of opioids, compared with
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the parent strains [2]. CXBK mice thus display a phenotype
similar to those displayed by heterozygous MOP receptor
knockout mice [17]. Recently, it was shown that CXBK mice
possess a longer OprmI mRNA and express this mRNA at
lower levels than either of their progenitor strains [18].
There is an ~5.3-kilobase (kb) insertion in the 3’ untrans-
lated region (UTR) of the CXBK mouse Oprm1 gene [19].
This 3'UTR provides differential regulation of the rate of
translation and degradation of Oprml1 mRNAs through
differential interactions with proteins that bind to 3'UTR
sequences. These observations in CXBK mice are consistent
with clinical reports that suggest that other human
diseases, such as myotonic dystrophy and Fukuyama-type
congenital muscular dystrophy, are associated with vari-
ations in 3'UTR sequences of other genes [20]. The
sequences inserted into the 3’ UTR of CXBK mouse lines
are thus likely to explain the reduced levels of Oprm I mRNA
expression and the reduced sensitivity to morphine in these
mice. CXBK mice thus provide a useful model for exploring
the contribution of 3'UTR variation to the regulation of the
Oprml gene. It is likely that such investigations of the
genetic mechanisms that underlie mouse inter-strain
differences in opiate sensitivity will be helpful in exploring
genomic variations that might be responsible for individual
differences in opiate sensitivity in humans.

Structure and polymorphisms of the Oprm1 gene
The mouse Oprml gene is >53 kb long. Exon splice
junctions are found at sites that correspond to the
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Figure 2. Mechanisms that underlie reduced morphine effects in CXBK mice. (a) CXBK mice show less analgesic effects of morphine than other strains in anti-nociceptive
tests. (b) It has been revealed that the CXBK mouse has an abnormally long Oprm 1 mRNA (arrow in second lane of northern blot in left-hand panel). Furthermore, a reduced
level of Oprm1 mRNA (black) is seen in the CXBK mouse brain without a change in distribution (in situ hybridization in right-hand panel). (¢) The untranslated region of
Oprm1mRNA in CXBK mice is longer than that of other mouse strains. (d) It is thought that longer Oprm7 mRNA in CXBK mice causes reduced expression of MOP receptors
and thus less signal transduction. Abbreviations: B6, C57BL/6By mice; CPu, caudate—putamen; Cx, cerebral cortex; MO, medulla oblongata; OB, olfactory bulb; S, septum.
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junctions of the first intracellular loop (Arg95), second
extracellular loop (Gly213) and C-terminal cytoplasmic
region (GIn386/Leu387) of the MOP receptor [21]. Intron 1
is >26 kb in length, whereas intron 2 is 773 base pairs
(bp) and intron 3 is >12 kb in length. Based on currently
identified gene structures, distal and proximal candidate
promoter regions have been identified in the Oprm1I gene
[4,21]. Studies using techniques that include rapid
amplification of the ¢cDNA 5 ends have suggested that
transcription is initiated at two sites that lie —793 and
—268 bp from the translational start site [22]. The cDNA
sequence of the mouse Oprm1 gene thus begins 268 or 793
nucleotides from the initiating ATG codon, contains an
open reading frame of 389 amino acids and encodes a
44 .5-kDa protein. Some research groups have reported the
existence of several splicing variants [23], and northern
blot analyses have revealed a predominant Oprml
transcript, MOR-1 [18].

Current models of the 3'UTRs of the mouse and human
MOR-1 mRNAs indicate approximate 10-kb and 13.6-kb
lengths, respectively. Based on the results obtained from
studies of CXBX mice noted earlier, it is possible that
polymorphisms in these large Oprm1 UTRs and introns
could contribute to individual differences in modulating
Oprm1 expression.

Cloning of the rhesus monkey OPRM1 coding region
reveals 98% homology with the human OPRM1 coding
region. A single nucleotide polymorphism (SNP), C77G, in
the OPRM 1 gene in rhesus monkeys alters an N-terminal
region amino acid [24], and this SNP provides a homolog
for the relatively common A118G variant identified in the
human OPRM1 gene [25] (see later). Studies of the rhesus
monkey variant suggest that, compared with C77-contain-
ing alleles, G77-containing alleles are associated with
higher B-endorphin affinity, lower blood cortisol levels and
higher aggressive threat scores that provide a striking
analogy with findings associated with the G118-containing
alleles identified in humans [25] (see later). The similarity
of the phenotypes induced by the C77G rhesus monkey
and A118G human SNPs supports the notion that the non-
human primate might serve as a particularly useful
experimental model for the investigation of SNP functions
in the human OPRM]1 genes that display rhesus monkey
homologs.

Re-sequencing human OPRM1 genomic sequences
from many individuals has now identified >100 poly-
morphisms (Figure 3). These polymorphisms are more
frequent in the non-protein-coding exonic regions than in
the translated exonic sequences. However, at least ten
SNPs have been reported in OPRM1 translated regions
[25-30]. The A118G variant is the most frequent coding
region variant in most samples. However, its frequency
differs substantially from individuals in one population to
individuals in other populations. For example, the fre-
quency of this polymorphism is ~45% in Asian popu-
lations but between 5% and 25% in both European- and
African-American populations [25,27-31]. At least 41
SNPs have been reported in the 5'UTR and 5’ flanking
regions of OPRM1 [26,31]. Sequences between nucleotides
—4500 and — 2500 are substantially conserved in humans
and mice, which suggests that this region in the genome
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might have particular relevance for OPRM1 gene regu-
lation [4]. Interestingly, little sequence variation in this
region has been reported. Eight SNPs have been identified
in the relatively short intron 2 (773 bp), which is equiva-
lent to nearly one mutation per 100 bp ([26,27,30]; S. Ide,
PhD thesis, Kyoto University, 2004). These findings are
consistent with the observation that intronic sequences
might be subjected to lower selection pressure than coding
regions [32]. Fifty-four SNPs have been identified in the
3'UTR and 3’ flanking regions of OPRM1 (S. Ide, PhD
thesis, Kyoto University, 2004). These polymorphisms are
good candidates to be correlated with OPRMI1 mRNA
stability and opiate sensitivity because levels of gene
expression can be regulated by DNA sequences located in
both the 3'UTR and the 5'UTR [20].

These sequence variants represent possible sites for
differential gene regulation, and also provide markers for
haplotype blocks (sets of polymorphisms that are linked
closely enough to be inherited as a unit) that can be
identified as a result of their linkage disequilibrium (the
condition in which the haplotype frequencies in a popu-
lation deviate from the values they would have if the genes
at each locus were combined at random). These patterns of
linkage disequilibrium provide correlations among many
neighboring alleles. They identify haplotypes that reflect
groups of nearby variants that tend to be found together in
members of the population. Association or linkage dis-
equilibrium mapping is also a relatively powerful tool for
identifying gene variants that contribute to individual
differences in complex traits and diseases (e.g. breast
cancer) [33-35]. The linkage disequilibrium relationships
in the OPRM1 gene have been analyzed [26,28,31,36-38].
There are several linkage disequilibrium relationships in
the OPRM1 gene, although the degree of recombination in
the gene might be increased relative to that of other genes
because of its relatively telomeric position on chromosome
6 (6q24—q25). In exon 1 of OPRM1, several SNPs show
significant linkage disequilibrium [28,36,37], and form a
block with only several haplotypes. Three other linkage
disequilibrium blocks cover regions that range from exon 1
to the 3'UTR (S. Ide et al., unpublished). These relatively
large linkage disequilibrium blocks indicate that a
relatively restricted number of all of the possible combi-
nations of variants at the OPRM 1 locus are actually found.
These studies identify differences in polymorphism pat-
terns that include those that might alter the levels of
OPRM1 gene expression.

Human OPRM1 gene polymorphisms and the
associations with various opiate effects

Differences in the OPRM1 gene are thus likely to affect
opiate analgesia, tolerance and dependence [4,11]. Other
mouse studies indicate that Oprm1 variants might have
roles in addictions not only to opiates, but also to alcohol
and non-opiate abused drugs [39-44]. Several studies
have demonstrated associations between the frequencies
of polymorphisms in the human OPRM1 gene and opiate
dependence in various populations [26,30,36-38,45]. In
these association studies, the A118G OPRM1 SNP has
been studied most intensively. This missense SNP
changes the N-terminal region amino acid asparagine to
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C-2044A  A-2380 IVS2+G518A TAA+7483 del(A) TAA+G11541A
T-1793A  G.1727 IVS2+C534T TAA+T7536C TAA+A11602C
G-1748A IVS2+G691C (54.5-81.9%) TAA+AT589G TAA+C11650T
2L O il TAA+C8116T TAA+C11918T
iy il el Exon 2 | Exon 3 TAA+C8165T TAA+A11956C
TAA+G8281A TAA+A12143G
B § Cpibidbtidn TAA+8386 (A), TAA+A12630G
Exon 1 oty TAA+C9000T TAA+T12681C
YT GB77A TAA+A9564G TAA+T12831C
A TAA+T9716A TAA+13236 (T),
A118G (4.7-45.3%) TAA+T9839G TAA+T13971G
" / e
Exon 1 Exon 2 Exon 3 Exon 3
L IVS3+8226~9028 \ Analyzed
-5763 ~ IVS1+971 IVS1-5380  IVS1-357 IVS3+5729  |VS3-8806 I\VS3-324 ~ TAA+13830 'egions
~-4196  ~|VS3+210  ~ 6351 ~ 8470
: estimated LD blocks

Figure 3. Polymorphisms and estimated linkage disequilibrium (LD) blocks in the human OPRM1 gene. All exons, parts of the 5’ and 3/flanking regions and parts of the introns
of the OPRM1 gene have been analyzed (as illustrated by double-headed purple arrows under the scheme of the OPRM1 gene) ([25-30]; S. Ide, PhD thesis, Kyoto University,
2004). Polymorphisms in the OPRM1 gene are indicated by blue letters. The allelic frequencies of some polymorphisms are extremely different among populations
(e.g. A118G in exon 1 and IVS2+G691C in intron 2) ([25-30]; S. Ide, PhD thesis, Kyoto University, 2004). Furthermore, it has been revealed that the polymorphisms in the
OPRM 1 gene are well linked, and four linkage disequilibrium blocks are estimated to exist in the OPRM1 gene (the green lines under the analyzed regions). Abbreviations: del,

deletion; ins, insertion; IVS, intervening sequence.

aspartic acid, thus decreasing the number of sites for
N-linked glycosylation of the MOP receptor from five to
four. The A118G SNP is reported to increase the affinity of
MOP receptor for B-endorphin by perhaps threefold [25].
Several studies have demonstrated associations between
the frequencies of the A118G OPRM 1 genomic polymorph-
isms and opiate [30,38], alcohol [25,29] or poly-drug [26,37]
dependence. However, conflicting and/or inconsistent
results have also been reported [36,46].

Significant findings using other OPRM1 SNPs include
the relationship between the SNP IVS2 (intervening
sequence 2) +C691G and methamphetamine dependence
in Japanese samples (S. Ide et al., unpublished). Most
previous studies analyzed polymorphisms in protein-
coding regions or 5'UTRs, with particular focus on mis-
sense SNPs that change amino acid sequences [36—38].
Although only a few studies have analyzed SNPs in
introns or 3'UTRs [26,30,31], this work suggests that
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polymorphisms in human intronic and 3'UTR OPRM1
regions might have substantial roles in altering transcrip-
tion, production of splice variants and/or stabilization of
OPRM1 mRNA. Further studies are required to confirm
the effects of polymorphisms in these regions on opiate
sensitivity.

In addition to the reported correlations with vulner-
ability to dependence on addictive substances, associ-
ations of other phenotypes with OPRM1 polymorphisms
have also been examined. Significant associations
between the A118G SNP and decreased potency of a
major metabolite of morphine, morphine-6-glucuronide,
have been reported [47,48]. Alterations in markers for
stress responses that include basal cortisol levels, cortisol
responses to opioid peptide receptor blockade, and cortisol
responses to stimulation by adrenocorticotropic hormone
(ACTH), have also been associated with OPRM1 poly-
morphisms [24,46,49]. Diseases that have been associated
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with OPRM 1 polymorphisms in at least one study include
schizophrenia, epilepsy and other psychogenic disorders
[38,50,51]. Interestingly, although analgesia is among the
most important actions of opiate drugs, there are cur-
rently few reports of the relationships between OPRM1
polymorphisms and human pain or analgesia [52].

Future directions

In the current status of pain treatment, doses of opiates
that are appropriate for individual patients are identified
only after time-consuming trial-and-error adjustments or
titrations with multiple incremental doses [1,5]. It is
exciting to envisage a time when the rapidly accumulating
data regarding the relationships between OPRM1 geno-
mic variants and opiate sensitivity enable us to use
increasingly accurate methods to predict opiate sensi-
tivity. Indeed, determining appropriate doses and achiev-
ing satisfactory analgesia without the need to induce
adverse effects would be a breakthrough for pain
treatment.

Differences in the OPRM1 gene can affect the sensi-
tivity not only to opiate drugs but also to endogenous
opioid peptides, such as endomorphins, enkephalins and
endorphins, and to endogenous morphine that has been
found to be synthesized in animal tissue [53,54]. Individ-
ual differences in the sensitivity to these endogenous
ligands of the MOP receptor can be related to differences
in pain sensitivity and emotion.

To predict most accurately the appropriate opiate doses,
correlations between OPRM1 genomic polymorphisms
and pain and opiate sensitivity need to be even more
fully elucidated in normal humans and in those with acute
or chronic pain. Other loci should also be tested. Each of
these goals presents challenges. Although cancer pain
seriously affects large numbers of cancer patients, it is
challenging to deduce gene-sensitivity relationships from
data sampled from patients with cancer pain because the
mechanism, severity and nature of cancer pain can differ
substantially from patient to patient [5]. Patients with
acute postoperative pain that follows standardized surgi-
cal procedures might be more optimal subjects for studies
investigating gene—opiate sensitivity relationships, par-
ticularly when their pain reports are more uniform.
Studies on human research volunteers who receive care-
fully controlled thermal, electrical or mechanical noxious
stimuli would also be likely to reduce the influences of
non-genetic factors.

Studies of polymorphisms in other genes related to pain
and opiate function can also help to better understand the
relative roles of OPRM 1 variants. Because mu, delta and
kappa opioid peptide receptors are each coupled with
several effector systems including adenylyl cyclases,
voltage-dependent Ca®' channels and G-protein-acti-
vated inwardly rectifying K* (GIRK) channels through
their interactions with G;,, proteins [55], variations in the
genes that encode other molecular components of opiate
signal transduction pathways should also be examined to
identify the extent to which they affect sensitivity to
opiates. Studies of the genes that encode opiate metaboliz-
ing enzymes are also worth examining. Because most
opiate drugs are metabolized by cytochrome P450
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enzymes (CYPs), including CYP2D6, the genes that
encode these metabolic enzymes are worthy of examin-
ation [56]. Furthermore, there are several anti-opioid
systems, such as nociceptin/orphanin FQ and glutamate-
mediated systems [57], that influence the effects of opioids.
Similarly, a variety of neuropeptides that act as excitatory
neurotransmitters on pain-transmitting neurons, including
substance P, calcitonin gene-related peptide, somatostatin
and cholecystokinin, might modulate opiate analgesic
potency. Differences in the genes related to these systems
might also affect sensitivity to opiates.

Comprehensive analyses of polymorphisms in each of
the relevant genes will enable more-precise estimation of
individual sensitivities to opiates, improve the quality of
pain treatment and reduce the risk of adverse opiate
effects. Rapid advances and more-precise data on the
relationship between individual gene polymorphism pat-
terns and opiates will, in the near future, lead to more-
thorough understanding of this important relationship,
and enable precise prediction of opiate sensitivity and
opiate requirements in individual patients.
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Abstract

We have demonstrated that the antianalgesia induced by dextro-morphine and /evo-morphine is not mediated by the stimulation of p-opioid
receptors in male CD-1 mice. We now report that the dextro-morphine and levo-morphine attenuated antinociception produced by 6-opioid
receptor agonist deltorphin II and k-opioid receptor agonist U50,488H given spinally in the male p-opioid receptor knockout mice. The tail-flick
response was used for the antinociceptive test. Intrathecal injection of /evo-morphine (3 nmol) markedly inhibited the tail-flick response in wild
type, partially in heterozygous, but not in homozygous p-opioid receptor knockout mice. Intrathecal pretreatment with dextro-morphine (33 fmol)
or /evo-morphine (0.3 nmol) for 45 min also attenuated /evo-morphine-produced antinociception in wide type mice. Intrathecal pretreatment with
dextro-morphine (33 fmol) or /evo-morphine (0.3 nmol) for 45 min attenuated the tail-flick inhibition produced by deltorphin II (12.8 nmol) and
US50,488H (123.3 nmol) in wide type, heterozygous and homozygous p-opioid receptor knockout mice. The findings provide additional evidence

that p-opioid receptors are not involved in the antianalgesia induced by dextro-morphine and /evo-morphine.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

We have previously reported that intrathecal (i.t.) pretreat-
ment with naturally occurring levo-morphine at a picomolar dose
or synthetic dextro-morphine at an extremely low femtomolar
dose attenuates the antinociception produced by /evo-morphine
(Wu et al., 2004, 2005). The phenomenon of the attenuation of
levo-morphine-produced analgesia by dextro-morphine or levo-
morphine pretreatment has been defined as antianalgesia. The
antianalgesia induced by dextro-morphine or levo-morphine
against /evo-morphine-produced antinociception is blocked by

* Corresponding author. Medical College of Wisconsin, Department of
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Plank Road, Milwaukee, WI 53226, USA. Tel: +1 414 456 5686; fax: +1 414
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the pretreatment with the non-opioid receptor antagonist dextro-
naloxone (Iijima et al., 1978) or the glial inhibitor propentofyl-
line (Sweitzer et al., 2001), indicating that the effects of dextro-
morphine and /evo-morphine to induce antianalgesia is mediated
by the stimulation of a novel and non-opioid receptor on glial
cells (Wu et al., 2004, 2005).

The use of the transgenic p-opioid receptor knockout mice
has proven to be a useful experimental approach to opioid and
pain researches. Mice that lack p-opioid receptor gene have been
generated by disrupting exon 1 (Sora et al., 1997), exon 2
(Matthes et al., 1996) or exon 2 and 3 (Loh et al., 1998). The
antinociception produced by the p-opioid receptor agonist levo-
morphine or endomorphin-1 is reduced in heterozygous -
opioid receptor knockout (+/—) mice and virtually abolished in
homozygous p-opioid receptor knockout (—/—) mice (Mizogu-
chietal., 1999). Common adverse effects of levo-morphine such
as respiratory depression, constipation and locomotor hyperac-
tivity are reduced or eliminated in these —/— mice (Matthes et al.,
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1998; Roy et al., 1998; Tian et al., 1997). Chronic treatment with
levo-morphine does not induce place preference or withdrawal
signs (Matthes et al., 1996). The genetic approach clearly
demonstrates that pharmacological and biological actions of
levo-morphine and other p-opioid receptor agonists are
mediated by the activation of p-opioid receptor.

We have previously demonstrated that antianalgesia induced
by dextro-and levo-morphine is mediated by the activation of a
non-opioidergic mechanism in male CD-1 mice (Wu et al,,
2004, 2005). We found that intrathecal pretreatment with a sub-
analgesic dose of levo-morphine attenuates the antinociception
induced by opioid p-receptor agonist [D-Ala®, N-Me-Phe*, Gly-
ol*Jenkephalin, 8-receptor agonist deltorphin II and k-receptor
agonist trans-(1S,25)-3,4-Dichloro-N-methyl-N-[2-(1-pyrolidi-
nyl)cyclohexyl]benzeneacetamide hydrochloride (U50,488H)
(Wu et al., 2004). Present experiments were then undertaken to
determine the effect of dextro-and levo-morphine on the
induction of antianalgesia against the antinociception produced
by opioid 6-receptor and k-receptor agonists in wide type (+/+),
heterozygous (+/—), and homozygous (—/—) p-opioid receptor
mice. We now report that pretreatment with an ultra-low,
femtomolar dose of dextro-morphine and sub-analgesic dose of
levo-morphine attenuate the analgesia produced by subsequent
injection of & opioid receptor agonist deltorphin II or k opioid
receptor agonist U50,488H produced analgesia in wide type (+/
+), heterozygous (+/—), and homozygous (—/—) p-opioid
receptor knockout mice. The findings provide additional
evidence that p-opioid receptors are not involved in the
antianalgesia induced by dextro-morphine and /evo-morphine
against antinociception produced by opioid p-, 6- and -
receptor agonist.

2. Materials and methods
2.1. Animals

The p-opioid receptor knockout mice used in this report, in
which the exon 1 of the p-opioid receptor gene has been deleted,
has been previously described (Sora et al., 1997). The p-opioid
receptor exon-1 knockout (—/—) mice were first generated by
heterozygous (+/—) x heterozygous (+/—) crosses of mice from
C57BL congenic background strain producing wild (+/+),
heterozygous (+/—), and homozygous (—/—) knockout litter-
mates. Mice were genotyped by tail biopsy tissue. Male mice,
16 to 20 weeks of age and weighing 20-25 g with genotype
identified were used. Animals were housed one to five mice per
cage based on their birthday and genotype in a room maintained
at 22+0.5 °C with an alternating 12-h light—dark cycle. Food
and water were available ad libitum. Each animal was used only
once. All experiments were approved by and conformed to the
guidelines of the Animal Care Committee of the Medical
College of Wisconsin.

2.2. Assessment of analgesia

Analgesic responses were measured with the tail-flick test
(D’Amour and Smith, 1941). To measure the latency of the tail-

flick response, mice were gently held with the tail put on the
apparatus (Model TF6, EMDIE Instrument Co., Maidens, VA).
The tail-flick response was elicited by applying radiant heat to
the dorsal surface of the tail. The heat stimulus was set to
provide a pre-drug tail-flick response time of 3 to 4 s and the
cutoff time was set at 10 s to avoid tissue damage.

2.3. Experimental protocols

Drugs were injected intrathecally (i.t.) in an injection volume
of 5 pl according to the procedure of Hylden and Wilcox (1980)
using a 25-ul Hamilton syringe with a 30-gauge needle. The
first experiment was to determine the effect of levo-morphine
given i.t. on the production of the tail-flick inhibition in wide
type (+/+), heterozygous (+/—), and homozygous (—/—) p-opioid
receptor knockout mice. The second experiment was to
determine the effects of dextro-morphine and /evo-morphine
given i.t. on the tail-flick inhibition produced by i.t.-adminis-
tered levo-morphine in wide type (+/4) mice. Third experiment
was to determine the effects of dextro-morphine and levo-
morphine given i.t. on the tail-flick inhibition produced by
opioid 6-receptor agonist deltorphin II and k-receptor agonist
U50,488H in wide type (+/+), heterozygous (+/—), and
homozygous (—/—) p-opioid receptor knockout mice.

2.4. Drugs

levo-Morphine sulfate, dextro-morphine base and dextro-
naloxone were obtained from National Institute of Drug Abuse
(Baltimore, MD). /evo-naloxone and U50,488H were purchased
from Sigma (St. Louis, MO). Deltorphin II was purchased from
Phoenix Pharmaceuticals, Inc. (Belmont, CA). levo-morphine,
levo-naloxone, dextro-naloxone, and U50,488H were dissolved
in 0.9% saline. The dextro-morphine was dissolved in 10 N
hydrochloric acid and then titrated with 1 N sodium hydroxide
to pH 7.4, which then diluted to intended dose in 0.9% saline.
Deltorphin II was dissolved in 0.9% saline containing 10%
hydroxypropyl-3-cyclodextrin.

2.5. Statistical analysis

The analgesic responses (tail-flick latencies) were presented
as the mean+S.E.M. Two-way analysis of variance (ANOVA)
followed by Bonferroni’s post-tests was used to test the
differences between groups. The GraphPad Prism software
was used to perform the statistics (version 4.1; GraphPad
Software, Inc., San Diego, CA).

3. Results

3.1. Effects of levo-morphine given intrathecally (i.t.) on the
production of the tail-flick inhibition in wide type (+/+),
heterozygous (+/—), and homozygous (—/—) p-opioid receptor
knockout mice

Groups of male wide type (+/+), heterozygous (+/—), and
homozygous (—/—) p-opioid receptor knockout mice were
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injected i.t. with levo-morphine (3.0 nmol) or vehicle and
the tail-flick responses were measured at 15 min after
injection. Intrathecal injection of /evo-morphine markedly
inhibited the tail-flick response in wild type (+/+), partially
inhibited in heterozygous (+/—), but not in homozygous (—/—)
p-opioid receptor knockout mice. The tail-flick latencies show
no significant difference among wild type (+/+), heterozygous
(+/-) and homozygous (—/—) p-opioid receptor knockout mice
injected with vehicle (Fig. 1).

3.2. Effects of pretreatment with dextro-morphine or levo-
morphine given i.t. on the tail-flick inhibition produced by i.t.-
administered levo-morphine in wide type (+/+) mice

We have previously demonstrated that pretreatment with
dextro-morphine at a femtomolar dose and levo-morphine at
a picomolar dose attenuates the tail-flick inhibition produced
by /evo-morphine in male CD-1 mice (Wu et al., 2005). The
present study was conducted to confirm that dextro-
morphine and levo-morphine also attenuate the tail-flick
inhibition produced by levo-morphine in wide type (+/+)
mice. Groups of wide type (+/+) mice were pretreated i.t.
with dextro-morphine (33 fmol), /evo-morphine (0.3 nmol),
or vehicle 45 min before i.t. administration of /evo-morphine
(3.0 nmol) and the tail-flick responses were measured
thereafter. Intrathecal injection of /evo-morphine 3.0 nmol
caused an increase of tail-flick inhibition in mice pretreated
with the vehicle. The tail-flick inhibition developed in 5 to
10 min, reached a maximum (8.65+0.40 s) at 15 min,
declined slowly and returned to the control level in 60 min.
The tail-flick inhibitions produced by Ievo-morphine ob-
served at 5 to 20 min after injection were markedly
attenuated by the i.t. pretreatment with dextro-morphine or
levo-morphine (Fig. 2).
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levo-Morphine (3 nmol)

)
—
E=l =
I ]

Tail-flick Latency (s

(i

++

Fig. 1. The tail-flick responses to /evo-morphine or vehicle given i.t. in wide type
(+/+), heterozygous (+/—), and homozygous (—/—) p-opioid receptor knockout
mice. Groups of wide type (+/+), heterozygous (+/—), and homozygous (—/—) -
opioid receptor knockout mice were injected i.t. with /evo-morphine (3 nmol), or
vehicle (5 pl) and the tail-flick responses were then measured at 15 min
thereafter. Each column represents the mean and vertical bar represents the S.E.
M. with 7 to 10 mice in each group. The two-way ANOVA followed by
Bonferroni’s post-test was used to test the difference between groups. The F
interaction, treatment, genotype=31.67, 137.5, 29; * P<0.001.
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Fig. 2. Effects of pretreatment with dextro-morphine or /evo-morphine given i.t.
on the tail-flick inhibition produced by i.t.-administered /evo-morphine in wide
type (+/+) mice. Groups of wide type (+/+) mice were pretreated i.t. with dextro-
morphine (33 fmol), /evo-morphine (0.3 nmol) or vehicle 45 min before i.t.
administration of /evo-morphine (3.0 nmol) and the tail-flick latency was
measured at different times thereafter. Each point represents the mean and the
vertical bar represents the S.E.M. with 7 to 8 mice in each group. The two-way
ANOVA followed by Bonferroni’s post-test was used to test the difference
between groups. The F interaction, treatment, time=6.12, 55.15, 34.81;
* P<0.05, ** P<0.001.

3.3. Effects of pretreatment with dextro-morphine or levo-
morphine given i.t. on the tail-flick inhibition produced by i.t.-
administered d-opioid receptor agonist deltorphin Il in wide
type(+/+), heterozygous (+/—), and homozygous(—/—) p-opioid
receptor knockout mice

Groups of wide type (+/+), heterozygous (+/—), and
homozygous (—/—) p-opioid receptor knockout mice were
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dextro-Morphine (33 fmol)
101 levo-Morphine (0.3 nmol)
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Fig. 3. Effects of pretreatment with dextro-or levo-morphine given i.t. on the tail-
flick inhibition produced by i.t.-administered deltorphin IT in wide type (+/+),
heterozygous (+/—), and homozygous (—/—) p-opioid receptor knockout mice.
Groups of wide type (+/+), heterozygous (+/—), and homozygous (—/—) p-opioid
receptor knockout mice were pretreated i.t. with dextro-morphine (33 fmol),
levo-morphine (0.3 nmol) or vehicle 45 min before i.t. administration of
deltorphin II (12.8 nmol) and the tail-flick latency was measured at 10 min
thereafter. Each column represents the mean and the vertical bar represents the
S.E.M. with 8 to 10 mice in each group. The two-way ANOVA followed by
Bonferroni’s post-test was used to test the difference between groups. The F
interaction, treatment, genotype=0.19, 170.4, 6.39; * P<0.001.
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pretreated i.t. with dextro-morphine (33 fmol), /evo-morphine
(0.3 nmol), or saline vehicle 45 min before i.t. injection of 6-
opioid receptor agonist deltorphin II (12.8 nmol) and the tail-
flick responses were measured 10 min thereafter. Intrathecal
injection of deltorphin II markedly produced tail-flick inhibition
in wide type (+/+), heterozygous (+/—) and homozygous (—/—)
p-opioid receptor knockout mice pretreated i.t. with vehicle.
The tail-flick inhibition produced by deltorphin II was markedly
attenuated to the same extent by the pretreatment with dextro-
morphine or /evo-morphine in wide type (+/+), heterozygous
(+/-), and homozygous (—/—) p-opioid receptor knockout
mice (Fig. 3).

3.4. Effects of pretreatment with dextro-morphine or levo-
morphine given i.t. on the tail-flick inhibition produced by i.t.-
administered k-opioid receptor agonist U50,488H in wide type
(+/+), heterozygous (+/—), and homozygous (—/—) u-opioid
receptor knockout mice

Groups of wide type (+/4), heterozygous (+/—), and
homozygous (—/—) p-opioid receptor knockout mice were
pretreated i.t. with dextro-morphine (33 fmol), /evo-morphine
(0.3 nmol), or vehicle 45 min before i.t. injection of a k-
opioid receptor agonist U50,488H (123.2 nmol) and the tail-
flick responses were measured 10 min thereafter. Intrathecal
injection of U50,488H markedly produced tail-flick inhibition
in wide type (+/+), heterozygous (+/—) and homozygous (—/—)
p-opioid receptor knockout mice pretreated i.t. with saline
vehicle. The tail-flick inhibition produced by U50,488H was
markedly attenuated to the same extent by the pretreatment
with dextro-morphine or /evo-morphine in wide type(+/+),
heterozygous (+/—), and homozygous (—/—) p-opioid receptor
knockout mice (Fig. 4).
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Fig. 4. Effects of pretreatment with dextro- or levo-morphine given i.t. on the
tail-flick inhibition produced by i.t.-administered U50,488H in wide type (+/+),
heterozygous (+/—), and homozygous (—/—) p-opioid receptor knockout mice.
Groups of wide type (+/+), heterozygous (+/—), and homozygous (—/—) p-opioid
receptor knockout mice were pretreated i.t. with dextro-morphine (33 fmol),
levo-morphine (0.3 nmol) or vehicle 45 min before i.t. administration of
U50,488H (123.2 nmol) and the tail-flick latency was measured at 10 min
thereafter. Each column represents the mean and the vertical bar represents the S.
E.M. with 8 to 10 mice in each group. The two-way ANOVA followed by
Bonferroni’s post-test was used to test the difference between groups. The F
interaction, treatment, genotype=0.42, 65.48, 0.40; * P<0.001.

4. Discussions

4.1. Lack of analgesic response to levo-morphine in p-opioid
receptor knockout mice

We found in the present study that the spinally administered
levo-morphine-produced antinociception was reduced partially
in heterozygous (+/—) and completely abolished in homozygous
(—/—-) p-opioid receptor knockout mice. The result is consistent
with the findings of previous studies that the antinociception
produced by p-opioid receptor agonists levo-morphine or
endomorphin-1 given systemically or supraspinally is markedly
reduced in heterozygous (+/—) p-opioid receptor knockout mice
and virtually abolished in homozygous (—/—) knockout mice
(Loh et al., 1998; Sora et al., 1997; Mizoguchi et al., 1999). The
finding gives support to the view that the antinociception
produced by /evo-morphine or endomorphin-1 is mediated by
the stimulation of p-opioid receptors.

4.2. Both dextro-morphine and levo-morphine induces anti-
analgesia against levo-morphine-produced antinociception in
wide type (+/+) mice

We have previously demonstrated that pretreatment with
dextro-morphine at a femtomolar dose level or /evo-morphine at
a picomolar dose range attenuates the antinociception produced
by levo-morphine in CD-1 mice. The phenomenon has been
defined as antianalgesia. dextro-Morphine was found to be at
least 17,000-fold more potent than /evo-morphine in inducing
antianalgesia against /evo-morphine-produced antinociception.
The antianalgesia induced by dextro-morphine and /evo-
morphine is not mediated by the activation of opioidergic
mechanism (Wu et al., 2005). dextro-Morphine, which does not
have any affinity and efficacy to p-opioid receptors and
therefore, does not produce any p-opioid receptor mediated
analgesic and other /evo-morphine-like effects (Jacquet et al.,
1977) produces potent antianalgesia against /evo-morphine
produced antinociception. Pretreatment with dextro-naloxone,
which does not have any p-opioid receptor blocking activity
(Iijima et al., 1978), blocks the dextro-morphine and /levo-
morphine-induced antianalgesia. Inhibition of glial activation
by pretreatment with glial inhibitor propentofylline also blocks
the antianalgesia induced by dextro-morphine and /levo-
morphine. We have therefore proposed that the antianalgesia
induced by dextro-morphine and /evo-morphine is mediated by
the stimulation of a novel and non-opioid receptor on glial cells
(Wu et al., 2005).

4.3. dextro-Morphine and levo-morphine produce antianalge-
sia against antinociception produced by opioid O-receptor
agonist deltorphin Il and k-receptor agonist U50,488H in u-
opioid receptor knockout (—/—) mice

We have previously demonstrated that pretreatment with
levo-morphine attenuates the tail-flick inhibition produced by -
opioid receptor agonist [D-Ala* N-Me-Phe*,Gly-ol°]-enkepha-
lin, &-opioid receptor agonist deltorphin II or k-opioid receptor
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agonist U50,488H in male CD-1 mice, indicating that the levo-
morphine-induced antianalgesia is non-selective and is gener-
alized to attenuate the antinociception produced by -, 6- and «-
opioid receptor agonists (Wu et al., 2004). Present study was
then conducted to determine if dextro-morphine and levo-
morphine can attenuate the tail-flick inhibition produced by
opioid d-receptor agonist deltorphin II or k-receptor agonist
U50,488H in wide type (+/+), heterozygous (+/—) and
homozygous (—/—) p-opiod receptor knockout mice. We
found in the present study that both dextro-morphine and
levo-morphine induced antianalgesia equally well in wide type
(+/1+), heterozygous (+/—) and homozygous (—/—) p-opioid
receptor knockout mice. The findings provide additional
evidence that p-opioid receptors are not required for the
antianalgesia induced by dextro-morphine and /evo-morphine
against antinociception produced by opioid p-, 6- and k-
receptor agonist.

It is concluded that pretreatment with dextro-morphine or
levo-morphine given spinally induces antianalgesia against
antinociception produced by opioid &-receptor agonist deltor-
phin II or k-opioid receptor agonist U50,488H in wide type
(+/1), heterozygous (+/—) and homozygous (—/—) p-opioid
receptor knockout mice. Thus p-opioid receptors are not
involved in the antianalgesia induced by dextro-morphine and
levo-morphine.
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ABSTRACT

Previous studies have demonstrated the virtual lack of analgesia in mu opioid receptor
knockout mice after systemic administration of morphine. Thus, it has been suggested that
analgesic actions of morphine are produced via the mu opioid receptor, despite its ability to
bind to kappa and delta receptors in vitro. However, it is not clear whether the results of
these studies reflect the effect of morphine in the spinal cord. In the present study, we report
study of the analgesic actions of spinally-administered morphine and other opioid receptor
agonists in mu opioid receptor knockout and wild type mice. Morphine produced a dose-
dependent antinociceptive effect in the tail flick test in the knockout mice, although higher
doses were needed to produce antinociception than in wild type mice. The antinociceptive
effect of morphine was completely blocked by naloxone (a non-selective opioid antagonist)
and nor-binaltorphimine (nor-BNI, a selective kappa-opioid receptor antagonist), but not by
naltrindole (a selective delta-opioid receptor antagonist). U-50,488H (a selective kappa-
opioid receptor agonist) also produced a dose-dependent antinociceptive effect in knockout
mice but presented lower analgesic potency in knockout mice than in wild type mice.
Analgesic effects of [p-Pen2,p-Pen5]enkephalin (DPDPE, a selective delta-opioid receptor
agonist) were observed in wild type mice but abolished in knockout mice. SNC80 (a selective
delta-opioid receptor agonist) was not antinociceptive even in wild type mice. The present
study demonstrated that morphine can produce thermal antinociception via the kappa
opioid receptor in the spinal cord in the absence of the mu opioid receptor. Lower potency of
US50,488H in mu opioid receptor knockout mice suggests interaction between kappa and mu
opioid receptors at the spinal level.
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1. Introduction

Morphine is a prototypical opioid agonist most frequently
used clinically to produce analgesia. Morphine is weakly
selective to the mu opioid receptor and also possesses affinity
to the delta and kappa opioid receptors. Thus, morphine was
long thought to act on all three receptor types to produce
analgesia. This has been supported by in vivo pharmacological
studies (Heyman et al., 1987; Takemori and Portoghese, 1987;
Omote et al., 1991). Pharmacological studies also suggested
possible interactions among opioid receptors, in particular,
those between the mu and delta receptors in producing
analgesia (Larson et al., 1980; Vaught et al., 1982; Malmberg
and Yaksh, 1992). The generation of mu opioid receptor
knockout mice approximately a decade ago and those of the
other opioid receptors that followed led to better understand-
ing of the mechanism of opioid analgesia. Surprisingly, the
analgesic effects of morphine were abolished or strongly
reduced in mu receptor knockout mice, indicating that the mu
receptor was mandatory for the analgesic effects of morphine
and that the delta or kappa receptor alone could not mediate
morphine’s analgesic actions (Matthes et al., 1996; Sora et al.,
1997b, 2001; Loh et al., 1998; Schuller et al., 1999; Hosohata et
al., 2000; Hall et al., 2003). In the initial studies, morphine was
administered systemically most probably with the assump-
tion that systemic morphine acts both in the brain and the
spinal cord. Studies utilizing the intracerebroventricular (i.c.v.)
route also showed the ineffectiveness of morphine in mu
receptor knockout mice reflecting the results of studies with
systemic administration (Loh et al., 1998; Schuller et al., 1999;
Hosohata et al., 2000). On the other hand, there have been
indications by studies that when morphine is administered
systemically in animals, its direct action is predominantly in
the brain (Manning and Franklin, 1998; Heinricher et al., 2001).
In these studies, the analgesic effects of systemic morphine
were completely reversed by blocking pathways within the
brain. Furthermore, Honda et al. (2004) showed that the
analgesic effects of systemic and i.c.v. morphine were
attenuated by muscarinic antagonists, while the antagonist
had no effect on the actions of intrathecal morphine. Thus
systemic administration may not reflect the actions of
morphine in the spinal cord, and morphine needs to be
administered intrathecally (i.t.) to specifically observe its
spinal actions. Although some studies have suggested the
ineffectiveness of intrathecal morphine in mu receptor
knockout mice (Schuller et al., 1999; Hosohata et al., 2000),
there have been no studies that fully looked at the effect of
intrathecal morphine on acute thermal pain in these mice.
The present study was designed to examine the analgesic
effects of spinally administered morphine in mu receptor
knockout mice and to determine the possible molecular target
of morphine in the absence of the mu opioid receptor.

2. Results

Baseline tail flick latencies of wild type and mu receptor
knockout mice were 2.93 + 0.26 s (n = 58) and 3.00 + 0.26 s
(n = 70), respectively, and were not significantly different.

2.1. The antinociceptive effect of spinal morphine in mu
receptor knockout mice and its blockade with naloxone

Morphine given i.t. produced a dose-dependent antinocicep-
tive effect in both wild type mice (Fig. 1A) and mu receptor
knockout mice (Fig. 1B). The dose required to produce a
significant effect was higher in knockout mice than in wild
type mice. The median effective doses (EDsp) of morphine
were 0.17 pg (0.07-0.35 pg, 95% confidence limits) and 5.00 pg
(3.01-9.00 pg, 95% confidence limits) in wild type and
knockout mice, respectively (Fig. 2), and were significantly
different. Doses of morphine at 10 pg and above could not be
examined in knockout mice because they yielded a para-
doxical pain behavior (intermittent bouts of biting and
scratching of affected dermatomes), which has previously
been described in rats (Yaksh et al., 1986; Yaksh and Harty,
1988). This pain behavior has been shown to be non-
reversible by naloxone (a non-selective opioid antagonist),
thus is not mediated by opioid receptors. The concomitant
spinal administration of naloxone (10 ng) completely
blocked the antinociceptive effect of morphine in knockout
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Fig. 1 - Time courses of the antinociceptive effect of
morphine in wild type (A) and mu opioid receptor
knockout (B) mice. Tail flick latencies were measured prior
to and every 10-15 min during a period of 60 min after
intrathecal administration of morphine. Values are
expressed in mean * SE. *Significantly different from
vehicle control.
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Fig. 2 - Dose-dependent antinociceptive effects of morphine
in wild type and mu opioid receptor knockout mice. Mice
were tested by the tail flick test. EDs, values of morphine
were 0.17 pg (0.07-0.35 pug, 95% confidence limits) and

5.00 pg(3.01-9.00 p.g, 95% confidence limits) in wild type and
knockout mice, respectively.

mice (Fig. 3). This indicated that the effect was mediated by
opioid receptors.

2.2. The involvement of kappa opioid receptors

In order to determine whether kappa opioid receptors are
involved in the antinociceptive effects of morphine in mu
receptor knockout mice, we first examined the antinociceptive
effects produced by spinal kappa receptor activation in the
knockout mice. The selective kappa receptor agonist,
U50,488H, given i.t. produced a dose-dependent antinocicep-
tive effect in the knockout mice, but required a 2-fold increase
in dose to produce effects similar to those in wild type mice
(Fig. 4). The EDsq values of U50,488H were 18.0 pg (14.8-22.9 pg,
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Fig. 3 - Reversal of the antinociceptive effect of morphine
(Mor, 6 pg) by the non-selective opioid receptor antagonist,
naloxone (Nal, 10 pg) in mu opioid receptor knockout mice.
Naloxone was administered concomitantly with morphine.
Values are expressed in mean = SE. *Significantly different
from vehicle control.
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Fig. 4 - Time courses of the antinociceptive effect of the
selective kappa receptor agonist, U50,488H in wild type (A)
and mu opioid receptor knockout (B) mice. Tail flick latencies
were measured prior to and every 15 min during a period of
45 min after intrathecal administration of U50,488H. Values
are expressed in mean = SE. *Significantly different from
vehicle control. *Significantly different from wild type mice
administered U50,488H at the same dose (30 pg).

95% confidence limits) and 29.3 pg (23.8-47.1 pg, 95% confi-
dence limits) in wild type and knockout mice, respectively (Fig.
5), and were significantly different. Nonetheless, the results
demonstrated that kappa receptor activation produced potent
analgesic effects in mu receptor knockout mice. This indicated
that the kappa receptor is functional in these mice and
suggested that the kappa receptor may mediate morphine’s
analgesic effects in mu receptor knockout mice. Next, we
examined whether the analgesic effects of morphine in the
knockout mice could be reversed by a selective kappa receptor
antagonist, nor-binaltorphimine (nor-BNI, 7.5 pg i.t.). The
analgesic effects of morphine were completely blocked by
nor-BNI, indicating that the effects were mediated by the
kappa opioid receptor (Fig. 6).

2.3.  The involvement of delta opioid receptors
We next examined the effects of spinal delta receptor

activation in mu receptor knockout mice. A selective peptidic
delta agonist, [p-Pen2,p-PenS|enkephalin (DPDPE), given i.t.,
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Fig. 5 - Dose-dependent antinociceptive effects of U50,488H
in wild type and mu opioid receptor knockout mice. Mice
were tested by the tail flick test. The EDs, values of U50,488H
were 18.0 pg (14.8-22.9 g, 95% confidence limits) and

29.3 pg (23.8-47.1 pg, 95% confidence limits) in wild type and
knockout mice, respectively.

produced dose-dependent analgesic effects (1-3 pg) in wild
type mice (Fig. 7A) while no analgesic effects were observed
in mu receptor knockout mice at 10 times higher doses (10—
30 png) (Fig. 7B). In contrast to the effects of DPDPE, a selective
non-peptidic delta agonist SNC80 given i.t. at a high dose of
45 pg (100 nmol) produced no antinociceptive effects in wild
type mice (Fig. 8). A three-fold increase in dose to 135 ng
produced overt paralysis of the hind limbs and the tail,
which became apparent within a few minutes after admin-
istration and resembled effects of local anesthetics. Due to
the paralysis, antinociceptive effects could not be tested at
this dose. The paralysis was not reversed by naloxone
(10 mg/kg s.c., 15 min prior to administration of SNC80) and
therefore was likely a non-specific effect due to the very high
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Fig. 6 — Reversal of the antinociceptive effect of morphine
(Mor, 6 p.g) by the selective kappa opioid receptor antagonist,
nor-BNI (7.5 pg) in mu opioid receptor knockout mice.
Nor-BNI was administered concomitantly with morphine.
Values are expressed in mean = SE. *Significantly different
from vehicle control.
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Fig. 7 - Time courses of the effect of the selective peptidic
delta receptor agonist, DPDPE on tail flick latencies in wild
type (A) and mu opioid receptor knockout (B) mice. Tail flick
latencies were measured prior to and every 10 min during a
period of 30 min after intrathecal administration of DPDPE.
Values are expressed in mean + SE. *Significantly different
from vehicle control.

dose. Thus, SNC80 did not produce observable antinocicep-
tive effects in wild type mice, and was not tested in knockout
mice. Although these results revealed differences in actions
between delta agonists in wild type mice, they indicated that,
at least in mu receptor knockout mice, spinal delta receptor
activation does not produce analgesia. Thus, the analgesic
effects of morphine in the knockout mice were not likely
mediated by delta receptors. To confirm this, we examined
the effect of naltrindole, a selective delta receptor antagonist,
on the analgesic effects of morphine in mu receptor
knockout mice. Naltrindole had no effect on morphine’s
analgesic effects (Fig. 9).

3. Discussion

The present study demonstrated that morphine can produce
thermal antinociception via the kappa receptor in the spinal
cord in the absence of the mu receptor. This is the first study
that demonstrated analgesic effects of morphine in mu
receptor knockout mice after spinal administration. The dose
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Fig. 8 — Time courses of the effect of the selective
non-peptidic delta receptor agonist, SNC80 on tail flick
latencies in wild type mice. Tail flick latencies were
measured prior to and every 15 min during a period of 45 min
after intrathecal administration of SNC80. Values are
expressed in mean = SE.

that produced a potent effect in wild type mice (1 pg) was
without effect in knockout mice, but a higher dose (6 ng)
produced a mild nonetheless significant analgesic effect.
Further increase in dosage could not be investigated because
of the manifestation of paradoxical pain behavior (see Results).
Although a few previous reports showed the lack of morphi-
ne’s analgesic effects in the tail flick test after spinal
administration, these studies only examined doses that
produced submaximal analgesic response in wild type mice
and higher doses were not investigated (Schuller et al., 1999;
Hosohata et al., 2000). In contrast to the analgesic effects of
intrathecal morphine observed in the present study, i.c.v.
morphine at an extremely high dose of 120 pg has been
reported to be without effect in mu receptor knockout mice
(Loh et al., 1998). Thus, it appears that there is some difference
between the brain and the spinal cord in the types of opioid
receptors that morphine recruits to produce analgesia. The
lack of recruitment of kappa receptors in the brain might be
explained, at least in part, by the difference in kappa receptor
agonists’ analgesic potency in the brain and the spinal cord
(Porreca et al., 1987; Millan et al., 1989; Miaskowski et al., 1991,
Nakazawa et al., 1991). While systemic morphine has been
demonstrated to be without effect at normal analgesic doses
(~6 mg/kg), Sora et al. (1997b) observed a modest trend of
reduced thermal nociception at a cumulated dose of 56 mg/kg
and Loh et al. (1998) reported an EDsq value of approximately
400 mg/kg in the tail flick test. Thus extremely high doses of
morphine can produce analgesia in mu receptor knockout
mice even after systemic administration and this may be
reflecting the analgesic effects produced by the spinal action of
morphine. The requirement of such extremely high systemic
doses may be attributable to the difference between the brain
and the spinal cord in the relative magnitude of morphine’s
action after systemic administration. Previous reports have
suggested that the direct action of systemic morphine to
produce analgesia is predominantly in the brain (Manning and
Franklin, 1998; Heinricher et al., 2001; Honda et al., 2004).

The analgesic effects of morphine in mu receptor knockout
mice were mediated by the kappa receptor and not by the
delta receptor. This was demonstrated by the complete
reversal of morphine’s effect by nor-BNI and the lack of
antagonism by naltrindole. It should be noted that there is
always the issue of selectivity even with the use of selective
antagonists such as nor-BNI and naltrindole. However, in the
present study, we used these antagonists in mu-receptor
knockout mice, thus the possible actions of the antagonists at
the mu receptor can be excluded. Furthermore, although the
possibilities of nor-BNI having some actions at the delta
receptor and naltrindole likewise at the kappa receptor cannot
be excluded, since nor-BNI completely blocked the effect of
morphine while naltrindole had no effect, it is plausible to
conclude that the effect of morphine was mediated only by the
kappa receptor. This indicated that spinal kappa receptors are
functional in the absence of mu receptors, which was also
confirmed by the analgesic effects of the selective kappa
agonist U50,488H in mu receptor knockout mice. However,
while U50,488H produced potent analgesic effects in the
knockout mice, morphine only exerted a limited effect in
these mice at the doses investigated. Although this limited
effectiveness may have been merely due to insufficient
dosing, alternatively, it may have been due to a ceiling effect
of morphine at the kappa receptor. As mentioned above,
higher doses of morphine could not be studied because of the
manifestation of “paradoxical pain behavior” at these doses.
Thus, the possibility that morphine has limited efficacy at the
kappa receptor could not be investigated in this study.

On the other hand, in the present study we observed that
U50,488H, was less potent in mu receptor knockout mice than
in wild type mice, indicating that the mu receptor plays some
role in the analgesic effects of U50,488H. Although U50,488H is
highly selective to the kappa receptor in vitro, spinally
administered U50,488H in vivo might have directly activated
mu receptors as well as kappa receptors, and this may have
caused the difference between its effects in wild type and mu
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Fig. 9 - The effect of the selective delta opioid receptor
antagonist, naltrindole (NTI, 4.5 pg) on the antinociceptive
effect of morphine (Mor, 6 pg) in mu opioid receptor knockout
mice. Naltrindole was administered concomitantly with
morphine. Values are expressed in mean * SE. *Significantly
different from vehicle control.
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receptor knockout mice. However, it has been shown that
analgesic effects of U50,488H are abolished in kappa receptor
knockout mice, indicating that U50,488H is selective in vivo as
well as in vitro (Simonin et al., 1998). Furthermore, the
analgesic effects of U50,488H were maintained in mu receptor
knockout mice after systemic and i.c.v. administration (Loh et
al., 1998; Matthes et al., 1998; Fuchs et al., 1999; Sora et al.,
1999). Thus, it is unlikely that the difference in response
between knockout and wild type mice was due to in vivo
kappa selectivity, but was likely due to a mechanism more
specific to the spinal cord. A possible mechanism is the
interactions between the spinal kappa and mu receptors.
Interactions may exist at the cellular and/or at the circuit level
in the spinal dorsal horn. Co-expression of mu and kappa
receptors have been shown in some neurons of the dorsal root
ganglion (Ji et al., 1995) and such co-expression may also exit
in neurons of the dorsal horn. Such neurons may be a site of
cellular interaction. However, kappa agonist induced G-
protein activation and adenylcyclase inhibition in spinal
cord and/or brain preparations of mu receptor knockout
mice were not different from wild type mice, indicating that
signal transduction induced by kappa receptor activation was
not affected by the absence of mu receptors (Matthes et al.,
1998). Thus cellular interaction between the mu and kappa
receptors does not seem very likely. Another possible mode of
interaction between opioid receptor types that has been
proposed is the involvement of endogenous opioid peptide
release (Scherrer et al., 2004). In the spinal dorsal horn,
multiple endogenous opioid peptides are expressed within
complex neural circuits and this raises the possibility of
interactions among opioid receptors and endogenous opioid
peptides. The release of an endogenous opioid peptide,
dynorphin, has been demonstrated after the spinal adminis-
tration of opioid peptides such as endomorphin and [DMT?]
DALDA (Ohsawa et al.,, 2001; Szeto et al.,, 2003). Thus, a
speculation may be that kappa receptor activation causes
downstream release of endogenous opioid peptides such as
endomorphin or enkaphalin that activate the mu receptor.
Although the lack of mu receptors themselves is most
certainly the predominant cause of the high dose requirement
to produce morphine analgesia in mu receptor knockout mice,
the lack of such possible interaction between the kappa and
mu receptors may also have contributed to some extent.
Prototypical peptidic delta agonists (DPDPE and deltorphin
II) have been utilized to demonstrate analgesic effects
produced by delta receptor activation. In the present study,
the analgesic effects of DPDPE observed in wild type mice were
abolished in mu receptor knockout mice. This indicated that
mu receptors are essential for DPDPE analgesia, which is in
accordance with previous reports (Sora et al., 1997a; Scherrer
etal., 2004). The results may appear to support the existence of
functional mu/delta interaction suggested by previous phar-
macological studies (Larson et al., 1980; Vaught et al., 1982;
Malmberg and Yaksh, 1992). However, a recent study by
Scherrer et al. (2004) showed that DPDPE and deltorphin II
given i.c.v. were fully analgesic against acute thermal pain in
mice lacking delta receptors, while being without effect in mu
receptor knockout mice. Furthermore, pure delta receptor
activation in the brain by these agonists utilizing mu and
kappa receptor combinatorial knockout mice caused very

small antinociceptive effects in the hot plate test and no effect
in the tail flick test (Scherrer et al., 2004). These findings
indicated that, in spite of high delta receptor selectivity in
vitro, these peptidic agonists possess very low in vivo delta
selectivity and that their analgesic effects were predominantly
produced by direct activation of mu receptors. Since the lack of
effect of DPDPE in mu receptor knockout mice in the present
study may also have been due to its very low in vivo
selectivity, we also examined the effects of SNC80, a selective
non-peptidic delta receptor agonist. SNC80 is a potent and full
agonistin the GTP gammas$ binding assay at the delta receptor
(Hosohata et al., 2000). Because of its non-polar nature, SNC80
is expected to have better diffusion properties in nervous
tissues as compared to polar peptidic delta agonists. Contrary
to our expectations, SNC80 produced no analgesia in wild type
mice even at a high dose of 45 pg. A dose three times higher
produced non-opioid mediated regional paralysis. Our find-
ings are in contrast to the report by Bilsky et al. (1995) who
showed that SNC80 produced dose-dependent antinociceptive
effects in acute thermal pain models after systemic, intrathe-
cal and intracerebroventricular administration in mice. On the
other hand, Gallantine and Meert (2005) showed that SNC80
administered systemically in rats produced no antinociceptive
effects in the tail flick test even at a high dose of 80 mg/kg,
while producing analgesic effects in inflammatory pain and
chemically-induced visceral pain at lower doses. SNC80 given
s.c. also produced potent anxiolytic effect mediated by the
delta receptor, suggesting that SNC80 was systemically active
(Saitoh et al., 2004). Furthermore, other selective non-peptidic
delta agonists have been shown to lack antinociceptive effects
in acute thermal pain models while significantly reducing
inflammatory pain and chemically-induced visceral pain
(Kamei et al., 1995; Petrillo et al., 2003). The lack of analgesic
effects of non-peptidic delta agonists in acute thermal pain
together with the lack of delta receptor mediation in the
analgesic effects of DPDPE and deltorphin II as shown in the
above studies may put forward a possibility that, although the
delta receptor has been thought to mediate thermal anti-
nociception in a degree similar to the mu receptor, in reality,
we were merely observing the effect of mu receptor activation
by the peptidic “delta agonists”. On the other hand, Zhu et al.
(1999) reported that the thermal antinociceptive effects of
DPDPE and deltorphin II given spinally were markedly reduced
in delta receptor knockout mice, indicating that the spinal
delta receptor is the major target of these agonists. Thus,
further studies are needed to demonstrate whether delta
receptor activation in the spinal cord does or does not produce
potent thermal antinociception. At any rate, the results of the
present study indicated that delta receptor activation at least
in mu receptor knockout mice does not produce thermal
antinociception whether the cause is minimal thermal anti-
nociception in wild type mice to begin with or the existence of
mu/delta interactions. This is in accordance with our finding
that, despite morphine’s affinity to both kappa and delta
receptors, its analgesic effects in mu receptor knockout mice
were mediated only by the kappa receptor and not by the delta
receptor.

In summary, we demonstrated that, in the spinal cord, the
thermal antinociception produced by morphine is mediated
by the mu receptor at normal analgesic doses, but is also
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mediated by the kappa receptor at higher doses. Lower
potency of U50,488H in mu receptor knockout mice as
compared to wild type mice may suggest interaction between
kappa and mu receptors at the spinal level. The finding that
the kappa receptor is a molecular target of morphine at higher
doses suggests that the kappa receptor may play a role in the
analgesia of high-dose morphine regimens used in cancer
pain treatment.

4. Experimental procedures

Experiments were conducted in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals (1996) and were approved by the Institutional Animal
Use Committee of Chiba University Graduate School of
Medicine.

4.1. Animals

Adult male mice were used in all experiments. Mu receptor
knockout mice were generated as described previously (Sora et
al.,, 1997b). Congenic mu opioid receptor knockout mice
backcrossed with C57BL/6 mice were used in the study (Hall
et al.,, 2003). Wild type C57BL/6] mice with the same genetic
background (CLEA Japan, Tokyo, Japan) were used as control.
All mice were housed in plastic cages in controlled laboratory
conditions with the temperature maintained at 23-25 °C and
light in 12 h cycles (on at 7:00 and off at 19:00). Mice had food
and water available ad libitum except during behavioral
testing.

4.2. Drugs

Morphine hydrochloride was purchased from Takeda Chem-
ical Industries, Osaka, Japan. U50,488H, DPDPE, naloxone
hydrochloride, nor-BNI dihydrochloride and naltrindole hy-
drochloride were purchased from Sigma Chemicals, St. Louis,
MO, U.S.A. SNC 80 was purchased from Tocris, Ellisville, MO,
U.S.A. DPDPE and U50,488H were dissolved in distilled water
and SNC80 was dissolved in 50% DMSO in distilled water
with pH adjusted to 4.5 by hydrochloric acid. Other drugs
were dissolved in saline. Vehicle was used as control for each
drug.

4.3. Drug administration

Intrathecal administrations were performed in unanesthe-
tized mice at the L5-L6 intervertebral space as follows. A
mouse was placed in a handmade mouse holder and was held
gently by its pelvic bone. Drug solution was administered into
the intrathecal space by a 30-gauge needle connected to a 10-
ul Hamilton syringe by polyethylene tubing. A flick of the tail
was used as an indication that the needle had penetrated the
dura mater (Hylden and Wilcox, 1980). All drugs were
administered intrathecally in a volume of 3-5 pl. In prelimi-
nary studies, we found that repeating direct intrathecal
injections to the same mouse resulted in unreliable effective-
ness of drugs. Thus, opioid receptor antagonists were admin-
istered concomitantly with morphine in the same drug

solution to avoid repeated intrathecal injections. The effect
of intrathecal naloxone has been reported to be present as
early as at 5 min post-administration and still present at
30 min post-administration (Yaksh and Rudy, 1977; Shi-
moyama et al.,, 1997). The peak effect of intrathecal nor-BNI
has been reported to be 15 min post-administration and
pretreatment times used were 15 to 25 min in previous studies
(Takemori et al., 1988; Nakazawa et al., 1991; Dawson-Basoa
and Gintzler, 1996). Intrathecal naltrindole has been reported
to be effective between 15 and 45 min post-administration
(Drower et al., 1991). Thus concomitant administration of the
antagonists with morphine can be justified since the peak
effect of intrathecal morphine was observed at 20 to 30 min
post-administration.

4.4. Behavioral testing

Testings were performed during the day portion of the
circadian cycle (07:00-19:00 h). The tail-flick test was used
to evaluate antinociceptive responses to thermal pain.
During testing, a mouse was loosely wrapped in a soft
towel and was held gently by the experimenter’s hand. The
tail flick response was elicited by applying radiant heat to the
dorsal surface of the tail. The intensity of the heat stimulus
was adjusted so that naive wild type mice flicked their tails
with latencies in a range of 3.0 + 0.5 s. Cut off latency was set
at 10 s to avoid tissue damage. Tail flick latencies were
measured twice with an interval of 30 s, and the mean of the
two latencies was used as the datum for each time point. Tail
flick latencies were measured prior to (baseline latency) and
every 10-15 min during a period up to 60 min after
intrathecal administration of each drug (response latency).
The experimenter was blinded to drug treatment throughout
the study. To construct a dose response curve, the percent-
age of analgesic responders in the group was calculated. An
analgesic responder was defined as one whose mean
response tail-flick latency was 1.5 or more times the baseline
latency value.

4.5. Statistical analysis

Comparisons between groups were performed using two-
way ANOVAs for repeated measures or Student’s t test
when appropriate. Data were expressed as means + SE. A P
values less than 0.05 was considered significant. The
quantal dose-response data were analyzed using the
BLISS-21 computer program. This program maximizes the
log-likelihood function to fit a parallel set of Gaussian
normal sigmoid curves to the dose-response data and
provides ED50 values and 95% confidence limits (Umans
and Inturrisi, 1981).
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Intracisternal A-particle element in the 3' noncoding region of
the mu-opioid receptor gene in CXBK mice: a new genetic
mechanism underlying differences in opioid sensitivity
Wenhua Han®", Shinya Kasai®, Harumi Hata®®, Takehiro Takahashi?,

Yukio Takamatsu®, Hideko Yamamoto®, George R. UhI°, Ichiro Sora®® and

Kazutaka lkeda?

Objectives CXBK mice, recombinant inbred mice derived
from C57BL/6By and BALB/cBy progenitors, display
reduced morphine-induced analgesia. Earlier we reported
that CXBK mice expressed a reduced amount of the major
transcript, MOR-1 mRNA, of the mu-opioid receptor gene.
The CXBK MOR-1 mRNA contains a normal coding region
and an abnormally long untranslated region.

Methods and results To identify the nucleotide-sequence
difference between the CXBK MOR-1 mRNA and that of the
progenitors, we first characterized the 3’ untranslated
region of the MOR-1 mRNA, which was largely unknown. A
3’ rapid amplification of cDNA ends-PCR analysis revealed
that the 3’ untranslated region of the C57BL/6By MOR-1
mRNA was 10181 nucleotides transcribed from an exon.
Next, we compared the MOR-1 genes in C57BL/6By, CXBK,
and BALB/cBy mice, and found a 5293 nucleotide insertion
only in CXBK mice. The inserted sequence was a variant of
the intracisternal A-particle elements that exist in the
mouse genome at approximately 1000 sites. Reverse
transcription-PCR analyses revealed that the intracisternal
A-particle element was transcribed as a part of the CXBK
MOR-1 mRNA. No other differences were found in the
MOR-1 mRNA between CXBK and BALB/cBy mice,
whereas 100 nucleotides differed between C57BL/6By
and CXBK mice aside from the intracisternal A-particle
insertion. Finally, CXBK mice displayed reduced

morphine responses compared with BALB/cBy mice.

Introduction

Opioids are the most powerful pain relievers used for
major surgeries and pain associated with cancer. However,
individual differences in opioid sensitivity limit the
effective pain treatment. Opioids exert their pharmaco-
logical actions through their specific receptors, desig-
nated mu-, delta-, and kappa-subtypes [1]. Studies on
mice lacking the mu-opioid receptor (MOR) demon-
strated that, among these three subtypes, MOR is a
mandatory component for opioid actions [2,3]. For
example, deletion of MOR eliminates the antinociceptive
effects of morphine; and heterozygous MOR knockout

“These authors contributed equally to this study.

1744-6872 (© 2006 Lippincott Williams & Wilkins

Conclusions Our data suggest that differences in the
MOR-1 3’ untranslated region appear to cause the CXBK
phenotype. This genetic mechanism underlying the CXBK
phenotype may provide good insight into the possible
genetic mechanisms underlying individual differences
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(KO) mice, which have 50% of the receptor density found
in wild-type mice, show lower but still significant
morphine analgesia [4,5]. These findings suggest that
the gene encoding MOR (OprmI) is the best candidate
gene contributing to the individual differences in
sensitivity to opioids [6].

The MOR ¢DNAs and genes of several species have been
cloned (reviewed in [7]). The mouse Oprml gene spans
over 250 kb and consists of multiple exons that combine
to yield several isoforms [8]. Among these isoforms,
MOR-1 mRNA with exon splice junctions at the
first intracellular loop (Arg”), the second extracellular
loop (GIy*"®), and the cytoplasmic C-terminal region
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(GIn®**/Leu?®) [9] is approximately 12kb in length and
the most abundant transcript [8,10,11]. In addition,
studies on rapid amplification of the cDNA 5-end
demonstrated two transcriptional initiation sites, —793
base pairs (bp) and —268bp from the translation start
site of the MOR-1 mRNA [12,13]. The 3’ untranslated
region (UTR) of the mouse MOR-1 mRNA is long, being
over 10 kb; however, the sequence of this 3UTR has not
been characterized.

To understand the genetic mechanisms underlying
human individual differences in opioid sensitivity, in-
vestigation of the mechanisms responsible for mouse
inter-strain differences in such sensitivity is one promis-
ing approach. The CXBK mouse strain, a recombinant
inbred strain derived from an F, intercross between
C57BL/6 (B6) and BALB/c (BALB) mice, has been
widely used as a MOR-deficient mouse strain for more
than 30 years (reviewed in [14]). The CXBK mice exhibit
reduced opioid binding [15] and reduced responses to
MOR agonists [16]. The CXBK mice also display a
phenotype similar to that of heterozygous MOR-KO mice
[16], and possess an abnormally long MOR-1 mRNA that
is expressed at lower levels than that of the progenitor
strains [11]. However, the genetic basis of the CXBK
phenotype remains to be elucidated.

In the present study, we determined the complete
3'UTR sequence of the mouse MOR-1 mRNA for the
first time, and identified genetic differences in this
mRNA between CXBK mice and their progenitors.

Materials and methods

Animals

C57BL/6By, CXBK, and BALB/cBy mice were purchased
from The Jackson Laboratory (Bar Harbor, Maine, USA).
C57BL/6] mice were purchased from CLEA Japan Inc.
(Tokyo, Japan). C57BL/6By, CXBK, and BALB/cBy mice
were used in the genetic experiments, and C57BL/6],
CXBK, and BALB/cBy mice were used in the behavioral
tests. The mice were housed five per cage in an
environment maintained at 22 * 2°C, with a relative
humidity of 55*5% and a 12h light/12h dark cycle
(lights on 8:00 a.m. to 8:00 p.m.). The mice had free
access to a standard laboratory diet and water ad /ibitum.
The experimental procedures were approved by the
Institutional Animal Care and Use Committee of Tokyo
Institute of Psychiatry.

Molecular cloning of the murine MOR-1 3'UTR

A bacterial artificial chromosome (BAC) library containing
129/Sv] mouse genomic DNAs (Incyte Genomics Inc.,
California, USA) was screened for Oprml genomic DNA
sequences. BAC clones containing Oprml genomic
sequences were isolated by hybridization with **P-labeled
Oprml gene fragments prepared from B6 mouse genomic

DNA by polymerase chain reaction (PCR) amplification
with the following primers: sense primer, 5'-
AACTGCTCCATTGCCCTAACTGGGT-3'; and anti-
sense  primer, 5-GGATTTTGCTCAGAATGGTGG-
CATG-3" (1434-2205bp, GenBank accession number
U19380). A QIAGEN Plasmid Purification Kit (QIAGEN
K.K., Tokyo, Japan) was used to purify the positive clone.
This BAC clone was sequenced with the aid of a series of
oligonucleotide primers designed according to the
initially reported exon 4 sequence of the Oprml gene
[10] and sequences analyzed in the present study.

3’ Rapid amplification of cDNA ends (RACE)-PCR
analysis

3’ RACE was conducted by using the components of a
3'-Full RACE Core Set (TaKaRa, Tokyo, Japan). The
poly(A) RNA, which was prepared from B6 mouse brain
by use of a Message RNA Isolation Kit (Stratagene, La
Jolla, California, USA), was reverse-transcribed with the
Oligo(dT)-Adaptor Primer included in the set. Two
rounds of PCR amplification were conducted by using
the Adaptor Primer (AP) along with mouse Oprml gene-
specific primers F1, 5-AAGTATTTCCCTGGGAACCT
GGGTATT-3 (outer) and F2, 5-CTGTGTGACTGGT
GATGTGCCAGAATCCAC-3' (inner), designed accord-
ing to the sequences of the BAC clone. The AP-primed
c¢DNAs were subjected to the first-round PCR amplifica-
tion with the AP and F1 primers under the following
conditions: 94°C for 5min; 35 cycles of 94°C for 1 min,
60°C for 1 min, and 74°C for 3 min; and 74°C for 7 min.
The PCR products were purified by using a QIAquick
PCR Purification Kit (QIAGEN K.K., Tokyo, Japan), and
then subjected to the second-round PCR amplification
(nested PCR). Nested PCR was conducted with the AP
and F2 primers under the same conditions. The products
from the second-round PCR amplification were cloned
into pCR2.1 plasmid vector (Invitrogen, Carlsbad,
California, USA) and sequenced.

PCR of genomic DNA

Genomic DNAs were prepared from mouse tail or liver,
and subjected to the PCR amplification by use of an
Expand Long Template PCR system (Roche, Mannheim,
Germany) with the primers described below. The
reaction mixture was prepared according to the instruc-
tions of the manufacturer. The PCR conditions were as
follows: 94°C for 2 min; 30 cycles of 94°C for 20, 60°C
for 30s, and 68°C for 8min + T's [T =0 (cycles, 1-10);
T = (cycle no. — 10) x 20 (cycles, 11-30)]; and 68°C for
7min. With reference to the sequences from the BAC
clone, the designed primers were the following: F3,
5'-AGAAGACAACCATCAATGTGTTCTCTGATG-3'; F4,
5-CTACCCAGCTGGTTCTTTCCATACAAGCTA-3; F5,
5-AACTCTTGGCGATCCTTCTGCCTCGGACTC-3;
R3, 5-CAAGTCATGCCTAAGTTGAATGAATGAGTC-
3; R4, 5-CTAGGCATACGTCATCTGGATTAATGT-
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CAT-3'; R7, 5-GTGATCTGTAGAGATCTGCCTGTT
TTCAGC-3'.

Sequence analysis

The PCR products were purified by using the QIAquick
PCR Purification Kit and then sequenced with a PRISM
3100 genetic analyzer (Applied Biosystems, Foster City,
California, USA). DNASTAR 5.0 software (DNAstar,
Madison, Wisconsin, USA) was used to analyze and
assemble nucleotide sequences.

Reverse transcriptase (RT)-PCR analysis

Poly(A) RNA was isolated from B6 and CXBK mouse
brains by using the Message RNA Isolation Kit. First-
strand cDNA was synthesized by using poly(A) RNA with
random hexamer or oligo(dT) primers and SurperScript 11
RNase H free reverse transcriptase (Invitrogen, Carlsbad,
California, USA). The PCR amplification was conducted
with the primers shown below and KOD Taq Polymerase
(TOYOBO, Osaka, Japan). The following thermal cycle
conditions recommended by the manufacturer were
adopted: 94°C for 5min; 35 cycles of 94°C for 1min,
60°C for 1 min, and 74°C for 3 min; and 74°C for 7 min.
With reference to the sequences of the BAC clone and
sequences obtained from mouse genomic DNA, the
following primers were designed: F6, 5-TTCAAGGA-
TATGAGAAAGACTGGAACTGAC-3'; F7, 5-AAGTAT
TTCCCTGGGAACCTGGGTATTCCT-3; F8, 5-TCAG
TGACTTTAGATTTTGTTTGT-3'; R6, 5-AGGGCCAA
CGAATTCATGTAAACAAATAAC-3'; R7, 5-GTGATCT
GTAGAGATCTGCCTGTTTTCAGC-3'; R8, 5-CTCG
CTGCCTAGATTTTACTGA-3'; TAPE 5-CACACTGG
GGATTTGACCTC-3; 1APR, 5-AGCCATTTCTCACT
TCCGTTCC-3'.

Behavioral tests

The analgesic (antinociceptive) effects of morphine were
examined by conducting tail-flick and hot-plate tests,
which were slightly modified versions of the original
methods developed by D’Amour and Smith [17] and
Woolfe and MacDonald [18], respectively, as previously
described [16]. The B6, CXBK, and BALB mice were
used in both experiments. Morphine hydrochloride
solution (10 mg/ml, Takeda Chemical Industries Ltd.,
Osaka, Japan) was diluted to 1 mg/ml with sterile saline
on every experimental day. Morphine was injected
intraperitoneally (i.p.) into the mice at 20 min intervals
with an ascending cumulative dosing regimen producing
total drug doses of 3, 10, 30, and 100 mg/kg. In the tail-
flick test, the mice were loosely wrapped in an adsorbent
towel and placed on the tail-flick apparatus (Model MK-
330A, Muromachi Kikai Co., Tokyo, Japan). A light beam
was focused on the tail, and the latency to vigorous tail
flicking in response to a heat stimulus was measured
within a 15 s cut-off time to minimize tissue damage. In
the hot-plate test, the animals were placed on a metal
plate maintained at 52 = 0.2°C, and the latency to
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hindpaw licking as a response to the heat stimulus was
measured within a 60 s cut-off time. The analgesic effects
were expressed as the percentage of the maximal possible
effect (%MPE), which was calculated as follows:
%MPE = 100% x {[(post drug latency)—(pre drug la-
tency)]/[(cut-off time)—(pre drug latency)]}.

Statistical analyses

The EDsy values were determined by constructing
cumulative dose-response curves for morphine antinoci-
ception in B6, CXBK, and BALB mice. A computer-
assisted probit and relative potency analyses were used to
calculate the EDs, values in each mouse strain. The
results of EDs( values were analyzed with unpaired s-test
to examine significant differences between mouse strains.
A two-way repeated measures analysis of variance
(ANOVA), followed by a Scheffé’s F post-hoc test and a
repeated-measures ANOVA was used to examine sig-
nificance of differences between groups in the behavioral
tests. P <0.05 was considered to be statistically sig-
nificant.

Results

To obtain genomic sequences corresponding to the 3'-
terminal region of the MOR-1 mRNA, we screened a
BAC library containing 129/Sv] mouse genomic DNAs
with the 5-end fragment (772 bp) of the mouse Oprml
exon 4 as a hybridization probe. Some BAC clones that
were strongly hybridized with the probe were obtained,
and one of these BAC clones was subjected to DNA
sequencing with the series of oligonucleotide primers. An
approximately 15-kb genomic sequence downstream from
the MOR-1 stop codon was deduced by sequencing
(GenBank accession number AB180894).

3’ RACE-PCR was conducted to identify the transcrip-
tional 3’-end of the mouse MOR-1 mRNA. In the first-
round PCR, multiple bands about 600 bp, 850 bp, and
1.2kbp in size were amplified from both B6 and CXBK
samples (Fig. 1a). All fragments were then subjected to
the second PCR amplification with the nested primer. A
single fragment, about 180bp in length, was amplified
from both samples (Fig. 1b). This PCR product was
sequenced, and a cleavage/polyadenylation site was found
at 10177 nucleotides downstream from the stop codon
(Fig. 1c¢). A polyadenylation signal sequence (AATAAA)
was also found 23 nucleotides upstream from the
cleavage/polyadenylation site. These results well agree
with the vast majority of eukaryotic polyadenylation
signal sequences, which contain the consensus sequence
AATAAA between 10 and 35 nucleotides upstream from
the actual cleavage/polyadenylation site [19]. Consider-
ing the 793 bases of the 5UTR [20] and the 1197 bases
of the entire coding region [9], the putative length of the
MOR-1 mRNA is 12167 bases, which is in accord with the
previous results obtained from Northern blot analysis
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[8,10,11]. According to this sequence, the 3'UTR of the
mouse MOR-1 mRNA was considered to be transcribed
from only exon 4 of the OprmlI gene (Fig. 1d).

Next, RT-PCR analyses were conducted to confirm the
results of the 3’ RACE-PCR analysis. The cDNAs were
synthesized from poly(A) RNAs of the B6 and CXBK
mouse brains, and subjected to PCR. The locations of the
primers are shown in Fig. 1(d). The F6 and R6 primer set,

located within exon 4 of the Oprml gene, amplified the
predicted-size DNA fragments (563 bp) from both B6
and CXBK mouse samples. In contrast, the PCR product
was not obtained by amplification with the cDNAs as the
template and the F7 and R7 primer set matching sites
located upstream and downstream from the cleavage/
polyadenylation site that we identified (Fig. 1¢), although
PCR fragments of approximately 800 bp were obtained
from both B6 and CXBK mouse genomic DNAs with the

Fig. 1

(a) 1st PCR (b)

d
M (@) Mouse Oprm1 gene

CX
' ATG TAA Fo F7 kb
Exon1¢ Exon2 3 4} > >
Exon4 l—
R6 R7
Mouse:l\/iOR-1 mliNA
[. 3 UTR AAA-+-+AAA
(c) (e)
-40 GCTAGAAAAT CTGGAAGCAG AAACTGCTCC ATTGCCCTAR F6_R6  F7-R7
1 B6 CX B6 CX
CTGGGTCCCA CGCCATCCAG ACCCTCGCTA AACTTAGAGG
41

CTGCCATCTA CTTGGAATCA =+ +evvesre crseneeens

< 563 bp
10021 +++e+esves sueevevess TATACACATA TATATGTAAA
10041 CTTTTGCACT GTGTGACTGG TGATGTGCCA GAATCCACAA
10081 ACATTTTGGG CTGTATTGGG ATTTCTTGCA TGCAGTGTGT
10121 GATTATAAAA TTATAATATA TTTATCATAA CTAATAAAGA
10161 AACCTACTTG TAAAGCAAAT ATAACTCATG TCTTCTTTAT
10201 TCTCGCATGA TAACTGCTCT GTTTGAATAG TCTCATGAGG

3’ RACE-PCR analysis of murine MOR-1 mRNA. (a) First-round PCR amplification in the 3’-RACE-PCR analysis. The cDNA samples obtained from
C57BL/6By (B6) and CXBK (CX) mouse brains were subjected to first-round PCR with the primer F1 and Adaptor Primer. The PCR products were
separated by electrophoresis along with 100-bp incremental ladder markers (M) in 1.0% agarose gels. (b) Second-round PCR with the nested
primer F2 and Adaptor Primer. A single fragment of approximately 200 bp was detected in both B6 and CX mice. (c) Genomic sequence
corresponding to the 3’-end region of the mouse MOR-1 mRNA. The sequence of the product from the second-round PCR amplification is
underlined. The TAA nucleotide sequence (-3 to —1) corresponds to the translation termination. The putative polyadenylation sequence is indicated
in bold type. The position of the cleavage/polyadenylation site is indicated by the arrow. (d) Schematic representation of the mouse Oprm1 gene and
its transcript. The coding regions and UTRs of the Oprm1 gene and MOR-1 mRNA are represented by closed and open boxes, respectively, and
thick lines indicate the introns. (e) RT-PCR analysis of the 3'UTR of the MOR-1 mRNA. The poly(A) RNA samples prepared from the B6 and CX
mouse brains were reverse-transcribed, and subjected to PCR with MOR-1 specific primers shown by the arrows in (d). The F6—R6 and F7-R7 sets
indicate amplifications with the F6 and R6 primers and the F7 and R7 primers, respectively. The predicted-size PCR fragment was amplified with the
F6-R6, but not with the F7—R7, primer set in both B6 and CX mice.
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same primer set (data not shown). These data support
the results of the 3 RACE-PCR analysis regarding the
cleavage/polyadenylation site of the mouse MOR-1
mRNA.

Messenger RNA degradation/stabilization is one of the
mechanisms that control gene expression [21]. Well-
characterized ¢s-acting elements that are the possible
binding sites for RNA-binding proteins and regulate
mRNA stability are AU-rich elements (AREs) found in
the 3'UTRs of mRNAs [22]. Typically these elements are
composed of a variable number of the AUUUA pentamer
and/or UUAUUUA(U/A) (U/A) nonamer. In the 3UTR of
the 129/Sv] mouse MOR-1 ¢cDNA, there are many of
these motifs (Table 1). Six AUUUA motifs and 1
UUAUUUAUU motif were found in the last 2.0kb of
the 3’UTR. This finding is in accordance with previous
results showing that AUUUA elements are densely
located in the 3'-terminal regions of 3'UTRs [23].
Furthermore, we used an Oprml region corresponding to
the MOR-1 3'UTR to search for other cis-acting elements
by using TRANSFAC version 6.0, the database of
transcription factors, and found a large number of
putative transcription factor-binding sites in the region
corresponding to the MOR-1 3UTR (data not shown).

The genomic DNAs prepared from B6, CXBK, and BALB
mice were analyzed by the Expand Long Template PCR
system using three primer sets (shown by arrows in Fig.
2(a)) covering the whole MOR-1 3’ noncoding region.
PCRs were carried out in duplicate wells independently
to avoid misreading the sequences. The F3 and R3 primer
set and F5 and R7 primer set amplified the predicted-size
DNA fragments (6.6 kb and 3.7 kb, respectively) from all
three mouse strain samples, whereas the F4 and R4
primer set amplified a longer DNA fragment (6.6 kb) only
in CXBK mice and predicted-size DNA fragment
(562 bp) in B6 and BALB mice (Fig. 2b). All fragments
were subjected to DNA sequencing, and the obtained
sequences were analyzed by DNASTAR software (The
GenBank accession numbers of complete MOR-1 3'UTR
sequences of B6, CXBK, and BALB mice are AB180895,
AB180892, and AB180893, respectively). The whole
length of the 3UTR sequence of the CXBK MOR-1
mRNA was 15503 nucleotides, which was 5322 and 5299
bases longer than that of the B6 and BALB MOR-1
mRNA, respectively. The extra DNA sequence of the
MOR-1 3UTR in CXBK mice corresponded to the

Table 1 The positions of putative core motifs of AU-rich elements
(AREs) in the 129/Sv) mouse MOR-1 3'UTR

Core motifs of AREs Positions in 3'UTR

AUUUA 600, 1038, 1487, 1698, 2081, 3945, 4177, 4360,
4508, 4847, 5694, 5979, 6345, 6386, 6819, 6877,
6932, 8341, 8493, 8613, 8779, 8879, 10140

UUAUUUA(U/A)(U/A) 4175, 8877
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nucleotides between 6667 and 11965bp downstream
from the stop codon. The sequence was composed of the
5293-bp insertion and 6-bp duplicate of the endogenous
gene sequence 5'-TATCCC-3' at the site of insertion
(indicated by the underline in Fig. 2(a)).

A BLAST search of the GenBank DNA sequences
identified the inserted 5293-bp sequence as an intracis-
ternal A-particle (IAP) transposon. This IAP element
inserted in the 3’ noncoding region of the CXBK Oprmi
gene (CXBK-IAP) belonged to the IA1 type of IAP
elements [24], which contains a diagnostic 4-kb HindIII
restriction fragment (Fig. 3a). The IA1 type is the most
abundant deleted-element type of IAP in the mouse
genome [25]. Sequence analysis revealed that the CXBK-
IAP contained long terminal repeats (LT'Rs) at both 5'-
and 3'-flanking regions and that these repeats on both
ends were identical. The LTRs of the CXBK-IAP were
400 bp in length and consisted of typical U3, R, and U5
regions bracketed by the characteristic 4-bp perfect
inverted repeats (5'-TGTT/AACA-3') (Fig. 3b). Previous
findings showed the length of the U3 and U5 regions in
the IAP LTRs to be conserved as 220+ 4bp and
55 = 2 bp, respectively [26]. In the case of the CXBK-
IAP, the L'TRs had a 215-bp U3 region that contained a
typical CAT box and a possible TATA box, and a 57-bp U5

region.

To know whether the transcript of the Oprml gene in
CXBK mice possesses the IAP element, we conducted
RT-PCR analysis on the CXBK mouse brain mRNAs with
the primers corresponding to the MOR-1 3’UTR (F8 and
R8 primers) and the CXBK-IAP region (IAPF and TAPR
primers) (Fig. 4a). As controls, RT-PCR analysis was also
conducted on the B6 mouse samples. Whereas both the
F8 and IAPR primer set and the IAPF and R8 primer set
amplified the predicted-size PCR fragments (811 bp and
845 bp, respectively) from the CXBK mouse sample,
neither of these primer sets yielded a PCR product from
the B6 mouse sample (Fig. 4b). These results indicate
that the CXBK-IAP element inserted in the 3’ noncoding
region of the Oprml gene was completely transcribed as a
part of the MOR-1 mRNA in CXBK mice. This finding is
in accord with earlier results obtained by Northern blot
analysis showing that the MOR-1 mRNA in CXBK mice
was longer than that in B6 mice [11].

The genomic sequence encompassing the whole MOR-1
mRNA was compared among B6, CXBK, and BALB mice
(Table 2). In the 5’ noncoding region, a single nucleotide
differed between B6 and CXBK mice, and no nucleotide
differed between CXBK and BALB mice. In the coding
region (1197bp), the nucleotide sequences were iden-
tical among all three strains. In the sequence of the
3’ noncoding region except for the CXBK-IAP insertion
and the 6-bp endogenous gene duplication (10181 bp),
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Fig. 2
(a) Exon 4
F3 F4 F5
—> > > kb
% <« < <

R3, R4 R7

5" TCTCATTCTG TATCCCAGGGT TGTTTTAACA 3’

- TATCCC

5293 nt

(b) Primers: F3—-R3

F4-R4 F5-R7

M B6 CX BA

B6 CX BA B6 CX BA

A M

Increased length of the 3’ noncoding region of the CXBK Oprm1 gene. (a) Structure of exon 4 of the Oprm1 gene in CXBK mice. The coding and 3’
noncoding region of exon 4 of the mouse Oprm1 gene are represented by a closed and open box, respectively. Arrows indicate the positions and
directions of the primers used in the PCR analysis. The 5293-bp insertion in the 3’ noncoding region of the Oprm1 gene is represented by the
striped box. The underlined 6-bp sequences (TATCCC) are the duplicated endogenous sequences at the divergent site. (b) PCR analysis of genomic
DNA. Genomic DNA samples of B6, CXBK (CX), and BALB (BA) mice were subjected to PCR with the 3 pairs of primers shown by arrows in (a),
and the products were electrophoresed on a 1% agarose gel along with 1 kb incremental DNA markers (M). Amplifications with both the F3 and R3
primer set and the F5 and R7 primer set gave the same results among B6, CX, and BA mice. However, in amplification with the F4 and R4 primer set,
a long product was detected only in CXBK mice, whereas the products in B6 and BA mice were short.

99 nucleotides differed between B6 and CXBK mice,
whereas the nucleotide sequences were identical be-
tween CXBK and BALB mice. These results suggest that
the Oprml gene in CXBK mice was derived from BALB
mice and that the CXBK-IAP was inserted in the Oprml
gene during the establishment of the CXBK mouse strain.

Since nucleotide sequences of the Oprml exons were
identical between the CXBK and BALB mice except
for the insertion of the CXBK-IAP element in the
3’ noncoding region, comparison of the morphine analgesic
effect in CXBK mice with that in BALB mice could help
to determine the contribution of the CXBK-TAP element
to the CXBK phenotype. Additionally, comparison of
morphine analgesic effect in B6 mice with that in BALB
mice could provide the contribution of 100 nucleotides
differences between B6 and BALB mice in the analgesic
effect of morphine. The analgesic effects of morphine in

B6, CXBK, and BALB mice were examined by the tail-
flick and hot-plate tests. The two-way repeated measures
ANOVA revealed significant effects of morphine
(F416=129.57, P<0.001; Fy16=119.16, P <0.001),
mouse strain (/14 =16.89, P=0.001; F,,=18.19,
P <0.001), and a significant interaction between mor-
phine concentration and mouse strain (Fgeq =4.03,
P =0.006; Fge4=06.63, P<0.001) in both the tail-flick
(Fig. 5a) and hot-plate (Fig. 5b) tests, respectively. All
three mouse strains displayed antinociception by admin-
istration of morphine in both tail-flick test {F4 39 = 86.36,
P<0.001 (B6); Fuz=19.63, P<0.001 (CXBK);
Fy30=>51.25, P<0.001 (BALB)} and hot-plate test
{F430=105.87, P<0.001 (B6); Fy,0=17.60, P <0.001
(CXBK); Fy30=234.48, P<0.001 (BALB)} (repecated-
measures ANOVA). However, the analgesic effect of
morphine was smaller in CXBK mice than in B6 and BALB
mice. The differences in the morphine analgesia between
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Fig. 3

(a)

Pstl Hindlll EcoRI Xbal Pstl BamHIl  Xbal BamHI Hindlll Pstl  Hindlll
T f R
5" LTR 3’ LTR

| ' | ' | ' | ' | ' |
0 1.0 2.0 3.0 4.0 5.0 (kb)

TGTTGGGAGC CGCCCCCACA TTCGCCGTTA CAAGATGGCG
41 CTGACATCCT GTGTTCTAAG TGGTAAACAA ATAATCTGCG

81 CATGTGCCAA GGGTATCTTA TGACTACTTG TGCTCTGCCT

us

121  TCCCCGTGAC GTCAACTCGG

161 AGGGAGTGAC ACGTCCGAGG

* 3 % % % (1)

_CCGATGGGCT GCAGCCAATC
* % % %k k% (2)

CGAAGGAGAA TGCTCCTTAA

201 GAGGGACGGG GTTTUGTTCT

CTCTCTCTCT TGCTTCGCTC]

241 [TCTTGCTTTT CTCTCTCTCT TGCTTCTCGC TCTCTCTCTT|

R

281 |GCTTCTTGCT CTCTTGCTTC TTGCACTCTG TTCCTGAAGA|

* kK k% *(3)

* % (4)

uUs
321 |[TGTAAGAATA AAGCTTTGCC GCAGAAGATT CTGGTCTGTG

361 GTGTTCTTCC TGGCCGGTCG TGAGAACGCG TCTAATAACA

Characteristic features of the CXBK-IAP element. (a) Structure and restriction map of the CXBK-IAP element. The IAP internal region is represented
by the open box, and the LTRs of the CXBK-IAP element are indicated by closed boxes. Locations of restriction sites are shown by vertical lines. (b)
Complete sequence of the LTR in the CXBK-IAP element. The total size of the CXBK-IAP is 391 bp. The LTR of the CXBK-IAP consists of three sub-
domains: U3 (215 bp, underlined with arrow), R (128 bp, open box) and U5 (57 bp, underlined with arrow). The 4-bp terminal inverted repeats
(5'-TGTT/AACA-3) are indicated in bold type. Typical regulatory elements are shown by asterisks: 1, CCAAT box; 2, TATA box; 3, AATAAA

polyadenylation signal; 4, CA cleavage/polyadenylation site.

BALB and CXBK mice were significant at the 10 mg/kg
and 30 mg/kg doses of morphine in the tail-flick test
(P<0.001 and P <0.05, respectively; Scheffé’s post-hoc
test) and at the 3 mg/kg and 10 mg/kg doses of morphine
in the hot-plate test (P <0.01 and P <0.001, respec-
tively; Scheffé’s posr-hoc test). There were approximately
three to five-fold rightward shifts in the dose-response
curves for morphine antinociception in CXBK mice
compared with B6 and BALB mice, yielding significantly
greater morphine EDsq values for CXBK mice than for B6
mice (Z4,, = 3.34, P < 0.05; 7497 = 2.96, P < 0.05; Welch’s
r~test) and for BALB mice (74,4=3.75, P<0.05;
f419=3.11, P <0.05; Welch’s 7-test) in the tail-flick and
hot-plate tests, respectively (Table 3). The relative
potencies of morphine for B6 or CXBK mice based on
BALB mice (BALB ED5y/B6 or CXBK EDsj) were 0.67 or
0.17 in the tail-flick test, respectively. The EDs value for
B6 mice was 1.5-fold greater than that for BALB mice in

the tail-flick test, but this difference was not significant
(11 = 1.80, P =0.099; Student’s 7-test).

Discussion

In the present study, we characterized the complete
3'UTR of the mouse MOR-1 mRNA for the first time.
The present results, together with the previous findings
on the 5YUTR and exon-intron junctions, revealed the
exon—intron structure of the Oprml gene. As the
transcript from the mouse Oprml! gene over 10kb in size
is MOR-1 mRNA only [8], this especially long 3'UTR is
considered to be specific to the MOR-1 isoform. These
findings in the mouse Oprm! gene are consistent with our
recent findings in the human OPRMI gene [27].
Considering the fact that some elements in the 3'UTR
can regulate the rate of translation and degradation of
mRNAs through 3UTR sequence-binding proteins
[28,29], it is reasonable to predict that the long 3'UTR
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Fig. 4 Fig. 5
F8 IAPE 1kb (a) 100 - Tail-flick test
(a) —-> —-> 86
%
1 I - B - oxex
_ 80 A
- - —O— BALB
IAPR R8
) w60+
(b) Primers:  F8-IAPR IAPF-R8 o
M B6 CX B6 CX i
40
20
0 : ——m
0 3 10 30 100
[Morphine] (mg/kg, i.p.)
(b) Hot-plate test
100 1 —@—B6
|{—l- CXBK
Characterization of MOR-1/CXBK-IAP fusion transcript in CXBK mice. —O— BALB
(a) Schematic representation of the MOR-1/CXBK-IAP fusion transcript 80 1
in CXBK mice. The coding region and the UTRs are represented by
closed and open boxes, respectively. The CXBK-IAP insertion is
indicated by the striped box. Arrows indicate the positions and
directions of the primers used in the RT-PCR analysis. (b) RT-PCR w 60 -
analysis with the primers located in the region of the CXBK-IAP insert. o
The cDNAs prepared from the B6 and CXBK mouse brains were =
amplified with two primer sets, F8 and IAPR primers, and IAPF and R8 8
primers. The PCR products were electrophoresed on an agarose gel 40 1
along with 100-bp incremental ladder markers (M). The PCR fragments
were detected only in CXBK mice with both primer sets.
20 -

Table 2 Number of nucleotide differences in the 4 Oprm1 exons
among B6, CXBK and BALB mice

Regions of the mouse Oprm17 gene

5’-noncoding CDS 3’-noncoding
B6/BA 1 0 99
B6/CX (IAP(-)) 1 0 99
CX (IAP(-))/BA 0 0 0

Nucleotide sequences of the Oprm1 gene were compared among B6, CXBK
(CX) and BALB (BA) mice. 5’ noncoding, CDS and 3’ noncoding refer to the
5’ noncoding region, the coding region, and the 3’ noncoding region except for
the IAP element, respectively.

of the MOR-1 mRNA may participate in regulating the
gene expression and thus affect opioid sensitivity.
Actually, it has already been demonstrated that the
especially long 3UTR of the MOR-1 mRNA may contain
physiologically relevant elements for regulating the
receptor expression [27,30]. Therefore, the present
findings including identification of the AUUUA motifs
and transcription factor-binding sites, which may act as
cs-acting elements, might lead to the discovery of
functional elements in the MOR-1 3’UTR.

0 3 10 30 100
[Morphine] (mg/kg, i.p.)

Reduced analgesic effects of morphine in CXBK mice. (a) Dose-
dependent antinociceptive effects of morphine in B6, CXBK, and BALB
mice in the tail-flick test. (b) Dose-dependent antinociceptive effects of
morphine in B6, CXBK, and BALB mice in the hot-plate test. Each point
represents the mean+ SEM (n=5-7). The antinociceptive effect of
morphine on B6, CXBK, and BALB mice was significant in both tests.
However, the effect was significantly smaller in the CXBK mice than in
their progenitor strains, B6 and BALB mice, in both tail-flick and hot-
plate tests. Asterisks indicate statistically significant difference from the
corresponding value for BALB mice (*P<0.05, “P<0.01,
“P<0.001, Scheffé's post-hoc test).

CXBK mice showed reduced MOR-1 mRNA levels
compared with B6 and BALB mice, and the CXBK
MOR-1 mRNA possessed a coding region identical to that
in the MOR-1 mRNA of the progenitor mice [11]. The
UTR regions of genes are well known to influence their
expression via regulating their transcription, mRNA
stability and translation. In the case of the Oprml gene,
the consensus sequences of some transcription factor
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Table 3 Analgesic effects of i.p. morphine in B6, CXBK, and BALB
strain mice in the tail-flick and hot-plate tests

EDso(mg/kg)
Tail-flick test Hot-plate test
B6 5.87+0.82 3.76 £0.37
CXBK 22.60+4.94* 15.09+3.81*
BALB 3.95+0.64 3.06+0.59

Each EDso value was determined as mean+SEM by constructing cumulative
dose-response curves and computer-assisted probit analysis in each mouse
strain and test. Asterisks indicate statistically significant differences from the
corresponding values of B6 and BALB mice (P<0.05; Welch's t-tests).

binding sites are also located at the SUTR promoter/
enhancer regions [9]. The nucleotide at —202 upstream
from the start codon in the Oprml gene is different
between B6 and CXBK mice. The nucleotide is next to a
transcription factor Spl-binding site. Lee ez 4/ reported
that the nucleotide difference affects the Spl binding
and MOR-1 transcription levels [31]. However, in the
present study, we found that CXBK and BALB mice had
the same MOR-1 mRNA sequence except for the AP
insertion into the 3’ noncoding region and that CXBK
mice showed remarkably reduced morphine analgesia
compared with BALB mice. Furthermore, we found 100
nucleotide differences in the 5" and 3’ noncoding regions
of Oprml gene between B6 and BALB mice, but the
morphine-induced analgesia in B6 mice was not signifi-
cantly different from that in BALB mice. Our results were
consistent with the previous report showing that the
EDso value in the CXBK mice (more than 10pg) for
intracerebroventricular morphine in the tail-flick test was
20 to 30 times greater than those in B6 (0.5ug) and
BALB mice (0.6 pg), whereas the EDsq values for
morphine and DAGO, another highly selective MOR
agonist, did not significantly differ among B6 and BALB
mice [32]. Considering the slight difference in morphine
analgesic effects between B6 and BALLB mice, we propose
that the insertion of the CXBK-IAP element into the 3’
noncoding region of the Oprm1 gene is mainly responsible
for the reduced MOR-1 mRNA level and attenuated
sensitivity to morphine in CXBK mice.

IAPs are retrovirus-like elements present in approxi-
mately 1000 copies per haploid genome in Mus musculus
[33]. IAPs insert into the murine genome and sometimes
change their genomic position. Consequently, the trans-
posed IAP element affects the expression of the nearby
gene by acting as a regulatory element for the gene or by
initiating transcription of the adjacent gene from the
IAP’s L'TRs [24]. There are some examples that an IAP
insertion into the 3’ noncoding region of cytokine genes
as well as oncogenes resulted in autocrine transformation
[34,35], either by adding a transcriptional enhancer or by
displacing the AUUUA motifs, which destabilize mRNAs.
On the other hand, in the present study, the insertion of
an IAP sequence within the 3’ noncoding region of the
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Oprml gene appears to reduce the gene expression in
CXBK mice. Thus, the added transcriptional enhancer or
the disruption of the AUUUA motifs could not be the
reason for the reduced MOR-1 transcript. One possible
explanation for this decrease in MOR-1 mRNA expres-
sion is that the increase in the length of the 3UTR by
IAP insertion causes mRINA instability. Studies on the
human alpha-globin gene have suggested that an increase
in the length of the 3UTR disrupted stability of the
pre-mRNA and strongly influenced the level of the
alpha-globin mRNA [36]. In CXBK mice, the long
nucleotide insertion, irrespective of its sequence, might
disrupt the stability of the MOR-1 mRNA. Another
possibility is that the IAP insertion may separate the
transcription factor elements in the 3'UTR, reduce the
enhancing effects of these elements, and decrease
MOR-1 mRNA expression.

Studies on various inbred strains of mice revealed
significant strain differences in analgesic sensitivity to
morphine [37-39]. Among a variety of mouse inbred
strains, CXBK mice show a marked reduction in
morphine-induced analgesia [14]. Thus, we anticipated
that genetic differences in CXBK mice may be examples
of genetic mechanisms underlying a wide range of opioid
sensitivity. The present findings together with the
previous findings in CXBK mice provide evidence for
the involvement of the MOR-1 3’UTR in the regulation
of MOR-1 expression, although further studies are
necessary to elucidate whether the impairments of other
factors are involved in the reduced morphine analgesia in
CXBK mice, since it was not defined that the IAP
insertion into the Oprml gene was the only and direct
cause in the low expression levels of MOR-1 mRNA and
reduced morphine analgesia in CXBK mice. It is reason-
able to consider that the human MOR-1 3'UTR also plays
a crucial role in regulating MOR-1 expression and may be
involved in individual differences in opioid sensitivity in
humans. Actually, a large number of polymorphisms have
been identified in the human OPRM]1 gene including the
region corresponding to the 3'UTR [6,40]. Over 50
polymorphisms are localized especially in the 3'UTR of
human OPRM1 gene. If even one of the polymorphisms is
located in the consensus sequences of regulatory protein
binding sites such as AREs, the polymorphism may affect
MOR-1 mRNA expression by causing a change in the
binding of regulatory proteins to the mRNA or genomic
DNA, and thus account for the individual differences in
opioid sensitivity. Identifying the functional polymorph-
isms in the MOR-1 3'UTR may help to improve pain
management for the individual patients.
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Opioids have been suggested to affect feeding behaviour. To clarify
the role of p-opioid receptors in feeding, we measured several
parameters relating to food intake in p-opioid receptor knockout
mice. Here, we show that the knockout mice had increased body
weight in adulthood, although the intake amount of standard food
was similar between the wild-type and knockout littermates. Ser-
um markers for energy homeostasis were not significantly altered

Keywords: body weight, food intake, knockout, j1-opioid receptor, neuropeptideY

in the knockout mice. Hypothalamic neuropeptide Y mRNA, how-
ever, was higher in knockouts than in wild-type mice. Our results
suggest that the up-regulated expression of neuropeptideYmRNA
might contribute to the increased weights of adult p-opioid recep-
tor knockout mice. NeuroReport 17:941-944 © 2006 Lippincott
Williams & Wilkins.

Introduction

Increased body weight arises from imbalances between
energy consumption and energy expenditure. Previous
studies have revealed that several genetic factors contribute
to weight gain. For example, mice lacking the ob gene that
encodes leptin display profound hyperphagia and obesity
[1]. Interestingly, the hyperphagia and obesity found in the
leptin knockouts can be attenuated by adding knockouts
of the neuropeptide Y (NPY) gene [2], which has been
implicated in feeding behaviour through a number of lines
of evidence [3].

Opioids can also play roles in regulating feeding
behaviour and body weight [4]. Opioid antagonists decrease
food intake and body weight [5,6], whereas opioid agonists
increase them [7,8]. Further, these actions appear to occur
only by central administration, as peripheral injection of
opioid antagonists fails to suppress food intake [9]. The
opioid peptides, including B-endorphin, enkephalins, and
dynorphins, and the opioid receptors, p, §, and «, are thus
candidates to play roles in feeding and weight regulation.

Mu-opioid receptors (MOPs) are widely distributed in the
central nervous system, and participate in modulating pain
[10,11], addiction [12], and emotional responses [13]. MOP
knockout (KO) mice [14,15] are viable and lack obvious
impairments that would invalidate studies of food intake

and weight gains. We now report assessments of parameters
relating to food intake in MOP KO mice and their wild-type
littermates, and observations that body weight and hypo-
thalamic NPY mRNA are both increased in these KO mice.

Materials and methods

Animals

MOP KO mice and their wild-type littermates were
produced by heterozygote-heterozygote mating of MOP
KO mice with C57BL/6] genetic background, as previously
described [16,17]. The mice were housed five per cage in an
environment maintained at 22+2°C, a relative humidity of
55+5%, and with a 12-h light/12-h dark cycle (lights on
08:00-20:00h) for a year. The mice had free access to a
standard laboratory diet (CA-1; CLEA Japan Inc., Tokyo,
Japan) ad libitum and water unless otherwise mentioned. All
the experiments were approved by the Institutional Animal
Care and Use Committee of Tokyo Institute of Psychiatry.

Body weight and food intake measurement

Body weight was measured once a week for a year. The data
were analysed by a two-way mixed design analysis of
variance (ANOVA) followed by post-hoc comparisons with
the Scheffé test. For food intake measurement, 10- to 12-
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week-old mice were housed individually for 4 days before
the start of the experiment. The consumption of standard
laboratory diet ad libitum and water was then measured for
5 consecutive days. The data were analysed by a Student’s
t-test.

Serum chemistry and hormone measurements

Mice were anaesthetized by an intraperitoneal pentobarbital
sodium injection (50 mg/kg). Blood samples were collected
through a carotid artery. Serum chemistry and hormone
measurements were carried out by Ani Lytics (Gaithersburg,
Maryland, USA). Beta-endonorphin was measured by using
the Beta-endonorphin Assay Kit (Bachem Peninsula
Laboratories Inc., Belmont, California, USA). The data were
analysed by a Student’s t-test.

Glucose tolerance test

Mice were fasted for at least 8h and then given glucose
(2 g/kg) by an intraperitoneal injection. Blood glucose levels
in blood samples taken from a tail vein were measured
using glucose strips (Miles Laboratories, Elkhart, Indiana,
USA). The data were analysed by a two-way mixed-design
ANOVA.

In-situ hybridization

Mice were anaesthetized with diethyl ether vapour, and the
entire brain of each animal was rapidly excised and frozen
between 24:00 and 11:30h. Cryostat sections, 6 pum in
thickness, were prepared from the frozen whole brains.
NPY mRNA was detected by using a *°S-labelled oligo-
nucleotide probe. The sequence of the oligonucleotide was
as follows: 5'-ctctgetggegegtectegeecggattgtecggettggaggge-
ta-3'. Pre-hybridization and hybridization were conducted
as previously described [18].

Results

We measured the body weights of male wild-type and MOP
KO mice every week for 1 year (n=20 for wild-type mice;
n=20 for MOP KO mice; Fig. 1). A significant interaction
was observed between effects of genotype and week
[F(46,1584)=1.834; P=0.0006; two-way mixed-design ANO-
VAL]. Post-hoc comparisons revealed that the body weights
of the MOP KO mice were significantly greater than those of
their wild-type littermates after 16 weeks of age. A similar
difference in body weight between wild-type and MOP KO
mice was also observed in female mice (data not shown).

To examine whether the increased body weight in adult
MOP KO mice was caused by altered feeding behaviours,
we tested intake of standard food pellets and water over a
5-day period. We used 14-week-old male mice (n=13 for
wild-type mice; n=14 for MOP KO mice). No significant
differences in food and water intake were noted between the
two groups [f(12)=1.154, P=0.27 for food intake and
t(12)=1.003, P=0.34 for water intake; Student’s t-test; data
not shown].

We also examined the levels of serum hormones and
metabolites that can be related to total body fat and energy
homeostasis: leptin, insulin, triiodothyronine, thyroxine,
insulin-like growth factor 1, corticosterone, triglycerides,
cholesterol, total protein, albumin, glucose, and B-endonor-
phin (n=6 for wild-type mice; n=6 for MOP KO mice;
Table 1). No significant differences in the concentrations
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Fig. | One-year changes in body weight of ji-opioid receptor knockout
(MOP KO) mice and their littermates. Growth curves for male wild-type
(WT) mice and MOP KO (KO) mice (1=20 for wild-type mice and n=20
for MOP KO mice) are shown. The MOP KO mice displayed a significantly
increased body weight compared with their littermates from postnatal
week 16 to postnatal week 50. Data are means + SEM.

Table | Serum hormone and metabolite levels in wild-type and MOP KO
mice

Wild-type mice MOP KO mice
Leptin (ng/ml) 2.22+0.55 374+ 1.22
Insulin (ng/ml) 0.63+0.07 0.63+0.16
Triiodothyronine (T3) (ng/l) 813+32.6 824182
Thyroxine (T4) (ng/l) 257+26 255+ 1.8
IGF-1 (ng/ml) 368.8+5.7 3595+ 12.1
Corticosterone (mg/ml) 118.2+ 16.8 1357+ 133
Triglycerides (ng/l) 868.3+ 137 1141.7 + 186
Cholesterol (mg/l) 655+ 377 670+48.1
Total protein (g/l) 45.2+ 1.7 475+06
Albumin (g/l) 3L.3+15 338404
Glucose (mg/l) 1825 +74 2043 + 135
Beta-endorphin (pg/ml) 108.8+24.3 114.3+25.1

Blood was collected from 18- to 22-week-old mice (1=6). All values are
means + SEM. No significant difference was detected between wild-type
and MOP KO mice (P>0.05). MOP, p-opioid receptor; KO, knockout;
IGF-1, insulin-like growth factor I.

of any of these serum hormones or metabolites were found
in comparisons between wild-type and MOP KO mice
(P>0.05; Student’s t-test). We also measured blood glucose
concentrations following glucose injections (n=10 for wild-
type mice; n=10 for MOP KO mice; Fig. 2). No significant
interactions were observed between the effects of genotype
and time after the glucose injections [F(5,108)=0.236;
P=0.94; two-way mixed-design ANOVA]. MOP KO mice
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Fig.2 Glucose tolerance test for wild-type (WT) and p-opioid receptor
knockout (MOP KO) (KO) mice (n=I0 for wild-type mice and n=I0
for MOP KO mice). No significant difference was detected between the
genotypes. Data are means + SEM.

Fig. 3 Increased neuropeptideY (NPY) mRNA expression in the hypo-
thalamus of 1-opioid receptor knockout (MOP KO) mice. The level of NPY
mRNA in the hypothalamus of wild-type (WT) and MOP KO (KO) mice
was analysed by in-situ hybridization histochemistry. Scale bar=600 um.

thus handled a glucose tolerance test as efficiently as the
wild-type mice.

NPY, especially the NPY expressed in the hypothalamus,
has been implicated in regulating food intake [3]. Thus, we
examined the hypothalamic expression of NPY by in-situ
hybridization histochemistry in KO mice (n=3) and wild-
type mice (n=4). In the arcuate nucleus of the hypothala-
mus, a region known to play a role in the regulation of
energy homeostasis [19], the expression of NPY mRNA was
higher in MOP KO mice than in wild-type mice (Fig. 3). By
using a DNA array, we found that the amount of NPY
mRNA expressed in the whole brains of MOP KO mice was
2.2 times higher than that in the brains of wild-type animals.

Discussion

Pharmacological studies have suggested that MOP antago-
nists decrease appetite and body weight and that agonists
increase them [5,7]. In the present study, we found that mice
that lack the MOP gene display increased body weight

compared with their wild-type littermates. The life-long
disruption of MOP in these animals may thus engage
compensatory mechanisms that could lead to the increased
weight found in these animals. As we identified up-
regulation of NPY mRNA in the arcuate nucleus of these
KO mice and as several studies have implicated hypotha-
lamic NPY in the regulation of food intake and body weight
[20-23], we conclude that over-expression of NPY appears
likely to represent one of the compensatory mechanisms
that are likely to contribute to the increased weights of MOP
KO mice.

Previously published data [24] suggest that an antagonist
of MOP reduces NPY-induced feeding. This is in accordance
with our data. In our study, although no significant
difference was detected in daily food intake between the
wild-type and MOP KO mice, we cannot exclude the
possibility that feeding behaviours in MOP KO mice were
changed and that such changes were related to the increased
weight of the KO mice. During adulthood, the average body
weights of MOP KO mice were higher than those of wild-
type mice only by approximately 2g (5%). The increased
intake necessary to lead to this increased weight could well
have been too small to be detected by our present
approaches. Alternatively, a modest decline in the calories
expended by these mice could also contribute to the
observed results. While gross locomotor activity levels and
the expression levels of other opioid receptors do not differ
between wild-type and KO mice [25], it is again possible
that more subtle differences in energy expenditures could
have escaped detection by the methods used to characterize
these KO animals in previous studies.

The present results suggest that long-term blockade of
MOP may lead to over-expression of NPY and increased
body weight. These observations open the possibility that
chronic use of MOP antagonists might exacerbate obesity.
Further long-term investigations on the antagonist effects of
MOP on food intake are needed to evaluate better the risk of
MOP antagonists as potential anti-obesity medications.

Conclusion

MOP KO mice displayed increased body weight and NPY
mRNA expression in their adulthood compared with their
wild-type littermates. The increased mRNA levels of NPY in
the hypothalamus in MOP KO mice might have contributed
to this increase in body weight.
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Abstract

Tramadol is thought to induce analgesia via both opioid and non-opioid pathways, although the precise mechanisms remain to be elucidated.
In this study, we investigated the roles of the p-opioid receptor (MOP) in analgesic and rewarding effects of tramadol by using MOP knockout
(KO) mice. Tramadol-induced antinociception, assessed by hot-plate and tail-flick tests, was significantly reduced in heterozygous and homo-
zygous MOP-KO mice when compared with that in wild-type mice. Interestingly, however, tramadol retained its ability to induce significant
antinociception in homozygous MOP-KO mice. The tramadol-induced antinociception remaining in homozygous MOP-KO mice was not sig-
nificantly affected by methysergide, a serotonin receptor antagonist, but was partially blocked by yohimbine, an adrenaline o2 receptor antag-
onist, and both naloxone, a non-selective opioid receptor antagonist, and yohimbine. In addition, antinociceptive effects of an active tramadol
metabolite M1 were abolished or remarkably reduced in MOP-KO mice. On the other hand, neither wild-type nor homozygous MOP-KO mice
showed significant place preference for tramadol in a conditioned place preference test, although there were slight tendencies toward preference
in wild-type mice and avoidance in homozygous MOP-KO mice. These results strongly support the idea suggested in the previous pharmaco-
logical studies that MOP and the adrenaline o2 receptor mediate most of the analgesic properties of tramadol.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Opioid receptor; Knockout mice; Tramadol; Antinociception; Reward; Adrenaline

1. Introduction

Tramadol (1RS, 2RS)-2-[(dimethylamino)-methyl]-1-(3-
methoxyphenyl)-cyclohexanol), a racemic mixture of 2 enan-
tiomers, is one of the widely used weak opioid analgesics for
step 2 pain management in WHO’s pain ladder. (+)-Tramadol
binds to p-opioid receptors (MOPs) with low affinity and d- or
K-opioid receptors with lower affinity (Hennies et al., 1988;
Lee et al., 1993). Tramadol is mainly metabolized by O-

* Corresponding author. Tel.: +81 3 3304 5701; fax: +81 3 3329 8035.
E-mail address: ikedak @prit.go.jp (K. Ikeda).

0028-3908/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropharm.2006.05.008

demethylation (catalyzed by cytochrome P450 (CYP) 2D6 in
human), and (4)-O-desmethyltramadol (M1) also binds to
MOPs with relatively high affinity (Paar et al., 1997; Raffa
et al., 1993). Furthermore, it has been also reported that (+)-
tramadol inhibits neuronal reuptake of serotonin and (—)-tra-
madol inhibits neuronal reuptake of noradrenaline (Driessen
and Reimann, 1992; Driessen et al., 1993; Raffa et al., 1992).
Although the analgesic effects of tramadol are thought to result
from the sum of these effects (Raffa et al., 1992), the detailed
mechanisms have still not been completely clarified. Since both
tramadol and its metabolites have analgesic properties, it is dif-
ficult to reveal the antinociceptive mechanisms of tramadol by
conducting in vitro experiments only.
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The rewarding effects of tramadol also remain to be eluci-
dated. Some reports (Sprague et al., 2002; Yanagita, 1978) but
not others (Miranda and Pinardi, 1998; Murano et al., 1978;
Tzschentke et al., 2002) showed that tramadol has abuse po-
tential. On the other hand, tramadol has also been shown to
be a possible good agent for detoxification in cases of drug
abuse (Tamaskar et al., 2003). Whether the drug has its own
abuse potential or not is very important for its usage in the
treatment of pain and drug abuse. Because the most selective
ligands for a specific target possess little but significant affinity
for others, the precise molecular mechanisms underlying the
rewarding effects of tramadol have not been clearly delineated
by traditional pharmacological studies.

Recent success in developing mice lacking the MOP gene
has made it possible to reveal molecular mechanisms underly-
ing opioid effects (Loh et al., 1998; Matthes et al., 1996; Sora
et al., 1997b, 2001). Analgesic and rewarding effects of mor-
phine are abolished in these knockout mice (Loh et al., 1998;
Sora et al., 1997b, 2001). On the other hand, buprenorphine,
a non-selective partial agonist of opioid receptors, has no an-
algesic effect but a significant rewarding effect in homozygous
MOP knockout (KO) mice (Ide et al., 2004). These observa-
tions are especially interesting, as the distribution of 3- and
k-opioid receptors is nearly normal in MOP-KO mice (Loh
et al., 1998; Matthes et al., 1996; Sora et al., 1997b). Thus,
MOP-KO mice have afforded novel suggestions about the mo-
lecular mechanisms of opioid ligands.

We now report herein the results of investigations, using
MOP-KO mice, on the molecular mechanisms underlying the
antinociceptive and rewarding effects of tramadol. We found
retention of thermal tramadol-mediated analgesia, which was
partially sensitive to yohimbine, an adrenaline o2 receptor se-
lective antagonist, but not sensitive to methysergide, a serotonin
receptor antagonist, in homozygous MOP-KO mice. In addi-
tion, M1 antinociceptive effects were abolished or remarkably
reduced in homozygous MOP-KO mice. On the other hand,
neither wild-type nor homozygous MOP-KO mice showed sig-
nificant rewarding effects of tramadol.

2. Methods
2.1. Animals

Wild-type, heterozygous, and homozygous MOP-KO mouse littermates
from crosses of heterozygous/heterozygous MOP-KO mice on a C57BL/6J ge-
netic background, as previously described (Sora et al., 2001), served as sub-
jects. The experimental procedures and housing conditions were approved
by the Institutional Animal Care and Use Committee, and all animals were
cared for and treated humanely in accordance with our institutional animal ex-
perimentation guidelines. Naive adult (>10 weeks old) mice were housed in an
animal facility maintained at 22 £+ 2 °C and 55 + 5% relative humidity under
a 12 h/12 h light/dark cycle with lights on at 8:00 am and off at 8:00 pm. Food
and water were available ad libitum.

2.2. Drugs

Tramadol hydrochloride and M1 hydrochloride were gifts from Nippon
Shinyaku Co., Ltd (Kyoto, Japan). Naloxone hydrochloride, yohimbine

hydrochloride and methysergide maleate were purchased from SIGMA
Chemical Co. (St. Louis, MO).

2.3. Antinociceptive tests

Hot-plate testing was performed according to the method of Woolfe and
MacDonald (1944) with slight modifications. A commercially available appara-
tus consisting of acrylic resin cage (20 x 25 x 25 cm: width x length x height)
and a thermo-controlled aluminum plate (Model MK-350A, Muromachi
Kikai Co., Tokyo, Japan) were used for this test. Mice were placed on
a 5240.2 °C hot-plate, and latencies to paw licking were recorded
with a cut-off time of 60s. Tail-flick testing was carried out according
to the method of D’Amour and Smith (1941) with slight modifications,
by using a commercially available apparatus consisting of an irradiator
for heat stimulation and a photosensor for detection of the tail-flick behav-
ior (Model MK-330A, Muromachi Kikai Co., Tokyo, Japan). Mice were
loosely wrapped in a felt towel, their tails were heated, and tail-flick la-
tencies were automatically recorded with a cut-off time of 15s. In the
analyses of dose dependency, tramadol was administered in doses of 20,
20, 40 and 80 mg/kg, for cumulative doses of 20, 40, 80 and 160 mg/
kg, respectively. Tail-flick and then hot-plate tests were conducted
20 min after each subcutaneous (s.c.) drug injection. Each injection was
done just after the previous test. In the time course analyses, tail-flick
and then hot-plate testing were conducted 0, 20, 40, 60 and 120 min after
s.c. injection of tramadol, which was administered at a dose of 80 mg/kg,
or after s.c. injection of M1, which was administered at a dose of 20 mg/
kg. Naloxone (1.0 mg/kg s.c.), yohimbine (3.0 mg/kg s.c.) and methyser-
gide (3.0 mg/kg s.c.) were administered 10 min before the injection of
tramadol. The hot-plate and tail-flick responses of each mouse in the
drug-induced antinociception were converted to percent of maximal possi-
ble effect (%MPE) according to the following formula:

%MPE = ( post drug latency — pre drug latency)/
(cut-off time — pre drug latency) x 100%

2.4. Conditioned place preference (CPP) test

Conditioned place preference (CPP) testing was carried out according to
the method of Hoffman and Beninger (1989) with some modifications. For
this test we used a 2-compartment plexiglass chamber. One compartment
(17.5 x 15 x 17.5 cm: width x length x height) was black with a smooth
floor; and the other, of the same dimensions, was white with a textured floor.
For pre- and post-conditioning test phases, a T-style division with double
6 x 6 cm openings allowed access to both compartments. During the condi-
tioning phases the openings were eliminated to restrict mice to a single com-
partment. Locomotion and time spent in each compartment was recorded by
using an animal activity-monitoring apparatus equipped with an infrared de-
tector (Neuroscience Inc., Osaka, Japan). The compartment chamber was
placed in a sound- and light-attenuated box under conditions of dim illumina-
tion (about 40 lux). Conditioned place preferences were assessed by a protocol
consisting of 3 phases (preconditioning, conditioning, and test phases). On
days 1 and 2, the mice were allowed to freely explore the 2 compartments
through the openings for 900 s and become acclimated to the apparatus. On
day 3 (preconditioning phase), the same trial was performed; and the time
spent in each compartment was measured for 900 s. There was no significant
difference between time spent in the black compartment with the smooth floor
(489 £ 235, n = 24) and time spent in the white compartment with the tex-
tured floor (411 &£ 23 s, n = 24), indicating that there was no preference before
conditioning in the apparatus itself. We selected a counterbalancing protocol in
order to nullify each mouse’s initial preference, as previously discussed
(Tzschentke, 1998). Biased mice that spent more than 80% of the time (i.e.,
720 s) on one side on day 3 or more than 600 s on one side on day 2 and
more than 600 s on the other side on day 3 were not used for further experi-
ments. Conditioning was conducted once daily for 4 consecutive days (days
4—T). Mice were injected with either tramadol (80 mg/kg s.c.) or saline and
immediately confined to the black or white compartment for 50 min on day
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4. On day 5, the mice were injected with alternate saline or tramadol (80 mg/
kg s.c.) and immediately confined to the opposite compartment for 50 min. On
days 6 and 7, the same conditioning as on day 4 and day 5 was repeated. As-
signment of the conditioned compartment was performed randomly and coun-
terbalanced across subjects. During the test phase on day 8, the time spent in
each compartment was measured for 900 s without drug injection. The CPP
score was designated as the time spent in the drug-paired compartment on
day 8 minus the time spent in the same compartment in the preconditioning
phase on day 3. The scores were expressed as means =+ the standard error of
the mean (SEM).

2.5. Statistical analyses

In the analysis of differences among the genotypes, as there were no sig-
nificant differences between male and female mice in the antinociceptive and
reward effects of tramadol, we combined the data on males and females. The
antinociceptive effects of tramadol were statistically evaluated by analysis of
variance (ANOVA) followed by the Tukey—Kramer post hoc test. Time spent
in the drug-paired compartment during pre- and post-conditioning phases of
the CPP test were analyzed by within-group paired r-tests. Differences with
p < 0.05 were considered significant.

3. Results
3.1. Antinociceptive effects

Dose-response relationships of tramadol antinociception
were analyzed in wild-type, heterozygous, and homozygous
MOP-KO mice. Tramadol induced significant increases in the
9%MPE in both hot-plate (Fig. 1A) and tail-flick (Fig. 1B) tests
not only for wild-type [repeated measures ANOVA:
F(4,40) = 27.00, p < 0.0001; F(4,40) = 46.57, p < 0.0001; re-
spectively] and heterozygous MOP-KO mice [repeated mea-
sures ANOVA: F(4,55) = 21.70, p < 0.0001; F(4,55) = 21.33,
p < 0.0001; respectively] but also for homozygous MOP-KO
mice [repeated measures ANOVA: F(4,60) =20.10, p <
0.0001; F(4,60) = 27.01, p < 0.0001; respectively]. However,
antinociceptive effects of tramadol (%MPE) were significantly
different among these genotypes of MOP-KO mice in both
hot-plate and tail-flick tests [2-way mixed-design ANOVA:
F(2,31) =18.79, p < 0.0001; F(2,31) = 43.06, p < 0.0001; re-
spectively]. Antinociceptive effects of tramadol (%MPE) in het-
erozygous and homozygous MOP-KO mice were significantly
lower than those in wild-type mice in both hot-plate and tail-
flick tests (p < 0.05, Tukey—Kramer post hoc test). We used
80 mg/kg s.c. tramadol for further analyses, because homozy-
gous MOP-KO mice showed significant increment in the
%MPE in both hot-plate and tail-flick tests at the dose
(p < 0.05, Tukey—Kramer post hoc test).

Time course of tramadol antinociceptive effects were also
analyzed in wild-type, heterozygous, and homozygous MOP-
KO mice. A 3-way mixed-design ANOVA of antinociceptive
effects (%MPE) and two within-subject factors (tramadol
treatment and genotypes of mice) showed significant interac-
tions in both hot-plate (Fig. 2A) and tail-flick (Fig. 2B) tests
[F(1,59) = 69.80, p < 0.0005; F(1,59) = 338.92, p < 0.0005;
respectively]. Tramadol (80 mg/kg s.c.) showed a significant
increase in %MPE compared with saline injection in both
hot-plate (Fig. 2A) and tail-flick (Fig. 2B) tests not only in
wild-type [2-way mixed-design ANOVA: F(1,18) = 34.23,
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Fig. 1. Dose-dependent antinociceptive effects of tramadol in wild-type, hetero-
zygous, and homozygous MOP-KO mice. Tramadol-induced alterations of
%MPE in the hot-plate (A); and tail-flick (B) tests in wild-type (+/+, closed
square, n =9), heterozygous (+/—, closed circle, n = 12), and homozygous
(—/—, closed triangle, n = 13) MOP-KO mice, under the cumulative dose-
response paradigm. # indicates a significant difference (p < 0.05) from the cor-
responding value for wild-type mice. Data are presented as the mean + S.E.M.

p < 0.0001; F(1,18) =400.29, p < 0.0001; respectively] and
heterozygous MOP-KO mice [2-way mixed-design ANOVA:
F(1,20) =23.21, p < 0.0005; F(1,20) =86.78, p < 0.0001;
respectively] but also in homozygous MOP-KO mice [2-way
mixed-design ANOVA: F(1,21) = 15.90, p < 0.001; F(1,21) =
21.83, p < 0.0005; respectively]. The %MPE in all genotypes
of mice showed significant increment by tramadol in hot-plate
tests from 20 min to 60 min after the injection and in the tail-
flick test from 20 to 120 min after the injection (p < 0.05; Tu-
key—Kramer post hoc test). However, antinociceptive effects
of tramadol (%MPE) among the all genotypes of mice were
significantly different in both hot-plate and tail-flick tests [2-
way mixed-design ANOVA: F(2,28)=5.16, p <0.05;
F(2,28) = 36.73, p < 0.0001; respectively], and further Tu-
key-Kramer post hoc test showed that the antinociceptive ef-
fects in heterozygous MOP-KO mice in the tail-flick test and
homozygous MOP-KO mice in both hot-plate and tail-flick
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Fig. 2. Time course of tramadol induced antinociception in wild-type, hetero-
zygous, and homozygous MOP-KO mice. Alterations of %MPE after tramadol
(80 mg/kg s.c.) injection in the hot-plate (A); and tail-flick (B) tests in wild-
type (+/+, closed square, n=11), heterozygous (4/—, closed circle,
n=10), and homozygous (—/—, closed triangle, n = 10) MOP-KO mice.
For the control, saline was treated in wild-type (4/4-, open square, n = 9), het-
erozygous (+/—, open circle, n = 12), and homozygous (—/—, open triangle,
n = 13) MOP-KO mice. # indicates a significant difference (p < 0.05) from
the corresponding value for wild-type mice. * indicates a significant difference
(p < 0.05) from the corresponding value for mice treated with saline. Data are
presented as the mean + S.E.M.

tests were significantly (p < 0.05) lower than those in wild-
type mice.

Next, we tested the influence of yohimbine and methysergide
on the antinociceptive effects of tramadol in wild-type mice.
Mice were injected s.c. with 3.0 mg/kg of yohimbine or methy-
sergide 10 min before the injection of tramadol and tested for
their thermal nociceptive thresholds (Fig. 3). A 3-way mixed-
design ANOVA of antinociceptive effects (%MPE) and two
within-subject factors (tramadol treatment and yohimbine treat-
ment) showed significant interactions in both hot-plate
(Fig. 3A) and tail-flick (Fig. 3B) tests [F(1,35)=54.49,
p < 0.0005; F(1,35) = 604.98, p < 0.0005; respectively]. Al-
though both tramadol alone and tramadol with yohimbine pre-
treatment induced significant %MPE increments compared
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Fig. 3. Inhibitory effects of yohimbine and methysergide on tramadol-induced
antinociceptive effects in wild-type mice. Time course of %MPE after saline
injection (+/+, open square, n = 9), after tramadol (80 mg/kg s.c.) injection
(closed square, n = 11), after tramadol injection with yohimbine (3 mg/kg
s.c.) pretreatment (open diamond, » = 11) and after tramadol injection with
methysergide (3 mg/kg s.c.) pretreatment (open circle, n = 8) in the hot-plate
(A); and tail-flick (B) tests in wild-type mice. # indicates a significant differ-
ence (p < 0.05) from the corresponding value for tramadol alone injection.
* indicates a significant difference (p < 0.05) from the corresponding value
for saline injection. Data are presented as the mean + S.E.M.

with saline (p < 0.05; Tukey—Kramer post hoc test) [2-way
repeated measures ANOVA: F(2,28) = 14.45, p < 0.0001;
F(2,28) = 142.66, p < 0.0001; respectively], the yohimbine
pretreatment significantly reduced the antinociceptive effects
of tramadol in the tail-flick test (p < 0.05; Tukey—Kramer
post hoc test). On the other hand, both tramadol alone and tra-
madol with methysergide pretreatment induced significant
%MPE increments and there was no significant difference
between them.

Further, we tested the influence of yohimbine, methyser-
gide and naloxone (a non-selective opioid receptor antagonist)
on the antinociceptive effects of tramadol in homozygous
MOP-KO mice. Mice were injected s.c. with 3.0 mg/kg of
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yohimbine, 3.0 mg/kg of methysergide, 1.0 mg/kg of naloxone,
or a combination of yohimbine (3.0 mg/kg) and naloxone
(1.0 mg/kg) 10 min before the injection of tramadol and
tested for their thermal nociceptive thresholds (Fig. 4). A
5-way mixed-design ANOVA of antinociceptive effects
(%MPE) and four within-subject factors (tramadol treatment,
yohimbine treatment, methysergide treatment and naloxone
treatment) showed significant interactions in both hot-plate
(Fig. 4A) and tail-flick (Fig. 4B) tests [F(1,70) =9.84,
p < 0.005; F(1,70) =40.58, p < 0.0005; respectively]. In

(A) Hot-plate test

50 Homozygous MOP-KO mice (-+)
A Tramadol
Tramadol + Yohimbine
40 °

4 Tramadol + Naloxone

O Tramadol + Methysergide

@ Tramadol + Naloxone + Yohimbine
A saline

30 4

w 20 1
o
=

=X 10

0 -

-10 4

-20 -

0 20 40 60 120
Time (min)

(B) Tail-flick test
50 1

40 A
30 1

20

% MPE

10

Time (min)

Fig. 4. Inhibitory effects of yohimbine, naloxone and methysergide on trama-
dol-induced antinociceptive effects in homozygous MOP-KO mice. Time
course of %MPE after saline injection (open triangle, n = 13), after tramadol
(80 mg/kg s.c.) injection (closed triangle, n = 10), after tramadol injection
with yohimbine (3 mg/kg s.c.) pretreatment (closed diamond, n = 12), after
tramadol injection with naloxone (1 mg/kg s.c.) pretreatment (open diamond,
n = 12), after tramadol injection with methysergide (3 mg/kg s.c.) pretreat-
ment (open circle, n = 11) and after tramadol injection with both yohimbine
and naloxone pretreatment (closed circle, n = 12) in the hot-plate (A); and
tail-flick (B) tests using homozygous MOP-KO mice. # indicates a significant
difference (p < 0.05) from the corresponding value for tramadol alone injec-
tion in homozygous MOP-KO mice. * indicates a significant difference
(p < 0.05) from the corresponding value for saline injection. Data are pre-
sented as the mean = S.E.M.

the hot-plate test, tramadol alone but not tramadol with
yohimbine pretreatment significantly increased the %MPE
compared with saline in homozygous MOP-KO mice [2-
way mixed-design ANOVA: F(1,21) =15.90, p < 0.001;
F(1,23) = 2.34, p = 0.14; respectively]. The pretreatment of
yohimbine tended to decrease the %MPE of tramadol [2-
way mixed-design ANOVA: F(1,20) =3.22, p =0.09]. Pre-
treatment with naloxone also showed tendency to reduce
antinociceptive effects of tramadol, although tramadol
significantly increased the %MPE even under the influence
of naloxone when compared with saline in the hot-plate
test [2-way mixed-design ANOVA: F(1,23) =18.11,
p < 0.0005]. Furthermore, pretreatment with both yohimbine
and naloxone significantly decreased the %MPE of tramadol
[2-way mixed-design ANOVA: F(2,32) = 6.31, p < 0.005],
and no statistical difference was shown compared with saline
treatment in the hot-plate test. In the tail-flick test, although
tramadol with both yohimbine and naloxone pretreatment
significantly increased the %MPE when compared with
saline [2-way mixed-design ANOVA: F(1,23)=11.22,
p <0.005; F(1,23) =24.34, p <0.0001, respectively], the
pretreatment tended to reduce the %MPE when compared
with tramadol alone. Furthermore, there was no significant
difference between saline treatment and tramadol with both
yohimbine and naloxone pretreatment. On the other hand,
pretreatment with methysergide showed no influence on the
9%MPE of tramadol both in hot-plate and tail-flick tests.
We further tested the antinociceptive effects of M1, a main
metabolite of tramadol, in wild-type and homozygous MOP-
KO mice (Fig. 5). A 3-way mixed-design ANOVA of antino-
ciceptive effects (%MPE) and two within-subject factors
(M1 treatment and genotypes of mice) showed significant in-
teractions in both hot-plate (Fig. 5A) and tail-flick (Fig. 5B)
tests [F(1,32) =128.04, p < 0.0005; F(1,32)=431.35,
p < 0.0005; respectively]. M1 (20 mg/kg s.c.) showed a signif-
icant increase in %MPE compared with saline injection in
both hot-plate (Fig. 5SA) and tail-flick (Fig. 5B) tests in wild-
type [2-way mixed-design ANOVA: F(1,14) = 134.75,
p < 0.0001; F(1,14) =507.80, p < 0.0001; respectively]. On
the other hand, M1 showed a significant increase in %MPE
compared with saline injection only in the tail-flick test in ho-
mozygous MOP-KO mice [2-way mixed-design ANOVA:
F(1,18) = 14.26, p < 0.005]. Antinociceptive effects of Ml
between genotypes of mice were significantly different in
both hot-plate and tail-flick tests [2-way mixed-design
ANOVA: F(1,12) =106.82, p < 0.0001; F(1,12) =255.69,
p < 0.0001; respectively], and further Tukey—Kramer post
hoc test showed that the antinociceptive effects in homozygous
MOP-KO mice in both hot-plate and tail-flick tests were sig-
nificantly (p < 0.05) lower than those in wild-type mice.

3.2. Rewarding effects

Preferences for the places paired with 80 mg/kg tramadol
s.c. were analyzed for wild-type and homozygous MOP-KO
mice. Tramadol did not induce a significant increase in the
time spent on the drug-paired side in either wild-type mice
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Fig. 5. Time course of tramadol and M1 metabolite induced antinociception in
wild-type and homozygous MOP-KO mice. Alterations of %MPE after trama-
dol (80 mg/kg s.c.) injection and after M1 (20 mg/kg s.c.) injection in the hot-
plate (A); and tail-flick (B) tests in wild-type (tramadol, closed square, n = 11;
M1, closed circle, n =7) and homozygous (tramadol, open square, n = 10;
M1, open circle, n =7) MOP-KO mice. For the control, saline was treated
in wild-type (+/+, closed triangle, n = 9) and homozygous (—/—, open trian-
gle, n = 13) MOP-KO mice. * indicates a significant difference (p < 0.05)
from the corresponding value for mice treated with saline. Data are presented
as the mean = S.E.M.

or homozygous MOP-KO mice (CPP score =32 + 18 and
—36 + 26, respectively; Fig. 6). However, the paired #-test re-
vealed a significant difference between these genotype groups.
The CPP score for the tramadol-treated wild-type mice was
significantly higher than that for the similarly treated homozy-
gous MOP-KO ones (p < 0.05).

4. Discussion

The antinociceptive effects of tramadol were significantly
reduced in heterozygous and homozygous MOP-KO mice
compared with wild-type mice in both hot-plate and tail-flick
tests. The decrease in the tramadol effect in either test was de-
pendent on the copy number of the MOP gene. In addition, the

140 1
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80 1 |
60
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CPP score (s)
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Fig. 6. Rewarding effects of tramadol in wild-type and homozygous MOP-KO
mice. The CPP scores of wild-type (+/-, white column, n = 12) and homozy-
gous (—/—, black column, n = 12) MOP-KO mice. # indicates a significant
difference (p < 0.05) from the corresponding value for wild-type mice.
Data are presented as the mean + S.E.M.

antinociceptive effects of tramadol in homozygous MOP-KO
mice still remained under the influence of naloxone, a non-
selective opioid receptor antagonist. These results suggest
that the MOP is the main opioid receptor involved in the tra-
madol-induced antinociceptive effects. This is consistent with
previous reports. The antinociceptive effects of morphine,
a MOP agonist with low affinity for 8- and k-opioid receptors,
are reduced in each of several strains of heterozygous MOP-
KO mice and completely diminished in homozygous MOP-
KO mice (Loh et al., 1998; Sora et al., 1997b, 2001). Also,
the antinociceptive effects of DPDPE, a d-opioid receptor-
preferring ligand with modest affinity for the MOP, are re-
duced in MOP-KO mice (Matthes et al., 1998; Sora et al.,
1997a). CXBK mice, which express MOPs at approximately
half of the level of the progenitor strains C57BL/6 and
BALB/c, show reduced analgesic effects of not only morphine
but also of U50488H, a k-selective agonist (Ikeda et al., 1999).
Furthermore, antinociception by buprenorphine, a non-selective
partial agonists for opioid receptors, is abolished in MOP-KO
mice, although the rewarding effects of the drug remain (Ide
et al., 2004). On the other hand, the antinociceptive effects of
morphine are not altered in either mice lacking 3-opioid re-
ceptors (Zhu et al., 1999) or mice lacking k-opioid receptors
(Simonin et al., 1998). The present results together with
these previous reports just cited suggest that MOPs among
opioid receptors play a critical role in the thermal analgesia
mediated by opioid receptors. MOP tolerance and inactiva-
tion and/or individual differences in MOP number are thus
likely of importance in most of the variation in the degree
of thermal analgesia induced by opioids.

In contrast to other opioids, tramadol showed antinocicep-
tive effects in homozygous MOP-KO mice, and the effects still
remained under the influence of naloxone. These results con-
firm the idea suggested in the previous pharmacological stud-
ies that tramadol is a unique opioid having both opioid and
non-opioid properties. The present findings that the remaining
effects of tramadol in MOP-KO mice were significantly re-
duced by pretreatment with yohimbine, an adrenaline o2
receptor antagonist, and that yohimbine also reduced the
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antinociceptive effects of tramadol in wild-type mice, as pre-
viously reported (Desmeules et al., 1996; Driessen et al.,
1993; Kayser et al., 1992), strongly suggest that tramadol
induces analgesia via the noradrenaline nervous system, espe-
cially via adrenaline a2 receptors. One of possible mecha-
nisms of tramadol antinociception via adrenaline a2 receptor
may be an activation of the descending analgesic system that
includes a noradrenergic pathway originating in the locus co-
eruleus and inhibits nociceptive responses at the level of the
spinal cord. Furthermore, small antinociceptive effects of tra-
madol in the presence of both yohimbine and naloxone in
MOP-KO mice suggest that thermal antinociceptive effects
of tramadol are mainly caused by opioid receptors and adren-
aline a2 receptors. On the other hand, although a serotonergic
pathway is also included in the descending analgesic system,
and tramadol inhibits neuronal reuptake of serotonin (Oliva
et al., 2002; Rojas-Corrales et al., 2000), present results sug-
gest that serotonin receptors are not significantly involved in
tramadol-induced thermal antinociceptive effects. The incon-
sistency with other previous reports that the antinociceptive ef-
fects of tramadol is mediated by the serotonergic component
(Oliva et al., 2002; Raffa et al., 1992) may be caused by dif-
ferences in injection route, pain stimulus and/or mouse strains.
Further analyses about serotonergic components in antinoci-
ceptive effects of tramadol will be required.

M1 treatment showed significant antinociceptive effects in
wild-type mice in both hot-plate and tail-flick tests, but
showed no and weak effects in homozygous MOP-KO mice
in hot-plate test and tail-flick test, respectively. It has been re-
ported that M1 is an only active metabolite among metabolites
of tramadol, and (+)-M1 has high affinity for MOPs (Raffa
et al., 1993). Presents results confirmed the idea that the anti-
nociceptive effects of M1 is mainly caused by its MOP activa-
tions. On the other hand, the weak but significant remaining
antinociceptive effects of M1 in homozygous MOP-KO mice
shown in the tail-flick test also provide the evidence for exis-
tence of MOP-independent components in the mechanisms of
M1 antinociceptive effects. Previous report showed that
M1 also act as neuronal reuptake inhibitor of noradrenaline
(Garrido et al., 2000), and that effects may cause the remain-
ing antinociceptive effects of M1 in homozygous MOP-KO
mice.

In the present study, tramadol (80 mg/kg) which produced
significant antinociception even in the MOP-KO mice showed
a slight tendency toward causing preference but no significant
rewarding effects in wild-type mice in the CPP test. This result
stands in sharp contrast to the significant rewarding effects
found for other MOP agonists, such as morphine and bupre-
norphine, in the same paradigm of CPP test (Ide et al.,
2004; Sora et al., 2001). Since the development of psycholog-
ical dependence is one of the unwanted side effects of most
opioid analgesics, tramadol may be a useful analgesic with
low abuse potential. The results of the previous studies men-
tioned above (Miranda and Pinardi, 1998; Murano et al.,
1978; Tzschentke et al., 2002) support this idea. On the other
hand, tramadol showed slight tendency to cause aversion in
homozygous MOP-KO mice, suggesting that the tramadol

targets other than MOP are involved in this slight aversion.
Since the CPP score for homozygous MOP-KO mice was
significantly lower than that for wild-type mice, MOP activa-
tion by tramadol would be significantly involved in the ten-
dency toward preference to tramadol but would fail to show
significant preference because of the simultaneous slight aver-
sion occurring via other pathways. Several reports have shown
that not only opioid-responsive nerves but also adrenergic and
serotonergic nerves are involved in the mechanisms of re-
wards. For example, the noradrenaline reuptake inhibitor desi-
pramine produces conditioned place aversion (CPA) (Papp,
1989). Likewise, serotonin reuptake inhibitors, including cita-
lopram, imipramine and amitryptiline (Papp, 1989), and the
serotonin-releasing drug 5-methoxy-6-methyl-2-aminoindan
(MMAI) (Marona-Lewicka et al., 1996) also produce CPA.
The present results together with these previous findings sug-
gest that MOPs mediate preference to tramadol, that other tra-
madol targets, probably norepinephrine and serotonin
transporters, mediate aversion to tramadol, and that the com-
bined activation of all tramadol targets leads to the loss of
preference or aversion to tramadol.

Some reports have described opposing observations that
tramadol possesses abuse potential (Sprague et al., 2002;
Yanagita, 1978). As mentioned above, the CPP procedure
without a counterbalancing protocol does not engender suffi-
cient confidence, because it cannot nullify each mouse’s initial
preference, as previously discussed (Tzschentke, 1998). In our
present study using the counterbalancing protocol for the CPP
test, tramadol did not show significant rewarding effects, al-
though it showed a slight tendency toward preference in
wild-type mice. The discrepancy might be due to the differ-
ences in the experimental protocol. The present results to-
gether with all reports on tramadol rewards suggest that
tramadol has little or low abuse potential when compared to
other MOP agonists.

In conclusion, we demonstrated that the thermal antinoci-
ceptive effects of tramadol are mainly mediated by MOPs
and adrenaline o2 receptors, but not significantly by serotoner-
gic components. The present results also suggest that tramadol
does not have rewarding or aversive effects, because MOP ac-
tivation mediates rewarding effects while other tramadol tar-
gets simultaneously mediate aversive effects. Thus, the
present results confirmed that tramadol is an opioid ligand
that characteristically acts on not only opioid receptors but
also other targets, and tramadol does not have rewarding ef-
fects in spite of its MOP-activating ability. Tramadol may be
a unique useful analgesic with a low risk of substance
dependence.
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Norepinephrine Transporter Blockade can Normalize
the Prepulse Inhibition Deficits Found in Dopamine
Transporter Knockout Mice
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Dopamine transporter knockout (DAT KO) mice display deficits in sensorimotor gating that are manifested by reduced prepulse
inhibition (PPI) of the acoustic startle reflex. Since PPl deficits may model some of the cognitive dysfunctions identified in certain
neuropsychiatric patients, we have studied the effects of transporter blockers on PPl in wild-type and DAT KO mice. Treatments with
High dose psychostimulants that block DAT as well as the norepinephrine (NET) and serotonin (SERT) transporters (60 mg/kg cocaine
or methylphenidate) significantly impaired PPl in wild-type mice. By contrast, these treatments significantly ameliorated the PPI deficits
observed in untreated DAT KO mice. In studies with more selective transport inhibitors, the selective NET inhibitor nisoxetine (10 or
30 mg/kg) also significantly reversed PPI deficits in DAT KO mice. By contrast, while the SERT inhibitor fluoxetine (30 mg/kg) normalized
these PPl deficits in DAT KO mice, citalopram (30 or 100mg/kg) failed to do so. The ‘paradoxical’ effects of cocaine and
methylphenidate in DAT KO mice are thus likely to be mediated, at least in part by the ability of these drugs to block NET, afthough
serotonin systems may also have some role. Together with recent microdialysis data, these results support the hypothesis that prefrontal
cortical NET blockade and consequent enhancement of prefrontal cortical extracellular dopamine mediates the reversal of PPl deficits in
DAT KO mice.
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INTRODUCTION marked motor stimulation in wild-type mice can pro-
duce paradoxical inhibitory effects on locomotor activity in
DAT KO mice under some conditions (Gainetdinov
et al, 1999). However, the effects of psychostimulants and
transporter blockers on other tasks, including sensorimotor
gating, have not been as thoroughly evaluated in DAT
KO mice.

DAT KO mice display consistent deficits in an operational
task of sensorimotor gating, prepulse inhibition of the
acoustic startle reflex (PPI; Ralph et al, 2001; Barr et al,
2004). PPI refers to the reduction in the amplitude of
the startle reflex that occurs when a brief, subthreshold
stimulus immediately precedes a startle stimulus (Hoffman
and Ison, 1980). PPI deficits are observed in several

Microdialysis studies suggest that dopamine transporter
knockout (DAT KO) mice exhibit striatal levels of extra-
cellular dopamine (DA), under basal conditions, that are
about 10 times higher than wild-type levels while prefrontal
cortical levels are similar to those found in wild-type
animals (Shen et al, 2004). DAT KO mice exhibit numerous
behavioral alterations that can be linked to abnormal
dopaminergic function that include hyperlocomotion and
perseverative behaviors (Sora et al, 1998; Ralph et al, 2001).
High doses of psychostimulant, monoamine transporter
inhibitors, and/or monoamine releasers that produce
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psychiatric disorders, especially schizophrenia, but also
other disorders thought to disrupt cortico-striatal circuits,
eg attention deficit hyperactivity disorder (ADHD) in the
given conditions, (Braff et al, 2001; Swerdlow et al, 2001).
This impairment of sensorimotor gating has been postu-
lated to reflect at least some portion of the cognitive
dysfunction observed in schizophrenia (Braff et al, 2001).



Acute treatment with selective DA D, receptor antagonists
(Ralph et al, 2001) or selective serotonin 5-HT,, antagonists
(Barr et al, 2004) can normalize PPI in DAT KO mice. The
mechanisms by which these drugs restore PPI in DAT KO
mice are likely to be mediated by direct actions on
monoamine receptors. However, indirect effects that would
result from monoamine transport inhibition (eg psycho-
stimulants like cocaine or methylphenidate) on PPI in DAT
KO mice is not known, but would be of substantial interest
given the clinical effects of psychostimulants in schizo-
phrenia (Laruelle and Abi-Dargham, 1999) and ADHD
(Fone and Nutt, 2005). Thus, this paper determines whether
psychostimulants could improve sensorimotor gating
deficits reflecting cognitive dysfunctions in DAT KO mice,
similar to the effects of such drugs on hyperlocomotion
(Gainetdinov et al, 1999). Furthermore, this paper will
determine which monoamine transporter might mediate
such effects. Reuptake inhibitors have various degrees of
selectivity for monoamine transporters, as well as other
molecular targets, and thereby modulate extracellular
monoamine levels in region-specific manners (Shen et al,
2004). We now report evaluation of PPI in DAT KO and
wild-type mice and its modulation by the nonspecific
monoamine transporter inhibitors cocaine and methylphe-
nidate, the selective serotonin transporter (SERT) inhibitors
fluoxetine and citalopram, and the selective norepinephrine
transporter (NET) inhibitor nisoxetine.

Cocaine is a nonspecific transport inhibitor (ie, DAT,
SERT, and NET inhibitor), although its binding affinity for
NET is rather weak compared to nisoxetine (Paczkowski
and Bryan-Lluka, 2002). Methylphenidate is also a non-
specific transport inhibitor, with a binding affinity for NET
that is not much more than cocaine, and a binding affinity
for SERT that is extremely weak (Gatley et al, 1996).
Fluoxetine is a selective SERT inhibitor and the binding
affinity for SERT differs little from citalopram. Although the
binding affinity of fluoxetine at NET is very weak compared
to nisoxetine, it presents about 30 times stronger binding
affinity for the 5-HT,c receptor than citalopram (Owens
et al, 2001). Citalopram is also a selective SERT inhibitor,
with a binding affinity for NET that is about 10 times
weaker than that of fluoxetine (Owens et al, 2001).
Nisoxetine is a selective NET inhibitor and shows very
low binding affinity for SERT (Orjales et al, 2003).

MATERIALS AND METHODS

Subjects

Male DAT KO mice (Sora et al, 1998) were bred at the
Animal Laboratory Institute of Tohoku University Graduate
School of Medicine and maintained on a mixed genetic
background combining C57BL/6 and 129Sv/] mouse strains.
Offsprings from heterozygote crosses were weaned at 28
days postnatal and housed in groups of two to five
(segregated by sex), in a temperature- and light-controlled
colony (lights on at 0800 hours, lights off at 2000 hours),
with food and water available ad libitum. Mice were
genotyped using multiplex polymerase chain reaction
methods on DNA extracted from tail biopsies, as previously
described (Shen et al, 2004). Behavioral testing was
conducted between 8 and 16 weeks of age. Separate cohorts
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of mice were used for different experiments. All animal
experiments were performed in accordance with the
Guidelines for the Care of Laboratory Animals of Tohoku
University Graduate School of Medicine.

Drugs

Drugs were dissolved in 0.9% NaCl solution, and were
administered intraperitoneally in a volume of 10ml/kg.
Cocaine HCI (COC) was supplied by Takeda Pharmaceutical
Co., Japan. Methylphenidate HCl (MPO) was supplied
by Novartis Pharma KK, Japan. Fluoxetine HCl (FLX),
citalopram HBr (CTP), and nisoxetine HCl (NSX) were
obtained from Sigma, Japan. No published studies have
documented the effects of acute cocaine, methylphenidate,
fluoxetine, citalopram, or nisoxetine on PPI in male mice.
Hence, to determine dose ranges, we primarily consulted
previous data on locomotor activity effects of these drugs in
wild-type and DAT KO mice (Gainetdinov et al, 1999). Since
effective doses may differ between locomotion and prepulse
inhibition, preliminary studies were performed. Based
on the preliminary results, effective doses of each drug
(described below) or dose intervals were determined.

Apparatus

Startle chambers (SR-LAB, San Diego Instruments, San
Diego, CA) were used to measure the startle response.
Each chamber consisted of a nonrestrictive Plexiglas
cylinder mounted on a frame inside a lighted, ventilated
box (35 x 35 x 47.5 cm’). Movement within the cylinder
was detected by piezoelectric accelerometers attached to
the cylinder’s bottom. Force detected by the accelerometer
was converted into analog signals that were digitized and
stored electronically. In all experiments, 65 readings were
recorded at 1 ms intervals beginning at stimulus onset; the
average amplitude was used to describe the acoustic
startle response. A high-frequency loudspeaker inside the
chamber, mounted above the cylinder, generated broad-
band background noise and acoustic stimuli, which were
controlled by the SR-LAB software system and interface.
Sound levels (dB (A) scale) and accelerometer sensitivity
were calibrated routinely, as described previously (Dulawa
et al, 1997; Geyer and Dulawa, 2003).

Experimental Procedure

Experiments were conducted using previously reported
methods (eg Geyer and Dulawa, 2003). For acoustic startle
experiments, mice were tested initially for baseline PPI and
pseudo-randomly assigned to drug treatment groups based
on these measurements. For the main experiments, mice
were treated with vehicle (VEH) or drug 10 or 30 min before
testing depending on the drug tested (see below). Experi-
mental sessions consisted of a 5 min acclimatization periods
with 65dB broadband background noise followed by PPI
sessions. Sessions consisted of five different trial types: no
stimulus trials (nostim); startle pulse alone, 40 ms duration
at 120dB (p120); and three prepulse + pulse trials, 20 ms
duration prepulse at 68dB (pp3), 71dB (pp6), or 77dB
(ppl2), followed by a 40ms duration startle stimulus at
120dB after a 100 ms delay. The nostim trial consisted of
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only background broadband noise. All test sessions started
and concluded with six presentations of the p120 trial, while
the remainder of the session consisted of 12 presentations of
the p120 trial type, 10 presentations of the nostim, the pp3,
pp6, and ppl2 trial types, in a pseudorandom order, with
varying intertrial intervals (mean 15s, range 8-23s). Each
animal was tested on a PPI session for 21 min with a total
of 64 trials.

Cocaine treatment. Male wild-type and DAT KO mice were
used in a between-subjects dose design, with each subject
receiving either saline (wild-type n=10, DAT KO n=10),
cocaine 30 mg/kg (wild-type n=11, DAT KO n=13), or
cocaine 60mg/kg (wild-type n=11, DAT KO n=10)
administered i.p. 10 min before testing.

Methylphenidate treatment. Male wild-type and DAT KO
mice were used in a between-subjects dose design, with
saline (wild-type n=10, DAT KO n=29), methylphenidate
30 mg/kg (wild-type n=17, DAT KO n=10), or methyl-
phenidate 60 mg/kg (wild-type n=11, DAT KO n=11)
administered i.p. 30 min before testing.

Fluoxetine treatment. Male wild-type and DAT KO mice
were used in a between-subjects dose design. Saline (wild-
type n =10, DAT KO n=10), fluoxetine 10 mg/kg (wild-type
n=14, DAT KO n=10), or fluoxetine 30 mg/kg (wild-type
n=12, DAT KO n=10) was administered ip. 30 min
before testing.

Citalopram treatment. Male wild-type and DAT KO mice
were used in a between-subjects dose design. Saline (wild-
type n=10, DAT KO n=10), citalopram 30 mg/kg (wild-
type n=10, DAT KO n=10), or citalopram 100 mg/kg
(wild-type n=11, DAT KO n=10) was administered i.p.
30 min before testing.

Nisoxetine treatment. Male wild-type and DAT KO mice
were used in a between-subjects dose design. Saline (wild-
type n =12, DAT KO n=11), nisoxetine 3 mg/kg (wild-type
n=13, DAT KO n = 13), nisoxetine 10 mg/kg (wild-type n =12,
DAT KO n=11), or nisoxetine 30 mg/kg (wild-type n=14,
DAT KO n=11) was administered ip. 30min before
testing.

Data and Statistical Analysis

Prepulse inhibition was calculated as a percentage score
for each prepulse intensity using the following equation:
%PPI = 100-{(startle response for prepulse+ pulse trials
(pp3, pp6, or ppl2))/(startle response for pulse alone trials
(p120)) x 100}. The startle magnitude was calculated as the
average of all pulse alone (p120) trials, excluding the first
six and last six pl20 trials in each session. Data
were analyzed using the SPSS statistical package (SPSS for
Windows, SPSS Inc., Tokyo, Japan). The effects of drug
treatments on PPI and startle data were submitted to
analysis of variance (ANOVA) with the between-subjects
factors of drug treatment (DRUG) and GENOTYPE (wild-
type vs DAT KO), and the within-subjects factor of pre-
pulse intensity (INTENSITY). For brevity, main effects of
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prepulse intensity will not be discussed because they were
always significant. Where ANOVA indicated significant
effects of one or more factors, Tukey HSD tests of individual
mean differences were conducted for post hoc analysis. The
habituation of the startle response was analyzed by group-
ing the startle trials into four blocks (BLOCK): six pulse
alone trials (p120) each, in order of presentation, and
measuring the decrease of startle magnitude across BLOCK.
Repeated ANOV As always revealed significant main effects
of BLOCK, indicating habituation of the startle response,
but no significant DRUG x BLOCK and GENOTYPE x
BLOCK interactions were found except a significant
GENOTYPE x BLOCK interaction for fluoxetine treatment,
which may reflect impairment of startle habituation in DAT
KO mice (data not shown).

RESULTS
Overall Results

After saline treatment, significant PPI deficits were observed
in DAT KO mice compared to wild-type mice in all
experiments (Figures 1-5), findings consistent with prior
reports (Ralph et al, 2001; Barr et al, 2004). Cocaine and
methylphenidate (60 mg/kg) treatments significantly impaired
PPI in wild-type mice. However, by contrast to these
impairments observed in wild-type mice, these treatments
normalized PPI deficits in DAT KO mice (Figures 1 and 2).
Fluoxetine, citalopram, and nisoxetine treatments did not
significantly alter PPI in wild-type mice (Figures 3-5).
However, 10 and 30 mg/kg nisoxetine and 30 mg/kg fluoxetine
treatments normalized PPI deficits in DAT KO mice (Figures
3 and 5), and 30 and 100 mg/kg citalopram treatment did not
significantly alter PPI in DAT KO mice (Figure 4).

Effects of Cocaine on PPI and Acoustic Startle

ANOVA of baseline data revealed a significant GENOTYPE
effect on PPI (F(1,18)=27.97; p<0.001); DAT KO mice
displayed significantly reduced levels of PPI compared to
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Figure | Prepulse inhibition (PPI) in wild-type mice (WT) and dopamine
transporter knockout mice (KO) after administration of vehicle (VEH), 30 mg/
kg cocaine (COC), or 60mg/kg cocaine (COC); KO VEH displayed
significantly reduced PPl compared with WT VEH. Afthough 60 mg/kg
COC treatment significantly impaired PPl in WT VEH, it significantly reversed
PPl deficits in KO VEH. %PPI values represent mean=+SEM. *¥p<0.0l,
#kn < 0,001 compared with WT VEH; ##5 <001 compared with KO VEH,
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Figure 2 Prepulse inhibition (PPI) in wild-type mice (WT) and dopamine
transporter knockout mice (KO) after administration of vehicle (VEH),
30 mg/kg methylphenidate (MPD), or 60 mg/kg methylphenidate (MPD);
KO VEH displayed significantly reduced PPl compared with WT VEH.
Although 30 mg/kg or 60 mg/kg MPD treatment significantly impaired PPl in
WT VEH, 60 mg/kg MPD significantly reversed PPI deficits in KO VEH. %PPI
values represent mean+SEM. **¥p<0.00| compared with WT VEH;
##5<0.01 compared with KO VEH.
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Figure 3  Prepulse inhibition (PPI) in wild-type mice (WT) and dopamine
transporter knockout mice (KO) after administration of vehicle (VEH),
[0mg/kg fluoxetine (FLX), or 30mg/kg fluoxetine (FLX); KO VEH
displayed significantly reduced PPl compared with WT VEH. FLX (30 mg/
kg) treatment significantly reversed PPl deficits in KO VEH without
significantly affecting PPl in WT VEH. %PPI values represent mean + SEM.
#*5 < 0.05 compared with WT VEH; #p <0.05 compared with KO VEH.

wild-type mice after saline treatment (Figure 1). Cocaine
(60mg/kg), a nonspecific monoamine transport inhibitor,
significantly reduced PPI in wild-type mice compared with
saline treatment. Interestingly, cocaine (60 mg/kg) increased
PPI in DAT KO mice compared to saline treatment
(Figure 1). In addition to a significant effect of GENOTYPE
(F(1,59) =8.27; p<0.01), the GENOTYPE x DRUG interac-
tion term was also significant (F(2,59)=17.49; p<0.001),
reflecting the decreased PPI after cocaine treatment in wild-
type mice and the increased PPI after cocaine treatment in
DAT KO mice. No other effects were statistically significant,
including DRUG, GENOTYPE x INTENSITY, or DRUG x
INTENSITY. Post hoc comparisons at each treated group are
shown in Figure 1.

Startle reactivity was not significantly affected by either
GENOTYPE or DRUG treatment (Table 1). There was also
no significant GENOTYPE x DRUG interaction.
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Figure 4 Prepulse inhibition (PPI) in wild-type mice (WT) and dopamine
transporter knockout mice (KO) after administration of vehicle (VEH),
30mg/kg citalopram (CTP), or 100 mg/kg citalopram (CTP); KO VEH
displayed significantly reduced PPl compared with WT VEH. CTP (30 or
100 mg/kg) treatment did not significantly affect PPl in WT VEH or
KO VEH. %PPI values represent mean+SEM. *#*p <0.01, ***p<0.001
compared with WT VEH.
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Figure 5 Prepulse inhibition (PPI) in wild-type mice (WT) and dopamine
transporter knockout mice (KO) after administration of vehicle (VEH),
3mg/kg nisoxetine (NSX), 10mg/kg nisoxetine (NSX), or 30mg/kg
nisoxetine (NSX); KO VEH displayed significantly reduced PPl compared
with WT VEH. NSX (10 or 30 mg/kg) treatment significantly reversed PPI
deficits in KO VEH without significantly affecting PPl in WT VEH. 9%PPI
values represent mean+SEM. **p<0.0| compared with WT VEH;
#5<0.05, *##p <0.001 compared with KO VEH.

Effects of Methylphenidate on PPI and Acoustic Startle

ANOVA of baseline data revealed a significant GENOTYPE
effect on PPI (F(1, 17) =42.51; p<0.001); DAT KO mice
displayed significantly reduced levels of PPI compared
to wild-type mice after saline treatment (Figure 2). Methyl-
phenidate (30 and 60mg/kg), another non-specific
monoaminergic transport inhibitor, reduced levels of PPI
in wild-type mice compared to VEH treatment. By contrast,
methylphenidate (60 mg/kg) significantly increased PPI in
DAT KO mice when compared to VEH treatment (Figure 2).
ANOVA displayed significant effects of DRUG (F(2, 62) =
5.05; p<0.01) and a DRUG x GENOTYPE interaction
(F(2, 62)=25.10; p<0.01). These statistically significant
effects reflected the reduction of PPI by methylphenidate
in wild-type mice and the increase of PPI by methyl-
phenidate in DAT KO mice. There were no significant
overall effects of GENOTYPE, GENOTYPE x INTENSITY,
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Table | Effects of Drug Treatment on Acoustic Startle Reactivity

Wild type KO

Cocaine

Vehicle 113.2+29.6 8474219

30 mg/kg 1252+ 169 1395+ 168

60 mg/kg 61.7+227 1574260
Methylphenidate

Vehicle 106.7+29.0 89.0+23.0

30 mg/kg 1045+ 19.3 950+ 162

60 mg/kg 582+ 11.0 840+ 16.0
Fluoxetine*

Vehicle 169.9+20.0 101.8+ 169

|0mg/kg 23034270 17324194

30mg/kg 2545+587 237.5+386
Citalopram**

Vehicle [162+12.2 955+ 187

30 mg/kg 25434353% 1964+ 189

100 mg/kg 192.1 £27.4 154.6+288
Nisoxetine

Vehicle 14774313 125.1+£285

3 mg/kg 337+ 145 [154+185

10 mg/kg 1388+ 14.4 132.84+23.1

30 mg/kg 139.9+23.7 1050+ 108

Values (arbitrary units) represent mean startle magnitude + SEM. KO, dopamine
transporter knockout mice.

*p<0.05, #p<0.01: there was a significant main effect of treatment on
acoustic startle reactivity; *p<0.01, compared with wild-type vehicle.

or DRUG x INTENSITY. The results of post hoc compar-
isons for each treated-group are shown in Figure 2.

Startle reactivity was not significantly affected by
GENOTYPE or DRUG treatment (Table 1), nor was there
a significant DRUG x GENOTYPE interaction.

Effects of Fluoxetine on PPI and Acoustic Startle

ANOVA of baseline data revealed a significant GENOTYPE
effect on PPI (F(1,18)=10.53; p<0.01); following saline
treatment, DAT KO mice displayed significantly reduced
levels of PPI compared to wild-type mice (Figure 3).
Fluoxetine (30 mg/kg), a selective SERT inhibitor, increased
PPI in DAT KO mice without significantly affecting PPI
in wild-type mice (Figure 3). In the ANOVA, there
were significant effects of DRUG (F(2, 60) =6.31; p<0.01),
GENOTYPE (F(1,60)=17.19; p<0.001), DRUG x INTEN-
SITY (F(4, 120) =2.66; p<0.05), and GENOTYPE x INTEN-
SITY (F(2,120) =3.73; p<0.05), reflecting the increase in
PPI only in DAT KO mice, but not in wild-type mice.
There was no significant interaction between GENOTYPE
and DRUG. The results of post hoc comparisons are shown
in Figure 3.
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There was no significant main effect of GENOTYPE on
the magnitude of acoustic startle, but there was a significant
main effect of DRUG (F(2,60) =4.69; p<0.05). Fluoxetine
significantly increased the acoustic startle response inde-
pendent of GENOTYPE (Table 1), as indicated by the
main effect of DRUG in the absence of a significant
DRUG x GENOTYPE interaction.

Effects of Citalopram on PPI and Acoustic Startle

ANOVA of baseline data revealed a significant GENOTYPE
effect on PPI (F(1,18) =27.97; p<0.001); Once again, DAT
KO mice displayed significantly reduced levels of PPI
compared to wild-type mice after saline (Figure 4).
Citalopram (30 and 100 mg/kg), a highly selective SERT
inhibitor, did not significantly affect PPI in wild-type or
DAT KO mice (Figure 4). Overall, there was a significant
effect of GENOTYPE (F(1,55)=50.39; p<0.001) in the
ANOVA, but none of the other factors were significantly
different, including DRUG, DRUG x GENOTYPE, DRUG x
INTENSITY, and GENOTYPE x INTENSITY. The results of
post hoc comparisons are shown in Figure 4.

Although there was no significant main effect of
GENOTYPE on the magnitude of the acoustic startle
response, there was a significant main effect of DRUG
(F(2,55)=11.41; p<0.001), but no significant GENO-
TYPE x DRUG interaction. Thus, the citalopram treatment
significantly enhanced the acoustic startle response inde-
pendent of GENOTYPE (Table 1).

Effects of Nisoxetine on PPI and Acoustic Startle

ANOVA of baseline data revealed a significant GENOTYPE
effect on PPI (F(1,21) =17.03; p<0.001); as before, PPI was
reduced in DAT KO mice after saline injection compared to
wild-type mice (Figure 5). Nisoxetine (10 and 30 mg/kg), a
selective NET inhibitor, significantly increased PPI in DAT
KO mice without significantly affecting PPI in wild-type
mice (Figure 5). In the ANOVA, there was a significant main
effect of GENOTYPE (F(1,89) =32.00; p<0.001) and DRUG
(F(3,89) =8.96; p<0.001), as well as a significant GENO-
TYPE x DRUG interaction (F(3,89) =3.63; p<0.05) reflect-
ing this differential response to nisoxetine in DAT KO mice
in the absence of any response in wild-type mice. The effects
of GENOTYPE varied across prepulse intensities so that
there was a significant GENOTYPE x INTENSITY interac-
tion (F(2,178) =12.70; p<0.001). However, the effects of
nisoxetine were consistent across prepulse intensities so
there was no significant DRUG x INTENSITY interaction.
The results of post hoc comparisons are shown in Figure 5.
The magnitude of the acoustic startle response was not
affected by GENOTYPE or DRUG (Table 1). In the ANOVA,
there was no significant effect of GENOTYPE or DRUG, nor
was there a significant GENOTYPE x DRUG interaction.

DISCUSSION

The results from these experiments demonstrate that
cocaine and methylphenidate ameliorate PPI deficits in
DAT KO mice. As these mice lack DAT, one of the main
pharmacological targets of these drugs, it is likely that



NET or SERT, the other main molecular targets of
psychostimulants, mediate these residual effects. Current
results are most consistent with the idea that the PPI-
normalizing effects of these drugs are chiefly mediated via
NET. Cocaine and methylphenidate share the ability to
potently inhibit both NET and DAT, but since methylphe-
nidate displays very lower affinity for SERT (Gatley et al,
1996), SERT blockade is not likely to mediate psychosti-
mulant effects on PPI in DAT KO mice. Furthermore, the
highly selective NET inhibitor nisoxetine, administered
alone, also reversed the PPI deficits in DAT KO mice. By
contrast, the highly selective SERT inhibitor citalopram
failed to reverse these deficits, even at a high dose (100 mg/
kg). There was significant amelioration of PPI deficits in
DAT KO mice produced by the less selective SERT inhibitor
fluoxetine. A comparison of these drugs is highly informa-
tive; although the affinity of fluoxetine and citalopram for
SERT is not different (Owens et al, 2001), fluoxetine has
about 10-fold higher affinity than citalopram for NET
(Hughes and Stanford, 1996; Owens et al, 2001). Alterna-
tively, fluoxetine has serotonin 5-HT,, or 5-HT,¢ receptor
antagonistic effects that are not shared with citalopram
(Koch et al, 2002) and could lead to the fluoxetine effects on
the PPI deficits that we observe in DAT KO mice, as has
been observed for 5-HT,, antagonists (Barr et al, 2004).
The selective SERT inhibitors fluoxetine and citalopram
significantly increased the acoustic startle response of
C57BL/129Sv hybrid mice, independent of genotype.
Although these increases are likely to be mediated through
SERT blockade, no enhancement of acoustic startle
response was previously observed in rats after SERT
blockade (Martinez and Geyer, 1997; Pouzet et al, 2005),
although decreased startle habituation has been reported in
rats (Geyer and Tapson, 1988). Analyses of startle data after
citalopram and fluoxetine revealed increased startle magni-
tude but no DRUG x BLOCK interactions indicating no
effect on habituation. However, analyses of each block
revealed significant effects of fluoxetine only in later blocks
(from second to fourth block), but significant effects of
citalopram throughout (data not shown). Thus, based on
this analysis, citalopram might cause an alteration in
general startle reactivity, but fluoxetine might affect startle
habituation. Conceivably, these effects might be somewhat
different from those in rats, given the substantial differences
in startle and PPI indices that have been documented based
on strain and species background (Ralph and Caine, 2005;
Swerdlow et al, 2005). Serotonergic agents in mice exhibit
strain differences in PPI, habituation, and startle reactivity
(Dulawa and Geyer, 2000). The serotonin releaser methy-
lene-dioxy-methamphetamine disrupts PPI in rats, but
increases PPI in humans (Vollenweider et al, 1999; Liechti
et al, 2001). Ayahuasca, containing 5-HT,a,,c agonistic
compounds, has no effect on PPI, habituation, and startle
reactivity in humans (Riba et al, 2002), although various
serotonergic drugs affect PPI or startle habituation in rats
(for a review, see Geyer et al, 1990; Geyer, 1998).
Methylphenidate and even more selective norepinephrine
reuptake inhibitors can be clinically effective treatments for
ADHD (Eiland and Guest, 2004). The superficial similarities
of some phenotypes found in DAT KO mice to some of the
motor symptoms of ADHD have suggested to some authors
that DAT KO mice provide an animal model for this
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disorder. Indeed, these mice do display reductions in
hyperlocomotion after treatment with psychostimulants
under some conditions (Gainetdinov et al, 1999). Obviously,
attentional and cognitive components of ADHD sympto-
matology may not be reflected by this model. It remains to
be seen if PPI deficits induced by psychostimulants or
dopaminergic overactivity (Wilkinson et al, 1994; Barr et al,
2004) reflect the sort of attentional deficits observed in
ADHD. Nonetheless, it is interesting to note that selective
serotonin reuptake inhibitors (SSRIs) are reported to be
ineffective in ADHD (Findling, 1996), even though fluox-
etine appears to reduce hyperactivity in DAT KO mice
(Gainetdinov et al, 1999). In the present experiments, we
found that the same class of drugs, selective noradrenaline
reuptake inhibitors (NRIs), that has been recently shown
to effectively treat ADHD symptoms (for a review, see
Christman et al, 2004) can also normalize PPI function in
DAT KO mice. Similarly, but in contrast to some previous
observations (Gainetdinov et al, 1999), we have found that
nisoxetine, an NRI, can reduce hyperactivity in DAT KO
mice, while citalopram, an SSRI, does not (Fukushima and
Sora, unpublished data). These results indicate that NET
may be the critical molecular target for psychostimulant-
induced normalization of PPI in this model.

Our recent microdialysis studies demonstrate enhanced
DA levels in the prefrontal cortex (PFc), but not the nucleus
accumbens (NAc), after systemic administration of cocaine
(Shen et al, 2004) and methylphenidate (Shen and Sora,
unpublished data) in DAT KO mice. By contrast, wild-type
mice exhibit changes in both structures. Furthermore,
systemic nisoxetine and fluoxetine administration in DAT
KO mice enhances extracellular DA concentrations in PFc
(Shen and Sora, unpublished data). Interestingly, systemic
citalopram administration, which differs from fluoxetine in
its effects on serotonin receptors and NET, did not have this
effect (Shen and Sora, unpublished data). Atomoxetine,
an NRI, can also increase PFc DA levels in rats, and it has
been suggested that the atomoxetine-induced increase of
catecholamines in PFc mediates the therapeutic effects of
atomoxetine in ADHD (Bymaster et al, 2002).

Since DA has higher affinity for NET than for DAT
(Eshleman et al, 1999) and PFc DAT densities are relatively
low (Sesack et al, 1998) in comparison with PFc NET
densities (Schroeter et al, 2000), PFc DA uptake may depend
more significantly on NET (Carboni et al, 1990; Moron et al,
2002). In caudate putamen (CPu) and NAc, where DAT
densities predominate, DA uptake is likely to depend
primarily on DAT (Moron et al, 2002). Cocaine, methyl-
phenidate, and nisoxetine, all NET blockers, could thus
increase dopaminergic tone in PFc while leaving NAc DA
levels virtually unchanged in DAT KO mice.

Effects of DAT KO on PPI are consistent with effects of
excess synaptic DA produced in other ways, as assessed in
other brain regions. For example, PPI is impaired by DA
infusion into the NAc or anteromedial striatum (Swerdlow
et al, 1992). On the other hand, DA in PFc appears to exert
inhibitory control on NAc DA systems (Banks and Gratton,
1995). Depletion of prefrontal DA by 6-hydroxydopamine
(6-OHDA), or infusion of D1 or D2 antagonists into the PFc,
reduces PPI (Bubser and Koch, 1994; Ellenbroek et al,
1996). Reduced DA-mediated disinhibition of descending
glutamatergic fibers could result in subcortical increases in
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DA neurotransmission in the NAc (Swerdlow et al, 2001).
Increased endogenous DA activity in PFc, resulting from
inhibition of DA transport via NET, could possibly
normalize PPI deficits caused by DA overactivity in NAc.
Differences in the ratio between psychostimulant effects on
DA uptake in PFc vs NAc in DAT KO mice compared to
wild-type mice might underlie the profound differences in
the effects of psychostimulants on PPI in these mice.

In conclusion, the normalization of the PPI deficits in
DAT KO mice after administration of cocaine, methylphe-
nidate, and nisoxetine are most likely to be mediated by
NET inhibition. Since the affinities for NET binding were
decreased in the order: nisoxetine> methylphenidate>
cocaine (Gatley et al, 1996), the effective doses for PPI
improvement in DAT KO mice may be consistent with their
ability to inhibit NET. Microdialysis (Shen et al, 2004) and
current results, taken together, suggest that enhanced PFc
extracellular DA produced via NET blockade may mediate
normalization of PPI in DAT KO mice under these
circumstances. However, methylphenidate does require a
high dose to ameliorate PPI deficits in DAT KO mice,
compared to the clinically effective dose for the treatment of
ADHD. The therapeutic mechanism of ADHD might not be
explained solely by enhanced DA in PFc resulting from NET
inhibition. Other mechanisms might be involved, such as
the ability of methylphenidate to affect cognitive behavior
through noradrenergic o2 adrenoceptors in the PFc
(Arnsten and Dudley, 2005). Additionally, increases in PFc
DA after cocaine are observed from after a 10 mg/kg dose
(Shen et al, 2004), but cocaine requires 60 mg/kg to affect
PPI in DAT KO mice. Thus, despite the substantial evidence
given here supporting the role of NET in the mechanism of
action of psychostimulants in the normalization of PPI
deficits in DAT KO mice, it is not a complete explanation.
The validity of DAT KO mice as a model of ADHD is limited
by our understanding of the underlying biochemical basis
of that disorder; thus, enhanced DA in PFc might only give a
partial explanation for the therapeutic mechanisms of
psychostimulants in ADHD. Nonetheless, NET blockers
including methylphenidate and cocaine can normalize the
PPI deficits in DAT KO mice, and, to the extent that DAT
KO mice constitute an animal model of features of ADHD,
such mechanisms could also underlie the therapeutic
benefits of both psychostimulants and nonpsychostimulant
NET blockers such as atomoxetine in ADHD.
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Abstract—Recent evidence suggests that mu opioid recep-
tors (MOR) are key regulators of hippocampal structure and
function. For example, exogenous MOR agonists morphine
and heroin negatively impact hippocampal function and de-
crease adult hippocampal neurogenesis. Here we explored
the role of MOR in the birth and survival of hippocampal
progenitor cells by examining adult neurogenesis in mice
that lack MOR. Adult male mice lacking exon 1 of MOR were
injected with the S phase marker bromodeoxyuridine (BrdU)
and killed either 2 hours or 4 weeks later to evaluate prolif-
erating and surviving BrdU-immunoreactive (IR) cells, re-
spectively, in the adult hippocampal granule cell layer. Wild-
type (WT), heterozygote, and homozygote mice did not differ
in the number of BrdU-IR cells at a proliferation time point.
However, 4 weeks after BrdU injection, heterozygote and
homozygote mice had 57% and 54% more surviving BrdU-IR
cells in the hippocampal granule cell layer as compared with
WT mice. A decrease in apoptosis in the heterozygote and
homozygote mice did not account for the difference in num-
ber of surviving BrdU-IR cells since there were no alterations
in number of pyknotic, terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end labeling (TUNEL)-positive, or
activated caspase 3-IR cells compared with WT. In concor-
dance with the increased numbers of granule cells maturing
into neurons, heterozygote and homozygote mice had larger
hippocampal granule cell layers and increased numbers of
granule cells. These findings indicate that MOR may play a
role in regulating progenitor cell survival and more generally
encourage further exploration of how MOR activation can
influence hippocampal structure and function. © 2006 IBRO.
Published by Elsevier Ltd. All rights reserved.
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The mu opioid receptor (MOR) is highly expressed in brain
monoaminergic pathways, brainstem, and spinal cord, and
has long been implicated in processes related to these
brain regions, such as addiction, alertness, and nocicep-
tion (Arvidsson et al., 1995; Mansour et al., 1995; Uhl et al.,
1999; Kreek et al., 2005). However, recent evidence points
to a more novel role for MOR: regulating hippocampal
structure and function (Morris and Johnston, 1995; Mar-
tinez and Derrick, 1996; Terman et al., 2000; Kearns et al.,
2001; Harrison et al., 2002; Guo et al., 2005; Vigano et al.,
2005a,b). MOR is expressed on interneurons and primary
cell types in all hippocampal regions (Meibach and
Maayani, 1980; Arvidsson et al., 1995; Mansour et al.,
1995; Svoboda et al., 1999; Drake and Milner, 2002),
including in the granule cell layer (GCL) of the dentate
gyrus. Hippocampal structure, physiology, and biochemis-
try are potently influenced by exogenous MOR agonists,
like morphine and heroin, and by perturbation of the levels
of endogenous agonists, like enkephalin and dynorphin
(Morris and Johnston, 1995; Simmons and Chavkin, 1996;
Chavkin, 2000). For example, chronic exposure to MOR
agonists negatively impacts hippocampal function, de-
fined here as hippocampal-dependent behaviors, while
blockade of MOR and other opiate receptors enhances
hippocampal function (Spain and Newsom, 1989, 1991).
Supporting the role for MOR in hippocampal function,
transgenic mice that lack MOR or endogenous MOR li-
gands have altered behavior in hippocampal-dependent
tasks (Jamot et al., 2003; Jang et al., 2003; Nguyen et al.,
2005; Sanders et al., 2005). These studies encourage
more detailed exploration of how MOR regulates hip-
pocampal structure and function.

In this regard, an intriguing property of the adult hip-
pocampal dentate gyrus is its capability to generate new
neurons throughout life (Eisch, 2002; Abrous et al., 2005).
Neural progenitors located in and adjacent to the GCL
proliferate, differentiate, and mature to become functional
granule cell neurons (van Praag et al., 2002; Kempermann
et al., 2004). All stages of hippocampal progenitor devel-
opment—proliferation, differentiation, and survival—can
be influenced by environmental and physiological stimuli
(Cameron et al., 1998; Eisch, 2002; Abrous et al., 2005).
For example, adult in vivo exposure to MOR agonists
decreases the proliferation and survival of new neurons in
the hippocampus (Eisch et al., 2000; Mandyam et al.,
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2004; Kahn et al., 2005; Eisch and Harburg, 2006). In
order to examine the impact of loss of MOR on adult
hippocampal neurogenesis, we examine the proliferation,
differentiation, and survival of new neurons in the hip-
pocampus of adult transgenic mice lacking exon 1 of MOR
(Sora et al., 1997). We find that MOR knockout (KO) mice
have normal proliferation and differentiation, but enhanced
survival of new neurons and more granule cells. These
results suggest a previously unappreciated role for MOR in
the normal development of hippocampal granule cells.

EXPERIMENTAL PROCEDURES
Animals

Adult male mice with a deletion of exon 1 of MOR were created on
a C57BL/6 and 129Sv mixed background as previously described
(Sora et al., 1997). MOR KO mice were generated from hetero-
zygote crosses to produce wild-type (WT), heterozygote, and
homozygote littermates. WT, heterozygote KO and homozygote
KO mice were genotyped by polymerase chain reaction (PCR)
using two internal primers, one targeted at the NEO insertion in
the KO construct and one targeted at the WT gene, and one
external primer, which generated two products identifying the WT
and KO genes. PCR using Tsg DNA polymerase (Lamda Biotech,
St. Louis, MO, USA) was performed on tail DNA eluted after
digestion overnight in Protease K. The forward primer (5’ CTG
GAT GAG CTG TAA GAA TAG G 3') and the WT primer (5" CAG
CCA ACA CAA TAT CAC ATT C 3’) produced a 550 bp band,
while the forward primer and the NEO primer (5’ CGG ACA GGT
CGG TCT TGA C 3') produced an 800 bp band. PCR amplification
products were separated by electrophoresis on 4% agarose gels
and bands were visualized under UV illumination. The mice were
housed at 24 °C with a 12-h light/dark cycle and ad libitum access
to food and water, and all procedures were performed according
to AAALAC guidelines in a vivarium at NIDA-IRP in Baltimore, MD,
USA. All animal use procedures were performed in accordance
with the U.S. National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Experiments were designed to mini-
mize the number of animals used and their suffering.

Bromodeoxyuridine (BrdU) injections and
tissue preparation

In order to assess levels of cell proliferation, differentiation, and
survival of new cells in the dentate gyrus, mice were given one i.p.
injection of BrdU (150 mg/kg; Boehringer Mannheim, Mannheim,
Germany) dissolved in 0.9% saline and 0.007 N NaOH at 10
mg/ml as previously described (Mandyam et al., 2004). A total of
44 male mice were used for this study. To assess proliferation, 22
mice (WT=10, heterozygote=5, homozygote=7) were perfused
2 h after BrdU injection. To assess differentiation and survival 22
mice (WT=8, heterozygote=>5, homozygote=9) were perfused 28
days after BrdU injection to allow time for BrdU cells born 4 weeks
earlier to achieve their mature phenotype. All mice were anesthe-
tized with chloral hydrate and perfused transcardially with cold
0.1 M phosphate-buffered saline (PBS) followed by 4% parafor-
maldehyde in 0.1 M PBS (pH 7.4) for 30 min at a rate of 7 ml/min.
After perfusion, brains were removed and postfixed in 4% para-
formaldehyde in 0.1 M PBS for at least 24 h at 4 °C. Brains were
cryoprotected in 30% sucrose in 0.1 M PBS with 0.1% NaN; at
4 °C until sectioning. Thirty micrometer coronal sections were
taken on a freezing microtome (Leica, Wetzlar, Germany). Nine
serial sets of sections were collected through the entire hippocam-
pus. Sections were stored in 0.1% NaN; in 1x PBS at 4 °C until
processed for immunohistochemistry (IHC).

IHC and histology

Every ninth section of the hippocampus was mounted on glass
slides (Fisher Superfrost/Plus, Hampton, NH, USA) and left to dry
overnight prior to IHC. Slides were coded so the experimenter was
blind to the genotype of the animal until completion of analysis.
Sections used for IHC were pretreated as follows: DNA denatur-
ation (0.01 M citric acid, pH 6.0, 95 °C, 10 min), membrane
permeabilization (0.1% trypsin in 0.1 M Tris and 0.1% CaCl,, 10 min),
and acidification (2 M HCI in 1X PBS, 30 min). Primary antibody
concentrations were as follows: rat anti-BrdU (Accurate, West-
bury, NY, USA; 1:100), rabbit anti-activated caspase 3 (AC3; Cell
Signaling Technology, Beverly, MA, USA; 1:500), rabbit anti-glial
fibrillary acidic protein (GFAP; Dako, Carpinteria, CA, USA;
1:500), and mouse anti-NeuN (Chemicon, Temecula, CA, USA;
1:50). Single-labeling IHC for BrdU or AC3 was completed using
the avidin—biotin/diaminobenzidine visualization method (Vector
Laboratories, Pierce, Rockford, IL, USA) followed by counterstain-
ing with Fast Red (Vector). Triple-labeling for BrdU, GFAP, and
NeuN was performed by co-incubation in a primary cocktail over-
night followed by co-incubation in a cocktail of the following fluo-
rescent secondary antibodies (Jackson Immunoresearch, West
Grove, PA, USA; anti-rat CY2 (1:200), anti-mouse CY3 (1:200),
and anti-rabbit CY5, (1:500)), and completed by counterstaining
with 4’, 6-diamidino-2-phenylindole (DAPI) (Roche, Basel, Swit-
zerland; 1:5000). Apoptotic nuclei were detected using AC3-im-
munoreactivity as described above, presence of pyknotic cells in
Fast Red-stained sections, or terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end labeling (TUNEL). Before begin-
ning the TUNEL procedure (DeadEnd Colorimetric TUNEL Sys-
tem; Promega, Madison, WI, USA), slide-mounted sections were
pretreated with 0.1 M sodium citrate buffer, pH 6.0 at 95 °C for
5 min (Heine et al., 2004).

Quantification of immunoreactive (IR) and
apoptotic cells

Cell birth, survival, and death were examined in the neurogenic
region of the dentate gyrus. This region, referred to here as the
GCL, was composed of the subgranular zone (SGZ; extending
from the border of the GCL to three granule cell widths into the
hilus) and the adjacent GCL (Kuhn et al., 1996; Kempermann
et al., 1997; Donovan et al., 2006). Using modified stereology with
the optical fractionator method (Eisch et al., 2000; Mouton, 2002),
IR cells were quantified in the GCL along the longitudinal extent of
the hippocampus (bregma —0.70 to —4.16,Franklin and Paxinos,
1997). Cell counts were performed at 400X and 1000X magnifi-
cation with an Olympus BX-51 microscope (Olympus America
Inc., Center Valley, PA, USA) while continually adjusting the focal
plane through the depth of the section. Since counting of cells was
conducted on every ninth section of the hippocampus, the number
of counted cells in the region was multiplied by nine to obtain an
estimate of the total number of cells per region. Cell birth and
survival were determined by the number of BrdU-IR cells present
in the GCL 2 h or 4 weeks after BrdU injection, respectively. To
control for bioavailability of BrdU between genotypes, BrdU-IR
cells within the medial habenula, putatively dividing mast cells
(Zhuang et al., 1999), were also quantified (Mandyam et al., 2004;
Donovan et al., 2006; Lagace et al., 2006). The habenula is
non-neurogenic, unlike more commonly used control regions (e.g.
subventricular zone (SVZ) (Ming and Song, 2005), corpus callo-
sum (Dayer et al., 2005)), and its small volume and relative
homogeneity allow appropriate stereologic analysis throughout its
longitudinal axis. Cell death was assessed in GCL and hilus by
quantification of AC3-IR, TUNEL-positive, or pyknotic cells (Eisch
et al., 2000; Donovan et al., 2006) as previously described (Gould
et al., 1990; Geloso et al., 2002; Heine et al., 2004).
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Phenotypic analysis

In order to determine the differentiation of adult-generated GCL
cells into either neurons or glia, triple-labeled sections from the
4-week group (n=4 animals of each genotype) were examined for
co-localization of BrdU with NeuN or GFAP. At least 45 BrdU-IR
cells in the GCL of each animal (WT 483, heterozygote 74+9,
homozygote 66+6) were analyzed. All cells were optically sec-
tioned in the Z plane using a confocal microscope (Zeiss Axiovert
200 and LSM510-META, Carl Zeiss, Oberkochen, Germany) with
three laser lines (emission wavelengths 488, 543, and 633), multi-
track scanning, and a section thickness of 0.45 um. Orthogonal
and rotational analysis in a 3D reconstruction program (Volocity,
Improvision Inc., Lexington, MA, USA) confirmed co-localization.

Stereological estimation of structural volume and
granule cell number

GCL volume and granule cell number were determined in 30 um
sections stained with Fast Red (Donovan et al., 2006). One section
per 240 um was analyzed spanning bregma —0.70 to —4.16 (Frank-
lin and Paxinos, 1997) such that the entire longitudinal axis of the
hippocampus was analyzed. Sections were coded so the experi-
menter was blind to the genotype of the animal until completion of
analysis. All measurements were obtained using Stereolnvestigator
software (MBF Bioscience, Williston, VT, USA) and an Olympus
BX51 microscope. Volumes were measured according to the Cava-
lieri principle (Gundersen and Jensen, 1987; West and Gundersen,
1990) using a 40X objective. The total number of granule cells
was determined using optical disectors along with the optical
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fractionator method (West et al., 1991) and a 100 X/NA 1.30 oil
objective. The right GCL of each animal was analyzed for
neuron number since there was no statistical difference be-
tween the right and left GCL volumes. Data are presented as
right GCL neuron numbers only. A grid size of 125 umXx125 um
was superimposed over each section, and granule cells in fields
within the GCL were counted in 15X15X6 um sample volumes,
with upper and lower guard volumes of 1 um, resulting in an
average of 160 sampling sites per GCL.

Statistical analyses and presentation

Data are represented as mean=S.E.M. Statistical analyses were
performed using a multiple variable analysis of variance (ANOVA)
followed by a Bonferroni post hoc test. For repeated measure
variables (bregma), a repeated measures ANOVA was used to
assess the effect of genotype on the number of BrdU-IR cells as
specific bregma points, followed by a Bonferroni post hoc test. All
statistical analysis was performed on a Macintosh computer using
SPSS version 11.0.2. Statistical significance was defined as
P<0.05. Images were imported into Photoshop version 7.0.1
(Adobe Systems Inc., San Jose, CA, USA) and the only adjust-
ments made were via gamma in the Levels function.

RESULTS
Proliferation

Two hours after BrdU injection, BrdU-IR cells were evident
in the SGZ and GCL of the hippocampus. As previously

@!

150+
g
B> )
=
o 1004
»n
o
(]
¥ 50
=
T
i
m /
= 0-—# T T T T T T *
omo W Sl b (N} O a Lol >
Q‘b ,\"v '\f\ 'J:L :LGJ - N ?;3 <
Bregma
304
N
x
* Q
3
< 20+
]
©
o
r 104
3
T
[11]
0
Homo
o

Fig. 1. MOR KO mice have increased cell survival without changes in proliferation. (A—C) Cell proliferation in the adult hippocampal GCL 2 h after
BrdU administration. (A) BrdU-labeled cells in the SGZ of the dentate gyrus displayed a typical clustered appearance. Inset is a higher magnification
image of a BrdU-IR cell cluster. Scale bar=100 um. Inset scale bar=10 um. (B) Homozygote MOR KO mice show a non-significant trend to decrease
in cell proliferation in comparison to WT mice (P=0.26). (C) Distribution of BrdU-labeled cells along the anterior—posterior axis of the hippocampus.
(D-E) Survival of new cells in the adult hippocampal GCL 4 weeks after BrdU administration. (D) BrdU-labeled cells in the SGZ of the dentate gyrus
displayed a mature neuron phenotype. Inset is a higher magnification of a BrdU-IR cell. (E) Both heterozygote and homozygote animals show
increased survival of newly born cells at 4 weeks in comparison to WT animals (* P<0.05). (F) Distribution of BrdU-labeled cells along the
anterior—posterior axis of the hippocampus. Data for B, C, E, and F are presented as mean+S.E.M.
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shown, proliferating cells were small, clustered, and irreg-
ularly shaped (Fig. 1). No differences were evident in the
size, clustering, or shape of BrdU-IR cells across geno-
types. Quantification of the total number of BrdU-IR cells
showed no significant effect of genotype in the GCL (Fig.
1B; F(219)=1.430, P>0.05) or the habenula (Fig. 1B;
F219y=0.478, P>0.05), a region we use to assess bio-
availability of BrdU (Mandyam et al., 2004; Donovan et al.,
2006). The distribution of BrdU-IR cells in all groups dif-
fered significantly across the longitudinal axis of the GCL
(Fig. 1C; F14.266)=31.116, P<0.001), with two peaks of
BrdU-IR cells in the GCL at bregma —1.66 and bregma
—3.2. There was also a significant interaction of bregma
and genotype (Fig. 1C, F g 266 =1.843, P<0.01). How-
ever, post hoc analysis revealed no significant difference in
cell number at any bregma value among the genotypes.
Therefore, while a trend exists (Fig. 1B, 1C), the number of
proliferating cells in the adult mouse GCL is unchanged in
MOR KO mice.

Survival

Surviving cells in the hippocampus were assessed in mice
injected with BrdU and killed 4 weeks later. Reflective of
the maturation they undergo in the intervening 4 weeks,
surviving BrdU-IR cells in the GCL were large, round,
generally spotted or solid in staining, and rarely clustered
(Fig. 1D). Quantification of BrdU-IR cells at this survival
time point revealed a significant effect of genotype (Fig.
1E; F(2,19y=6.042; P<0.01). Heterozygous and homozy-
gous mice had significantly more BrdU-IR GCL cells in
comparison to WT mice, with increases of 57% and 54%
respectively (P's<0.05). There was no effect of genotype
on the number of BrdU-IR cells in the habenula (F 19,=
0.378, P>0.05), indicating that the increased BrdU-IR cell
number was selective for the hippocampus. There was not an
interaction of bregma and genotype (Fig. 1F; Fo4 205)=1.281,
P>0.05), suggesting that the increase in homozygous and
heterozygous mice was spread across the hippocampus.
These data show that while proliferation is unchanged in
MOR KO mice, constitutive loss of or reduction in levels of
MOR increases the number of surviving cells in the adult
GCL.

Differentiation

Hippocampal progenitor cells can differentiate into several
fates, including astrocytes or neurons (Reynolds and
Weiss, 1992). To determine if loss or depletion of MOR
influenced the fate of adult-generated hippocampal cells,
we triple-labeled sections from mice given BrdU 4 weeks
earlier with antibodies against glia (GFAP), neurons
(NeuN), and BrdU. Confocal analysis showed that the
majority of BrdU-IR cells in all three genotypes became
neurons (Fig. 2; Table 1). There was no effect of genotype
on the proportion of cells that became neurons (F 14y=
1.349, P>0.09), glia (F(»,11,=0.919, P>0.05), or had an in-
determinate fate (F, 11,=0.616, P>0.05). These data show
that the increase in surviving BrdU-IR cells seen after loss or
reduction of MOR (Fig. 1D—F) reflects an increase in adult
hippocampal neurogenesis.

Cell death

Many adult-generated hippocampal neurons will die prior
to incorporation into hippocampal circuitry (Dayer et al.,
2003). Since we found that loss or reduction of MOR
increases the survival of adult-generated neurons (Fig.
1D—F), we hypothesized that the increased survival was
due to decreased cell death. To assess apoptosis, adja-
cent sets of sections were examined for the number of
AC3-IR, TUNEL-positive, and pyknotic cells (Fig. 3). The
majority of apoptotic cells were located within the SGZ
region of the GCL, underscoring the high turnover of cells
in this region (Thomaidou et al., 1997; Gould et al., 1999;
Dayer et al., 2003; Heine et al., 2004). As noted previously
(Geloso et al., 2002), the majority of AC3-IR cells were
large, round cells, and many extended processes through
the GCL (Fig. 3D). This morphology reflects AC3’s early
role in the apoptotic cascade (Faherty et al., 1999).
TUNEL-positive (Fig. 3E) and pyknotic cells (Fig. 3F) were
small and round, and processes were rare, emphasizing
that these two methods of cell death detection capture
cells in later stages of apoptosis (Faherty et al., 1999).
Regardless of the method used to detect apoptosis, there
was no significant effect of genotype (AC3, F, 410,=0.984,
P>0.05; TUNEL, F,=0.055 P>0.05 pyknosis,
F(2.12)=1.166, P>0.05). These data show that GCL cell
death is not different between WT and MOR KO mice.

Stereological estimation of structural volume and
granule cell number

Given that cell death was not different across genotypes
(Fig. 3), the increased survival of newborn cells in the GCL
of heterozygote and homozygote MOR KO mice (Fig. 1)
would be expected to lead to an increased number of GCL
cells. To address this possibility, we calculated the volume
of the GCL and determined the number of granule cells
using optical disectors along with the optical fractionator
method (West and Andersen, 1980; Gundersen and
Jensen, 1987; West and Gundersen, 1990). In regard to
GCL volume, there was a significant effect of genotype
(F2,18=5.833; P<0.05; Table 2) with the GCL of MOR
heterozygote and homozygote KO mice being 22% and
17% larger than WT littermates (P<<0.05 in each case).
This increase in GCL volume was specific to the hip-
pocampus since a main effect of genotype was also seen
in the hilus (F 15,=5.071; P<0.05; heterozygote and ho-
mozygote 20% and 23% larger than WT), but no main
effect of genotype was seen on the volume of the habe-
nula, a region rich in MOR (F, 47y=0.107; P>0.05; Fig.
4A, Table 2). There was also a main effect of genotype on
the number of neurons in the GCL (F(,4,=11.06;
P<0.001) with heterozygote and homozygote possessing
30% (P<0.05) and 44% (P<0.001) more GCL neurons
than WT (Fig. 4B, Table 3). Taken together these data
show that enhanced survival of adult-generated neurons
results in increased numbers of neurons in the GCL of
adult mice lacking MOR.
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DISCUSSION

These data show that heterozygote and homozygote MOR
KO mice have enhanced adult hippocampal neurogenesis.
This effect is due to an increase in the number of progen-

Table 1. Phenotype of BrdU-IR GCL cells

Genotype % BrdU cells colocalizing with

NeuN GFAP Neither
WT 93.5(+2.4) 1.7(x1.2) 4.8 (x2.7)
Heterozygote 96.3 (+2.9) 0.6 (=0.6) 3.1(x3.1)
Homozygote 98.6 (+0.5) 0.3 (+0.3) 1.1(%0.4)

Fig. 2. Knockout of the w opioid receptor does not alter cell fate during maturation. (A, B) Example of a BrdU-labeled cell with a neuronal phenotype.
BrdU labeling (green) colocalizes with the neuronal marker, NeuN (red), but not a glial marker, GFAP (blue). (C, D) Example of a BrdU-labeled cell
with a glial phenotype. BrdU labeling colocalizes with GFAP and not NeuN. Scale bars=20 um. For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.

itor cells that survive, not to alteration in the number of
proliferating GCL cells, and is independent of detectable
changes in cell death. There is no influence of the MOR
KO on cell fate determination since WT, heterozygote and
homozygote mice all had equivalent proportions of surviv-
ing cells maturing into neurons. The impact of increased
neurogenesis on the hippocampus is emphasized by the
increased volume and neuron number in the GCL of the
dentate gyrus in heterozygote and homozygote mice.
These results indicate that MOR plays a role in regulating
the survival of maturing neurons in adult hippocampal
neurogenesis.

The majority of factors currently known to influence
neurogenesis do so via influence on proliferating progen-
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Fig. 3. Increased survival of neurons in MOR KO mice is not due to a detectable decrease in levels of apoptosis. Quantitative analysis of (A) activated
caspase-3-IR cells, (B) TUNEL-positive cells, and (C) pyknotic cells in the GCL. Representative images of (D) activated caspase-3 cells (indicated by
white arrowhead), (E) TUNEL-positive cells (indicated by gray arrowheads), and (F) pyknotic cells (indicated by black arrows) in the GCL. Data for A—C
are presented as mean*=S.E.M. Scale bar=50 um. Inset scale bar=10 um.

itor cells. Thus, it is of particular interest that deletion of
MOR appears to confer a survival advantage to maturing
neurons without altering the numbers of proliferating pro-
genitor cells. These data add MOR to the limited list of
factors that have a stronger effect on survival versus pro-
liferation of new hippocampal neurons (Ambrogini et al.,
2005; Rizk et al., 2006; Galea et al., 2006; Lichtenwalner
et al., 2006). The data presented here suggest that MOR is
critical to normal maturation of adult-generated granule
cells. Studies are in progress to explore whether other
aspects of progenitor cell development, e.g. establishment
of the granule cell dendritic tree, are altered in MOR KO
mice.

The increase in survival of maturing neurons in MOR
KO mice occurs without the expected concurrent decrease
in cell death, as three measures (AC3, TUNEL, pyknosis)
were similar between WT and KO mice. While it is difficult
to reconcile increased cell survival in the face of no de-
crease in cell death, two things give us confidence that
MOR KO mice indeed do have enhanced cell survival.
First, despite the lack of detectable changes in cell death
levels, our finding of increased cell survival (Fig. 1) is
supported by a concomitant increase in the number of GCL
neurons (Fig. 4, Table 3). This emphasizes that more
neurons appear to survive and likely integrate into the

Table 2. Effect of genotype on size of brain regions

hippocampal circuitry in MOR KO mice. Second, available
methods of cell death detection are hampered by the dif-
ficulty in catching the short window of time in which cells
can be detected. Even those studies that show a correla-
tion between cell birth and cell death show large differ-
ences between the number of proliferating cells and dying
cells (Cameron and Gould, 1996; Cameron and McKay,
1999; Montaron et al., 1999; Biebl et al., 2000; Heine et al.,
2004). This commonly-reported discrepancy between the
number of proliferating progenitors and dying cells under-
scores the need for global technical advances in detection
of cell death, as well as encourages more specific research
into the relationship between these events as it relates to
adult hippocampal neurogenesis.

It is interesting to note that heterozygote and homozy-
gote MOR KO mice both have similar increases in cell
survival in the GCL. While it is difficult to pinpoint the
reason for the lack of a gene dosage effect, it is interesting
to speculate if receptor density plays a role. MOR is ex-
pressed at low levels in the dentate gyrus (Arvidsson et al.,
1995; Mansour et al., 1995; Drake and Milner, 2002), so a
50% reduction in MOR would have a significant impact on
receptor density. In vivo studies have shown that MOR
activity is highly dependent on receptor density (Pak et al.,
1996; Law et al., 2000). Decreasing the number of func-

Genotype GCL volume (mm?) % WT Hilus volume (mm?) % WT Habenula volume(mm?) % WT
WT 0.482 (+0.024) 100 0.494 (+0.032) 100 0.069 (+0.002) 100
Heterozygote 0.588 (=0.026)* 122 0.594 (=0.021)* 120 0.069 (=0.003) 100
Homozygote 0.565 (=0.016)* 17 0.608 (=0.003)* 123 0.067 (+0.003) 97

* P<0.05.
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Fig. 4. MOR KO mice have larger GCLs and increased numbers of granule cells. (A) GCL volumes. (B) Number of granule cells per GCL as estimated
by optical fractionator. (* P<<0.05, *** P<<0.001.) Data are presented as mean+S.E.M.

tional MOR receptors by treatment with irreversible MOR
antagonists (B-CAN, B-FNA) results in a non-linear de-
crease in receptor function. This reduction in functional
efficacy of the receptor/effector unit necessitates a greater
percentage occupancy of receptors in order to generate a
functional response (Pak et al., 1996). This work also
suggests that secondary cascades initiated by MOR may
be uniquely sensitive to MOR receptor density (Pak et al.,
1996). Thus, loss of one copy of MOR could translate into
greater than expected decrease in receptor function and
downstream activity in the dentate gyrus, resulting in a
phenotype similar to the homozygote. Future studies, be-
yond the scope of this paper, will explore the mechanism
behind our heterozygote phenotype by focusing on the
kinetics of MOR specifically in dentate gyrus neurons.

Possible mechanisms for MOR regulation
of neurogenesis

Pharmacological evidence supports the hypothesis that
MOR is a regulator of cell survival in the CNS. For exam-
ple, pre- and postnatal exposure to the opioid antagonist
naltrexone results in an increase in brain size (Zagon and
McLaughlin, 1984, 1986a), while exposure to MOR ago-
nists decreases brain size (Zagon and MclLaughlin,
1977a,b; Ford and Rhines, 1979). Full exploration of the
mechanism for MOR regulation of adult neurogenesis is
outside the scope of the present study. However, several
recent findings provide clues to how MOR regulates the
survival of new neurons, and these deserve discussion.
The most pressing question to be addressed is whether
MOR impacts maturing neurons directly, indirectly, or both.

Table 3. Effect of genotype on GCL neuron number

Here we propose two different mechanisms—one direct,
and one indirect—via which MOR could regulate neuro-
genesis.

Indirectly, MOR could regulate neurogenesis by alter-
ing the levels of pro-survival factors in the dentate gyrus.
MOR activity has been shown to be involved in the regu-
lation of a number of neurotransmitters in the hippocampus
including acetylcholine (ACh, Lapchak et al., 1989; Kaplan
etal.,, 2004), GABA (Drake and Milner, 1999, 2002; Akaishi
et al., 2000), and norepinephrine (NE, Matsumoto et al.,
1994). GABA modulates neurogenesis, but appears to do
so by altering cell differentiation, not survival (Tozuka
et al., 2005; Karten et al., 2006). Manipulations of ACh
levels can alter both proliferation and survival (Cooper-
Kuhn et al., 2004; Mohapel et al., 2005). However, a recent
paper showed that chronic acetylcholinesterase (AChE)
antagonist treatment results in increased cell survival in
the SGZ without affecting cell proliferation or fate (Kotani et
al., 2006). While it is intriguing to consider whether pertur-
bations in cholinergic signaling contribute to the enhanced
survival reported here, cholinergic receptor binding as well
as AChE activity are both normal in MOR KO mice (Tien
et al., 2004). Thus, it seems unlikely that alterations in the
cholinergic system are the cause of increased cell survival
in MOR KO mice. NE is perhaps a more likely candidate.
Antagonism of the alpha2-adrenoceptor, which increases
NE levels, enhances neurogenesis by specifically increas-
ing survival of new neurons in the hippocampus indepen-
dent of changes in cell proliferation or fate (Rizk et al.,
2006). MOR agonists inhibit release of NE (Matsumoto
et al.,, 1994) and ACh (Lapchak et al., 1989) in the rat

Genotype GCL volume (mm?) % WT GCL neurons (x10°) % WT Neuron density (x10%/mm3)
WT 0.482 (+0.024) 100 5.254 (+0.346) 100 10.90 (0.490)
Heterozygote 0.588 (+0.026)* 122 6.840 (=0.798)* 130 12.00 (£1.222)
Homozygote 0.565 (+0.016)* 117 7.590 (+0.153)** 144 13.49 (+0.386)"

* P<0.05.

*** <0.001.
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hippocampus. Perhaps deletion of MOR results in in-
creased levels of these neurotransmitters in the hippocam-
pus, leading to the increase in survival of new neurons
reported here. The mechanisms by which these neuro-
transmitters promote cell survival have not yet been eluci-
dated, however it has been proposed that NE, and possibly
ACh, promotes the survival of new neurons by increasing
BDNF levels in the hippocampus (Rizk et al., 2006). Future
experiments will address whether constitutive KO of MOR
affects the levels of NE and BDNF in the hippocampus.

Alternatively, opioids could impact neurogenesis via
direct activation of MOR. An in vitro study supports both
the presence of MOR on hippocampal progenitors cells as
well as the role of MOR in neuronal fate specification
(Persson et al., 2003), and an in vivo study shows the
presence of MOR on progenitors in another neurogenic
region of the brain, the SVZ (Stiene-Martin et al., 2001).
Furthermore, MOR may be expressed on a small popula-
tion of cells of unknown identity in the dentate gyrus (Drake
and Milner, 1999); these cells deserve further analysis for
the possibility that they are progenitor cells. Studies are
currently ongoing in our laboratory to establish if and when
hippocampal progenitor cells and immature granule cells
in vivo express MOR, and can thus directly respond to
MOR agonists and antagonists. If these progenitor cells do
express MOR, future studies could specifically KO MOR in
progenitor cells or immature neurons (e.g. via viral knock-
down (van Praag et al., 2002) or specific transgenic KO) to
determine if direct activation of MOR in these cells is
necessary for its regulatory effects on neurogenesis.

As with all constitutive KO mice, the possibility that the
findings reported here are due to compensatory changes
in the brain must also be considered. Potential adaptive
alterations in the brains of MOR KO mice have previously
been described (Hall and Uhl, 2006), including changes in
the cholinergic system (discussed above), as well as
changes in the dopaminergic and glutamatergic systems.
In the hippocampus, MOR KO mice have been shown to
have alterations in non-opioid receptor activities, including
reduced dopamine D2 receptor binding (Matthies et al.,
2000) and enhanced metabotropic glutamate receptor and
somatostatin binding (Grecksch et al., 2004). One way to
address whether the reported increase in cell survival is
MOR-specific or due to compensatory changes is to ex-
amine the effects of chronic administration of an MOR
antagonist. In line with our findings in the MOR KO mice,
chronic naltrexone treatment in early postnatal rats in-
creases hippocampal size and granule cell number (Zagon
and McLaughlin, 1984, 1986b). In vitro, chronic exposure
of progenitor cells to another opioid antagonist, naloxone,
results in increased neurogenesis (Persson et al., 2003).
However, we have found that pharmacological blockade of
MOR via chronic treatment with a high dose of the opioid
antagonist naltrexone in adult mice does not alter cell
proliferation or survival in the SGZ (Harburg and Eisch,
unpublished observations). This discrepancy with the
MOR KO mice may be due to naltrexone’s non-specificity
since it acts on the delta and kappa opioid receptors as
well (Raynor et al., 1994). This multiple opioid receptor

antagonism could mask MOR-specific effects. Contradic-
tory results have also been found with naltrexone’s effects
on cell proliferation in the SGZ (Persson et al., 2004; Galea
et al., 2006), emphasizing the complexity of in vivo use of
this compound, and the general challenges associated
with attempts to mimic genetic manipulation with pharma-
cological blockade. Future studies will circumvent the nat-
ural confounds associated with constitutive KOs and the
non-specificity of available MOR antagonists by studying
the link between MOR and cell survival in a conditional
MOR KO mouse.

Clearly, further studies are needed to elucidate
whether the positive impact demonstrated here on adult
neurogenesis is a result of the developmental expression
of MOR on adult-generated neurons, an indirect effect
such as via neurotransmitters, or perhaps a more global
alteration in the hippocampal milieu that results in en-
hanced neurogenesis.

Implications of MOR regulation of neurogenesis
on behavior

Increased neurogenesis can positively impact hippocam-
pal function, resulting in enhanced hippocampal-depen-
dent learning. Neurons produced by adult hippocampal
neurogenesis integrate into the structure of the hippocam-
pus, extending axons along the mossy fiber tract to CA3
(Stanfield and Trice, 1988; Hastings and Gould, 1999;
Markakis and Gage, 1999; Overstreet et al., 2004; Wadi-
che et al., 2005). The new neurons also gain the electro-
physiological properties of mature granule cells and re-
spond appropriately to stimulus of the perforant pathway
(van Praag et al., 2002) strengthening the position that
these cells are functionally integrated into the synaptic
circuitry of the hippocampus. Correlative evidence sug-
gests neurogenesis can enhance hippocampal-dependent
learning in rodents (Shors et al., 2001, 2002; Drapeau
et al., 2003; Snyder et al., 2005). In line with this theory,
heterozygote and homozygote exon 1 MOR KO mice per-
form better than WT littermates in the Morris water maze,
a task of hippocampal-dependent memory (Meilandt et al.,
2004) and have enhanced adult hippocampal neurogen-
esis (present data). Further exploration of adult neurogen-
esis and hippocampal-dependent memory in MOR KO mice
is warranted given differences in key physiological measures
and behavior among distinct transgenic MOR KO mice (Mat-
thes et al., 1996; Sora et al., 1997; Kitanaka et al., 1998; Loh
et al., 1998; Schuller et al., 1999; Matthies et al., 2000; Jamot
et al., 2003; Jang et al., 2003; Meilandt et al., 2004; Hall and
Uhl, 2006). Identification of the similarities and differences
among these mice will be central to determination of the
mechanism that underlies the enhanced neurogenesis re-
ported here in MOR KO mice.

CONCLUSION

In summary, these findings implicate MOR as necessary
for the survival of newly mature neurons in the hippocam-
pus. We extrapolate that endogenous opioids may act to
regulate numbers of surviving newly born neurons by bind-
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ing to MOR to cause this suppression. Thus, opioids and
opiates have the potential to negatively impact hip-
pocampal-dependent learning and memory by decreas-
ing neurogenesis.
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Abstract

Rationale The dopamine transporter (DAT) and the vesic-
ular monoamine transporter 2 (VMAT2) play pivotal roles
in the action of methamphetamine (MAP), including acute
locomotor effects and behavioral sensitization. However,
the relative impact of heterozygous DAT and VMAT?2
knockouts (KOs) on the behavioral effects of MAP remains
unknown.

Objectives To evaluate the roles of DAT and VMAT?2 in
MAP-induced locomotor behavior, we examined locomo-
tor activity and sensitization in heterozygous DAT KO
(DAT+/-), heterozygous VMAT2 KO (VMAT2+/-), double
heterozygous DAT/VMAT2 KO (DAT+/~-VMAT2+/-), and
wild-type (WT) mice.

Results Acute 1 mg/kg MAP injection induced significant
locomotor increases in WT and VMAT2+/— mice but not in
DAT+/— and DAT+/—VMAT2+/— mice. Acute 2 mg/kg MAP
significantly increased locomotor activity in all genotypes.
Repeated 1 mg/kg MAP injections revealed a delayed and
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attenuated development of sensitization in DAT+/— and DAT
+/~VMAT2+/— mice compared to WT mice and delayed
development in VMAT2+/— mice. In repeated 2 mg/kg MAP
injections, DAT+/— and DAT+/-VMAT2+/— mice showed
delayed but not attenuated development of sensitization,
while there was no difference in the onset of sensitization
between VMAT2+/— and WT mice. In DAT+/—VMAT2+/—
mice, all of MAP-induced behavioral responses were similar
to those in DAT+/— but not VMAT2+/— mice.

Conclusions Heterozygous deletion of DAT attenuates the
locomotor effects of MAP and may play larger role in
behavioral responses to MAP compared to heterozygous
deletion of VMAT?2.

Keywords Sensitization - Dopamine transporter - Vesicular
monoamine transporter 2 - Methamphetamine - Knockout
mice - Locomotor activity - Heterozygote

Introduction

Methamphetamine (MAP) is a psychostimulant that indu-
ces enhanced arousal and euphoria acutely and psychosis
and addiction chronically (Sato et al. 1992). The acute and
chronic pharmacological consequences of MAP in human
users have been observed in behavioral experiments in
animals, including both hyperactivity and sensitization of
locomotor responses (Segal and Schuckit 1983). Behav-
ioral sensitization is a phenomenon whereby repeated
intermittent exposure to MAP-like psychostimulant elicits
a progressive enhancement of those responses, which
persists for extended time periods after withdrawal from
the drug and is easily reinstated by exposure to the drug or
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psychosocial stress (Robinson and Becker 1986). This
process closely resembles the course of the relapse in MAP-
induced psychosis or schizophrenia, thus sensitization in
animals has been suggested to model these psychoses (Sato
et al. 1983). Behavioral sensitization is thought to be an
early and enduring manifestation of neuronal plasticity
associated with changes in mesolimbic dopamine neuro-
transmission (Kalivas et al. 1993; Kalivas and Stewart
1991). MAP induces dopamine release through exchange
diffusion of plasma membrane dopamine transporter (DAT)
(Seiden et al. 1993) and release of vesicular dopamine into
the cytosol by acting on the vesicular monoamine trans-
porter 2 (VMAT2) (Sulzer et al. 2005). The dopamine-
releasing effect of MAP has been postulated to mediate its
locomotor stimulant and rewarding effects (Pontieri et al.
1995; White and Kalivas 1998). Therefore, DAT and
VMAT2 should play pivotal roles in the mechanisms
underlying the actions of MAP.

DAT knockout (KO) mice and VMAT2 KO mice have
been used to investigate the roles of DAT and VMAT?2 in
dopamine neurotransmission and pharmacological mecha-
nisms underlying the actions of psychostimulants. Homo-
zygous deletion of the DAT gene has been reported to
produce a tenfold increase (Shen et al. 2004) or fivefold
elevation (Jones et al. 1998a) of extracellular dopamine
concentrations in the striatum measured by in vivo micro-
dialysis, while heterozygous deletion of DAT was not found
to significantly increase extracellular dopamine (Shen et al.
2004) or to produce a smaller twofold elevation (Jones et al.
1998a) of dopamine in the striatum. Homozygous DAT KO
mice show growth retardation and hyperactivity, whereas
heterozygous DAT KO mice did not show gross abnormal-
ities in either development or baseline behavioral parame-
ters (Giros et al. 1996; Sora et al. 1998). Habituated
homozygous DAT KO mice do not show any significant
cocaine-induced increase in locomotion (Giros et al. 1996;
Mead et al. 2002; Sora et al. 1998; Uhl et al. 2002).
However, when habituation is limited, cocaine and d-
amphetamine can decrease locomotor activity in homozy-
gous DAT KO mice (Gainetdinov et al. 1999). Consistent
with the acute effects of psychostimulants, repeated d-
amphetamine administration did not induce sensitization in
homozygous DAT KO mice (Spielewoy et al. 2001).

Behavioral effects of psychostimulants on heterozygous
DAT KO mice have been inconsistent and remain uncer-
tain. Spielewoy et al. (2001) reported that acute and chronic
d-amphetamine reduced locomotor activity in heterozygous
DAT KO mice. Acute cocaine administration has been
reported to increase locomotion in heterozygous DAT KO
mice similar to wild-type (WT) mice (Giros et al. 1996;
Sora et al. 1998), but Mead et al. (2002) reported that acute
and chronic cocaine administration did not alter locomotion
in heterozygous DAT KO mice.
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As homozygous VMAT?2 KO is lethal (Fon et al. 1997;
Takahashi et al. 1997; Wang et al. 1997), only heterozygous
VMAT?2 KO mice are available for behavioral experiments.
Heterozygous VMAT2 KO mice do not show gross
abnormalities in development or baseline behavioral
parameters (Takahashi et al. 1997). Acute amphetamine
administration increased locomotor activity in heterozygous
VMAT2 KO mice more than in WT mice (Takahashi et al.
1997; Uhl et al. 2000; Wang et al. 1997). Effects of chronic
amphetamine or MAP administration on heterozygous
VMAT2 KO mice have not yet been characterized.
However, acute cocaine administration has also been shown
to increase locomotor activity more in heterozygous
VMAT2 KO mice than WT mice, although heterozygous
VMAT2 KO mice did not apparently exhibit cocaine
sensitization (Wang et al. 1997).

Thus, pharmacological responses of heterozygous DAT
KO mice remain controversial, and characterization of
heterozygous VMAT2 mice has been limited. Further-
more, the relative impact of VMAT2 and DAT KO on the
behavioral effects of psychostimulants remains unknown.
We therefore conducted studies to simultaneously exam-
ine the effects of these KOs alone and in combination. In
this paper, we have directly compared behavioral
responses of heterozygous DAT KO (DAT+/-), heterozy-
gous VMAT2 KO (VMAT2+/-), combined heterozygous
KO (DAT+/-VMAT+/-), and WT mice to acute and
chronic MAP administration.

Materials and methods
Subjects

Individual DAT and VMAT2 KO strains used in this report
have been described previously (Sora et al. 1998; Takahashi
et al. 1997). All mice were bred at the Institute for Animal
Experimentation, Tohoku University Graduate School of
Medicine (Sendai, Japan). Mice lacking one copy of DAT
and/or VMAT2 and WT littermate controls were obtained
by heterozygote crosses that had been previously generated
on 129Sv-C57BL/6J mixed genetic background. Genotypes
of the KO mice were determined using polymerase chain
reaction (PCR) with genomic DNA extracted from tail
biopsies. Mice were weaned at 4 weeks of age and were
group-housed (two to five per cage), segregated by sex,
with food and water available ad libitum in a temperature-
and light-controlled housing room (lights on at 0800 hours,
lights off at 2000 hours). For locomotor testing, naive 10—
13-week-old male mice, weighing 20-35 g, were used. All
experiments were conducted during the light phase of the
cycle, between 9 AM. and 5 pM. All animal experiments were
carried out according to the Guide for the Care and Use of
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Laboratory Animals of Tohoku University. The experimental
protocol was approved by the Animal Care and Use
Committee, Tohoku University Graduate School of Medicine.

Drugs

For locomotor testing, methamphetamine hydrochloride
(Dainippon-Sumitomo Pharmaceuticals, Osaka, JAPAN)
dissolved in 0.9% sodium chloride (saline) was adminis-
tered subcutaneously in a volume of 10 ml/kg.

Measurement of locomotor activity

Mice were placed individually in clear plastic cages (40 x
30x26 cm), and locomotor activity was measured in 5-min
bins using digital counters with passive infrared sensors
(Supermex system, Muromachi Kikai, Tokyo, Japan). In
MAP-induced locomotor activity tests, the subjects were
first habituated to the apparatus for 180 min and then
injected with the drug or saline control subcutaneously.
Locomotor activity was then assessed for 60 min post-
injection. In the locomotor sensitization paradigm, mice
were habituated to the test environment for 180 min and
then injected with MAP (1 or 2 mg/kg) or saline
subcutaneously, and locomotor activity was assessed for
60 min post-injection. This procedure was conducted eight
times; sessions 1-7 were performed at 2-day intervals, and
session 8 occurred 7 days after the last injection.

Statistical analysis

All data are presented as the mean+SEM. Multipoint
measurements of locomotor activity in a novel environment
were submitted to two-way mixed design analysis of
variance (ANOVA), with time as the within-subjects factor
and genotype as the between-subjects factor. MAP-induced
locomotor sensitization data were submitted to two-way
mixed design ANOVA, with genotype as the between-
subjects factor and session as the within-subjects factor. For
post hoc comparisons, Dunnett’s ¢ test was applied.
Contrasted to all the above data, data from the acute MAP
injection were not normally distributed. By this reason,
only the acute administration data were submitted to
Kruskal-Wallis test followed by Wilcoxon test with Bon-
ferroni correction for each genotype in each drug dose. All
data analyses were performed using the Statistical Package
for the Social Sciences (SPSS, Tokyo, Japan).

Results

DAT/VMAT?2 double heterozygous mice (DAT+—-VMAT2+/-),
as well as DAT heterozygous (DAT+/—), VMAT2 heterozygous

(VMAT2+/-), and WT mice did not exhibit any gross
behavioral or anatomical differences. There was no differ-
ence in the rate of weight gain between the littermates of the
four genotypes (data not shown).

Baseline locomotion

All mice (WT, DAT+-, VMAT2+/—, and DAT+/~VMAT2+/-)
showed the normal pattern of locomotor activity in a novel
environment, with initially elevated levels that habituated to
near-zero levels by the end of the period of testing (Fig. 1).
There was no significant genotype effect on baseline locomotion
among WT, DAT+-, VMAT2+/—, and DAT+—-VMAT2+/—
mice (F3’ 76:1.99, p>005)

Locomotor-stimulating effects of acute methamphetamine
treatment

Analysis of the locomotor response to acute MAP treatment
revealed a significant effect of dose in WT, DAT+/—,
VMAT2+/—, and DAT+-VMAT2+/— mice (WT: x*=16.65,
p<0.001; DAT+—: x*=13.37, p<0.01; VMAT2+/—: »*=
10.77, p<0.01; DAT+-VMAT2+/—: x*=7.45, p<0.05;
Fig. 2). In post hoc comparisons, administration of 1 mg/
kg MAP caused significant locomotor increases in WT and
VMAT2+/— mice (p<0.01, compared to saline, respective-
ly), but it produced no significant locomotor increases in
genotypes with heterozygous deletion of DAT (DAT+/—
and DAT+/~VMAT2+/— mice). Administration of 2 mg/kg
MAP caused significant locomotor increase in all four genotypes:
WT, DAT+-, VMAT2, and DAT+—-VMAT2+/— (WT: p<
0.001; DAT+/—, VMAT2+/—, DAT+/-VMAT2+/—: p<0.01;
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Fig. 1 Time course of locomotor activity to novelty environment in
DAT and/or VMAT2 mutant mice. Time course of ambulatory activity
(beam breaks) in WT, VMAT2+/—, DAT+/—, DAT+/-VMAT2+/—
mice. Values represent mean+SEM. Number of mice (NV)=19~20 per
genotype
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Fig. 2 Dose-response study of MAP-induced locomotor activity in
mice with heterozygous deletion of the DAT and/or VMAT?2 genes. Total
ambulatory activity for 60 min after drug administration (saline or 1 or 2 mg/
kg MAP s.c.) in WT, VMAT2+/—, DAT+/—, and DAT+/~VMAT2+/—mice.
Asterisk Significant difference from saline treatment (**p<0.01, ***p<
0.001, Wilcoxon test), double number sign significant difference from WT
(p<0.01, Wilcoxon test). Values represent mean+SEM. N=12~20 per

genotype

compared to saline, respectively). Treatment with 1 mg/kg
MAP was significantly affected by genotype (x*=17.02, p
<0.001), and when analyzed separately in post hoc
comparisons, VMAT2+/— showed significantly greater
increases in locomotor activity (p<0.01) compared to all
other genotypes. However, after treatment with 2 mg/kg
MAP, there was no significant overall effect of genotype.

Locomotor sensitization by repeated methamphetamine
injections

Repeated saline injection produced no significant change in
locomotor activity in any of the four genotypes: WT, DAT+/—,
VMAT2+/—, and DAT+/-VMAT2+/— (Fig. 3a). Repeated
1 mg/kg MAP injections produced a significant increase in
locomotor response (session £ 476=23.8, p<0.0001) that
differed among genotypes as demonstrated by a significant
genotype X session interaction (£, 476=3.36, p<0.001),
reflecting an increase in locomotor activity over test
sessions in some groups but not others. VMAT2+/— and
WT mice exhibited substantial sensitization of the locomo-
tor stimulant effects of MAP, although VMAT2+/— mice
showed significant higher locomotor activity compared to
WT in sessions 1 and 2 (p<0.01). By contrast, DAT+/— and
DAT+/-~VMAT2+/— mice showed lower locomotor
responses over test sessions compared to WT mice
(genotype x session: F; 5,=8.09, p<0.001 for DAT+/—;
F745=4.27, p<0.05 for DAT+/~VMAT2+/-). In compar-
ing locomotor activity among genotypes for each session,
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DAT+/— and DAT+/-VMAT2+/— mice had significantly
lower locomotor activity compared to WT mice from
sessions 5 to 8 (p<0.05). Thus, although DAT+/— and
DAT+/~VMAT2+/— mice did show some sensitization, this
was greatly reduced compared to WT mice. In individual
post hoc ANOVA of each genotype, MAP significantly
increased locomotor activity in WT mice from sessions 5 to
8 (p<0.05 compared to session 1), but in DAT+-, VMAT2+/—,
and DAT+/~VMAT2+/— mice, MAP-induced locomotor
activity was enhanced compared to values in session 1
only after sessions 7 and 8 (p<0.05 compared to session 1).
These data demonstrate a delayed and attenuated develop-
ment of sensitization in DAT+/— and DAT+/—-VMAT2+/—
mice compared to WT mice and a slight delay in VMAT2+/—
mice (Fig. 3b).

Repeated MAP injections with a higher dose (2 mg/kg)
produced a significant increase in the locomotor response
overall (session F; 33=11.02, p<0.0001) that differed
between groups as demonstrated by a significant genotype
x session interaction (Fo; 336=2.68, p<0.001), again
representing differences in sensitization dependent upon
genotype. DAT+/— and DAT+/-VMAT2+/— mice had
reduced locomotor responses initially compared to WT
mice but eventually reached the same levels of the activity
by session 8, whereas VMAT 2+/— mice showed greater
locomotor responses from sessions 4 to 6, which also
stabilized at near-WT levels by session 7 (genotype X
session: F; 147=3.84, p<0.01). Individual post hoc tests for
each genotype indicated that MAP significantly increased
locomotor activity at sessions 4, 7, and 8 (p<0.05,
compared to session 1) in WT mice, at sessions 4, 5, and
6 (p<0.05, compared to session 1) in VMAT2+/— mice, at
sessions 6 and 8 (p<0.05, compared to session 1) in DAT+/—
mice, and at sessions 6, 7, and 8 (p<0.05, compared to
session 1) in DAT+/~VMAT2+/— mice. As was observed
after sensitization with the lower dose of MAP, the
development of sensitization was delayed in DAT-+/— and
DAT+/~VMAT2+/— mice compared to WT mice after
repeated injection of 2 mg/kg MAP. VMAT2+/— mice
showed significantly higher locomotor responses in ses-
sions 5 and 6 compared to WT mice (p<0.05), but this
difference was not observed in later sessions (Fig. 3c).

Discussion

Our results suggest that the reduced DAT and VMAT2
expression have different effects on MAP-induced locomo-
tor responses and the development of sensitization and,
furthermore, that the reduced expression of the DAT gene
has a greater influence on MAP-induced sensitization than
the reduced expression of the VMAT2 gene.
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Fig. 3 a—c Sensitization of MAP-induced locomotor activity in mice
with heterozygous deletion of the DAT and/or VMAT2 genes. Total
ambulatory activity for 60 min of testing after saline (a), 1 mg/kg
MAP (b), 2 mg/kg MAP (c) with 2-day intervals (sessions 1-7) and
1 week interval (session 8). Repeated administration of MAP in WT,

Acute administration of 1 mg/kg MAP did not increase
locomotor activity in heterozygous DAT KO mice, while a
higher dose of MAP (2 mg/kg) did induce a significant
increase in locomotor activity in those mice compared to
saline controls, but the magnitude of this increase was a
half of that observed in WT mice. These data indicate a
rightward shift in the dose-response curve for MAP in
heterozygous DAT KO mice. Reports have suggested that
DAT blockers suppress amphetamine-mediated dopamine
release (Baumann et al. 2002; Sulzer et al. 1995; Villemagne
et al. 1999) and that the dopamine-releasing action of
amphetamines is dependent on DAT expression (Eshleman
et al. 1994; Giros et al. 1996; Jones et al. 1998b). DAT
expression in heterozygous DAT KO mice is reduced by
half compared to WT mice (Sora et al. 1998, 2001). Thus,
the decreased response of heterozygous DAT KO mice to
acute MAP administration might reflect attenuation of
MAP-induced dopamine release due to reduced DAT
expression. Alternatively, changes in other aspects of
dopamine neurotransmission in heterozygous DAT KO
mice might underlie the decreased response to MAP
administration in these mice. Of importance in considering
these possibilities are previous in vivo microdialysis data
demonstrating that heterozygous deletion of the DAT gene
did not alter basal extracellular dopamine in the striatum or
nucleus accumbens of mutant mice (Shen et al. 2004).
While tissue dopamine concentrations and dopamine D2
receptor expression in the striatum were not reported to be
altered in heterozygous DAT KO mice compared to WT
mice (Sora et al. 2001), other studies have reported changes
in dopaminergic function in heterozygous DAT KO mice.
Using other methods in heterozygous DAT KO mice, in
vivo quantitative microdialysis has demonstrated that
heterozygous deletion of DAT induces a twofold elevation
of basal extracellular dopamine level in the striatum (Jones

Session

Session

VMAT2+/—, DAT+/—, and DAT+/—VMAT2+/—mice. Asterisk Signif-
icant difference from session 1 (¥*p<0.05, **¥p<0.01, Dunnett’s ¢ test),
number sign significant difference from WT (p<0.05, Dunnett’s ¢
test). Values represent mean+SEM. N=12~20 per genotype

et al. 1998a), while electrically stimulated dopamine release
and the dopamine clearance rate constant are reduced by
half compared to WT mice (Giros et al. 1996; Jones et al.
1998a), and tissue dopamine concentrations and tyrosine
hydroxylase levels in the striatum were reported to be
decreased (Jones et al. 1998a). In addition, dopamine D1
and D2 receptor mRNA levels are down-regulated in the
basal ganglia of heterozygous DAT KO mice (Giros et al.
1996). Given the conflicting and apparently opposing
changes in various indices of dopamine neurotransmission,
the mechanism of the reduced behavioral responses of
heterozygous DAT KO mice to MAP administration cannot
be determined absolutely, although it appears likely that
reduced DAT expression itself may be the main mechanism.

In contrast to the effects of heterozygous DAT KO, it is
interesting to note that 1 mg/kg MAP administration had
greater effects on locomotor activity in heterozygous
VMAT2 KO mice than in WT mice. These effects with
MAP are consistent with previous findings that heterozygous
deletion of VMAT?2 increased the locomotor-stimulating
effects of d-amphetamine (Takahashi et al. 1997; Wang et al.
1997). Single 2 mg/kg MAP administration also increased
locomotion of heterozygous VMAT2 KO mice, but the
magnitude of the increase was equivalent to the increase
observed in WT mice, indicating that VMAT2 KO induces
a leftward shift in the dose—response curve. Previous in
vivo microdialysis data have demonstrated that basal and
d-amphetamine-induced extracellular dopamine in the
striatum is reduced in heterozygous VMAT2 KO mice
(Wang et al. 1997). In addition, amphetamine-induced
dopamine release from midbrain cell cultures from
heterozygous VMAT2 KO mice was reduced (Fon et al.
1997). In these mutant mice, striatal dopamine D1 and D2
receptor mRNA and overall receptor binding were not altered
(Takahashi et al. 1997; Wang et al. 1997). Wang et al. (1997)

@ Springer



Psychopharmacology

suggested that functional changes in dopamine receptors
may underlie the hypersensitivity to the low dose of MAP in
heterozygous VMAT?2 KO mice. Alternatively, serotonin and
norepinephrine neurotransmissions that are also affected by
heterozygous VMAT2 gene deletion may have some role in
the increased sensitivity to MAP in heterozygous VMAT?2
KO mice.

In mice with combined heterozygous KO of DAT and
VMAT2, 1 mg/kg MAP did not induce hyperlocomotion.
The behavioral patterns of the DAT/VMAT2 double KO
mice were the same as heterozygous DAT KO mice.
Heterozygous VMAT2 KO mice have been reported to
have normal levels (Gainetdinov et al. 1998) or slight
(16%) reductions (Takahashi et al. 1997) in the number of
striatal DAT binding sites, and the dopamine uptake
function of DAT in heterozygous VMAT2 KO mice was
not different from WT mice (Gainetdinov et al. 1998).
Nonetheless, baseline and d-amphetamine-induced extra-
cellular dopamine in the striatum is reduced in heterozy-
gous VMAT?2 KO mice (Wang et al. 1997). Thus, in mice
with double heterozygous KO of DAT and VMAT2,
reduction in released dopamine in the synaptic cleft due to
half deletion of VMAT2, concurrent with the decrease in
reuptake due to half deletion of DAT, might prevent some
alterations in dopamine function that would otherwise occur
from either KO alone. At the same time, the MAP-induced
elevation of extracellular dopamine in the striatum may be
more greatly affected by combined deletion of VMAT2 and
DAT than that observed by VMAT2 alone. In transgenic
mice with 95% reduced expression of the VMAT2 (KAl
VMAT?2 mutant), amphetamine-induced dopamine release
of striatal slices was reduced compared to WT mice, and the
DAT inhibitor GBR12935 further attenuated the dopamine
release (Patel et al. 2003), suggesting a synergy of effects
on MAP-induced dopamine release by reduction in both
DAT and VMAT2 expressions. However, the finding that
single-MAP treatment in mice with double heterozygous
deletion of DAT and VMAT2 produced almost the same
effect as in heterozygous DAT KO mice indicates that half
deletion of DAT is the dominant factor determining the
locomotor-stimulating effect of single MAP treatment
compared to the effect of half deletion of VMAT?2.

Repeated administration of 1 mg/kg MAP sensitized
locomotor responses in heterozygous DAT KO mice.
However, the magnitude of increase in locomotor activity
was lower, and the development of sensitization was
delayed compared to WT mice. Lasting locomotor inhibito-
ry responses and delayed sensitization in heterozygous DAT
KO mice could be attributed to the initial poor locomotor
response that was observed after acute MAP treatment of
these mice. Interestingly, the dose of MAP that did not induce
locomotor responses after the first treatment led to sensitiza-
tion after repeated treatments. Spielewoy et al. (2001)
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reported that heterozygous DAT KO mice showed hypo-
locomotor activity after administration of 1 mg/kg d-
amphetamine but not after higher doses up to 10 mg/kg
and furthermore that the effect of d-amphetamine was
enhanced after repeated exposures to the drug. Contrary to
the effect of d-amphetamine on heterozygous DAT KO
mice, the current study found that administration of MAP
did not induce a hypolocomotor effect in heterozygous
DAT KO mice. One possibility that might explain this
discrepancy is that Spielewoy et al. (2001) used mice
backcrossed for 12 generations on a C57BL/6 back-
ground, whereas we used mice on a mixed 129Sv/C57B6
background. Genetic background of mice is an important
factor that may affect the consequences of gene deletion
(Schlussman et al. 1998; Zhang et al. 2001). Another
factor that may have an impact upon studies is the amount
of habituation to the environment before drug injection. In
the study of Spielewoy et al. (2001), mice were placed in
the activity boxes immediately after injection, whereas
mice were habituated in the test box for 3 h, and basal
activity was largely, although not completely, equalized in
our study. The degree of habituation has long been known
to influence the effect of psychostimulants on locomotor
activity (Dews and Wenger 1977; Robbins 1977). After
repeated administration of higher doses (2 mg/kg) MAP,
we observed that both the onset of the establishment of
sensitization and the magnitude of sensitization were
accelerated compared to 1 mg/kg MAP injections in
heterozygous DAT KO mice as well as in WT mice. This
result may reflect dose-dependent increase in MAP-
induced extracellular dopamine levels in heterozygous
DAT KO mice.

In the 1 mg/kg MAP sensitization experiment, develop-
ment of sensitization in heterozygous VMAT2 KO mice
was delayed. Although MAP-induced dopamine release
was reduced in heterozygous VMAT2 mice (Fon et al.
1997; Wang et al. 1997), they had a greater initial
locomotor response to 1 mg/kg MAP administration,
suggesting that a greater behavioral response to first MAP
administration does not necessarily accelerate the develop-
ment of sensitization, and released dopamine levels may
play more dominant role in the development of sensitiza-
tion. Alternatively, hyperactivity after single MAP treat-
ment may induce some tolerance in locomotor responses
to initial MAP injections in heterozygous VMAT2 mice.
In 2 mg/kg MAP sensitization experiments, there was no
difference in heterozygous VMAT2 mice in the onset of
sensitization compared to WT mice, indicating that half
deletion of VMAT?2 has some effect on the development of
MAP sensitization but is not sufficient to completely
eliminate it.

In double heterozygous DAT/VMAT2 KO mice, re-
peated administration of either 1 mg/kg or 2 mg/kg MAP
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induced sensitization. The magnitude of the locomotor
response and latency to the onset of sensitization were
similar to what was observed in heterozygous DAT KO
mice but not heterozygous VMAT2 KO mice, suggesting
that the half deletion of DAT is more crucial in determining
the magnitude of locomotor responses in chronic MAP
administration and latency to the establishment of sensiti-
zation than the half deletion of VMAT?2.

In conclusion, behavioral effects of both acute and
chronic MAP administration were suppressed in heterozy-
gous DAT KO mice, whether or not it was combined with
heterozygous VMAT2 KO. Contrary to the effect observed
in heterozygous DAT KO mice, acute MAP administration
produced greater locomotor responses in heterozygous
VMAT2 KO mice. While repeated 1 mg/kg MAP admin-
istration induced sensitization to an equivalent extent in
heterozygous VMAT2 KO and WT mice, the latency until
the establishment of behavioral sensitization was delayed in
the mutant mice. In response to repeated 2 mg/kg MAP
injections, there was no difference in the onset of
sensitization between heterozygous VMAT2 KO and WT
mice. These findings indicate that the half deletion of DAT
plays a major role in both acute and chronic behavioral
responses to MAP, while the effect of the half deletion of
VMAT2 is less prominent. These findings lead us to
hypothesize that DAT variants may have more profound
effects than VMAT?2 variants on the clinically important
consequences of acute and chronic MAP abuse in humans.
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Abstract

Our aim was to investigate whether a defect in vesicular monoamine transporter-2 (VMAT2) activities would affect dopaminergic cell functions
or not. We examined mesencephalon dopaminergic cultures prepared from VMAT?2 wild-type, heterozygous or homozygous knockout (KO) 14-
day-old mouse fetuses to determine the number of tyrosine hydroxylase (TH)-positive cells and dopamine transporter activity. The number of TH-
positive cells remained unchanged in the VMAT2-KO cultures. Of interest, the dopamine transporter activity in the homozygous cells was
significantly decreased, but not in the heterozygous cells, suggesting that complete deletion of VMAT?2 inhibited dopamine transporter function.
Furthermore, dopamine transporter activity was prominently decreased in the synaptosomal fraction of neonatal homozygous VMAT2-KO mice
compared with that of wild-type/heterozygous VMAT2-KO ones, indicating that VMAT?2 activity might be one of the factors regulating dopamine
transporter activities. To test this possibility, we used reserpine, a VMAT?2 inhibitor. Reserpine (1 wM) decreased dopamine transporter activity
(approx. 50%) in wild-type and heterozygous VMAT2-KO cultures but not in homozygous ones, indicating that blockade of VMAT?2 activity
reduced dopamine transporter activity. To investigate possible mechanisms underlying the decreased dopamine transporter activity in VMAT2-KO
mice, we measured dopamine transporter activities after 24—48 h exposure of primary cultures of mesencephalic neurons to dopamine receptor
antagonists, PKC inhibitor, PI;K inhibitor, and L-DOPA. Among these drugs, L-DOPA slightly reduced the dopamine transporter activities of all
genotypes, but the other drugs could not. Since the ratios of reduction in dopamine transporter activity of each genotype treated with L-DOPA were
similar, substrate inhibition of dopamine transporters was not the main mechanism underlying the reduced dopamine transporter activity due to
genetic deletion of VMAT?2. Our results demonstrate that genetic deletion of VMAT?2 did not induce immediate cell death but did markedly inhibit
dopamine transporter activity.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: VMAT2-KO; DAT; Primary brain stem culture; mKIAA gene

1. Introduction including Parkinson’s disease, addiction, bipolar disorder, and

depression. DA neurons in the substantia nigra (SN) degenerate

Dysfunction of dopamine (DA) neurons has been implicated in Parkinson’s disease, whilst ventral tegmental area (VTA) DA

in several neurodegenerative and neuropsychiatric disorders, neurons are thought to be involved in addiction and mood

disorders. The magnitude and duration of dopaminergic

signaling are defined by the amount of DA released, the

* Corresponding author. Tel.: +81 3 3304 5701; fax: +81 3 3329 8035. sensitivity of the DA receptors, and the efficiency of DA
E-mail address: yamahide @prit.go.jp (H. Yamamoto). clearance.
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Vesicular release of DA is dependent on vesicular
monoamine transporter-2 (VMAT?2) activities of DA neurons
in the CNS. VMAT2 is expressed on the monoaminergic
secretory vesicles in the CNS (Erickson et al., 1992; Erickson
and Eiden, 1993) and is responsible for packaging DA,
noradrenalin, serotonin, and histamine in the neuronal
cytoplasm into synaptic vesicles (Johnson, 1988; Henry
et al.,, 1994; Liu et al.,, 1992; Erickson et al., 1992).
VMAT?2-knockout (KO) mice completely lacking VMAT?2
survive less than a few days after birth (Fon et al., 1997;
Takahashi et al., 1997; Wang et al., 1997), whereas mice that
express approx. 5% of the normal VMAT? level are viable into
adulthood (Mooslehner et al., 2001). The brains of VMAT2-KO
mice show extremely low contents of catecholamines including
serotonin, noradrenalin, and DA (Fon et al., 1997). Lack of
VMAT?2 causes depletion of DA in synaptic vesicles, and
cytoplasmic DA is immediately metabolized by monoamine
oxidase.

In heterozygous VMAT?2-KO mice, the administration of the
MPP" precursor N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
produces more than twice the DA cell loss found in wild-type
mice treated with the precursor (Takahashi et al., 1997). Also,
VMAT?2 has been implicated in effecting methamphetamine-
induced DA deficits. Methamphetamine-induced dopaminergic
neurotoxicity is increased in the striatum of VMAT2-KO mice
compared with that in wild-type mice, as revealed by a more
consistent DA and metabolite depletion and a greater decrease
in DA transporter (DAT) expression (Fumagalli et al., 1999).
The DAT is largely responsible for regulating DA clearance
(Giros et al., 1996) and is a main target of amphetamines.

Of interest, morphometric analysis of cultured midbrain DA
neurons from wild-type and VMAT2-KO mice has revealed that
the ultrastructure of DA terminals and synaptic vesicles in the
neurons from VMAT2-KO mice is indistinguishable from that
of those in wild-type cultures (Croft et al., 2005). Also,
VMAT?2-KO does not influence the total number of synaptic
vesicles or their ability to cycle (Croft et al., 2005). These
studies using VMAT?2-KO mice have yielded an abundance of
valuable information; however, aside from the neurotoxicity
caused by genetic deletion of VMAT?2, the effects of this
deletion on dopaminergic cell functions are not clear.

Here, we investigated dopaminergic neurons more precisely
by using midbrain cultures derived from fetuses of wild-type
and VMAT2-KO (heterozygous and homozygous) mice. We
found that DAT activity was reduced by genetic deletion or
pharmacological blockade of VMAT?2. In addition, the results
of cDNA array experiments showed a difference in the gene
expression profile between wild-type and VMAT2-KO mice.

2. Materials and methods
2.1. Animals and genotype

Timed pregnant heterozygous VMAT2-KO mice that had been mated with
male heterozygous VMAT2-KO mice (Takahashi et al., 1997) were used. The
experimental procedures and housing conditions were approved by our Institu-
tional Animal Care and Use Committee, and all animals were cared for and

treated humanely in accordance with our institutional guidelines on animal
experimentation. VMAT?2 genotypic status was assessed by PCR using primers
(5'-GTG CCC AGT TTATGT AGC ATT G-3'), (5'-TTG AGT CGG ATG TCT
TCATCC T-3'), and neomycin resistant gene (neo) primer (5'-TCG ACG TTG
TCA CTG AAG CGG-3'), yielding a 0.4-kb fragment in wild-type alleless and a
0.9-kb neo fragment in KO alleles after amplification performed in a 20 pl
volume containing 50 ng of genomic DNA, 400 uM dNTPs, 400 pM concen-
tration of each primer, 2.5 mM MgCl,, 1 x PCR buffer, and 0.05 U of LA Taq
polymerase (PCR reagents by TAKARA BIO Inc, Shiga, Japan). Fragments
were amplified by initial denaturation at 94 °C (5 min), followed by 35 cycles at
94 °C (60's), 57 °C (60 s), and 72 °C (60 s).

2.2. Culture of mesencephalic dopaminergic neurons

The preparation of primary cultures of mesencephalic cells was as described
previously (Shimoda et al., 1992), with a few modifications. In brief, timed-
pregnant heterozygous VMAT2-KO mice were anesthetized with diethyl ether.
On the 14th gestational day (E 14), the fetal heads were removed and collected
in cold DMEM. Subsequently, the brainstems were isolated under a dissecting
microscope; and the rest of the brain tissue was frozen until genotyping could be
performed. Each brainstem in culture medium was immediately triturated by
using a 1000-pl volume pipette, and the dispersed cells were diluted with
culture medium and plated in poly-L-lysine-coated 96-well tissue culture dishes
(BD Sciences, Franklin Lakes, NJ, USA) or poly-p-lysine-coated 8-well culture
slide (Becton Dickinson Labware, Bedford, MA, USA). The culture medium
was composed of 90% DMEM supplemented with 10% fetal bovine serum,
10 pg/ml insulin, 0.1 mg/ml human apotransferrin, 100 uM putrescine, 1 mM
sodium pyruvate, and 10 nM progesterone. Two days after plating, the medium
was changed to serum-free culture medium. Serum-free culture medium of the
above composition was supplemented with 1 mg/ml bovine serum albumin,
1 nM 3,3’ ,5-triiodo-L-thyronine, 1 wg/ml aprotinin, and 30 nM selenium in
place of the 10% fetal bovine serum (Yamamoto et al., 1995). At 4 or 5 days in
vitro (DIV), the cells were treated with drugs; and then at 6 DIV the cells were
used for analysis.

2.3. Synaptosomal [PH]DA uptake

Neonatal mouse pups were killed by decapitation, and their brains were
removed. The hemispheres (cerebrum, hippocampus, and striatum) of each
mouse were dissected on ice and homogenized with 1.5 ml of ice-cold 10 mM
phosphate buffer, pH 7.4, containing 0.32 M sucrose and 1 mM EGTA. Each
homogenate was linked to VMAT?2 genotypic status assessed by PCR as
described above. Uptake of [*H]DA was determined according to a modification
of a method described by Boja et al. (1992). First, the homogenate was
centrifuged (800 x g for 12 min; 4 °C). The resulting supernatant (S;) was
then centrifuged (20,000 x g for 25 min; 4 °C), and the pellet (P,) resuspended
in ice-cold modified Kreb’s buffer. Assays were conducted in modified Kreb’s
buffer (in mM: NaCl, 126; KCl, 4.8; CaCl,, 1.3; sodium phosphate, 16; MgSOy,,
1.4; dextrose, 11; ascorbic acid, 1; pH 7.4). Each assay tube contained
synaptosomal tissue and 0.1 mM pargyline. Nonspecific values were deter-
mined in the presence of 10 uM GBR12909, a specific DAT inhibitor. After
preincubation of assay tubes for 10 min at 37 °C, assays were initiated by the
addition of [*H]DA (0.3 nM final concentration). Samples were incubated at
37 °C for 3 min and then filtered through Whatman GF/B filters soaked
previously in 0.05% polyethylenimine. The filters were washed rapidly three
times with ice-cold PBS by using an Inotech Cell Harvester (Wohlen, Switzer-
land). Radioactivity trapped in the filters was counted with a liquid scintillation
counter.

2.4. Uptake of [3H]DA into the cultured cells

Mesencephalic cells that had been cultured for 6 DIV were washed twice
with DMEM, and then the cells were incubated with 4 nM [PH]DA (with or
without different test drugs) at 37 °C for 4 min. Uptake was then terminated by
washing the cells three times in ice-cold DMEM. Radioactivity in the cells was
extracted into 100% EtOH for 60 min. Non-specific uptake was determined in
the presence of GBR12909 (10 uM).
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2.5. Immunostaining

The cells were washed twice with cold PBS, and then fixed with 4%
paraformadehyde in 10 mM phosphate buffer (pH 7.2) for 30 min at room
temperature (r.t.). The dishes were washed twice in PBS and stored at 4 °C.
The immunostaining procedure was started with a 20-min incubation in PBS
containing 0.01% Triton X-100 followed by a 5-min incubation with 3%
H,0, at room temperature. Then the cells were blocked by incubation for 2 h
in PBS containing 5% normal goat serum, 1% bovine serum albumin, and
0.3% Triton X-100. For tyrosine hydroxylase (TH) immunostaining to
identify dopaminergic neurons, the cells were incubated overnight at 4 °C
with rabbit polyclonal anti-TH affinity-purified antibody (Chemicon Int.,
Temecula, CA) at a dilution of 1:250 in PBS containing 1% goat serum, 1%
RIA grade BSA, and 0.3% Triton X-100. Sequential 60-min incubations with
biotinylated anti-rabbit secondary antibody (0.5%; Vector Laboratories,
Minneapolis, MN) and peroxidase-conjugated avidin-biotin complex
(ABC; Vector Laboratories) were subsequently performed. TH immunor-
eactivity was developed with a chromogen containing 0.05% 3,3’-diamino-
benzidine, 2.5% nickel sulfate, and 0.005% H,0O,. For cell counting,
an investigator blinded to the treatment history counted the number of
TH-positive cells in the cultures.

2.6. Western blotting

Proteins in the SDS sample buffer containing -mercaptoethanol were
heated at 95 °C for 3 min, resolved by 10-20% gradient SDS-PAGE,
and transferred to PVDF membranes. DAT protein was detected with rat
anti-DAT as the primary antibody (Chemicon Int., Temecula, CA) diluted
1:10,000 and horseradish peroxidase-conjugated anti-rat antibody (diluted
1:50,000) as the secondary antibody by using a SuperSignal WestDura
extended duration substrate Western blotting detection system (Pierce
Biotech., Rockford, IL).

2.7. Microarray analysis

mRNA was extracted from primary cultures of mesencephalic cells by
using a messenger RNA Isolation Kit (Stratagene, LaJolla, CA). Radiola-
beled cDNA probes were prepared from 1.0 wg of heat-denatured (70 °C,
10 min) poly A* RNA or 0.1 pg Tetl-polyA* RNA in the presence of random
nonamer, dATP, dTTP, dGTP, [3 3P]dCTP, Superscript I reverse transcriptase,
and RNase inhibitor at 43 °C for 1 h (Yamamoto et al., 2005). Subsequently,
the RNA in the reaction mixture was decomposed by incubation with RNase
H and RNase A at 37 °C for 10 min. The labeled cDNAs were purified with a
QIAquick PCR Purification Kit (Qiagen Inc. Valencia, CA, USA) and
quantified by using a liquid scintillation counter. Approximately 1700
mKIAA clones and 63 well-characterized non-mKIAA cDNAs were each
blotted onto a nylon membrane. In brief, mKIAA cDNA plasmids were
amplified by using a TempliPhi DNA amplification kit (GE Healthcare UK
Ltd Amersham Place, Little Chalfont, England) and then spotted onto a nylon
membrane (Biodyne Plus; Pall, East Hills, NY) attached to a slide glass by
using a GeneTac RA1 microarrayer (Genomic Solutions, Ann Arbor, MI;
Yamakawa et al., 2004). To reduce the false-positive rate, we used three
membranes per each labeled DNA probe prepared from an mRNA sample.
Array membranes were prehybridized for 1 h at 68 °C in 0.4 ml of Per-
fectHyb (TOYOBO Co., Osaka, Japan) hybridization buffer for each mem-
brane. Purified labeled DNA probes together with 50 ug Mouse Cot-1 DNA,
2 g poly dA, and 1/100 (counts/counts of labeled DNAs) Tetl were heat-
denatured (100 °C for 5 min). After prehybridization, the membranes were
hybridized with the mixture of these labeled cDNA probes overnight at 68 °C
in a 10-ml vial in a rotating hybridization oven. Membranes were washed at
68 °C with 2 x SSC/1% SDS twice for 15 min each time and then at 68 °C
with 0.1 x SSC/1% SDS twice for 30 min each time. They were subsequently
dried and exposed to an IP plate (Fuji Film, BAS-IP SR 0813) for 2-3 days.
Image acquisition and quantification were performed with an FLA-8000 (Fuji
Photo, Tokyo, Japan). The calculation of the gene expression level and the
statistical analysis of the data were performed by using the Phoretix ™ array
system (Nonlinear Dynamics Ltd, Newcastle upon Tyne, UK).

2.8. Real-time quantitative PCR (qRT-PCR)

The following primers were designed by using Lasergene (DNASTAR, Inc.,
Madison, WI) and used for qRT-PCR:

DAT Forward 5'-ATC AAC CCA CCG CAG ACA CCA
GT-3
DAT Reverse 5'-GGC ATC CCG GCA ATA ACC AT-3
mKIAA0739 Forward  5-CGAGCTGAGTCTGGCCCCGTTCTT-3'
mKIAA0739 Reverse 5'-ACTGGCGCCTGGCTGCTGGTATGT-3
Synaptogyrin 3 Forward 5'-GGTCCTTCCTGTGGTTCGTA-3’
Synaptogyrin 3 Reverse 5'-GAAGAAGCTGAAAGCGATGG-3'
GAPDH Forward 5'-CTG ACG TGC CGC CTG GAG
AAA C-3
GAPDH Reverse 5'-CCC GGC ATC GAA GGT GGA
AGA GT-3

The PCR products obtained with the primer sets were electrophoresed on a
4% agarose gel and detected as a single band of the expected molecular size.

qRT-PCR was performed by using the pooled mRNA, the gene-specific
primers, and a cybergreen fluorescence-based assay kit (SYBR Green RT-PCR
kit; TAKARA BIO Inc., Shiga, Japan) according to the manufacturer’s instruc-
tions. Briefly, the pooled mRNAs isolated from wild-type or VMAT2-KO
cultures were reverse-transcribed by using random nonamer for priming.
The first-strand cDNAs from the pooled mRNAs were used as templates in
a 25-pl PCR reaction mixture containing 400 nM primers and SYBR Green
PCR Master Mix. Forty-five cycles of PCR were performed by using an Applied
Biosystems 7300 Real Time PCR System (Applied Biosystems, UK). The
primers and probe for beta actin were purchased from Applied Biosystems as a
part of TagMan®™ Gene Expression Assays (Yamamoto et al., 2005).

Levels of all PCR products were calculated from absolute quantification
assays and normalized with respect to GAPDH transcript levels, since the
GAPDH mRNA level was unchanged in our cDNA array analysis.

3. Results

[*HJDA uptake by the cells in primary culture was
characterized first. Uptake of [3 H]DA into cultures of each
VMAT?2 genotype by DAT was potently inhibited by the DAT-
selective blocker GBR 12909 at a concentration of 2 or 10 uM,
but not by a noradrenalin transporter (NET) inhibitor
desipramine (0.5 wM), serotonin transporter (SERT) inhibitors
fluoxetine (1 wM) and clomipramine (10 wM) (Fig. 1). These
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Fig. 1. Pharmacological profile of dopamine uptake into mesencephalon cells
derived from fetal wild-type and VMAT2-KO mice. Values are presented as
means £ S.E.M. The number in the bottom part of each column indicates the
number of cultures used. DMI, desipramine; CMI, clomipramine.
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results indicate that [*H]DA uptake into the primary cultures
was mediated by mainly DATS, irrespective of the VMAT?2
genotype. For the data presented in Fig. 1, there was a large
disparity between the numbers of cultures used for each group.
As is apparent, there were fewer cultures from the homozygous
KO mice, the reason being that sometimes we found a dead
fetus in the uterus, suggesting that homozygous KO mice might
be gradually lost during the course of gestation.
Representative photomicrographs of DA neurons in primary
mesencephalic cultures at 6 DIV are shown in Fig. 2. Under our
culture conditions, each culture from wild-type or heterozygous
or homozygous VMAT2-KO mice contained normally shaped
TH-immunoreactive (THir) neurons with extensive processes.
The numbers of THir cells in the mesencephalic cultures
derived from both heterozygotes and homozygotes were similar
to the number found for their wild-type littermates. Therefore,
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the viability of dopaminergic cells was not immediately
affected by genomic VMAT?2 deletion (Fig. 3).

Next, we investigated the effect of genomic VMAT2
deletion on the DAT activity of the various genotypes. Of
interest, DAT activity in the mesencephalic cultures derived
from the homozygous VMAT2-KO mice was markedly reduced
compared with that in the wild-type cultures; whereas that in
the heterozygous VMAT?2 cultures was not different from that
in the wild-type cultures (Fig. 3).

Furthermore, using the synaptosomal fraction from neonatal
mice (on the day of birth), we measured [3 H]DA uptake. When
[PH]DA uptake into the synaptosomes from the wild-type mice
was set as 100%, the ["H]DA uptake into the synaptosomes
from heterozygous and homozygous KO mice was 92.9 &+ 7.6
(4) and 15.0 =2.7 (4), respectively (p < 0.01, between
heterozygous and homozygous KO mice by Student’s z-test).
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Fig. 2. Photomicrographs showing examples of TH-immunoreactive neurons in primary mesencephalic cultures derived from wild-type (A, D), heterozygous
VMAT2-KO (B, E), and homozygous VMAT-KO (C, F) mice. (A)—(C) represent low magnification and (D)—(F) represent high magnification of TH-immunoreactive
neurons. No major morphological differences were observed, as previously reported by Fon et al. (1997).
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Fig. 3. Quantification of number of TH-immunoreactive cells and DAT activ-
ities in primary cultures derived from wild-type and VMAT2-KO mice. The
number of TH-immunoreactive cells remained unchanged among all genotypes.
DAT activity in the homozygous VMAT-KO cells was significantly decreased
(*p < 0.05.), but not in the heterozygous ones (Student’s t-test). Data are
expressed as a percentage of the wild-type values. Values are means = S.E.M.
S.E.M. of five to six independent experiments.

Thus, the DAT activity of the homozygous VMAT2-KO mouse
was apparently decreased compared with that of wild-type/
heterozygous KO mice.

Further, total DAT protein was compared among the
genotypes by Western blot analysis after normalization of
protein loading (20 g protein/well). The total content of
immunoreactive DAT was apparently not different in the

VMAT?2-KO and homozygous VMAT2-KO mice (% of wild
control: 100+9.3 (m=11), 109.8+3.8 (rn=10) and
102.5 £ 10.7 (n = 5), respectively). These results demonstrate
that complete deletion of VMAT?2 could not induce the loss of
DA-synthesizing neurons.

Reserpine does not inhibit [’H]DA uptake into SK-N-MC
cells expressing human DAT but not VMAT2 (Metzger et al.,
2002). In the present study, reserpine treatment at a
concentration of 1 wM interestingly decreased DAT activity
in wild-type and heterozygous VMAT2-KO cultures. In
contrast, the drug did not decrease DAT activity in the
homozygous VMAT?2-KO ones (p < 0.001 versus wild-type;
Table 1). These results suggest that reserpine decreased DAT
activity via VMAT? inhibition.

Inhibitors of PKC and PI;K did not affect DAT activities in
cultures of any genotype (Table 1). On the other hand, treatment
with an excess amount of L-DOPA (100 uM) for 48 h slightly
reduced DAT activity, though not significantly different among
these cultures (p =0.70, ANOVA). After .-DOPA (100 uM)
treatment for 48 h, the number of TH-immunoreactive cells was
almost equal to that of saline-treated cells among these cultures
from wild-type, heterozygous VMAT2-KO, and homozygous
VMAT?2-KO mice (% of saline-treated control: 92.1, 109.9, and
101.8, respectively). When we treated these cultures with a
higher concentration of L-DOPA (500 wM), however, almost all
cells died 48 h after the treatment.

To explore factors affected by VMAT2-KO, we performed
cDNA array analysis on homozygous VMAT2-KO and its wild-
type littermates. In this study, pooled mRNA from 5 culture
dishes was used, with cells in each dish having been derived
from an individual fetal brain stem. In the customized cDNA
microarray analysis, hybridization signals in the KO samples
were reduced to less than 0.7-fold of the wild type for 12 out of
the 1700 mKIAA genes and enhanced more than 1.3-fold for 19

primary cultures derived from wild-type, heterozygous out of the 1700. Although the half of these genes was not
Table 1
Effect of various agents on DAT-mediated [*H]DA uptake
Treatment Wild-type Heterozygote VMAT2-KO
% of saline Control % of saline Control % of saline Control

Catecholamine depleter

Reserpine 1 uM 59.5+78 4) 541+ 1.6 3) 109.3 £ 6.7 "
DA receptor antagonist

SCH23390 1 uM 108.9 + 13 4) 91.3+42 (10) 111.0£5.9 3)

Sulpiride 10 uM 94.0 £ 11 (6) 959 + 14 (5) 105.5 £ 18.6 “)
PKC inhibitor

Calphostin 0.1 uM 105+£1.2 (6) 1032 +£9.3 8) 117.1 £20.6 5)
PI;K inhibitor

Wortmannin 10 nM 111.6 £9.7 (6) 1155+ 4.1 ®) 1133 £222 (5)
DA precursor

L-DOPA 100 uM 76.5 £8.9 3) 67.2+09.1 3) 769 £9.3 3)

Cultures were treated with each drug for 1 h except L-DOPA for 48 h.
Values are presented as means + S.E.M.
Number of cultures used is given in parentheses except L-DOPA.

Number of independent experiments used is given in parentheses in L-DOPA treatments.
Statistical analyses were performed using one-way ANOVA with pairwise comparison by Bonferroni method.

* p <0.001.
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Table 2
Down-regulated gene expressions in homozygous VMAT2-KO mice

GenBank accession mKIAA No. Description cDNA array KO/wild (%) qRT-PCR KO/wild (%)
AK173014 mKIAA0739 NBC-3 73.8 £5.7 80.1 £ 1.6
NM 010020 - DAT 75.8 £ 10.9 93.0+59
NM 011522 - Synaptogyrin 3 n.d. 62.4+3.5

NBC-3, sodium bicarbonate cotransporter isoform 3; n.d., not determined.
The values represent the means of more than five determinations + S.E.M.

The data from the cDNA array and qRT-PCR analysis was normalized to the GAPDH transcript level.

annotated yet, stress proteins (neurodegeneration associated
protein 1 and heat shock 70 kDa protein 5 binding protein 1),
cytoskeleton proteins (actin, dendrin, protocadherin 21,
collagen type VIII and palladin) and mKIAA 0739 (sodium
bicarbonate cotransporter isoform 3, NBC-3) were extracted by
cDNA array analysis. Gene expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was not changed by
VMAT?2 deletion (94.5% of wild-type cultures).

Next, we performed gqRT-PCR analysis using the same
mRNA used for cDNA array. NBC-3 might be involved in the
regulation of DAT function. Although the reduction in gene
expression of NBC-3 was confirmed by qRT-PCR analysis,
reduced ratio of gene expression was smaller than that by the
cDNA analysis (Table 2).

Gene expressions of DAT in the VMAT2-KO cultures were
not significantly different from those for wild-type mice by
cDNA array and qRT-PCR analyses (Table 2).

Synaptogyrin represent a major constituent of synaptic
vesicles. Since cDNA of synaptogyrin 3 was not included in
our cDNA array, we only performed qRT-PCR analysis of gene
expression of synaptogyrin 3. Its expression was potently
reduced in homozygousVMAT2-KO cultures (Table 2). The
statistical significance was not determined, since these
analyses were done using pooled mRNA samples for multiple

Table 3

measurements. The data from the cDNA array and qRT-PCR
analysis in Table 2 was normalized to the GAPDH transcript
level. Other cDNA array data significantly changed were
presented as Table 3.

4. Discussion

Up to now, several studies on heterozygous VMAT2-KO
mice have been already reported; and quite a few studies have
been done on homozygotes. This study demonstrated that the
dopaminergic neurons lacking VMAT2 showed a marked
decrease in DAT activity. The complete deletion of VMAT?2 did
not accelerate dopaminergic cell death in in vitro cultures for at
least 2 weeks, even though the homozygous mice have poor
postnatal viability.

Our experiments, including cDNA array, qRT-PCR and
immunoblotting, showed that the gene expression and
immunoreactivity of DAT in the VMAT2-KO cultures were
not significantly different from those for wild-type mice.
Therefore, the marked reduction in DAT activity in the
homozygous VMAT2-KO cultures was not likely due to
decreased DAT biosynthesis. DAT protein levels can reliably
serve as a viability marker of DA terminals, as previously
suggested (Wilson et al., 1996; Miller et al., 1997; Gainetdinov

Significantly changed gene expressions in homozygous VMAT?2-KO mice by using the cDNA array

GenBank accession mKIAA No. Description KO/Wild (%)
AB093302 mKIAA1842 T-cell activation kelch repeat protein 62.6
AK122475 mKIAA1244 DNA segment, Chr 10, Brigham & Women’s Genetics 1379 expressed 63.6
AK129075 mKIAAO0173 tubulin tyrosine ligase-like family, member 4 73.2
AF317839 mKIAA1355 immunoglobulin superfamily, member 9 74.6
AK129052 mKIAA0090 RIKEN cDNA C230096C10 gene 77.6
BC031652 mKIAA1331 SUMO/sentrin specific peptidase 2 78.2
AK129059 mKIAAQ127 SERTA domain containing 2 79.3
AK131123 mFLJ00062 histone deacetylase 7A 79.5
AK173132 mKIAA1208 N-acetylglucosamine-1-phosphate transferase, alpha and beta subunits 121.5
AF090190 mKIAA0591 kinesin family member 1B 122.3
AK129304 mKIAA1171 TBCI1 domain family, member 24 125.8
AK129113 mKIAA0297 RIKEN cDNA 4930573119 gene 130.6
AK122470 mKIAA1219 RIKEN c¢DNA B230339MO05 gene 131.2
AK129168 mKIAA0593 N-terminal truncated TRAP240 132.9
AK122289 mKIAA0463 plexin A2 133.2
AB093213 mKIAA0184 DIP2 disco-interacting protein 2 homolog A (Drosophila) 134.1
AK052203 mKIAA0469 kelch-like 21 (Drosophila) 135.8
GAPDH 94.5

Data not normalized to the GAPDH transcript level are presented as percentages of wild-type. The cDNA array data were analyzed by using Student’s #-test.
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et al., 1998). However, DAT activity was not correlated with the
cell viability of the dopaminergic neurons lacking the VMAT?2
molecule.

The regulation of surface DAT expression in neurons may be
far more complex than once thought. Mortensen and Amara
(2003) precisely summarized the factors involved in DAT
activity. They mentioned that presynaptic DA receptors are
poised to regulate the activity of the DAT acutely through their
actions on intracellular signaling systems. However, in the
present study, there were no changes in the DAT activity in our
cultures when D1 and D2 antagonists blocking presynaptic DA
receptors were added to the cultures.

As another possibility, re-distribution of DAT from the
synaptosomal membrane to intracellular subfractions might
have occurred in the VMAT2-KO cells, since dynamic
regulation of DAT function is known to occur in several ways.
One major pathway for the regulation is the sequestration of
DAT by second messenger systems. Earlier an immunofluor-
escence confocal microscopy study demonstrated that an
observable functional consequence of PKC activation with
respect to [PH]DA uptake was the rapid sequestration/
internalization of DAT protein from the cell surface and that
an increase in DA uptake occurred following PKC/PKA
inhibition, being a consequence of the recruitment of
internalized or intracellular transporters to the plasma
membrane (Pristupa et al., 1998). In that process, phorbol
ester-mediated PKC activation accelerates DAT endocytosis
and attenuates transporter recycling in a manner sensitive to
DAT expression levels (Loder and Melikian, 2003). So we used
the PKC inhibitor calphostin to investigate whether its
inhibition of PKC in the VMAT2-KO cultures could restore
the DAT activity or not. However, the inhibition of PKC did not
increase DA uptake into VMAT2-KO cells, thus indicating that
the reduced DAT activity in them was not due to the accelerated
internalization of DAT from the plasma membrane by a PKC-
activated pathway.

We added insulin to the medium of our primary cultures for
the purpose of increasing cell viability. One known effect of
insulin is the activation of PI;K. However, the addition of the
PL;K inhibitor wortmannin to the medium did not affect DA
uptake in the cultures. Therefore, it is unlikely that the reduced
activity of DAT in the homozygous VMAT2-KO mice was due
to the cell surface redistribution of DAT by a stimulated PI;K
pathway.

The most discriminative drug to detect differences in the DA
uptake between wild-type cells and homozygous VMAT2-KO
cells was reserpine. In the present study, reserpine treatment at a
concentration of 1 wM decreased DAT activities in wild-type
and heterozygousVMAT2-KO cultures approx. 50%, whereas
the drug failed to reduce DAT activity in homozygousVMAT2-
KO ones. These results are in good agreement with the report by
Metzger et al. (2002) that reserpine transiently alters DAT
function in a noncompetitive, indirect manner in the presence of
VMAT?2, though reserpine, at concentrations ranging from 0.01
to 10 uM, is without effect on DAT activity in the absence of
VMAT?2 (Metzger et al., 2002). Our results suggest that lack of
VMAT?2 activity by genetic or pharmacological manipulation

could result in the marked decrease in DAT activity possibly
through a similar mechanism. If complete deletion of VMAT?2
results in an increased concentration of intracellular DA, it
might induce a substrate inhibition of DAT. However, the
brains of VMAT2-KO mice show extremely low contents of
catecholamines including serotonin, noradrenalin, and DA
(Fonetal., 1997), indicating that complete deletion of VMAT?2
reduces the content of catecholamines. To assess substrate
inhibition of DAT in those cultures, we performed the
experiment of increasing intracellular DA by the addition of
an excess amount of L-DOPA, a precursor of DA. All three
genotypes showed comparable reductions (approx. 25%) in
DAT activities when treated with excess L-DOPA. The
inhibitory effect on DAT via substrate inhibition and that by
genetic deletion of VMAT?2 were additive. Furthermore, DAT
activity was markedly reduced by using the P2 (synaptosomal)
fraction from newborn homozygous VMAT2-KO mice even
in the absence of endogenous DA. This finding means that
the phenomenon of reduced DAT activity in VMAT2-KO
cultures was due to a mechanism different than substrate
inhibition.

From the cDNA array and qRT-PCR results, we found that
the gene expression of a sodium-bicarbonate cotransporter
isoform 3 (NBC-3) was reduced (cDNA array, approx. 30%;
qRT-PCR, approx. 20%) in the homozygous VMAT2-KO
cultures. NBC-3 is highly expressed in the brain and spinal
column; and its mRNA and protein are present in the cortex,
brainstem-diencephalon, and cerebellum (Schmitt et al., 2000).
The NBC carries sodium with bicarbonate into or out of the cell
in an electrogenic mode (Romero et al., 1997) and maintains the
extracellular pH properly. Intracellular and extracellular pH
also modulates DAT activity. However, the reduction in gene
expression of NBC-3 was not as large as that in DAT activity in
the homozygous VMAT2-KO cultures.

Synaptogyrin represent a major constituent of synaptic
vesicles. In the present study, the reduced gene expression of
synaptogyrin 3 is well consistent with the reduced DAT
activities in the homozygous VMAT2-KO cultures. However,
further studies are necessary.

In conclusion, our data demonstrate that complete deletion
of VMAT?2 induced a marked decrease in DAT activity,
probably through a mechanism similar to that operating during
reserpine treatment. The reduction of DAT activity was also
observed in the synaptosomal fractions of neonatal homo-
zygous VMAT?2-KO mice, suggesting the possibility that the
VMAT?2 could be an essential molecule to make DAT operate
more efficiently.
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Abstract

We examined the hyperthermic and lethal toxic effects of methamphetamine in dopamine transporter (DAT) and/or serotonin transporter (SERT)
knockout (KO) mice. Methamphetamine (45 mg/kg) caused significant hyperthermia even in the mice with a single DAT gene copy and no SERT copies
(DAT"~ SERT " mice). Mice with no DAT copies and a single SERT gene copy (DAT '~ SERT"" mice) showed significant but reduced hyperthermia
when compared to wild-type mice after methamphetamine. Surprisingly, DAT/SERT double KO mice exhibited a paradoxical hypothermia after
methamphetamine. These results demonstrate that methamphetamine exerts a hyperthermic effect via DAT, or via SERT, in the absence of DAT. The
selective norepinephrine transporter blocker (20 mg/kg nisoxetine) caused hyperthermia in DAT/SERT double KO mice, suggesting that the
norepinephrine system is not responsible for methamphetamine-induced paradoxical hypothermia in the double KO mice. DAT gene deletion in mice
strikingly increased LDs, of methamphetamine by 1.7—1.8 times that of wild-type mice, suggesting that the lethal toxic effect of methamphetamine is
mainly dependent on DAT. Moreover, dissociation between hyperthermic and lethal toxic effects of methamphetamine in DAT single KO mice and DAT/
SERT double KO mice suggest that hyperthermia is not a prerequisite for methamphetamine-induced lethality. Methamphetamine (45 mg/kg) significantly
increased mRNA of interleukin-1[3, which is the major endogenous pyrogen, in the hypothalamus of wild-type mice but not in DAT/SERT double KO
mice, which provides a partial mechanism of methamphetamine-induced paradoxical hypothermia. These results suggest that DAT and SERT are key
molecules for hyperthermic and lethal toxic effects of methamphetamine.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Methamphetamine is abused worldwide for its potent stimulant
and euphoric effects (Sato et al., 1992; Hanson et al., 2004).
Methamphetamine abuse causes serious health hazards including
irreversible neuronal degeneration, seizures, hyperthermia and
death in human and experimental animals (Davidson et al., 2001;
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Kita et al., 2003; Chan et al., 1997). Among these side effects,
methamphetamine produces hyperthermia and/or dopaminergic
neurotoxicity in most species, although differences in age (Imam
and Ali, 2001), sex (Wagner et al., 1993), ambient temperature (Ali
et al., 1994; Miller and O’Callaghan, 2003; Namiki et al., 2005),
dosing, and route of administration (Davidson et al., 2001) can
influence these effects. Clinical reports and animal studies indicate
that lethality by methamphetamine closely correlates with hyper-
thermia, which may be the primary cause of death (Bowyer et al.,
1994; Davidson et al., 2001; Namiki et al., 2005). Methamphet-
amine enters the terminals/neuron via the monoamine transporters
(dopamine transporter: DAT, serotonin transporter: SERT, or
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norepinephrine transporter: NET), displaces both vesicular and
intracellular monoamines and facilitates release of monoamines
into the extraneuronal space by synaptic transport in the
monoamine transporters (Seiden et al., 1993). Animal studies
suggest that dopamine receptor activation is crucial for metham-
phetamine-induced hyperthermia (Funahashi et al., 1990; Albers
and Sonsalla, 1995; Kuperman et al., 1997; Canini and Bourdon,
1998; He et al., 2004; Broening et al., 2005) and lethality (Davis
etal., 1978; Uchima et al., 1983; Derlet et al., 1990; Bronstein and
Hong, 1995). There has also been an assumption that the
hyperthermia that follows methamphetamine administration is
serotonin receptor-mediated (Green et al., 2003). According to
these reports, we hypothesized that DAT and/or SERT mediated
monoamine increase would have important roles for methamphet-
amine-induced hyperthermia, but the precise mechanism of the
hyperthermia remains to be elucidated. In the present study, we
examined hyperthermic and lethal toxic effects of methamphet-
amine in DAT, SERT and DAT/SERT double knockout (KO) mice
to elucidate the role of these two transporters in methamphet-
amine-induced hyperthermia and lethality. Because methamphet-
amine caused paradoxical hypothermia in DAT/SERT double KO
mice, we also studied the effects of selective SERT blocker
(fluoxetine) and selective NET blocker (nisoxetine) on body
temperature of DAT, SERT and DAT/SERT double KO mice.

Another proposed mechanism of methamphetamine-induced
hyperthermia is that methamphetamine may increase hypotha-
lamic concentrations of interleukin-1(, commonly known as the
major endogenous pyrogen (Schobitz et al., 1994; Tringali et al.,
1998; Leon, 2002). Interleukin-1p produces hyperthermia when
introduced into the rat brain (Dascombe, et al., 1989). Metham-
phetamine caused a marked induction of hypothalamic interleu-
kin-1 mRNA in mice (Halladay et al., 2003) and rats (Yamaguchi
et al., 1991). Interleukin-1 receptor antagonists reduce the hyper-
thermic and lethal effects of methamphetamine in rats (Bowyer
et al., 1994). Therefore, interleukin-13 could contribute to the
hyperthermic and lethal effects of methamphetamine. To examine
potential mechanisms mediated the paradoxical effects of
methamphetamine on body temperature reported here in DAT/
SERT double KO mice, we compared brain expression of inter-
leukin-1p mRNA after methamphetamine in wild-type and DAT/
SERT double KO mice.

2. Materials and methods
2.1. Subjects

Male and female DAT/SERT double KO mice weighing 15—
35 g (see Bengel et al., 1998; Sora et al., 1998; Sora et al., 2001 for
a full description) were used in these experiments. The effects of
methamphetamine on temperature and lethality were studied in all
nine potential genotypes (DAT™" SERT™*, DAT"~ SERT"",
DAT "~ SERT™*, DAT"" SERT"", DAT"”" SERT"", DAT "~
SERT™", DAT"* SERT ", DAT”" SERT "’ and DAT '~
SERT 7). All mice were bred at the Institute for Animal Experi-
mentation in Tohoku University Graduate School of Medicine
(Sendai, Japan), which met all Japanese federal government
requirements for animal care and use. The genetic background of

these mice was a combination of C57BL/6J and 129Sv/J strains.
For all experiments, wild-type, DAT and/or SERT KO mice pups
were weaned at 28 days of age and were housed in groups of two to
five, segregated by sex, in a temperature and light-controlled
colony (lights on at 0800 h, lights off at 2000 h), with food and
water available ad libitum. The mice were genotyped by multiplex
PCR from genomic DNA extracted from tail tissue. All experi-
ments were conducted with the approval of the Animal Ethics
Committee at Tohoku University Graduate School of Medicine.

2.2. Body temperature measurements and lethal toxicity

All experiments were conducted at 2-3 PM in a room
maintained at 20-24 °C using male and female mice of 20—
30 weeks of age for each genotype. Nine genotypes of DAT/SERT
KO mice received intraperitoneal injection with methamphetamine
hydrochloride (45 mg/kg, 0.9% saline solution, Dainippon
Pharmaceuticals, Osaka, JAPAN). Wild-type, DAT single KO,
SERT single KO, and DAT/SERT double KO mice received
intraperitoneal injections of fluoxetine hydrochloride (20 mg/kg,
saline solution, Sigma-Aldrich Inc., St. Louis, MO, USA), or
nisoxetine hydrochloride (20 mg/kg, saline solution, Sigma-
Aldrich Inc., St. Louis, MO, USA). Mice were removed from their
home cages, weighed, injected with the drugs, and returned to
home cages in a group of 2—3 mice/cage. A digital thermometer
(BAT-10; Physitemp Instruments Inc., Clifton, NJ, USA) and
rectal probe for mice (RET-3, Physitemp Instruments Inc., Clifton,
NJ, USA) were used to measure the body temperature of mice. The
probe was inserted 2 cm into the rectum. In the present study, body
temperature was measured just before (0 min) and after the
injection ofthe drugs at 15, 30, 45 and 60 min. For lethal toxicity, 9
genotypes of DAT/SERT KO mice were removed from their home
cages, weighed, injected with methamphetamine (15—150 mg/kg,
saline solution), and returned to home cages in a group of 2—
3 mice/cage. In preliminary tests, we found that deaths occurred
within 1 h after drug injection, and most mice that were alive 1 h
after the injections survived. Therefore, we measured the body
temperature of mice until 1 h after methamphetamine injection and
calculated lethal toxicity of methamphetamine as a percent
lethality at the end of this period.

2.3. Determination of murine interleukin-13 mRNA by relative
RT-PCR

Wild-type and DAT/SERT double KO mice received intraper-
itoneal injections of methamphetamine (saline solution, 45 mg/kg)
or saline solution. One hour after the injection, mice were
sacrificed by cervical dislocation. Following previously published
methods (Halladay et al.,, 2003) the hypothalamus, nucleus
caudatus, nucleus accumbens and frontal cortex were dissected
on ice, and the samples were stored at —80 °C until later analysis.
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN,
Valencia, CA, USA) for cDNA synthesis with Thermoscript RT-
PCR System (Invitrogen, Carlsbad, CA, USA), to quantify relative
expression of IL-13 mRNA with Gene Specific Relative RT-PCR
Kits (Ambion, Austin, TX, USA) with QuantumRNA 18S Internal
Standards (Ambion, Austin, TX, USA). For ¢cDNA synthesis,
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approximately 0.5 pg total RNA was first denatured at 65 °C for
5 min in a 12 pl reaction containing 2 pul 10 mM dNTP mix and
1 ul 50 uM Oligo (dT),q and was placed on ice. After addition of
8 ul cDNA synthesis mix containing 4 pl 5x cDNA Synthesis
Buffer, 1 ul10.1 M dithiothreitol, 1 pl RNAseOUT™ (40 U/ul) and
1 ul Thermoscript™ Reverse Transcriptase (15 U/ul), the RNA
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was reverse-transcribed at 50 °C for 60 min, denatured at 85 °C for
5 min, and finally cooled at 4 °C. After addition of 1 pl E. coli
RNAse H (2 U/ul), cDNA synthesis reaction was incubated at
37 °C for 20 min, diluted in 79 pl Tris—EDTA solution (10 mM
Tris—HCI and 1 mM EDTA, pH 8.0), and stored at —20 °C until
PCR.

PCR amplification of interleukin-1{> and 18 S cDNA was then
conducted in a same tube. A 15 ul PCR reaction was established
containing 1.2 pl 2.5 mM dNTP mix, 0.075 ul TaKaRa Ex Taq®
(5 U/ul, TAKARA BIO Inc., Otsu, JAPAN), 1.5 ul 10x Ex Taq
Buffer 2 mM Mngr final), 1% DMSO, 0.3 pl Mouse IL-1p
Relative RT-PCR primers (5 pM mix of forward and reverse
primers), 0.3 pl mix (1:9) of 5 pM 18S PCR competimers and
5 uM 18S PCR primer pair (Ambion, Austin, TX, USA), and
3.75 ul cDNA solution. Thermocycling involved an initial 3 min
denaturation step at 94 °C, and followed by 40 cycles of 94 °C for
0.5 min, 65 °C for 0.5 min, and 72 °C for 0.5 min. PCR products
were separated by 1.2 % agarose gel electrophoresis, stained with
ethidium bromide and visualized by UV trans-illuminator (TDM-
20, UVP Inc., Upland, CA, USA) and gel documentation system
(GelPrint 20001, Genomic Solutions Inc., Ann Arbor, MI, USA),
with product size determined using a 100 bp DNA ladder (New
England Biolabs, Inc, Beverly, MA, USA). ImagelJ (Version 1.24,
http://rsb.info.nih.gov/ij/), a public domain image analysis pro-
gram, was used for densitometric analysis to calculate ratios for
cDNA of interleukin-13/cDNA of 18S rRNA.

2.4. Data analysis and statistical tests

All data analysis and statistical tests were performed using
SPSS statistical package (SPSS Inc., Tokyo, JAPAN), unless
otherwise stated. Data from the body temperature experiments and
relative RT-PCR experiments for interleukin-1p mRNA are
presented as mean+S.E.M., and were submitted to analysis of
variance (ANOVA). For post hoc comparisons, Dunnett’s test was
used for effects of methamphetamine, fluoxetine or nisoxetine
on body temperature, Tukey’s HSD test was used for effects
of genotype on body temperature of methamphetamine-treated
DAT/SERT KO mice and for effects of methamphetamine on
the expression of interleukin-13 mRNA in the mice brain,

Fig. 1. A. Time course of body temperature of mice after intraperitoneal injection of
methamphetamine (45 mg/kg). This dose of methamphetamine caused significant
hyperthermia even in the mice lacking DAT. ****P<(0.001 compared to 0 min
(Dunnett’s test). Values represent mean+S.E.M., n=10-12 mice per genotype.
B. Time course of body temperature of mice after intraperitoneal injection of
methamphetamine (45 mg/kg). Methamphetamine caused significant hyperthermia
in DAT"* SERT"" and DAT”" SERT"" mice, but in DAT " SERT"”" mice,
methamphetamine caused transient hypothermia followed by hyperthermia.
*P<0.05; ***P<0.005; and ****P<0.001 compared to 0 min (Dunnett’s test).
#P<0.05 compared to wild-type (Tukey’s HSD test). Values represent mean+S.E.M.,
n=14-39 mice per genotype. C. Time course of body temperature of mice after
intraperitoneal injection of methamphetamine (45 mg/kg). Methamphetamine caused
significant hyperthermia in DAT"* SERT " and DAT"" SERT " mice, but in
DAT "~ SERT /" mice, methamphetamine caused paradoxical hypothermia, revealed
by significantly lower body temperature compared to 0 min as well as wild-type mice.
Compared to wild-type mice, DAT™" SERT " mice showed more severe
hyperthermia 60 min after the injection. ****P<0.001 compared to 0 min (Dunnett’s
test). "#P<0.005; and **P<0.001, compared to wild-type (Tukey’s HSD test).
Values represent mean+S.E.M., n=7-22 mice per genotype.
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Fig. 2. Time course of body temperature of mice after intraperitoneal injection of
fluoxetine (20 mg/kg). Fluoxetine caused transient but significant hyperthermia
in wild-type mice at 15 min after injection compared to 0 min, significant
hyperthermia in DAT/SERT double KO mice from 15 to 60 min after injection
compared to 0 min, and significant hypothermia in DAT single KO mice from 15
to 60 min after injection compared to 0 min, respectively. *P<0.05; **P<0.01;
***¥P<(.005; and ****P<0.001 compared to 0 min (Dunnett’s test). Values
represent mean=S.E.M., n=12-15 mice per genotype.

respectively. Differences in percent lethality at each dose of
methamphetamine between wild-type mice and the other
8 genotypes of DAT/SERT KO mice were compared using the
%* test. We also calculated LDs, value and its 95% confidence
interval for methamphetamine in 9 genotypes of DAT/SERT KO
mice by probit analysis (LCS0MVS5; http://www.vector.co.jp/soft/
dl/win95/edu/se125220.html). The criterion of statistical signifi-
cance was P<0.05.

3. Results

3.1. Body temperature by methamphetamine, fluoxetine or
nisoxetine

In the 9 genotypes of DAT/SERT KO mice, there were no
significant differences in basal body temperature. Following
methamphetamine administration, there was a significant geno-
type effect on body temperature (F(8,157=16.725, P<0.001) and
significant genotype xtime interaction for changes of body
temperature (F(32,628=10.792, P<0.001). Methamphetamine
significantly increased body temperature of mice with any DAT
genotype and both wild-type copies of the SERT gene (wild-type,
DAT"™ SERT"*, and DAT~ SERT"""), and also for mice with
full or single copies of the wild-type DAT gene with homozygous
SERT KO (DAT"* SERT "~ and DAT"~ SERT /"), from 30 to
60 min after injection compared to 0 min (Fig. 1A and C).
Methamphetamine also caused significant hyperthermia in SERT
single heterozygous KO mice (DAT"" SERT ") and DAT/SERT
double heterozygous KO mice (DAT"~ SERT") from 15 to
60 min after injection compared to 0 min (Fig. 1B). However,
in the mice with no DAT copies and a single SERT gene copy
(DAT~ SERT"") methamphetamine caused significant hypo-
thermia 15 min after injection followed by significant hyperthermia

from 45 to 60 min after injection compared to 0 min (Fig. 1B).
Surprisingly, DAT/SERT double KO mice showed significant
hypothermia after methamphetamine for the entire test period from
15 to 60 min after injection compared to 0 min and showed
significantly lower body temperature from 30 to 60 min after
injection compared to wild-type mice (Fig. 1C). The magnitude of
the hyperthermic effect also varied across genotypes. Mice with no
DAT copies and a single SERT gene copy (DAT "~ SERT ") had
significantly lower body temperature after methamphetamine
compared to wild-type mice (Fig. 1B) while SERT single KO
mice showed significantly higher body temperature at 60 min after
injection compared to wild-type (Fig. 1C).

Because methamphetamine is a potent blocker of all three
monoamine transporters, methamphetamine-induced paradoxical
hypothermia in DAT/SERT double KO mice might be mediated by
an effect of methamphetamine on the norepinephrine transporter.
Therefore, we investigated the effects of a potent blocker of SERT
(fluoxetine) as well as potent blocker of NET (nisoxetine) in wild-
type, DAT single KO mice, SERT single KO mice, and DAT/SERT
double KO mice. Following fluoxetine administration, a signifi-
cant genotype x time interaction was observed for changes in body
temperature (F(12,200=6.293, P<0.001). Fluoxetine caused
transient but significant hyperthermia in wild-type mice 15 min
after injection compared to 0 min, which returned to baseline in
subsequent time periods. This hyperthermic effect was prolonged
in DAT/SERT double KO mice so that significant hyperthermia
was observed from 15 to 60 min after injection compared to 0 min.
In sharp contrast to these effects, a significant hypothermia was
observed in DAT single KO mice from 15 to 60 min after injection
compared to 0 min, respectively (Fig. 2). Following nisoxetine
administration, there was a significant genotype effect on body
temperature (F(3,38=5.690, P<0.005) and significant genoty-
pextime interaction for changes in body temperature (F
(12,152=6.367, P<0.001). Nisoxetine caused significant
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Fig. 3. Time course of body temperature of mice after intraperitoneal injection of
nisoxetine (20 mg/kg). Nisoxetine caused significant hypothermia in DAT single
KO mice from 15 to 45 min after injection compared to 0 min, and significant
hyperthermia in DAT/SERT double KO mice from 15 to 60 min after injection
compared to 0 min, respectively. ¥*P<0.05; **P<0.01; and ****P<0.001
compared to 0 min (Dunnett’s test). Values represent mean+S.E.M., n=7-12
mice per genotype.
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Table 1
Comparison of percent lethality and LDs, of methamphetamine in 9 genotypes of DAT/SERT KO mice

Genotype Percent lethality by each dose LDso (mg/kg)
of methamphetamine (%)

Dose of methamphetamine (mg/kg)

15 45 75 90 110 150

DAT"" SERT"* 5.0 (1/20) 24.0 (6/25) 38.1 (8/21) 57.1 (12/21) 100 (21/21) N.A. 67.8 (55.5-81.8)
DAT"~ SERT"* 0 (0/21) 26.7 (8/30) 31.8 (7/22) 58.3 (14/24) 84.0 (21/25) 95.5 (21/22) 73.3 (62.6-83.7)
DAT "~ SERT™* 0 (0/9) 9.1 (1/11) 0 (0/16)° 14.3 (3/21)° 45.5 (5/11)° 100 (11/11) 112.6 (101.1-132.5)
DAT™* SERT""~ N.A. 6.7 (1/15) 25.0 (4/16) 83.3 (5/6) 100 (3/3) N.A. 80.5 (69.1-103.1)
DAT"~ SERT"~ N.A. 13.3 (6/45) 19.0 (4/21) 56.3 (9/16) 93.8 (15/16) 100 (1/1) 81.0 (71.4-95.6)
DAT "~ SERT"" N.A. 0 (0/18)* 11.8 (2/17) 0 (0/3) N.A. N.A. N.A.

DAT"* SERT "~ N.A. 9.5 (2/21) 28.6 (6/21) 76.2 (16/21) 95.0 (19/20) 95.5 (21/22) 76.5 (67.9-84.5)
DAT"" SERT /"~ N.A. 4.3 (1/23) 19.0 (4/21) 64.0 (16/25) 81.0 (17/21) 94.7 (36/38) 86.0 (77.6-94.0)
DAT "~ SERT "~ N.A. 0 (0/7) 0 (0/9)* 10.0 (1/10)* 20.0 (2/10)° 100 (5/5) 119.6 (108.4-141.7)

Values represent percent lethality at each dose of methamphetamine or LDs,. In parentheses, number of dead mice/number of mice treated at each dose of
methamphetamine is shown after percent lethality, and 95% confidence interval is shown after LDs,. For DAT '~ SERT"" mice data was not sufficient to calculate
LDso. *P<0.05; °P<0.01; and °P<0.001 compared to wild-type mice (3> test), N.A.: not applicable.

hypothermia in DAT single KO mice from 15 to 45 min after 3.2. Lethal toxicity of methamphetamine
injection compared to 0 min, and significant hyperthermia in DAT/

SERT double KO mice from 15 to 60 min after injection compared Table 1 shows percent lethality and LDs, for methamphetamine
to 0 min, respectively (Fig. 3). in all 9 genotypes of DAT/SERT KO mice. In double wild-type
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Fig. 4. Relative expression of interleukin-1p3 mRNA in the hypothalamus (a), nucleus caudatus (b), nucleus accumbens (c) and frontal cortex (d) of wild-type mice and DAT/
SERT double KO mice after administration of saline or 45 mg/kg methamphetamine (saline solution). Methamphetamine significantly increased hypothalamic interleukin-1{
mRNA by 5 times only in wild-type mice, compared to saline control. ****P<(.001 compared to saline treated mice of same genotype (Tukey’s HSD test). Values represent
mean+S.E.M., n=4-7 mice per group.
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mice (DATH * SERT" "), the LDs, for methamphetamine was
estimated to be 67.8 mg/kg (95% confidence interval 55.5—
81.8 mg/kg). The LDs, was calculated for 7 of the other 8 geno-
types, but we were unable to calculate the LDsoin DAT /~ SERT"~
mice because the percent lethality was substantially reduced. Full
deletion of the DAT gene, or partial or full deletion of the SERT
gene, increased the LDs, for methamphetamine compared to wild-
type mice. DAT single KO mice and DAT/SERT double KO mice
showed a significantly lower percent lethality against 75, 90, and
110 mg/kg methamphetamine compared to wild-type mice. These
2 genotypes of mice showed the first and second highest LDsy
values examined for methamphetamine (112.6 mg/kg for DAT
single KO mice, 119.6 mg/kg for DAT/SERT double KO mice,
respectively), which were 1.7—1.8 times that observed in wild-type
mice. Mice with no DAT copies and a single SERT gene copy
(DAT~ SERT'") also showed significantly lower percent
lethality against 45 mg/kg methamphetamine, suggesting that full
deletion of DAT gene is protective factor against lethal toxicity of
methamphetamine.

3.3. Effects of methamphetamine on the expression of
interleukin-1B mRNA in the mice brain

In the hypothalamus there was a significant effect of
methamphetamine on the relative expression of interleukin-1p
mRNA (F(1,17=24.666, P<0.001). There was also a significant
methamphetamine X genotype interaction (F(1,17=6.154,
P<0.05), reflecting genotype-dependent effects of methamphet-
amine on hypothalamic interleukin-13 mRNA. Compared to
saline control, methamphetamine significantly increased hypotha-
lamic interleukin-13 mRNA by 5 times in wild-type mice, but not
in DAT/SERT double KO mice (Fig. 4). In the nucleus caudatus,
nucleus accumbens and frontal cortex, there were no significant
effects of methamphetamine on interleukin-13 mRNA expression,
nor were there any significant methamphetamine x genotype
interactions (Fig. 4).

4. Discussion

These results demonstrate that methamphetamine (45 mg/kg)
can exert a hyperthermic effect via DAT or via SERT in the absence
of DAT. This conclusion is supported by the following observa-
tions: (1) the hyperthermic effect of methamphetamine was intact
in DAT single KO mice; (2) the hyperthermic effect of
methamphetamine was weakened in the mice with no DAT copies
and a single SERT gene copy (DAT "~ SERT""), which showed
transient hypothermia at 15 min after methamphetamine injection,
followed by hyperthermia which was reduced compared to wild-
type mice at 60 min after methamphetamine injection; and (3) no
hyperthermia was observed in DAT/SERT double KO mice, which
instead exhibited a paradoxical hypothermia after methamphet-
amine administration. Fumagalli et al. (1998) used a lower dose of
methamphetamine (30 mg/kg compared to 45 mg/kg in the present
study) and reported that wild-type (C57BL/129Sv] background)
and DAT heterozygous mice showed hyperthermia at 1 h after
single injection of methamphetamine, but DAT single KO mice did
not. In accordance with these results, in initial studies we

administered 30 mg/kg methamphetamine to DAT single KO
mice but observed no significant changes in body temperature
from 0 to 60 min after treatment (data not shown). Subsequently
we increased the dose of methamphetamine to 45 mg/kg, as
presented here. This dose was the lowest enough to exert its
hyperthermic effect even in the absence of DAT and caused not so
high lethal toxicity. This was why we used only one dose in the
hyperthermia and interleukin-1{ experiments.

In the present study, methamphetamine (45 mg/kg) increased
the body temperature (1.8 °C increment from 37.9 °C to 39.7 °C
over the course of the experiment) of 20—-30 week old female and
male wild-type mice. There were no significant differences be-
tween female and male wild-type mice in the elevation of body
temperature by methamphetamine (data not shown). Elevation of
body temperature by methamphetamine was comparable to a
previous study (Fumagalli et al., 1998) that used three-month-old
male mice of a similar genetic background to ours (C57BL/129Sv]
background) and 30 mg/kg of methamphetamine. Therefore, the
differences in hyperthermic and lethal toxic effects of metham-
phetamine in DAT/SERT KO mice are likely to be attributed to
deletion of DAT and/or SERT genes, and are not confounded with
any of these other factors.

The hyperthermic effect of methamphetamine was intact in the
mice with a single DAT gene copy and no SERT copies (DAT"~
SERT ") but reduced in mice with no DAT copies and a single
SERT gene copy (DAT '~ SERT""), suggesting that half-normal
expression of DAT (without SERT expression) was enough for
methamphetamine to raise body temperature of mice, but half-
normal expression of SERT (without DAT) was not. Therefore, the
contribution of DAT to the hyperthermic effect of methamphet-
amine seems to be much larger than the contribution of SERT,
although SERT possibly compensates to maintain the hyperther-
mic effect of methamphetamine in the absence of DAT.
Intriguingly, the current results for hyperthermia produced by
methamphetamine in DAT/SERT KO mice appear similar to our
previous studies of cocaine-induced place preference (Sora et al.,
2001; Murphy et al., 2003) as well as our recent microdialysis data
on cocaine-induced extracellular dopamine concentrations in
caudate putamen (Shen et al., 2004) in these mice. Both the
mice with no DAT copies and a single SERT gene copy and DAT/
SERT double KO mice failed to exhibit rewarding effects of
cocaine (Sora et al., 2001) or increases in extracellular dopamine
concentrations in the caudate putamen after cocaine (Shen et al.,
2004). Although several mechanisms might underlie these
findings, these data are consistent with the hypothesis that the
absence of cognate DAT might allow dopamine to be accumulated
by SERT (and/or NET), allowing cocaine to act at these targets to
affect extracellular DA levels (Shen et al., 2004).

Methamphetamine caused unexpected and paradoxical hypo-
thermia in DAT/SERT double KO mice. Since there has not been
any report that DAT and/or SERT gene deletion could affect drug
metabolism, it seems to be unlikely that this paradoxical
hypothermia in DAT/SERT double KO mice was due to
differences in the metabolism of methamphetamine. One possible
explanation for this could be that methamphetamine could act on
NET in DAT/SERT double KO mice to cause hypothermia, but
this hypothesis was not supported by other data, as nisoxetine



126 Y. Numachi et al. / European Journal of Pharmacology 572 (2007) 120-128

caused significant hyperthermia in DAT/SERT double KO mice.
Nisoxetine did not affect the body temperature in wild-type mice,
so nisoxetine-induced hyperthermia in DAT/SERT double KO
mice must have resulted from interactions between the effect of
nisoxetine and neuroadaptations to chronic DAT and/or SERT loss
in DAT/SERT double KO mice (Sora et al., 2001). Fluoxetine, the
selective SERT blocker, has a weak binding potency for NET
(Owens et al., 2001; Orjales et al., 2003), and also caused
hyperthermia in DAT/SERT double KO mice supporting the idea
that NET blockade in DAT/SERT double KO mice could lead to
hyperthermia. In any case the current data showed that the
norepinephrine system is not responsible for methamphetamine-
induced paradoxical hypothermia in DAT/SERT double KO mice.

In contrast to the observations in combined DAT/SERT double
KO mice both fluoxetine and nisoxetine caused hypothermia in
DAT single KO mice but did not affect the body temperature of
SERT single KO mice. As in DAT/SERT double KO mice, DAT
single KO mice and SERT single KO mice show neuroadaptive
changes in both postsynaptic receptors, and presynaptic neuro-
transmitter levels (Sora et al., 2001). Our results reflect complex
interactions between actions of fluoxetine or nisoxetine and
neurochemical backgrounds of DAT KO, SERT KO, and DAT/
SERT double KO mice. We have previously found evidence for
adaptations that affect responses to selective monoamine trans-
porter blockers in DAT KO mice (Hall et al., 2002).

Previous animal studies suggest that dopamine receptor
activation is crucial for amphetamine- or methamphetamine-
induced lethality (Davis et al., 1978; Uchima et al., 1983; Derlet
etal., 1990; Bronstein and Hong, 1995). These results suggest that
lethal effects of amphetamines are closely related to their indirect
agonistic effects on the dopaminergic terminals/neurons via DAT,
which displaces both vesicular and intracellular dopamine and
facilitates release of dopamine into the extraneuronal space by
synaptic transport (Seiden et al., 1993). In our experiments, full
deletion of DAT and full or partial deletion of SERT increased
methamphetamine LDs, compared to wild-type mice, suggesting
that both DAT and SERT have a role in the lethal toxicity of
methamphetamine. Especially in DAT single KO mice and DAT/
SERT double KO mice, DAT deletion strikingly increased the
LDs, for methamphetamine to 1.7—1.8 times that observed in
wild-type mice. Moreover, mice with DAT deletion (DAT single
KO mice, DAT "~ SERT"", and DAT/SERT double KO mice) all
showed significantly lower percent lethality against methamphet-
amine (45 mg/kg in DAT "~ SERT"", 75, 90, and 110 mg/kg in
DAT single KO mice and DAT/SERT double KO mice) compared
to wild-type mice, indicating a major role of DAT in the lethal
toxicity produced by methamphetamine. On the other hand,
addition of SERT deletion slightly increased LDs,. However,
these small but consistent differences produced by SERT deletion
were not statistically significant, so the lethal toxic effect of
methamphetamine is mainly dependent on DAT.

In comparing the results of the temperature and lethality studies
across the DAT/SERT genotypes, it is obvious that hyperthermia is
not a prerequisite for methamphetamine-induced lethality. Previous
clinical and animal studies suggest that hyperthermia is the primary
cause of death by methamphetamine (Bowyer et al., 1994;
Davidson et al., 2001; Namiki et al., 2005). But in our experiments,

there was a dissociation between hyperthermic and lethal toxic
effects of methamphetamine in DAT single KO mice and DAT/
SERT double KO mice. The former mice showed hyperthermia and
the latter showed hypothermia by methamphetamine, respectively,
but both showed markedly elevated LDs, values for methamphet-
amine compared to wild-type mice. So, contrary to the previous
conceptions of the causes of methamphetamine-induced toxicity,
methamphetamine-induced hyperthermia does not appear to be the
mediator of lethal toxicity produced by methamphetamine.

Yamaguchi et al. (1991) reported that 2—15 mg/kg
methamphetamine caused a marked induction of interleukin-
1p mRNA exclusively in the hypothalamus of rats which
peaked at 1 h after administration. Halladay et al. (2003)
reported that 8 mg/kg methamphetamine increased hypotha-
lamic expression of interleukin-13 mRNA in BALB/c mice at
2 h after administration. Bowyer et al. (1994) reported that
interleukin-1 receptor antagonist reduced maximal body
temperature by methamphetamine in rats. We also observed
that methamphetamine significantly increased hypothalamic
interleukin-1p mRNA in wild-type mice, but not in DAT/SERT
double KO mice, that fail to exhibit methamphetamine-induced
hyperthermia. Since interleukin-1f3 is known to be the major
endogenous pyrogen (Dascombe et al., 1989; Schobitz et al.,
1994; Tringali et al., 1998; Leon, 2002), our finding can provide
a partial explanation of the mechanism of methamphetamine-
induced paradoxical hypothermia in DAT/SERT double KO
mice: methamphetamine did not increase hypothalamic inter-
leukin-1» mRNA in the mice, and thus could not raise their
body temperature. But as to the methamphetamine-induced
decrease in body temperature observed in DAT/SERT double
KO mice, the precise mechanism remains unknown. We also
examined methamphetamine-induced interleukin-13 mRNA in
the nucleus accumbens, nucleus caudatus and frontal cortex,
which were not involved in temperature regulation (Leon, 2002)
since methamphetamine significantly increased TNF-ao mRNA,
another endogenous pyrogen, in the nucleus accumbens and
caudatus but not in the frontal cortex of mice (Nakajima et al.,
2004). But we did not find any significant changes in these brain
regions.

In conclusion, these studies have demonstrated that the
hyperthermic effect of methamphetamine is dependent on DAT,
and in the absence of DAT, on SERT. Furthermore, combined
deletion of both the DAT and SERT genes in mice resulted in a
paradoxical hypothermia produced by methamphetamine.
Although the noradrenergic system does not appear to be
responsible for methamphetamine-induced paradoxical hypo-
thermia in DAT/SERT double KO mice, a partial explanation of
this mechanism is that methamphetamine failed to increase
hypothalamic interleukin-1p mRNA in DAT/SERT double KO
mice. Although DAT and SERT were shown here to be involved
in both the effects of methamphetamine on temperature as well
as methamphetamine lethal toxicity, the mechanisms are none-
theless different; DAT single KO mice exhibited hyperthermia
but greatly reduced methamphetamine lethality, and the lethality
was no different from DAT/SERT double KO mice that had
hypothermic responses to methamphetamine. Thus, although the
lethal toxic effect of methamphetamine is mainly dependent on
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DAT, with some contribution from SERT, hyperthermia is not
prerequisite for methamphetamine-induced lethality.
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Mu () Opioid Receptor Regulation of Ethanol-Induced
Dopamine Response in the Ventral Striatum: Evidence

of Genotype Specific Sexual Dimorphic Epistasis

Martin O. Job, Amanda Tang, F. Scott Hall, Ichiro Sora, George R. Uhl, Susan E. Bergeson,
and Rueben A. Gonzales

Background: Ethanol stimulates the dopaminergic mesoaccumbal pathway, which is thought to play a role in ethanol reinforcement. Mu
(pr)-opioid (MOP) receptors modulate accumbal dopamine activity, but it is not clear whether MOP receptors are involved in the mechanism
of ethanol-stimulated accumbal dopamine release.

Methods: We investigated the role that MOP receptors play in ethanol (2.0 g/kg)-stimulated accumbal dopamine release by using MOP
receptor knockout mice (C57BL/6J-129SvEv and congenic C57BL/6J genotypes) along with blockade of MOP receptors with a .1 selective
antagonist (naloxonazine).

Results: Both gene deletion and pharmacological antagonism of the MOP receptor decreased ethanol-stimulated accumbal dopamine
release compared with controls with female mice showing a larger effect in the C57BL/6J-129SvEv genotype. However, both male and
female mice showed reduced ethanol-stimulated dopamine release in the congenic MOP receptor knockout mice (C57BL/6J). No differ-
ences in the time course of dialysate ethanol concentration were found in any of the experiments.

Conclusions: The data demonstrate the existence of a novel interaction between genotype and sex in the regulation of ethanol-stimulated
mesolimbic dopamine release by the MOP receptor. This implies that a more complete understanding of the epistatic influences on the MOP
receptor and mesolimbic dopamine function may provide more effective pharmacotherapeutic interventions in the treatment of alcoholism.

Key Words: Dopamine, genotype, knockout mice, microdialysis,
nucleus accumbens, sexual dimorphism

play a role in mediating the reinforcing properties of
ethanol (Doyon et al 2003; Imperato and Di Chiara 1980;
Melendez et al 2002; Weiss et al 1993), although the precise
mechanisms by which this occurs are unclear at present. Several
subtypes of opioid receptors are known to modulate dopamine
activity in the nucleus accumbens (NAcc) (Borg and Taylor 1997;
Spanagel et al 1992; Yoshida et al 1999), and these receptors are
potential targets for altering ethanol-reinforced behavior. The
nonselective opioid receptor antagonists naltrexone and
nalmefene reduce alcohol drinking behavior in both humans and
in animal models (Gonzales and Weiss 1998; Kornet et al 1991;
Mason et al 1999; Volpicelli et al 1992), but the subtypes of
opioid receptors that mediate these effects are not yet clear.
Ethanol activation of the mesolimbic dopamine system may,
in part, be mediated by stimulating the release of B-endorphin or

T he mesoaccumbal dopaminergic pathway is proposed to
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other endogenous opioid peptides (Gianoulakis 1990; Marinelli
et al 2003; Olive et al 2001). B-endorphin activates both delta and
mu opioid receptors (MOPr) that are located either in the ventral
tegmental area or the NAcc to alter accumbal dopamine release
(Dilts and Kalivas 1990; Houghten et al 1984; Mansour et al 1987;
Svingos et al 1999). Consistent with this data, naltrexone reduced
the accumbal dopamine release associated with ethanol self-
administration (Gonzales and Weiss 1998). The MOPr has been
implicated by data showing that systemic administration of
naloxonazine, a long-lasting mul antagonist, inhibits ethanol-
stimulated accumbal dopamine release in rats (Tanda and Di
Chiara 1998). However, naloxonazine may also act on receptors
other than mul (Dray and Nunan 1984; Ling et al 1986), so the
role of the MOPr in regulation of ethanol-stimulated dopamine
release is still uncertain. Oslin et al (2003) recently reported that
a functional polymorphism of the human gene that codes for the
MOPr is associated with the clinical response to naltrexone in
treating alcohol dependence. Therefore, clarifying the role of the
MOPr in neurochemical mechanisms that may contribute to
ethanol reinforcement may lead to improvements in pharmaco-
therapy for treatment of alcohol dependence.

A decrease in both ethanol self-administration and/or condi-
tioned place preference has been shown in three MOPr knock-
out mouse models, further suggesting a key role for the MOPr in
ethanol reward and reinforcement (Becker et al 2002; Hall et al
2001; Roberts et al 2000). In this study, we investigated the role
of the MOPr in ethanol stimulation of mesolimbic dopamine
activity using both null mutants and pharmacological blockade.
The importance of sex influences in neuroscience studies is well
known (Cahill 2006), and several sex differences in opioid
responsiveness have been detected (Baamonde et al 1989;
Bartok and Craft, 1997; Cicero et al 1996; Cicero et al 2000). We
therefore included both sexes in our studies and tested a
secondary hypothesis that MOPr-mediated alcohol responsive-
ness included sexually dimorphic influences.
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Methods and Materials

Subjects

Mice (male and female, 4-16 months old, 21-38 g) were
obtained from the National Institute on Drug Abuse (NIDA,
Baltimore, Maryland) or bred at the University of Texas at Austin.
The mice were housed in a humidity and temperature controlled
room with a 12:12-hour light/dark cycle (lights on 7 am), and
animals had free access to food and water. All animal experi-
ments were conducted under protocols approved by the Institu-
tional Animal Care and Use Committee at the University of Texas,
following National Institute of Heath (NIH) and United States
Department of Agriculture (USDA) guidelines and regulations.

Heterozygous MOPr knockout mice were derived from the
colony originally developed by Sora et al (1997) at NIDA. Two
colonies of MOPr knockout mice were established by nonsibling
heterozygous breeding at the Animal Resources Center at the
University of Texas at Austin. The first colony was on a mixed
genetic background (C57BL/(J-129SvEv; 1:1) that had been
maintained for approximately 30 generations, and breeding pairs
were transferred to the University of Texas. The inbreeding
coefficient as described by Falconer and Mackay (1996) was
calculated at .926 indicating that by the 30™ generation, 89% of
the C57BL/(J-129SvEv genome was homozygous with a certainty
of less than 11% possible segregation of B6 and 129 alleles. The
second colony was from a congenic line created at NIDA in
which the mixed background knockout mice were backcrossed
for 10 generations onto the C57BL/6] strain. The C57BL/6] model
was chosen for the backcross because these mice are well known
to have high levels of drinking relative to other inbred strains
(Belknap et al 1993).

Genotyping
Genotyping was determined by polymerase chain reaction of
tissue extracts. Details are provided in Supplement 1 online.

Surgery, Recovery, and Handling

Surgical preparation of the mice for microdialysis was con-
ducted as previously described (Tang et al 2003). We anesthe-
tized the mice with 2.5% Avertin (2,2,2-tribromoethanol; .016
ml/g) or isoflurane (2%). The stainless steel guide cannula (8 mm
long, .8 mm 20-21 gauge; Small Parts Inc., Miami Lakes, Florida)
was positioned above the right NAcc (anterior (AP) +1.5-1.7,
lateral (LAT) +.8, ventral (DV) —2.0-2.5 from bregma; Paxinos
and Franklin 2001) and secured with a skull screw and dental
cement. An obturator was placed into the guide cannula to
prevent blockage. After the surgery, each animal was singly
housed and given at least 4 days for recovery. During recovery,
each mouse was injected daily with .1 ml saline for at least 3 days
immediately before the microdialysis experiment in order to
habituate the mouse to the intraperitoneal (IP) injection.

Microdialysis

Dialysis probes with 1 mm active dialyzing area were con-
structed as previously described (Tang et al 2003). A probe was
inserted into the guide cannula under halothane or isoflurane
anesthesia (2.0% in air, flow rate at 2.0 liter/min) the night before
the experiment, and the mouse was placed in a dialysis chamber.
The probe was perfused with artificial cerebrospinal fluid (ACSF:
145 mM Nacl, 2.8 mM KCl, 1.2 mM CacCl,, 1.2 mM MgCl,, .25 mM
ascorbic acid, and 5.4 mM D-glucose) at .2 pl/min overnight. The
flow rate was increased to 1.0 pl/min the next morning, and after
one hour, sample collection (15-17 min intervals) commenced.
After the collection of four basal samples, we injected each

www.sobp.org/journal

M.O. Job et al

animal with either saline or 2.0 g/kg ethanol (15% w/v, in saline).
Sample collection continued for 3—4 hours. Calcium-dependency
(percent decrease in dopamine concentration obtained during
perfusion with calcium-free ACSF from regular ACSF) was deter-
mined by perfusing calcium-free ACSF for one hour at the end of
the experiment. Dialysate samples were handled and analyzed
by gas chromatography (for ethanol) and high performance
liquid chromatography with electrochemical detection (for do-
pamine) as described in Tang et al (2003) and Doyon et al (2003).
The detection limit for dopamine was 2 fmol.

Experimental Design

The first experiment used wildtype and MOPr knockout mice
with a mixed genetic background (C57BL/6] — 129SvEv) to
investigate the effect of the MOPr on ethanol-evoked (2.0 g/kg,
IP) dopamine release in the ventral striatum. This dose was
chosen because we and others previously showed that it reliably
stimulates dopamine release (Olive et al 2000; Tang et al 2003).
In addition, doses of ethanol in this range produce conditioned
place preference in a variety of mouse strains indicating that this
route and dose induce ethanol reward (Boyce-Rustay and Ris-
inger 2003; Cunningham et al 1996; Nocjar et al 1999). The
second experiment used mixed background wildtype animals to
determine the effect of pharmacological antagonism of the mul
opioid receptor with naloxonazine on the dopamine response
stimulated by ethanol. Mice were pretreated with saline or
naloxonazine (15 mg/kg, IP) 19 — 20 hours prior to microdialysis
sampling. The third experiment was similar to the first except
that the mice used were from the congenic line with a C57BL/6J
background. Sex was an independent variable in the first three
experiments. In addition, we performed a separate control experi-
ment to examine the potential effect of saline injection on dopamine
release in wildtype and MOPr knockout mice (congenic line).

Histology

After each experiment the mouse was given an intraperitoneal
injection of chloral hydrate (60 mg/mouse) or pentobarbital (500
mg/kg) and was perfused intracardially with a 10% (v/v) formalin
solution. Analysis of probe placement was carried out as previ-
ously described (Tang et al 2003).

Data Analysis

Statistical significance was determined using a random block
analysis of variance (ANOVA) with two between-subject vari-
ables (genotype or pretreatment and sex) and one within-subject
variable (time before and after the injection). The basal response
was defined as the dopamine level in the last two samples prior
to the ethanol injection. ANOVA was used to determine the
differences in the dialysate ethanol peak concentration and the
rate of decline between either the genotypes or the pretreatments
across sexes. The rate of decline was calculated as the slope of
the linear part of the time-concentration curve. The criterion for
the type I error was set to p < .05. Simple effect tests with
Bonferroni correction factors were used to distinguish the influ-
ence of one variable on another variable when a significant
interaction was detected. During the HPLC analysis there were a
few samples lost due to technical reasons (either unidentified
contaminants co-eluting with dopamine or the recorder was
off-scale during dopamine elution) and these were estimated by
averaging the dopamine responses before and after the missing
point for statistical analysis. The degrees of freedom were
corrected for each ANOVA based on the number of estimated
points in each specific data set. Overall there were six missing



M.O. Job et al
1.78-1.94 11.34-1.42
1.70 1.10
1.54 0.74-0.98

Figure 1. Microdialysis probe placements in the ventral striatum in MOPr
knockout mice and their wildtype controls. Numbers on either side of the
figure represent the position of the slice (in millimeters) relative to bregma.
The border of the NAcc is highlighted with a heavy dashed line. Drawings
were from Paxinos and Franklin (2001). MOPr, mu opioid receptors; NAcc,
nucleus accumbens.

points in the knockout experiment with the mixed background,
three missing points in the naloxonazine experiment, and one
missing point in the congenic experiment. Values are reported as
mean * SEM.

Results

Histological Analysis and Ca>*-Dependence
of Dopamine Release

The microdialysis probe placements are shown in Figure 1.
They were distributed either in the medial NAcc and passed
through both the shell and core regions, or exclusively in the
shell. The calcium-dependency, a functional measure of the
physiological state of the dopamine nerve terminals during
microdialysis sampling, was determined for all the animals used
in the study. The criterion for acceptable calcium-dependency
was the attainment of at least a 40% decrease in dialysate
dopamine concentrations during the calcium-free ACSF perfu-
sion compared with regular ACSF perfusion. Mean calcium-
dependency for all groups was between 47-84%.

Effect of MOPr Knockout on Ethanol-Evoked Dopamine
Release in the Ventral Striatum: Mixed Background

The increase in dialysate dopamine concentration stimulated
by 2.0 g/kg ethanol (IP) was dependent on the MOPr and sex
with female knockouts showing a greater reduction in the
ethanol stimulation compared with males (Figure 2A, 2B).
ANOVA on dialysate dopamine concentration revealed a signif-
icant three-way interaction, sex X genotype X time (F(8, 218) =
2.9, p < .05). Simple effects tests for the female mice revealed
that deletion of the MOPr virtually abolished ethanol-stimulated
dopamine release (F(8, 218) = 5.7, p < .05, for the genotype X
time interaction). In control mice the maximal response was
observed at the first point after the injection (F#(1, 218) = 79, p <
.05; simple effects within the female wildtype group), and the
dopamine concentration was significantly elevated for 102 min
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compared with basal levels. In contrast, ethanol did not signifi-
cantly stimulate dopamine release in the female knockout mice.
Instead, there was a gradual decrease in accumbal dopamine
levels relative to basal that was significant at 85 min after the
injection (F(1, 218) > 10.9, p < .05; simple effects within the
female knockout group).

In male mice the effect of the null mutation of the MOPr was
more subtle than in the females (Figure 2B). The peak ethanol
stimulated dopamine response was similar in both the knockout
and wildtype mice, but the knockout mice showed a more rapid
return to baseline compared with the controls (F(8, 218) = 2.84,
p < .05).

Basal dopamine levels were lower in the female knockout
mice compared with the other groups (F(1, 28) = 5.10, p < .05
for the sex X genotype interaction, see caption Figure 2).
Although the low basal level in female knockout mice tends to
magnify changes in dopamine after ethanol injection when
expressed as percentage of basal, this cannot account for the
significant three-way interaction (sex X genotype X time) found
in the ethanol-induced accumbal dopamine response because
this group had the least response to ethanol.

Dialysate ethanol concentrations were maximal in the first
sample, and this was followed by a linear decline in ethanol
concentrations (Figure 2C, 2D). Neither sex nor genotype signif-
icantly affected peak concentration of ethanol (#(1, 21) = 1.12,
p > .05) or the rate of decline (F(1, 21) = .01, p > .05).

Effect of Pharmacological Blockade of the mu1 Receptor
on Ethanol-Evoked Dopamine Release in the Ventral
Striatum: Mixed Background

Antagonism of the mul receptor with naloxonazine (15
mg/kg, IP) caused a sex dependent attenuation of the ethanol-
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Figure 2. Dopamine response and dialysate ethanol in the ventral striatum
after intraperitoneal administration of ethanol (2 g/kg) in MOPr knockout
mice on a mixed genetic background (C57BL/6J-129SvEv) and their wild-
type controls. (A) Female mice. The basal dopamine concentrations were
1.1 £.2nMand .4 £ .1 nM for wildtype and knockout groups, respectively
(n = 8).(B) Male mice. The basal dopamine concentrations were 1.3 = .1 nM and
1.7 £ .3 nM for wildtype and knockout groups, respectively (n = 8). The
arrow indicates when the ethanol injection was given. *indicates significant
different from basal dopamine concentration by simple effects post hoc
analysis (p < .05) after a significant three-way interaction in the overall
ANOVA. The ethanol content in samples taken after the injection is shown in
(€) female mice and (D) male mice. Note that the x-axis starts at the point of the
ethanol injection which is different from that shown in panels A and B. MOPr,
mu opioid receptors; NAcc, nucleus accumbens; ANOVA, analysis of variance.
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Figure 3. Effect of naloxonazine on ethanol-stimulated (2 g/kg, IP) dialysate
dopamine and ethanol concentrations in the ventral striatum in wildtype
mice with a mixed genetic background (C57BL/6J-129SvEv). Naloxonazine
(NALOX) (15 mg/kg), IP, or saline was given 19-20 hours prior to the exper-
iment. (A) Female mice. The basal dopamine concentrations were 1.7 = .4
nMand 1.9 = .6 nM for saline and naloxonazine groups, respectively (n = 7).
(B) Male mice. The basal dopamine concentrations were 1.1 = .2 nM (n = 6)
and .8 = .1 nM (n = 5) for saline and naloxonazine groups, respectively. The
arrow indicates when the ethanol injection was given. *Significantly differ-
ent from basal dopamine concentration by simple effects post hoc analysis
(p < .05) after a significant three-way interaction in the overall ANOVA. The
ethanol content in samples taken after the injection is shown in (C) female
mice and (D) male mice. Note that the x-axis starts at the point of the ethanol
injection which is different from that shown in panels A and B. ANOVA,
analysis of variance; IP, intraperitoneally.

stimulated dopamine response similar to our findings with the
MOPr knockout mice (Figure 3A, 3B; p < .05 for the sex X
pretreatment X time interaction by ANOVA, F(8, 165) = 2.3).
Naloxonazine pretreatment abolished the stimulation of dia-
lysate dopamine concentrations in response to the 2.0 g/kg
ethanol challenge in the females (F(8, 165) = 2.9, p < .05). In
males ethanol produced a similar increase in dialysate dopa-
mine concentrations in the naloxonazine and saline groups
(F(8, 165) = .39, p > .05 for the interaction between pretreat-
ment and time).

Basal concentrations of dopamine were not significantly
affected by naloxonazine, and male and female mice also had
similar basal values (F(1, 21) = 2.19, p > .05). Neither blockade
of the mul receptor nor sex affected the time course of
dialysate ethanol concentrations in terms of peak concentra-
tion (F(1, 15) = .36, p > .05) and the rate of decline (Figure
3C, 3D; F(1, 15) = .01, p > .05).

Effect of MOPr Knockout on Ethanol-Evoked Dopamine
Release in the Ventral Striatum: Congenic C57BL/6)J
Background

Deletion of the MOPr gene strongly inhibited the dopamine
response due to ethanol administration in mice that were back-
crossed onto the C57BL/6] strain (Figure 4A, 4B, F(8, 160) = 9.4,
p < .05, genotype by time interaction in the overall ANOVA).
Although ANOVA revealed that the effect of genotype was
significantly different between males and females (F(8, 160) =
2.3, p < .05), the MOPr knockout in both sexes clearly showed
a dramatic reduction in the stimulation of dopamine release
immediately after the injection. Instead, the sex-dependence of
the effect of MOPr deletion was due to a difference between
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males and females in the delayed reduction of dialysate dopa-
mine concentrations below basal levels after the ethanol injec-
tion. Specifically, for both the male and female wildtype mice,
the maximal dopamine response occurred immediately after the
injection (F(1, 160) > 40.1, p < .05; simple effects test within the
group). In contrast, in the male and female knockout mice, no
changes were observed immediately after the ethanol injection.
However, there was a slowly developing decrease in accumbal
dopamine levels relative to basal that reached significance 45
min after the injection in the females (F(1, 160) = 9.3, p < .05;
simple effects test within the knockouts), and 2 hr after the
injection in males (F(1,160) = 9.1, p < .05).

Basal dopamine concentrations were not affected by the
deletion of the MOPr knockout in the congenic strain in either
males or females (F(1, 19) = 4.28, p > .05 for the interaction
between genotype and sex). Additionally, peak dialysate ethanol
concentrations (F(1,20) = 3.11, p > .05) and the rate of decline
in ethanol concentration (Figure 4C, 4D, F(1,20) = .03, p > .05)
were not different among the groups.

Effect of MOPr Knockout on Dopamine Release in the Ventral
Striatum after Saline Injection: Congenic C57BL/6J
Background

To determine whether the stimulation of dialysate dopamine
concentrations may be affected by the IP injection procedure, we
performed a separate experiment using the congenic strain of
MOPr knockouts and their wildtype controls. Basal concentra-
tions of dopamine were 2.0 £ 5(n=06),1.2 = 4 (n=4),1.8 =
.6 (n=06),and 1.8 = .5 nM (1 = 4) for the male wildtype, male
knockout, female wildtype, and female knockout mice, respec-
tively. Saline injection did not significantly alter dialysate dopa-
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Figure 4. Dopamine response and dialysate ethanol in the ventral striatum
after intraperitoneal administration of ethanol (2 g/kg) in MOPr knockout
mice and their wildtype controls with a C57BL/6J background. Dialysate
samples were collected every 15 min. (A) Female mice. The basal dopamine
concentrations were.7 = .1 nM (n = 5) and .7 = .2 nM (n = 7) for wildtype and
knockout groups, respectively. (B) Male mice. The basal dopamine concentra-
tions were .9 = .1 nM (n = 6) and 1.1 = .3 nM (n = 6) for wildtype and
knockout groups, respectively. The arrow indicates when the ethanol injec-
tion was given. *Significantly different from basal values by simple effects
post hoc analyses (p < .05) after a significant three-way interaction overall
ANOVA. The ethanol content in samples taken after the injection is shown in
(C) female mice and (D) male mice. Note that the x-axis starts at the point of
the ethanol injection which is different from that shown in panels A and B.
MOPr, mu opioid receptors; ANOVA, analysis of variance.
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mine concentrations compared with basal concentrations in any
of the groups (no effect of genotype X time, sex X time, or
genotype X sex X time, F(4, 64) < 1.4, p > .05, ANOVA). In
addition, neither the MOPr knockout nor sex significantly af-
fected basal dopamine concentrations (F(1, 16) < .8, p > .05,
ANOVA for main effects and interaction).

Discussion

Our study is the first to report diminished ethanol-stimulated
dopamine release in any MOPr knockout model. A secondary
finding from the present study is the novel interaction between
sex and genotype in the MOPr-dependence of ethanol-stimu-
lated mesolimbic dopamine release. Female, but not male,
129SvEv-C57BL/6] mice were found to require the MOPr for the
expression of the neurochemical response to ethanol. Similar
results were observed following pharmacological blockade of
the mul receptor. In contrast, both male and female C57BL/6]
mice required the MOPr for the ethanol-stimulated dopamine
response. Previous work in rats has shown that the mul receptor
is involved in ethanol-stimulated accumbal dopamine release
(Tanda and Di Chiara 1998), but our study is the first to show that
this mechanism is influenced by sex and genotype. Together, the
results strongly support the hypothesis that activation of MOPr is
a necessary step, under specific conditions, in the mesoaccumbal
dopamine pathway that is activated by ethanol. This pathway is
likely to mediate, at least in part, the reinforcing or rewarding
properties of ethanol. The variation in the mechanism of the
effect of ethanol on mesolimbic dopamine activity has important
implications for understanding the development of alcohol
abuse as well as for its treatment.

Our conclusion that the MOPr regulates ethanol-stimulated
dopamine release in a sex and genotype dependent manner rests
primarily on the results with the 129SvEv-C57BL/6] mice. On the
basis of the breeding strategy used to maintain this model,
the level of gene fixation is approximately 90%. Because we are
the first to report this epistatic interaction between the MOPr and
mesolimbic dopamine function, it is not known whether this
interaction occurs in MOPr knockout mice generated by other
investigators (Loh et al 1998; Matthes et al 1996; Schuller et al
1999; Tian et al 1997). However, one previous study using the
same MOP knockout strain as the present experiments also
reported a sexual dimorphism in ethanol reward (Hall et al 2001).
The correspondence between our neurochemical data and the
previous behavioral studies further strengthens the idea that the
MOPr mediation of mesolimbic dopamine activity contributes to
the expression of the rewarding and reinforcing properties of
ethanol. Taken together, these findings suggest that the influence
of sex should be included in future studies of the interaction
between the MOPr and ethanol.

A large body of evidence from behavioral and clinical studies
has suggested that ethanol reward is influenced by endogenous
opioid peptide dependent mechanisms (for review see Gianou-
lakis 2001). However, there is a controversy regarding the opioid
receptor subtypes that mediate these effects of ethanol. Both
MOP and delta opioid receptor antagonists decrease ethanol
consumption (Honkanen et al 1996; Hyytia 1993; Krishnan-Sarin
et al 1995; Krishnan-Sarin et al 1998; Le et al 1993), but clinical
studies that investigate the effectiveness of opioid receptor
antagonists for reducing relapse in alcoholism have mainly
utilized nonselective antagonists (Mason et al 1999; Volpicelli et
al 1992). Furthermore, the clinical efficacy of naltrexone, the
most widely studied opioid receptor antagonist used for treat-
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ment of alcohol dependence, is low and inconsistent according
to some authors (Kranzler and Van Kirk 2001). However, meta-
analyses have demonstrated significant effects of naltrexone on
relapse rate (Bouza et al 2004). It has been suggested that genetic
contributions to therapeutic response may underlie the some-
what disappointing effects of opiate antagonists in broader
populations of alcoholics, but that specific, genetically distinct,
subpopulations might exhibit better responses to naltrexone
(Edenberg and Kranzler 2005). One possible explanation for the
variability in clinical responses may be that there is underlying
variability of the alcoholic population in the possible mecha-
nisms that contribute to the rewarding and reinforcing properties
of ethanol in the first place. This may include the regulation by
opioid versus nonopioid mechanisms of actions of ethanol on
the mesoaccumbal dopamine system.

Our finding that genotype dependent epistasis influences the
mechanism by which the MOPr regulates the mesolimbic dopa-
mine system has important implications for the pharmacological
treatment of alcoholism. First, alterations in MOPr function
through functional polymorphisms may affect the role of me-
solimbic dopamine in ethanol reward. Alcohol dependent pa-
tients who possess a functional polymorphism in the MOPr gene
have been shown to have lower rates of relapse in response to
naltrexone (Oslin et al 2003). These results are consistent with
the findings that individuals with the polymorphism report
enhanced positive feelings after ethanol administration (Ray and
Hutchison 2004). Taken together, the results support the idea
that genetic variation in the MOPr system, or in systems that
interact with the MOPr, may influence the rewarding and rein-
forcing properties of ethanol. This implies that genetic variability
in the MOPr system will also influence the ability of MOPr
antagonists to reduce these effects. It is unclear whether the
MOPr regulation of ethanol-stimulated dopamine release in the
ventral striatum plays a role in human alcohol addiction, but our
results suggest that genetic null variants of the MOPr could
influence the vulnerability to ethanol addiction. It should be
noted, however, that a null mutation in the MOPr gene will likely
produce a much larger decrease in MOPr signaling compared
with the Asn40Asp polymorphism that has been studied in
human alcoholism.

Second, our finding that sex is an important factor that
interacts with genotype in the modulation of ethanol-stimulated
dopamine release by the MOPr suggests that sexual dimorphism
may exist for the clinical response to MOPr antagonists used for
the treatment of alcoholism. Recent reports suggest a sexually
dimorphic response to naltrexone in the treatment of alcoholism
(Garbutt et al 2005; Kiefer et al 2005), further pointing to the
potential significance of the present findings. Our results imply
that a more complete understanding of the influence of sex and
genotype on ethanol responses may eventually lead to more
effective pharmacological treatments for alcoholism.

The mechanisms that underlie MOPr regulation of ethanol-
stimulated accumbal dopaminergic transmission are not clear.
However, several lines of evidence show 1) the existence of
endogenous opioid peptides in the VTA (Greenwell et al 2002;
Khachaturian et al 1983), 2) that ethanol increases the release of
a variety of endogenous opioid peptides from brain tissue in vitro
and in vivo (Gianoulakis 1990; Olive et al 2001), and 3) the
stimulation of VTA dopamine neuron firing rate by activation of
MOPr on GABA interneurons in the VTA (Johnson and North 1992).
Our studies specifically implicate the MOPr as a regulator of the
stimulation of VTA dopamine neurons by ethanol, but the present
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studies do not allow us to make conclusions regarding the anatom-
ical sites of action of the MOPr that mediate these effects.

Ethanol concentrations in NAcc dialysates were monitored
concurrently with the dopamine concentrations. No differences
in the ethanol peak concentration and the rate of decline were
observed in either the gene deletion or antagonist experiments.
This confirms that the decrease in ethanol-stimulated accumbal
dopamine we observed is the result of dysfunction of central
mechanisms mediated by MOP receptors and potential epistatic
interactions rather than an effect on ethanol pharmacokinetics. In
agreement with our previous findings in C57BL/6 mice (Tang et
al 2003), we confirmed that the stimulation of dopamine release
by ethanol administration is not due to the IP injection proce-
dure. The results from our saline control experiments suggest
that the ethanol-evoked dopamine response in the ventral stria-
tum was due to a central pharmacological effect rather than a
stress related phenomenon in the congenic MOPr knockouts of
either sex. Therefore, we believe it is unlikely that the attenuation
of ethanol-stimulated dopamine response in the female 129SvEv-
C57BL/6] MOPr knockouts is due to an attenuation of the
response due to the injection alone, although we cannot totally
exclude this possibility.

Another interesting finding from our study is that females, but
not males, from the 129SvEv-C57BL/6] MOPr knockout mice
exhibited an apparent decrease in basal dopamine concentra-
tion, an effect not found in the naloxonazine experiment. This
suggests that the apparent decrease in basal dopamine was due
to developmental or compensatory mechanisms due to the
lifelong deletion of the MOPr and not specifically due to MOPr
mediated mechanisms. Male MOPr null mutants on a C57BL/6
background were previously reported to have decreased dopa-
mine uptake and reduced dopamine release (Chefer et al 2003)
compared with wildtype controls, but females were not studied.
It is possible that similar mechanisms occur in the female
129SvEv-C57BL/6] mice in the present study, and this could
contribute to the apparent reduction in basal dopamine we
observed.

Several pharmacological effects of morphine previously have
been shown to differ between males and females, for example,
antinociception (Baamonde et al 1989; Bartok and Craft 1997;
Cicero et al 1996) and reinforcement (Cicero et al 2000). In
addition, an interaction between sex and genotype in MOPr
mediated analgesia has previously been reported (Kest et al
1999). Furthermore, sex differences in behavior have been
reported in null mutant mice on a mixed genetic background
(Hall et al 2001; Walther et al 2000). We now report an interaction
between sex and genotype in the role of the MOPr in neuro-
chemical effects of ethanol. The mechanism of the sex depen-
dence of the various phenotypes cited above, including our data,
is unclear at present. For our studies it is apparent that the
129SVEv strain contributes the gene(s) that is/are responsible for
the epistatic interaction(s) we observed since there was no
difference in the C57BL/GJ congenic strain. Additional genetic
studies are needed to determine the specific gene or genes that
produce the sexual dimorphism of the MOPr response that we
observed. In particular, it would be useful to replicate these
experiments using the MOPr knockout backcrossed onto the
129SvEv strain. However, this model is not yet available.

A small but significant decrease in accumbal dopamine re-
lease occurred approximately 60-120 min after ethanol adminis-
tration in the MOPr knockouts, but not in the naloxonazine
experiment. This delayed inhibitory response in the MOPr
knockouts may reflect the activation of kappa opioid (KOP)
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receptors in the NAcc by dynorphin-like peptide release pro-
duced by ethanol (Marinelli et al 2006), which would reduce
dopamine release (Spanagel et al 1992). This effect would not be
observed in wildtype mice because of the predominant effect of
MOPr-mediated stimulation of dopamine release. Alternatively,
the small delayed reduction in dopamine could reflect a general
baseline drift that could be due, in part, to circadian variation. We
think this is unlikely because it did not occur in every experi-
ment, and we did not previously observe this phenomenon in
C57BL/6 mice (Tang et al 2003). Furthermore, this is supported
by previously published data that showed minimal variation of
accumbal extracellular dopamine during the light cycle (Paulson
and Robinson 1994). The lack of delayed inhibition of dopamine
release produced after ethanol administration in naloxonazine-
pretreated mice suggests that dysfunction of the MOPr system at
the gene level or at the receptor level may unmask the inhibitory
tone to varying degrees.

The precise role that ethanol-stimulated dopamine release
plays in the rewarding or reinforcing effects of ethanol is not
completely clear at present. Accumbal dopamine signals may
contribute to ethanol reward (Weiss et al 1993), incentive-
salience of ethanol (Robinson and Berridge 1993), or reward
prediction (Schultz et al 1997). In the present study the mice
were ethanol naive, so the incentive and rewarding properties of
ethanol were not established. Regardless of the role or roles that
dopamine plays in the development and maintenance of ethanol
reinforcement, our data suggests that the MOPr may be part of
the neurochemical mechanisms that contribute to the behavioral
consequences of ethanol administration, at least in specific
populations.

In summary, our data demonstrate a novel interaction be-
tween genotype and sex in MOPr mediation of the stimulation of
mesolimbic dopamine activity by ethanol. This interaction was
not due to compensatory mechanisms in the MOPr knockout
mice because it was observed after pharmacological blockade by
naloxonazine. The results suggest that both sex and genotype
specific epistasis are major factors that determine the role of the
MOPr in mechanisms that contribute to ethanol reinforcement.
Our results may help explain some of the variation in the
effectiveness of MOPr antagonists in the treatment of alcohol
dependence.
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Butorphanol is hypothesized to induce analgesia via opioid pathways, although the precise mechanisms
for its effects remain unknown. In this study, we investigated the role of the p-opioid receptor (MOP) in
thermal, mechanical, and visceral chemical antinociception induced by butorphanol using MOP knockout
(KO) mice. Butorphanol-induced thermal antinociception, assessed by the hot-plate and tail-flick tests,
was significantly reduced in heterozygous and abolished in homozygous MOP-KO mice compared with
wildtype mice. The results obtained from our butorphanol-induced mechanical antinociception exper-
iments, assessed by the Randall-Selitto test, were similar to the results obtained from the thermal
antinociception experiments in these mice. Interestingly, however, butorphanol retained its ability to
induce significant visceral chemical antinociception, assessed by the writhing test, in homozygous
MOP-KO mice. The butorphanol-induced visceral chemical antinociception that was retained in homo-
zygous MOP-KO mice was completely blocked by pretreatment with nor-binaltorphimine, a «-opioid
receptor (KOP) antagonist. In vitro binding and cyclic adenosine monophosphate assays also showed that
butorphanol possessed higher affinity for KOPs and MOPs than for 3-opioid receptors. These results
molecular pharmacologically confirmed previous studies implicating MOPs, and partially KOPs, in
mediating butorphanol-induced analgesia.
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1. Introduction in the antinociceptive effects assessed in the tail-flick test in mice

(Garner et al.,, 1997), in the warm-water tail withdrawal assay in

Butorphanol (17-cyclobutylmethyl-3,14-dihydroxymorphinan)
tartrate, known by the trade name Stadol, is a widely used synthetic
opioid analgesic used for Step 2 pain management in the World
Health Organization’s pain ladder. Butorphanol binds p-, 3-, and
k-opioid receptors (MOP, DOP, and KOP) in rat brain membranes
with high affinity (Chang et al., 1981) and acts as a partial agonist.
Several reports have indicated that the effects of butorphanol are
mediated via its agonistic action at the MOP. Butorphanol exhibited
cross-tolerance with morphine in rats (Picker et al., 1990).
Butorphanol also has been reported to act as a MOP partial agonist

* Corresponding author. Tel.: +81 3 3304 5701; fax: +81 3 3329 8035.
E-mail address: ikedak@prit.go.jp (K. Ikeda).

0028-3908/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropharm.2008.03.008

rhesus monkeys (Butelman et al., 1995), and in responses to shock
titration in squirrel monkeys (Dykstra, 1990). In addition, the in-
volvement of the KOP in the antinociceptive effects of butorphanol
in responses to shock titration in squirrel monkeys and in tail-flick
and writhing tests in rats has been reported (Dykstra, 1990; Feng
et al,, 1994). Although these previous studies suggest that butor-
phanol acts both as a MOP partial agonist and a KOP partial agonist,
several contradictory results remain. Nor-binaltorphimine (nor-BNI),
a selective KOP antagonist, precipitated withdrawal in butorphanol-
dependent rats. Pretreatment with nor-BNI inhibited the de-
velopment of butorphanol dependence, and B-funaltrexamine,
a MOP-selective antagonist, was less effective than nor-BNI at pre-
cipitating withdrawal in butorphanol-dependent rats (Jaw et al,,
1993a,b). These reports suggest that KOPs have a more significant
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role than MOPs in mediating physical dependence on butorphanol.
In contrast, the degree of dependence caused by chronic butorpha-
nol administration into the lateral cerebral ventricle is decreased by
B-funaltrexamine treatment in rats (Oh et al., 1992). Furthermore,
the most selective ligands for a specific subtype of opioid receptors
(i.e. B-funaltrexamine for MOP, naltrindole for DOP, and nor-BNI
for KOP) possess certain affinities for other subtypes (Newman et al.,
2002). Thus, the precise molecular mechanisms underlying
the antinociceptive effects of butorphanol have not been clearly
delineated by traditional pharmacological studies that only used
selective ligands.

Recent success in developing mice lacking the MOP gene has
made possible the discovery of molecular mechanisms underlying
opioid effects (Loh et al., 1998; Matthes et al., 1996; Sora et al.,
1997b, 2001). Both the analgesic effects of morphine in the tail-flick
and hot-plate tests and the rewarding effects of morphine in
self-administration tests are abolished in MOP knockout (KO) mice
(Loh et al., 1998; Sora et al., 1997b, 2001). Buprenorphine, a non-
selective opioid receptor partial agonist, has no analgesic effect in
the tail-flick and hot-plate tests but a significant rewarding effect in
the conditioned place preference tests in homozygous MOP-KO
mice (Ide et al., 2004). These observations are especially interesting
because the distributions of DOP and KOP are not apparently al-
tered in MOP-KO mice (Loh et al., 1998; Matthes et al., 1996; Sora
et al.,, 1997b). Using MOP-KO mice in tail-flick and hot-plate tests,
the antinociceptive effects of tramadol, an analgesic possessing
both opioid and non-opioid activity, were shown to be mediated
mainly by MOPs and adrenergic o receptors (Ide et al., 2006).
Although several compensatory changes might occur in KO ani-
mals, they have potential utility in investigating in vivo roles of
specific proteins. Thus, the use of MOP-KO mice has provided novel
theories on the molecular mechanisms underlying the effects of
opioid ligands. The present study investigated the molecular
mechanisms underlying the antinociceptive effects of butorphanol
using MOP-KO mice and human MOP, DOP, and KOP cDNA.

2. Methods
2.1. Animals

The present study used wildtype, heterozygous, and homozygous MOP-KO
mouse littermates from heterozygous/heterozygous MOP-KO crosses on a C57BL/6]
genetic background (backcrossed at least 10 generations) as previously described
(Sora et al., 2001). The experimental procedures and housing conditions were ap-
proved by the Institutional Animal Care and Use Committee, and all animal care and
treatment were in accordance with our institutional animal experimentation
guidelines. Naive adult (>10 weeks old) male and female mice were group housed in
an animal facility maintained at 22 +2°C and 55 4 5% relative humidity under
a 12 h/12 h light/dark cycle with lights on at 8:00 am and off at 8:00 pm. Food and
water were available ad libitum.

2.2. Drugs

Butorphanol tartrate and nor-BNI dihydrochloride were purchased from Sigma
Chemical Co. (St. Louis, MO). For in vitro assays, [p-Ala%,N-MePhe? Gly-ol°|enkephalin
(DAMGO), a MOP-selective agonist, and [p-Pen?,p-Pen’]enkephalin (DPDPE), a DOP
agonist, were purchased from Peninsula Laboratories Ltd. (Merseyside, UK).
(+)-(50,74,8B)-N-methyl-N-[ 7-(1-pyrrolidinyl)-1-oxaspirol[4,5]dec-8-yl|benzenea-
cetamide (U69593), a KOP-selective agonist, was a gift from Upjohn (Kalamazoo, MI).
Compounds [tyrosyl-3,5->H(N)]DAMGO (50.5 Ci/mmol), [phenyl-3,4->H]U69593
(47.5 Cijmmol), and [tyrosyl-2,6->*H(N)]DPDPE (33.0 Ci/mmol) were purchased from
DuPont-New England Nuclear (Boston, MA).

2.3. Antinociceptive tests

Thermal antinociception was evaluated using the hot-plate and tail-flick tests.
Hot-plate testing was performed according to the method of Woolfe and MacDonald
(1944) with slight modifications. A commercially available apparatus consisting of
an acrylic resin cage (20 x 25 x 25 cm: width x length x height) and a temperature-
controlled aluminum plate (Model MK-350A, Muromachi Kikai Co., Tokyo, Japan)
were used for this test. Mice were placed on a 52 4- 0.2 °C hot-plate, and latencies to
hind-paw-lick or jump were recorded. We selected a relatively lower temperature

(52 °C) to examine the mild thermal antinociceptive effects of opioid partial agonists
(Ide et al.,, 2004). The cut-off time was 60 s. Tail-flick testing was carried out
according to the method of D’Amour and Smith (1941) with slight modifications
using a commercially available apparatus consisting of an irradiator for heat stim-
ulation and a photosensor for detection of tail-flick behavior (Model MK-330A,
Muromachi Kikai Co., Tokyo, Japan). Mice were loosely wrapped in a felt towel. Their
tails were heated, and tail-flick latencies were automatically recorded. The cut-off
time was 15s. Mechanical antinociception was evaluated using the hind-paw
pressure test according to the method of Randall and Selitto (1957) with slight
modifications using a commercially available apparatus (Pressure Analgesy-Meter,
Model MK-201D, Muromachi Kikai Co., Tokyo, Japan). Mice were loosely wrapped in
a felt towel. Their hind paws were gradually pressed, and hind-paw drawing or
struggle latencies were automatically recorded. The cut-off pressure was
250 mmHg. The drug injection volume was 10 ml/kg.

In the time-course analyses, the tail-flick, hot-plate, and hind-paw pressure tests
were conducted before and 5, 10, 20, 40, 60, 120, and 180 min after subcutaneous
(s.c.) injection of butorphanol (3.0 mg/kg). In the dose-response analyses, butor-
phanol was administered at doses of 0.3, 0.7, 2.0, and 7.0 mg/kg (s.c.), for cumulative
doses of 0.3, 1.0, 3.0, and 10 mg/kg, respectively. Tail-flick, hot-plate, and hind-paw
pressure tests were conducted 20 min after each drug injection. Drug injections
occurred immediately after the previous test.

The hot-plate, tail-flick, and hind-paw pressure responses of each mouse in
the drug-induced antinociception tests were converted to percentage of maximal
possible effect (¥MPE) according to the following formula:

%MPE = (postdrug latency — predrug latency)/(cut-off time or pressure
—predrug latency) x 100%

Visceral chemical antinociception was evaluated using the writhing test (Collier
et al.,, 1968). Acetic acid (0.6% v/v, 10 ml/kg) was injected intraperitoneally (i.p.), and
the mouse was placed in a large plastic cage. The intensity of nociceptive behavior
was quantified by counting the total number of writhes occurring between 0 and
15 min after acetic acid injection. The writhing response consists of a contraction of
the abdominal muscles. Nociception was expressed as writhing scores during the
15 min period. Butorphanol (3.0 mg/kg, s.c.) or saline was administered 10 min
before acetic acid injection. nor-BNI (5.0 mg/kg, s.c.) was administered 24 h before
butorphanol injection.

2.4. Stable expression of human opioid receptors in Chinese hamster ovary cells

Chinese hamster ovary (CHO) cell lines stabling expressing human p-, 3-, and
k-opioid receptors (MOP/CHO, DOP/CHO, and KOP/CHO, respectively) were estab-
lished as previously described (Ide et al., 2004). Kg values of [?’H]DAMGO to MOP,
[>H]DPDPE to DOP, and [*H]U69593 to KOP were 1.7 +0.3 nM (n=4), 2.2 + 0.2 nM
(n=4),and 2.5 + 0.2 nM (n = 3), respectively. Bynax estimates of receptor densities in
these cell lines were 2300 =+ 160, 3000 & 270, and 5000 + 450 fmol/mg protein,
respectively.

2.5. Radioligand binding assay

Binding assays were performed as previously described (Katsumata et al., 1995)
with slight modifications. Expressing cells were harvested after 65 h in culture,
homogenized in 50 mM Tris buffer (pH 7.4) containing 10 mM MgCl; and 1 mM
EDTA, pelleted by centrifugation for 20 min at 30 000g, and resuspended in the same
buffer. For saturation binding assays, cell membrane suspensions were incubated for
60 min at 25°C with various concentrations of [*H]DAMGO for human MOP,
[>H]DPDPE for human DOP, or [2H]U69593 for human KOP. Nonspecific binding was
determined in the presence of 10 mM unlabeled ligands. For competitive binding
assays, the cell membrane suspensions were incubated for 60 min at 25 °C with
2nM [*H]DAMGO for human MOP, 2 nM [*H]DPDPE for human DOP, or 3 nM
[*H]U69593 for human KOP in the presence of various concentrations of ligands.
After incubation for 60 min, membrane suspensions were rapidly filtrated, and the
radioactivity on each filter was then measured by liquid scintillation counting. Kq
values of the radiolabeled ligands were obtained by Scatchard analysis of the data
from the saturation binding assay. For the competitive binding assay, non-linear
regression analysis using a one-competitionmodel (GraphPad Prism, GraphPad, San
Diego, CA) was conducted to estimate the inhibitory concentration at 50% (ICsp). Kj
values were calculated from ICsg values obtained from the competitive binding assay
in accordance with the equation Kj = ICs0/(1 + [radiolabeled ligand]/Kq4), where ICsq
is the concentration of unlabeled ligand producing 50% inhibition of the specific
binding of radiolabeled ligand. The binding assay results are presented as mean +
S.E.M. of 11-15 independent experiments.

2.6. cAMP assay

3/,5-Cyclic adenosine monophosphate (cAMP) assays were performed as
previously described (Katsumata et al., 1995) with slight modifications. Briefly,
10° cells were placed into each well of a 24-well plate, grown for 24 h, washed,
and incubated with 0.45 ml HEPES-buffered saline containing 1 mM 3-isobutyl-
1-methylxanthine for 10 min at 37 °C. Next, the cells were stimulated for 10 min by
the addition of 50 ml HEPES-buffered saline containing 100 mM forskolin and 1 mM
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3-isobutyl-1-methylxanthine in the presence or absence of various concentrations
of opioid ligands and then disrupted by adding 0.5 ml ice-cold 10% trichloroacetic
acid to each well. Concentrations of cAMP were measured by radioimmunoassay
(Amersham, Buckinghamshire, UK). cAMP accumulation is presented as a fraction of
the control value obtained without the addition of opiates. Inhibition curves were
generated by a computer-generated non-linear least-squares fit using GraphPad
Prism (GraphPad, San Diego, CA). IC5¢ values were calculated as the concentration of
ligand producing 50% of maximal inhibition of cAMP accumulation. ICs¢ values
and the maximal inhibitory effects (Imax) in the cAMP assays are presented as
mean + S.E.M. of 3-5 independent experiments, each performed in triplicate.

2.7. Statistical analyses

The time-courses of butorphanol effects were statistically analyzed by one-way,
repeated-measures analysis of variance (ANOVA) followed by the Tukey-Kramer
post hoc test. The dose-response functions of the antinociceptive effects of butor-
phanol in wildtype, heterozygous, and homozygous MOP-KO mice were statistically
evaluated by two-way, mixed-design ANOVA and one-way, repeated-measures
ANOVA followed by the Tukey-Kramer post hoc test. The visceral chemical anti-
nociceptive effects of butorphanol were analyzed by one-way factorial ANOVA
followed by the Tukey-Kramer post hoc test. Differences with p <0.05 were
considered statistically significant. In the analysis of differences among genotypes,
no significant differences were observed between male and female mice in the
antinociceptive effects of butorphanol (although the antinociceptive effects of
butorphanol were slightly greater in male mice than in female mice), thus male and
female data were combined.

3. Results
3.1. Antinociceptive effects

First, the time-courses of the thermal antinociceptive effects of
butorphanol were analyzed in wildtype mice (Fig. 1a, b). The
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thermal antinociceptive effects of butorphanol (3 mg/kg, s.c.) were
expressed early (<5 min), reached peak effects approximately
Twenty minutes after injection, and were long-lasting (>3 h) in both
the hot-plate (Fig. 1a) and tail-flick (Fig. 1b) tests. Butorphanol
showed a significant increase in ¥MPE in both the hot-plate and tail-
flick tests in wildtype mice [one-way, repeated-measures ANOVA:
F756)=2.27, p=0.042; F756)=9.63, p < 0.0001, respectively]. Post
hoc analysis revealed that the thermal antinociceptive effects of
butorphanol were significant at all examined time-points in the
tail-flick test and 20-180 min after butorphanol injection in the
hot-plate test. Second, the thermal antinociceptive dose-response
relationships of butorphanol were analyzed in wildtype, heterozy-
gous, and homozygous MOP-KO mice (Fig. 1c, d). Butorphanol
dose-dependently showed thermal antinociceptive effects in both
wildtype and heterozygous MOP-KO mice, but not in homozygous
MOP-KO mice. Two-way, mixed-design ANOVA revealed that the
antinociceptive effects of butorphanol (¥MPE) were significantly
different among these genotypes in both the hot-plate test
[significant difference between genotypes, F229)=8.99, p < 0.001;
no significant genotype x dose interaction, Fg116)=1.75, p = 0.095;
Fig. 1c] and tail-flick test [significant difference between genotypes,
F229)=28.71, p < 0.0001; significant genotype x dose interaction,
Fg116)=9.08, p < 0.0001; Fig. 1d]. The antinociceptive effects of
butorphanol (%MPE) in heterozygous and homozygous MOP-KO
mice were significantly lower than in wildtype mice, both in the hot-
plate and tail-flick tests ( p < 0.05, Tukey-Kramer post hoc test).
One-way, repeated-measures ANOVA revealed that butorphanol-
induced significant increases in %MPE in both the hot-plate
[F(a,50) = 3.40, p < 0.05] and tail-flick tests [F(4,50) = 17.69, p < 0.0001]
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Fig. 1. Thermal antinociceptive effects of butorphanol in wildtype, heterozygous, and homozygous MOP-KO mice. (a, b) Butorphanol (3 mg/kg, s.c.)-induced alterations of ¥MPE in
the hot-plate (a) and tail-flick (b) tests in wildtype mice [n = 8 (male, 4; female, 4)] under the time-course paradigm. *p < 0.05, Significantly different from pre-injection (0 min). (c,
d) Butorphanol-induced alterations of ¥MPE in the hot-plate (c) and tail-flick (d) tests in wildtype [+/+, closed square, n = 11 (male, 6; female, 5)], heterozygous [+/—, closed circle,
n=12 (male, 7; female, 5)], and homozygous [—/—, closed triangle, n = 9 (male, 6; female, 3)] MOP-KO mice under the cumulative dose-response paradigm. p < 0.05, Significantly
different from wildtype mice; *p < 0.05, significantly different from heterozygous MOP-KO mice. Data are expressed as mean + S.E.M.
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Fig. 2. Mechanical antinociceptive effects of butorphanol in wildtype, heterozygous, and homozygous MOP-KO mice. (a) Butorphanol (3 mg/kg, s.c.)-induced alterations of MPE in
the hind-paw pressure test in wildtype mice [n =8 (male, 4; female, 4)] under the time-course paradigm. *p < 0.05, Significantly different from pre-injection (0 min). (b) Butor-
phanol-induced alterations of ¥MPE in the hind-paw pressure test in wildtype [+/+, closed square, n =10 (male, 4; female, 6)], heterozygous [+/—, closed circle, n =12 (male, 7;
female, 5)], and homozygous [—/—, closed triangle, n = 11 (male, 5; female, 6)] MOP-KO mice under the cumulative dose-response paradigm. *p < 0.05, Significantly different from
wildtype mice; *p < 0.05, significantly different from heterozygous MOP-KO mice. Data are expressed as mean + S.E.M.

in wildtype mice. By contrast, butorphanol-induced significant in-
creases in MPE only in the tail-flick test in heterozygous MOP-KO
mice [F(4,40)=2.77, p < 0.05] and failed to significantly change ¥MPE
in either the hot-plate or tail-flick test in homozygous MOP-KO mice
at cumulative doses up to 10 mg/kg (Fig. 1c, d).

Next, the time-course of the mechanical antinociceptive effects of
butorphanol was analyzed in wildtype mice. Similar to the thermal
antinociceptive effects, the mechanical antinociceptive effects of
butorphanol (3 mg/kg, s.c.) were expressed early (<5 min), reached
peak effects approximately 20 min after injection, and were
long-lasting (>3 h) in the hind-paw pressure test (Fig. 2a). Butor-
phanol showed a significant increase in ¥MPE in the hind-paw
pressure test in wildtype mice [one-way, repeated-measures
ANOVA: Fi756)=11.35, p < 0.0001]. Post hoc analysis revealed that
the mechanical antinociceptive effects of butorphanol were signifi-
cant at all examined time-points (5-180 min after butorphanol in-
jection). The mechanical antinociceptive effects of butorphanol also
were analyzed in wildtype, heterozygous, and homozygous MOP-KO
mice (Fig. 2b). Butorphanol showed dose-dependent mechanical
antinociceptive effects in both wildtype and heterozygous MOP-KO
mice, but not in homozygous MOP-KO mice. Two-way, mixed-
design ANOVA revealed that the antinociceptive effects of butor-
phanol (%¥MPE) were significantly different between genotypes
in the hind-paw pressure test [significant difference between
genotypes, F330)=66.05, p <0.0001; significant genotype x dose
interaction, F(g120)=14.67, p < 0.0001]. The antinociceptive effects
of butorphanol (¥MPE) in heterozygous and homozygous MOP-KO
mice were significantly lower than in wildtype mice in the hind-paw
pressure test ( p<0.05, Tukey-Kramer post hoc test). One-way,
repeated-measures ANOVA revealed that butorphanol-induced sig-
nificant increases in %¥MPE in the hind-paw pressure test in both
wildtype mice [Fi445)= 64.88, p < 0.0001] and heterozygous MOP-KO
mice [Fg455)=15.82, p < 0.0001]. By contrast, butorphanol failed to
significantly change %MPE in the hind-paw pressure test in homozy-
gous MOP-KO mice at cumulative doses up to 10 mg/kg (Fig. 2b).

The visceral chemical antinociceptive effects of butorphanol
(3 mg/kg, s.c.) were analyzed in wildtype, heterozygous, and ho-
mozygous MOP-KO mice. The 3 mg/kg butorphanol dose was cho-
sen because it induced almost maximal antinociceptive effects in
wildtype mice in the hot-plate, tail-flick, and hind-paw pressure
tests (Figs. 1 and 2). Interestingly, butorphanol-induced chemical
antinociceptive effects not only in wildtype and heterozygous MOP-
KO mice, but also in homozygous MOP-KO mice. One-way factorial
ANOVA revealed that butorphanol-induced significant decreases
in writhing (Fig. 3) in wildtype mice [F114)=265.0, p < 0.0001], in

heterozygous MOP-KO mice [F(116)=210.0, p<0.0001], and in
homozygous MOP-KO mice [F1,17)=9.50, p<0.001], although
significant differences were observed between these genotypes
[F2,24)=16.43, p < 0.0001]. The remaining visceral chemical anti-
nociceptive effects of butorphanol in homozygous MOP-KO mice
were diminished by pretreatment with nor-BNI (5 mg/kg, s.c.).
One-way factorial ANOVA revealed no significant difference be-
tween writhing counts in MOP-KO mice treated with nor-BNI and
butorphanol and in MOP-KO mice treated with nor-BNI and saline.
Furthermore, one-way factorial ANOVA revealed a significant
difference between writhing counts in MOP-KO mice treated with
butorphanol alone and writhing counts in MOP-KO mice treated
with nor-BNI and butorphanol [F(123)=6.57, p < 0.05].
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Fig. 3. Visceral chemical antinociceptive effects of butorphanol in wildtype, hetero-
zygous, and homozygous MOP-KO mice. Writhing counts induced by 0.6% acetic acid
(i.p.) with saline pretreatment in wildtype [+/+, n=9 (male, 5; female, 4)], hetero-
zygous [+/—, n=10 (male, 5; female, 5)], and homozygous [—/—, n=7 (male, 4;
female, 3)] mice, butorphanol pretreatment (3 mg/kg, s.c.) in wildtype [+/+, n=8
(male, 5; female, 3)], heterozygous [+/—, n=8 (male, 4; female, 4)], and homozygous
[-/-, n=12 (male, 5; female, 7)] MOP-KO mice, and nor-BNI (5 mg/kg, s.c.) and
butorphanol (3 mg/kg, s.c.) [-/—, n=13 (male, 7; female, 6)] or saline pretreatment
[=/-, n=13 (male, 4; female, 5)] in homozygous MOP-KO mice. *p < 0.05, Significantly
different from wildtype mice; *p < 0.05, significantly different from saline pretreatment;
&p < 0.05, significantly different from nor-BNI pretreatment; n.s., not significant. Data
are expressed as mean + S.E.M.
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3.2. Binding characteristics

Butorphanol competition experiments using membranes
prepared from MOP/CHO, DOP/CHO, and KOP/CHO cells revealed
apparent binding affinities for each opioid receptor subtype (Fig. 4a,
Table 1). Butorphanol bound with higher affinity than morphine to
membranes prepared from MOP/CHO, DOP/CHO, and KOP/CHO
cells. The morphine results were obtained from previous data (Ide
et al., 2004) that were analyzed according to the present methods.
The affinities of butorphanol for MOP and KOP were equivalent and
higher than for DOP.
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Fig. 4. (a) Binding properties of butorphanol for displacement of specific binding of
2 nM [*H]DAMGO, 2 nM [*H]DPDPE, and 3 nM [>H]U69593 to the membranes of MOP/
CHO (open circle, n=15), DOP/CHO (open triangle, n=11), and KOP/CHO (open
square, n = 12), respectively. Data are expressed as mean + S.E.M. (b) Agonistic effects
of butorphanol on forskolin-stimulated cAMP production in MOP/CHO (open circle,
n=>5), DOP/CHO (open triangle, n =3), and KOP/CHO (open square, n=>5) cells. In-
tracellular cAMP levels in the cells incubated with 10 mM forskolin alone served as
controls (100%). Data are expressed as mean + S.E.M.

Table 1
Binding properties and agonistic effects of butorphanol and morphine on human
opioid receptor subtypes

MOP/CHO DOP/CHO KOP/CHO
Competitive binding assay
K; value (nM)
Butotphanol 6.8+23 34.7 +10.2 78+41
Morphine 332+72 355+ 61 224+ 11
cAMP assay
IC50 (nM)
Butotphanol 58+29 64.4+43.9 44+3.0
Morphine 25.5+9.7 364 +200 252 +£231
ImaX (%)
Butotphanol 59.3 +£10.8 779+4.2 68.8 +8.2
Morphine 875+2.8 83.6+2.8 83.0+13

Morphine data were obtained from reanalysis of data in Ide et al. (2004).

3.3. cAMP assay

Butorphanol effects on forskolin-stimulated cAMP accumulation
in MOP/CHO, DOP/CHO, and KOP/CHO cells also were tested. Butor-
phanol concentration-dependently suppressed forskolin-stimulated
cAMP accumulation in all three cell types (Fig. 4b). Imax values for
butorphanol were apparently lower than those of morphine for all
cell lines (Table 1). ICsg values of butorphanol were lower than those
of morphine for MOP/CHO, DOP/CHO, and KOP/CHO cells (Table 1).
The morphine results were obtained from previous data (Ide et al.,
2004) that were analyzed according to the present methods.

4. Discussion

The thermal antinociceptive effects of butorphanol were
significantly reduced in heterozygous and homozygous MOP-KO
mice compared with wildtype mice in both the hot-plate and tail-
flick tests. The thermal antinociceptive effects of butorphanol in
both tests increased in a MOP gene dose-dependent fashion. The
copy numbers of the MOP gene are zero in homozygous MOP-KO
mice, one in heterozygous MOP-KO mice, and two in wildtype mice.
In addition, the mechanical antinociceptive effects of butorphanol
in these mice, analyzed by the Randall-Selitto test, were similar to
the thermal antinociceptive effects. These results suggest that the
MOP is the main opioid receptor involved in butorphanol-induced
thermal and mechanical antinociception. This is consistent with
previous reports. The selective MOP antagonist B-funaltrexamine
was reported to antagonize the thermal antinociceptive effects of
butorphanol in a tail-flick test, but pretreatment with nor-BNI did
not reliably antagonize the butorphanol effects, and naltrindole,
a DOP antagonist, failed to antagonize the effects of butorphanol
(Garner et al., 1997).

The antinociceptive effects of morphine, an MOP agonist with
low affinity for DOP and KOP, are reduced in several strains of
heterozygous MOP-KO mice and completely abolished in homo-
zygous MOP-KO mice (Loh et al., 1998; Sora et al., 1997b, 2001).
Also, the antinociceptive effects of DPDPE, a DOP-preferring ligand
with modest affinity for the MOP, are reduced in MOP-KO mice
(Matthes et al., 1998; Sora et al., 1997a). CXBK mice, which express
MOPs at approximately half of the level of C57BL/6 and BALB/c
progenitor strains, show reduced analgesic effects in response not
only to morphine but also to U50,488H, a k-selective agonist (Ikeda
et al., 1999). Furthermore, the thermal antinociception induced by
buprenorphine, a nonselective partial agonist for opioid receptors,
is abolished in MOP-KO mice, although the rewarding effects of the
drug remain (Ide et al., 2004). In contrast, the antinociceptive
effects of morphine are not altered in mice lacking DOPs (Zhu et al.,
1999) or in mice lacking KOPs (Simonin et al., 1998). The present
results, together with these previous reports, suggest that MOPs
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play a critical role in the thermal and mechanical analgesia induced
by opioid partial agonists. MOP tolerance and inactivation and/or
individual differences in MOP number are thus important for most
of the variation in the degree of thermal and mechanical analgesia
induced by opioids.

The thermal antinociceptive effects of butorphanol were weak
when compared with the effects in the tail-flick test. This is con-
sistent with a previous report showing that butorphanol had weak
analgesic activity in a mouse hot-plate test (Pircio et al., 1976).
Antinociception in the hot-plate test is hypothesized to reflect
analgesia at supraspinal level, whereas antinociception in the
tail-flick test is hypothesized to reflect analgesia at spinal levels.
Thus, the present results suggest that butorphanol may exert its
antinociceptive effects spinally rather than supraspinally. Further
studies of butorphanol using intracerebroventricular (i.c.v.) and
intrathecal (i.t.) microinjection may provide novel insight. Butor-
phanol exhibited thermal antinociception more effectively with a
low-temperature (50 °C) stimulus than with a high-temperature
(55°C) stimulus in warm-water tail-immersion tests in rhesus
monkeys (Butelman et al., 1995). Further, our previous report
showed that the thermal antinociceptive effects of buprenorphine
in a hot-plate test were less effective than in a tail-flick test
(Ide et al., 2004). Although we selected a relatively low-temperature
(52°C) in the hot-plate test, butorphanol-induced thermal anti-
nociception was still weak in the hot-plate test. Far lower thermal
stimuli (e.g. 48-50 °C) may be preferable for assessing butorphanol
effects in hot-plate tests.

In the present study, the thermal and mechanical antinociceptive
effects of butorphanol were assessed under the cumulative dose-
response paradigm similar to previous reports (Ide et al., 2004; Sora
et al,, 1997b). This paradigm has the advantage of reducing the
number of animals necessary for experiments. Because it is difficult
to obtain a large number of genetically modified animals, the para-
digm is especially useful for studies using these animals. However,
the results obtained from the cumulative dose-response paradigm
may not be comparable to those from paradigms using different
animals for each dose. The cumulative dose-response paradigm can
be used when the effect of the drug is expressed prior to the next
injection and is retained until the end of the test. The paradigm may
not be appropriate for analyzing drugs that are characterized by
rapid tolerance or sensitization. In the present study, the effects of
butorphanol were expressed early (<5 min) and were long-lasting
(>3 h). Thus, the cumulative dose-response paradigm seems to have
been appropriate for assessing the antinociceptive effects of butor-
phanol in the present study. In addition, the antinociceptive effects
of butorphanol at 3 mg/kg in the cumulative dose-response para-
digm was weak compared with the time-course analysis in both the
hot-plate (about 10%MPE weak) and tail-flick (about 20%MPE weak)
tests, although these differences were not statistically significant in
the present study. The decreased effects of butorphanol in the
cumulative dose-response paradigm may be attributable to both
acute tolerance and blood level reduction by metabolism of butor-
phanol injected earlier. Cumulative dose-response paradigms may
have relative weaknesses compared with other paradigms, but the
present results indicated robust differences in the effects of
butorphanol between genotypes.

In contrast to thermal and mechanical antinociception, butor-
phanol showed significant visceral chemical antinociceptive effects
in homozygous MOP-KO mice, although the visceral chemical
antinociceptive effects of butorphanol increased in a MOP gene
dose-dependent fashion. The residual visceral chemical anti-
nociception induced by butorphanol was abolished by pre-
treatment with nor-BNI, a selective KOP antagonist. These results
indicate that both MOP and KOP play dominant roles in butor-
phanol-induced visceral chemical antinociception. This is also
consistent with previous reports. The effectiveness of a KOP agonist

in reducing visceral pain has been reported (Riviere, 2004). The
enhanced response of KOP-KO mice in the acetic acid writhing test
also has been demonstrated (Simonin et al., 1998). The nociceptive
responses in the acetic acid writhing test were not altered in ho-
mozygous MOP-KO mice in the present study. Although the precise
molecular mechanisms have not been revealed, KOPs rather than
MOPs may regulate intrinsic visceral nociceptive sensations in-
duced by endogenous opioids, and MOPs may regulate visceral
nociception only with exogenously administered opioid drugs. The
present results, together with previous reports, suggest that both
MOPs and KOPs play important roles in visceral chemical analgesia
mediated by opioid partial agonists. Furthermore, the present re-
sults suggest that varied visceral chemical pain can be controlled by
nonselective opioids, such as bremazocine, pentazocine, and
buprenorphine, acting through both MOPs and KOPs.

The results of our in vitro experiments using human MOP, DOP,
and KOP cDNA suggest that butorphanol induces antinociceptive
effects mainly via MOPs, and partially KOPs, in humans. Butor-
phanol bound to human MOPs with moderate affinity, approxi-
mately 4.9-fold greater than that displayed by morphine.
Butorphanol binding affinity for MOPs was as high as that for KOPs
and 5.1-fold higher than that for DOPs in human clones. In the
cAMP assays, butorphanol also showed lower ICsq values for both
MOPs and KOPs than for DOPs, although moderate Iy, values were
demonstrated for three opioid receptor subtypes. These results
suggest that mainly MOPs, and partially KOPs but not DOPs, may be
involved in the antinociceptive effects of butorphanol in humans as
well as in rodents.

In conclusion, the present study demonstrated the abolition of
thermal and mechanical antinociceptive effects of butorphanol in
MOP-KO mice, suggesting that thermal and mechanical anti-
nociception induced by butorphanol is completely mediated by
partial agonistic effects of butorphanol on MOPs. We also demon-
strated retention of butorphanol-induced visceral chemical anti-
nociception in MOP-KO mice, abolition of butorphanol-induced
visceral chemical antinociception by pretreatment with nor-BNI,
and in vitro data showing that butorphanol more strongly acted on
KOPs and MOPs than on DOPs, suggesting that butorphanol-
induced visceral chemical antinociception is mediated by partial
agonistic effects on both MOPs and KOPs. For clinical usage,
butorphanol may be effective for controlling visceral pain, partic-
ularly in patients tolerant to MOP-selective opioid drugs or patients
whose MOPs are hypoactive by genetic and/or other factors. Future
studies elucidating the precise molecular mechanisms underlying
the antinociceptive effects of butorphanol will contribute to the
better usage of opioid drugs for pain management.
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Animal models of depression in dopamine, serotonin,
and norepinephrine transporter knockout mice:
prominent effects of dopamine transporter deletions

Maria T.G. Perona?, Shonna Waters?, Frank Scott Hall?, Ichiro Sora®,
Klaus-Peter Lesch®, Dennis L. Murphy®, Marc Caron® and George R. Uhl®

Antidepressant drugs produce therapeutic actions and
many of their side effects via blockade of the plasma
membrane transporters for serotonin (SERT/SLC6A2),
norepinephrine (NET/SLC6A1), and dopamine
(DAT/SLC6A3). Many antidepressants block several of
these transporters; some are more selective. Mouse gene
knockouts of these transporters provide interesting
models for possible effects of chronic antidepressant
treatments. To examine the role of monoamine
transporters in models of depression DAT, NET, and SERT
knockout (KO) mice and wild-type littermates were studied
in the forced swim test (FST), the tail suspension test, and
for sucrose consumption. To dissociate general activity
from potential antidepressant effects three types of
behavior were assessed in the FST: immobility, climbing,
and swimming. In confirmation of earlier reports, both
DAT KO and NET KO mice exhibited less immobility than
wild-type littermates whereas SERT KO mice did not.
Effects of DAT deletion were not simply because of
hyperactivity, as decreased immobility was observed in
DAT + /- mice that were not hyperactive as well as in
DAT -/ - mice that displayed profound hyperactivity.
Climbing was increased, whereas swimming was almost
eliminated in DAT -/ - mice, and a modest but similar
effect was seen in NET KO mice, which showed a modest
decrease in locomotor activity. Combined increases in
climbing and decreases in immobility are characteristic

of FST results in antidepressant animal models, whereas
selective effects on swimming are associated with the
effects of stimulant drugs. Therefore, an effect on climbing
is thought to more specifically reflect antidepressant
effects, as has been observed in several other proposed
animal models of reduced depressive phenotypes.

A similar profile was observed in the tail suspension test,

Introduction

Inhibition of neurotransmitter reuptake by drugs acting
at SERT, NET, and/or DAT can produce antidepres-
sant effects (Skolnick er @/, 2003; Lucki and O’Leary,
2004), which, in part, has led to hypotheses that
dysfunction of serotonin, norepinephrine, and/or dopa-
mine systems might contribute to depression (Prange,
1964; Schildkraut, 1967; Akiskal and McKinney, 1973;
van Praag, 1974; Willner, 1983a, b, ¢, 2000; Shelton,
2004; Dunlop and Nemeroff, 2007). Most drugs that are
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where DAT, NET, and SERT knockouts were all found to
reduce immobility, but much greater effects were observed
in DAT KO mice. However, to further determine whether
these effects of DAT KO in animal models of depression
may be because of the confounding effects of hyperactivity,
mice were also assessed in a sucrose consumption test.
Sucrose consumption was increased in DAT KO mice
consistent with reduced anhedonia, and inconsistent with
competitive hyperactivity; no increases were observed in
SERT KO or NET KO mice. In summary, the effects of
DAT KO in animal models of depression are larger than
those produced by NET or SERT KO, and unlikely to be
simply the result of the confounding effects of locomotor
hyperactivity; thus, these data support reevaluation of

the role that DAT expression could play in depression

and the potential antidepressant effects of DAT blockade.
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clinically effective antidepressants in humans produce
reduced immobility in the rodent forced swim test (FST)
(Porsolt, 1979). Modifications and extensions of the FST
paradigm (Armario et a/., 1988; Cervo and Samanin, 1991;
Detke er al., 1995, 1997; Detke and Lucki; 1996) have
sought to improve its specificity and predictive validity
for human antidepressant efficacy (for review, see
Cryan et al., 2005a). These modified versions of the
original test examine additional behavioral features and
use slight modifications of the original apparatus that
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allow assessment of a broader behavioral repertoire. Such
assessments may be especially important for studies of
experimental manipulations that may alter both depres-
sive behavior and general activity. In studies of Fawn
Hooded rats that exhibit both hyperactivity (Hall ¢z 4/,
1998b) and reduced immobility in forced swim testing
(Hall er al., 1998a), for example, the examination of
several behavioral endpoints allowed dissociation of hyper-
activity from antidepressant-like effects. Such consi-
derations might thus be especially useful in studies of
rodents with genetic manipulations that could alter both
general levels of motor activity and depressive-like symp-
toms, such as dopamine transporter knockout (KO) mice
(Giros et al., 1996; Sora et al., 1998).

Monoamine transporter knockouts are potentially of
interest in the study of antidepressant actions because
they chronically elevate extracellular monoamine levels
(Gainetdinov ¢ al., 1998; Xu er al., 2000; Mathews ¢ al.,
2004; Shen er a4/, 2004) in a manner similar to anti-
depressant treatments (Abercrombie ¢z /., 1988; Nomikos
et al., 1990; Kreiss and Lucki, 1995). Effects of SERT,
NET, and DAT KO mice in antidepressant models may
thus be of relevance in understanding the mechanisms
that underlie antidepressant effects. Decreased immobi-
lity, a correlate of antidepressant activity, has been
observed in NET KO mice (Xu e @/, 2000) and DAT
KO mice (Spiclewoy er @/, 2000). No difference or
increased immobility has been observed SERT KO mice
depending on the background strain examined (Holmes
et al., 2002). All of these studies, however, have only
examined immobility in the FST. Examination of other
behaviors in this test (e.g. climbing and swimming)
should help in clarifying the nature of these effects. In
the case of DAT KO mice this is essential because DAT
KO mice are hyperactive (Giros ez @/., 1996; Sora er al.,
1998). In an earlier study of DAT KO mice in the FST
(Spielewoy ez al., 2000) it was suggested that reductions
in immobility were produced by increased ‘swimming’,
but those authors did not in fact measure any other
behavior in the test, nor differentiate between climbing
and swimming. The nature of this behavior is rather
important as it might reflect one of two possible effects,
general activity or antidepressant activity.

As hyperactivity may be a confounding issue in the FST
it is important to validate the findings of that model in
other models of depression. Another model that has been
extensively validated with a wide range of antidepressants
is the tail suspension test (TST) (Cryan ez a/., 2005b).
SERT KO mice showed reduced immobility in the TST,
which was dependent on the background strain against
which the knockout was expressed (Holmes ez 4/, 2002),
similar to observations in the FST. A similar profile has
been observed in NET KO mice in the TST (Dziedzicka-
Wasylewska ez al., 2006), but this has not yet been
assessed in DAT KO mice. Thus, to clarify and extend
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these data, we now report examination of behavior in
DAT, SERT, and NET KO mice using both the FST and
the 'T'ST under identical experimental conditions so that
comparisons may be made between the relative magni-
tude of the effects of each of these monoamine transporter
gene knockouts.

The TST, as well as the FST, might, however, be
interpreted as being open to the confounding effects of
hyperactivity. To further address this issue we examined
another model, sucrose consumption, which should not
be open to the same type of locomotor confound. The
sucrose consumption model assesses a different aspect
of depressive behavior, anhedonia, and was originally used
to assess the depressive effects of chronic mild stress
(Papp e al., 1991), but has since been used to assess
the effects of several other models of depression
(El Yacoubi ez af., 2003; Wintink ez a/., 2003; Shumake
et al., 2005).

Methods

Subjects

The KO mice used in these experiments were from the
DAT-SERT (Sora ez al., 2001) and NET-SERT (Hall ¢z /.,
2002) double KO lines described previously which were
produced from crossing the original DAT (Sora e /.,
1998), SERT (Bengel ez /., 1998), and NET (Wang ez 4.,
1999) single KO lines. The DAT mice used in these
experiments from the DAT-SERT line were wild type
(WT) for SERT, the SERT mice from the DAT-SERT
line were WT for DAT and NET mice from the
NET-SERT line were WT for SERT. For simplicity
the second genotype, always +/+, is not included in the
descriptions. These KO lines are therefore of a mixed
C57BL/6]-129Sv background. Wild-type mice (+/+),
heterozygote KO mice ( +/-), and homozygote KO mice
(=/-) were genotyped by PCR, using two internal
primers, one targeted at the knockout insertion sequence
and the other targeted at the WT gene, and one external
primer, which generated two products identifying the WT'
and KO genes. The DAT and SERT transgenic knockout
insertion sequences contained a neomycin gene sequence
(NEO), whereas the NET KO contained a green
fluorescent protein gene insert. PCR using TaKaRa
DNA polymerase (Takara Bio, Shiga, Japan) was per-
formed on DNA that was eluted from tail biopsies after
digestion overnight in Protease K. For DAT genotyping
the external primer (5" AGT GTG TGC AGG GCATGG
TGT A 3') and the WT primer (5 TAG GCA CTG CTG
ACG ATG ACT G 3') produced a 500-bp band, whereas
the external primer and the NEO primer (5 CTC GTC
GTG ACC CAT GGC GAT 3’) produced a 600-bp band.
For SERT genotyping the external primer (5" GCT CTC
AGT CTT GTC TCC ATA AC 3') and the WT primer
(5 TGC TGA CTG GAG TAC AGG CTA G 3') produced
a 620-bp band, whereas the external primer and the NEO
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primer (5 CTC GTC GTG ACC CAT GGC GAT 3)
produced a 800-bp band. For NET genotyping the
external primer (5" GCT CTG TCC CTG TGC TTC
ACG 3') and the WT primer (5 TGA GGC CTA AGC
TGG AGC TCG 3') produced a 601-bp band, whereas
the external primer and the green fluorescent protein
primer (5" CGG TGA ACA GCT CCT CGC CC 3)
produced a 470-bp band.

Forced swim test

This experiment used the FST (Porsolt er al., 1977)
modified and validated in a manner similar to that
described earlier for rats (Hall ez @/, 1998a). On two
successive days, DAT, SERT, and NET KO mice (#=
8-10/genotype) were placed in 3-1 cylindrical beakers
(diameter 19cm) that were filled to a depth of 14cm
with 25°C water. On the pretest day, mice were placed in
the water for 15 min, towel-dried, placed under a warming
lamp until completely dry, and then returned to their
home cages. On the test day, the mice were placed into
the water for 5min and their behavior was recorded
digitally. Their behavior was scored by observation of
these recordings, blind to genotype. Durations of
immobility, swimming, and climbing behaviors were
measured using the TIMER behavioral scoring program
(National Institutes of Health). ‘Immobility’ was defined
as being stationary with only enough motion of the tail or
forepaws to keep the head above water. The forepaws
usually remained at the animal’s sides. ‘Swimming’ was
defined as active use of the forepaws with forward
movement, in the center or along the sides of the
cylinder, which did not involve lifting the paws above the
surface of the water. The body was usually oriented
parallel to the sides of the cylinder. ‘Climbing’ was
defined as active pawing of the side of the cylinder, lifting
the paws above the surface of the water. The body was
oriented with the head toward the wall and the body
oriented perpendicularly to the side of the cylinder.
Inter-rater reliability estimates for these three measures
were calculated by comparing the scores of two observers
for 32 subjects. Reliability estimates for immobility
(r=0.88, P<0.001), climbing (r=0.86, P<0.001),
and swimming (= 0.81, P <0.001) were similar to the
inter-rater reliability estimates obtained previously for
rats (Hall ez a/., 1998a).

As strain has been shown to affect responses to SERT and
NET blockers in the FST (Lucki ez /., 2001; David ez al.,
2003; Dulawa er /., 2004), an additional experiment was
performed to determine the sensitivity of WT' mice from
the DAT-SERT line to selective transporter blockers.
The effects of pretreatment with saline (1 ml/100g IP),
fluoxetine (30 mg/kg IP), desipramine (20 mg/kg IP), or
GBR12909 (20 mg/kg IP), 30 min prior to the 5 min test
on the second day were examined in WT mice (# = 8-9
per condition). In all other respects the experiment was
identical to that described above.

Tail suspension test

In the TST DAT, SERT, and NET KO mice (z =8-13/
genotype) were suspended by the tail from a horizontal
metal rod (8 mm diameter) for 5min. The duration of
immobility was measured by an observer with a stop-
watch.

Sucrose consumption test

In the sucrose consumption test DAT KO (z = 7-11 per
genotype), SERT KO (z = 7-13 per genotype), and NET
KO (#=6-10 per genotype), were placed in a sucrose
consumption chamber (DM-8 lick counter, Columbus
Instruments, Columbus, OH) each day with access to
water and sucrose. The number of licks for sucrose and
water were monitored for 30min. In a preliminary
experiment the volume consumed as well as the number
of licks was monitored. The correlation between licks and
volume was found to be highly significant (= 0.85,
P <0.01); thus only the number of licks is presented.
To account for differing weight of the subjects the
number of licks is presented as licks/100 g body weight.
The subjects were tested over 9 days, 3 days at each
concentration of sucrose (0.7, 7, and 34% sucrose).

Locomotor activity

Earlier studies found that DAT-/- mice were pro-
foundly hyperactive (Giros ef al., 1996), whereas locomo-
tor activity was reduced in NET KO mice (Xu ez @/,
2000). No basal differences in activity were found in
SERT KO mice or in DAT + /- mice (Giros ez a/., 1996;
Bengel ez al., 1998; Xu et al., 2000). Nonetheless, because
differences in locomotor activity between genotypes
might be thought to affect the paradigms described
above, basal locomotion was assessed in DAT, SERT, and
NET KO mice. For each gene knockout +/+, + /- and
—/— mice (#=9-11 per genotype) were assessed for
locomotor activity for 1h under novel conditions. Total
distance traveled was measured in Optovarimax activity
monitors (Columbus Instruments) under dark, sound-
attenuated conditions using methods identical to our
earlier publications with DAT KO, SERT KO, and DAT/
SERT KO mice (Sora ez al., 1998, 2001).

Data analysis

The data were analyzed using analysis of variance
(ANOVA) with the between-subjects factor of ‘geno-
type’, followed by Fisher’s protected least significant
difference (PLSD) for post-hoc comparisons where
appropriate. For analysis of the sucrose consumption
data, the additional within-subjects factors of ‘sucrose’
(sucrose vs. water) and ‘concentration’ (0.7, 7 and 34%
sucrose) were included in the ANOVA. The data for the
3 days of testing at each concentration were averaged
and the average values submitted to ANOVA. The effects
of saline, fluoxetine, desipramine, and GBR12909 were
compared by ANOVA followed by post-hoc comparison
with Fisher’s PLSD.
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Results

Forced swim test

Deletion of the dopamine transporter gene profoundly
affected FST behavior. The duration of immobility was
decreased by DAT KO (Fig. 1a) so that DAT —/— mice
exhibited virtually no immobility [£(2,27) = 4.9, P < 0.02].
These results were significantly different from those
obtained from littermate DAT +/+4+ mice (P <0.05).
Immobility was also reduced in DAT —/— mice. Immobi-
lity in these mice was intermediate between values for
DAT +/+ and DAT -/- mice, although post-hoc
comparisons did not reach statistical significance. The
duration of swimming was also greatly reduced in DAT
KO mice (Fig. 1b) [F(2,27) =4.9, P<0.02]. DAT -/-
mice exhibited virtually no swimming behavior. These
differences achieved significance in comparison with DAT
+/4+ (P<0.05) and DAT +/- mice (P<0.05). The
duration of swimming was unaltered in DAT +/— mice
compared with DAT +/+ mice. DAT -/- mice
exhibited climbing behavior for almost the entire period
of testing. Six of the 10 DAT -/- subjects tested
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struggled to escape the cylinder for the entire session
(Fig. 1c). The duration of climbing was greatly increased
in DAT KO mice [F(2,27) =12.7, P <0.001]. In this case,
as for immobility, DAT + /- mice exhibited behavior
that was intermediate between DAT +/+ and DAT —-/-
mice. The duration of climbing was significantly greater
in DAT —/- mice than in either DAT +/+ or DAT +/-
mice (P <0.05). DAT +/- mice also exhibited signifi-
cantly more climbing than WT DAT +/+ mice (P < 0.05).

Deletion of the NET gene also reduced the duration of
immobility in the FST [Fg. 1a; F(2,27) = 4.9, P <0.02].
NET —/- mice exhibited substantially reduced immobi-
lity when compared with NET +/+ mice (P <0.05).
NET + /- mice did not differ significantly from WT mice.
The duration of swimming was unaffected by NET KO
[Fig. 1b; F(2,24) = 0.1, NS]. Although climbing showed a
trend toward increase in NET —/— mice, this did not
reach statistical significance [Fg. 1c; F(2,24) = 2.1, NS].

Deletion of the SERT gene had no effect on any
FST behavior. Figure la-c shows that SERT KO failed
to affect the duration of immobility [F(2,25) = 0.3, NS],
the duration of swimming [F(2,25) = 0.8, NS], or the
duration of climbing [F(2,25) = 0.8, NS].

In WT mice a significant difference was observed
between drug treatment groups for immobility [Table 1;
F(3,28) =10.2, P<0.001] and swimming followed by
[Table 1; F(3,28) = 5.4, P <0.005], but not for climbing
[Table 1; F(3,28) = 1.4, NS]. Desipramine significantly
reduced immobility (P < 0.05 vs. saline, Fisher’s PLSD),
and increased swimming (P < 0.05 vs. saline, Fisher’s
PLSD). Desipramine treatment also increased climbing
but this difference was not statistically significant. In
contrast, neither of the other two drugs, fluoxetine or
GBR 12909, had any statistically significant effects,
although a trend for GBR 12909 to decrease immobility
and to increase climbing was observed.

Tail suspension test
Deletion of all three monoamine transporter genes
decreased immobility in the TST (Fig. 2): DAT

Table 1 Effects of fluoxetine, desipramine, and GBR 12909 in the
modified forced swim test in WT mice

Behavioral measure

Drug Immobility Swimming Climbing
Saline 181.5+£13.4 105.9+12.6 11.1+76
Desipramine 69.1+15.72 193.5+20.7° 34.8+10.0
Fluoxetine 183.6+17.7 100.1£19.4 141+5.2
GBR 12909 144.0£19.6 121.0£20.4 31.3%14.7

The duration of immobility, swimming, and climbing in WT mice treated with
saline, fluoxetine, desipramine, or GBR 12909 expressed as mean * the standard
error of mean.

WT, wild type.

Significant difference from saline-treated mice, Fisher's protected least significant
difference.
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[F(2,34) = 6.5, P<0.01], SERT [F(2,31) =3.5, P<0.05],
and NET [F(2,23) = 3.9, P <0.05]. In SERT KO mice,
however, only homozygous mice exhibited a significant
reduction in immobility (P <0.05 Fisher’s PLSD),
whereas in DAT and NET KO mice both heterozygous
and homozygous KO mice had reduced immobility
compared with WT mice. The magnitude of the
difference between +/+ and -/— mice differed
between the knockout strains; the magnitude of the
effect of a homozygous knockout was 74% in DAT KO
mice, but only 51% in SERT KO and NET KO mice.

Sucrose consumption test

Deletion of the DAT gene increased sucrose consumption
at all of the concentrations tested (Fig. 3a). An overall
preference for sucrose over water was observed for all
subjects [sucrose: F£(1,23) =16.9, P<0.001]. DAT —-/-
mice had greater fluid consumption overall [genotype:
F(2,23) = 6.2, P<0.01], which was the result of greater
consumption of sucrose, but not water at all concentrations
tested [genotype X sucrose: [(2,23) = 6.4, P < 0.01], espe-
cially at higher concentrations [genotype X sucrose X con-
centration: /(4,46) = 2.8, P < 0.05]. DAT + /- mice were
not different from WT mice.

Sucrose consumption was not affected by SERT KO
(Fig. 3b) or NET KO (Fig. 3c). Although SERT KO mice
showed a trend toward a reduction in sucrose consump-
tion at the middle concentration, neither the main effect
of genotype nor the interaction terms were significantly
different in the ANOVA.

Locomotor activity

DAT —/- mice were profoundly hyperactive [Table 2;
genotype: F(2,27) =14.4, P<0.001, P<0.05 Fisher’s
PLSD], but there was no difference in activity between
DAT +/- and DAT +/+4+ mice. No significant
differences in baseline activity were observed in NET
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KO or SERT KO mice, although both had strong trends
toward reduced locomotion [Table 2; NET: F(2,26) = 3.2
P =0.06; SERT: F(2,27) = 3.1, P=0.06].

Discussion
In this study, deletion of the DAT gene produced changes
in behavior in three behavioral tests sensitive to
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Table 2 Locomotor activity in DAT, SERT, and NET KO mice

Genotype
Knockout +/+ +/- -/-
DAT KO 12387 +1009 13140+ 1365 32219+ 4796
NET KO 8536+ 1025 6622+ 825 5108+ 1015
SERT KO 8273+ 768 10847 £2103 6191 +564

Locomotor activity in +/+, +/—, and —/— genotypes of DAT, SERT, and NET
KO mice. The data are expressed as the mean * the standard error of mean.
Significant difference from +/+ mice, Fisher's protected least significant
difference.

antidepressant drugs. These effects were quite profound.
In the FST and TST, homozygous DAT KO mice spent
nearly the entire duration of the test struggling to escape
whereas sucrose consumption was greatly enhanced,
consistent with increased rewarding effects (e.g. reduced
anhedonia). Contrary to what might be supposed, based
on naive preconceptions of the relative importance of
each of these neurotransmitter systems in depression and
the mechanisms of the majority of commonly used
antidepressant compounds, although similar effects were
observed in NET KO mice in both the FST and TST and
in SERT KO mice in the TST, these effects were less
pronounced than those observed in DAT KO mice. Such
a comparison must, however, be considered in light of
potential interactions with genetic background, as
discussed below, but suggests at the very least that
under some circumstances DAT manipulations can have
greater effects on antidepressant-like phenotypes than
previously appreciated.

DAT knockout almost completely eliminated immobility
in the FST, consistent with an earlier finding (Spiclewoy
et al., 2000). That report suggested that increased
immobility was associated with increased swimming,
but those authors did not actually measure any other
behavior; in particular, there was no attempt to dissociate
general activity (swimming) from specific activity aimed
at escaping from the cylinder (climbing). In this
experiment both immobility and swimming behavior
were almost completely eliminated in DAT KO mice,
replaced with persistent and almost continuous climbing
(e.g. escape attempts). As DAT KO mice are hyperactive
(Giros et al., 1996; Sora er al., 1998), it might be supposed
that differences in behavior in the FST between DAT
+/+ and DAT -/- mice merely reflects this hyper-
activity; indeed, this was the conclusion of the study
mentioned earlier (Spielewoy ez /., 2000). Those authors
interpreted the persistent attempts to escape of DAT KO
mice in the FST as ‘inappropriate’ as opposed to the
‘adaptive’ strategy of immobility, in accordance with one
interpretation of the paradigm (Borsini ez @/., 1986). This
interpretation is not generally accepted [see discussion of
this subject in the review by Cryan e 4/ (2005a)]. To
some extent the use of a single-exposure forced swim
paradigm in the Spielewoy ¢z a/. (2000) study, compared
with a two exposure-forced swim paradigm in this study
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might lead to different interpretations of the results, the
former relating more to acute stress, and the latter to
‘behavioral despair’. Of course, the type of paradigm used
in this study should be more related to antidepressant
actions, which was one of the conclusions of the review
mentioned earlier (Cryan ez a/., 2005a).

Returning to the issue of hyperactivity, several lines of
evidence weigh against such a simple explanation of the
effects of DAT KO in the FST. Reduced immobility and
increased climbing were observed in both homozygous
and heterozygous DAT KO mice, yet heterozygous DAT
KO mice are not hyperactive (Table 2). Decreased
immobility, although to a lesser extent, was also observed
in NET KO mice, which are also not hyperactive
(Table 2). In addition, decreased immobility in DAT
KO mice was also observed in the TST, as was reduced
immobility in both SERT KO and NET KO mice,
consistent with earlier reports (Holmes er a/., 2002;
Dziedzicka-Wasylewska ez a/., 2006), and hyperactivity
was not observed in either of those knockout strains.

In any case, the description of DAT KO mice as
hyperactive is probably not an accurate depiction of their
behavior. This is based upon the placement of DAT KO
mice in a novel environment in which exploratory activity
would be the dominant initial response tendency. More
accuratelyy, DAT KO, like amphetamine treatment
(Evenden and Robbins, 1983), may increase the domi-
nant response tendency. According to this view, escape
behavior in TST and FST would be enhanced, and the
present results would not be the result of hyperactivity
per se. Behavior in a sucrose consumption test would not
be confounded by locomotor hyperactivity in the same
way as the other tests; indeed, pronounced locomotor
hyperactivity should reduce sucrose consumption by
producing a competing behavior. In contrast, DAT KO
mice had increased consumption of sucrose when
compared with WT mice. Increased sucrose consump-
tion, particularly at low concentrations (e.g. 0.7% as in
Fig. 3), has generally been taken to indicate differences in
the hedonic properties of sucrose (Papp ez al., 1991; El
Yacoubi ¢z @/., 2003; Wintink ez /., 2003; Shumake ¢z a/.,
2005). This additional evidence further indicates that the
effects of DAT KO in the FST and the TST are probably
not the result of the confounding effects of hyperactivity.
No differences were found in sucrose consumption in
SERT or NET KO mice, consistent with the lack of effect
of SERT KO in the FST, and somewhat reduced effects
of NET KO in both tests.

The meaning of the relative lack of effect of NET KO
and SERT KO in the present experiments must be
interpreted with caution, however, as substantial strain
differences have been reported in the response to
antidepressants in both FST and TST (Liu and
Gershenfeld, 2001, 2003; David ez a/., 2003; Ripoll ez a/.,
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2003; Dulawa er al., 2004; Lucki and O’Leary, 2004;
Crowley ez al., 2005). In particular, both C57BL/6 and
129Sv mice do not exhibit antidepressant-like effects
in response to fluoxetine in the FST (Lucki ez /., 2001;
Dulawa ez af., 2004), although both strains seem to be
responsive to a wide range of SERT, NET, and DAT
blockers in the TST (Ripoll ez al., 2003; Crowley e al.,
2005). In an interesting parallel to the present results,
one study found that C57BL/6 mice were unresponsive
to NET or SERT blockers in the FST, but did respond
to GBR 12909 (David ez /., 2003). In the current experi-
ments, mixed C57BL/6-129Sv background WT mice did
respond to desipramine in the FST, but not fluoxetine,
consistent with findings in C57BL/6 mice (Lucki ¢z a/.,
2001), so that the effects of SERT KO in the present
experiments should be treated with particular caution.

Comparison of pharmacological antagonism of trans-
porters and constituitive gene knockouts should, how-
ever, be treated with caution in any case. Results of tests
performed on adult KO mice need to be potentially
interpreted in light of the effects of absence of the gene
during development as well as at the time of testing. In
DAT KO mice, in particular, it might be supposed that
differences in depressive phenotypes may largely reflect
developmental consequences of the deletion. However,
there is substantial evidence of the role of dopamine in
depression and in depressive phenotypes in animal
models of depression (Randrup er 4/, 1975; Willner,
1983a,b,c, 2000; Dunlop and Nemeroff, 2007), much of it
involving acute alterations in dopamine function. In
humans the relatively selective DAT blocker, bupropion,
and its metabolites, produce clinically effective anti-
depressant actions (Ascher ez a4/, 1995; Jefferson et al.,
2005; Volkow ez al., 2005). These findings are supported
by numerous studies in animal models. Dopamine is also
involved in anhedonia in the sucrose consumption model
(Papp ez al., 1991), and in the FST dopamine agonists and
selective dopamine reuptake blockers have antidepres-
sant-like effects (Cooper ¢z a/., 1980; Vaugeois ez al., 1996;
Hemby e @/, 1997; Damaj e 4/, 2004; Siuciak and
Fujiwara, 2004; Basso ¢z a/., 2005). In addition to reduced
immobility, GBR 12909 selectively increased climbing
behavior, but not swimming in the FST (Hemby er 4/,
1997). Dopamine agonists also enhance the antidepres-
sant-like effects of selective serotonin reuptake inhibitors
(Renard ez al., 2001). The effects of DAT blockers are not
the result of generally enhanced activity, as the effects of
bupropion in the FST occur at doses that do not affect
spontaneous locomotion (Cooper e @/., 1980; David ez al.,
2003).

The present findings are consistent with earlier findings
in DAT, SERT, and NET KO mice, while extending them
in several respects. NET KO mice have been reported
to have reduced immobility in the FST and TST
Xu er al., 2000; Dziedzicka-Wasylewska er a/., 2006), as

was observed in this study. The present data are also
consistent with some earlier results using SERT KO
mice, which were reported to have decreased immobility
in the T'ST, but increased immobility in the FST when
bred onto a 129S6 background, but did not display any
differences in these tests when bred onto a C57BL/6]
background (Holmes ez /., 2002). It is interesting to note
that in the TST, the mixed background strain from this
study had reduced immobility in the TST, similar to
SERT KO mice on a 12956 background in the Holmes
et al. (2002) study, whereas no effect was observed in the
FST, similar to C57BL/6] congenic mice in that study.
This suggests somewhat different underlying genetic
substrates for the T'ST and FST, consistent with some of
the pharmacological findings in inbred strains discussed
above.

In the FST antidepressants that act primarily at the
serotonin transporter have been reported to increase
swimming, whereas those that act primarily at the
norepinephrine transporter have been reported to in-
crease climbing (Detke ez 4/, 1995, 1997; Detke and
Lucki, 1996; Page e al., 1999; Cryan et al., 2002, 2003).
This was not found in desipramine-treated WT mice in
this experiment. Nonetheless, it seems that changes in
either type of active behavior and concomitant reductions
in immobility may be associated with antidepressant-like
effects. However, several models of depression, including
those produced by withdrawal from amphetamine,
ovarian hormone treatments that simulate pregnancy,
and estrogen deficiencies caused by aromatase knockourt,
increase FST immobility and decrease climbing without
affecting swimming (Galea ez a/., 2001; Cryan ez al., 2003;
Dalla er al., 2004). These depressive-like effects are
mirrored by the opposite, antidepressant-like effects of
amphetamine administration, pregnancy, or estradiol:
decreased immobility and increased climbing, in the
absence of substantial changes in swimming (Galea ez a/.,
2001; Molina-Hernandez and 'lellez-Alcantara, 2001;
Cryan ¢z al., 2003). The pattern of antidepressant effects
in these models is very similar to that observed in DAT
KO mice, whereas the effects in models of depression are
opposite to those observed in DAT KO mice.

The current results thus support a prominent role for
DAT; and dopamine, in the mediation of antidepressant-
like behavior, as assessed by the models used here. The
striking magnitude of the effects of DAT KO, particularly
in comparison with the more modest consequences or
lack of consequences of NET or SERT KO, each support
reevaluation of the clinically proven effects of DAT
blockade on depression, and the role of the DAT gene or
differences in DAT gene expression in individual
differences in depression and responses to effective
antidepressant treatments. The pronounced effects of
background strain in both pharmacological and transgenic
studies indicate that these very strong DAT effects may
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be limited to certain genetic backgrounds, but the data
suggest that, under these circumstances, DAT may have
more importance than SERT or NET. It remains to be
seen whether such profound and prominent effects may
be observed for NET or SERT gene knockout when it is
expressed on other genetic backgrounds in which SERT
and NET blockers have more pronounced effects. Taken
together, these data suggest that manipulations of DAT,
SERT, and NET genes are highly dependent on genetic
background and raise the possibility that this may
influence both baseline depressive behavior and response
to antidepressants acting selectively at each of these
transporters.
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Context: We can improve understanding of human meth-
amphetamine dependence, and possibly our abilities to
prevent and treat this devastating disorder, by identify-
ing genes whose allelic variants predispose to metham-
phetamine dependence.

Objective: To find “methamphetamine dependence”
genes identified by each of 2 genome-wide association
(GWA) studies of independent samples of methamphet-
amine-dependent individuals and matched controls.

Design: Replicated GWA results in each of 2 case-
control studies.

Setting: Japan and Taiwan.

Participants: Individuals with methamphetamine de-
pendence and matched control subjects free from psy-
chiatric, substance abuse, or substance dependence di-
agnoses (N=580).

Main Outcome Measures: “Methamphetamine de-
pendence” genes that were reproducibly identified by clus-
ters of nominally positive single-nucleotide polymor-
phisms (SNPs) in both samples in ways that were unlikely
to represent chance observations, based on Monte Carlo
simulations that corrected for multiple comparisons, and

subsets of “methamphetamine dependence” genes that
were also identified by GWA studies of dependence on
other addictive substances, success in quitting smok-
ing, and memory.

Results: Genes identified by clustered nominally posi-
tive SNPs from both samples were unlikely to represent
chance observations (Monte Carlo P<.00001). Variants
in these “methamphetamine dependence” genes are likely
to alter cell adhesion, enzymatic functions, transcription,
cell structure, and DNA, RNA, and/or protein handling or
modification. Cell adhesion genes CSMD1 and CDH13 dis-
played the largest numbers of clustered nominally posi-
tive SNPs. “Methamphetamine dependence” genes over-
lapped, to extents much greater than chance, with genes
identified in GWA studies of dependence on other addic-
tive substances, success in quitting smoking, and memory
(Monte Carlo P range <.04 to <.00001).

Conclusion: These data support polygenic contribu-
tions to methamphetamine dependence from genes that
include those whose variants contribute to dependence
on several addictive substances, success in quitting smok-
ing, and mnemonic processes.

Arch Gen Psychiatry. 2008;65(3):345-355
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ETHAMPHETAMINE

abuse is a growing

problem in many re-

gions of the United

States and a long-
standing concern in Taiwan and Japan.
Elucidating which genetic variants en-
hance individuals’ vulnerability should in-
crease our understanding of methamphet-
amine dependence.

Recent reviews suggest that addictive
substance dependence is likely to display
a polygenic genetic architecture.!” Psy-
chostimulant dependence displays strong
familial and genetic influences in family
and twin studies.*'® Individual differ-
ences in vulnerability to methamphet-
amine are thus likely to display substan-

tial genetic determinants. Since much of
the genetic vulnerability to stimulant abuse
overlaps with the genetics of vulnerabil-
ity to other classes of addictive sub-
stances, it is likely that methamphet-
amine dependence displays such genetic
overlaps as well.1>1%¥ However, there is
no evidence that any single gene’s vari-
ants mediate a large portion of vulnerabil-
ity to psychostimulant dependence.
Identifying the genes that harbor alle-
lic variants that contribute to human indi-
vidual differences in vulnerabilities to meth-
amphetamine dependence will help us to
understand processes that underlie hu-
man addictions. We may improve under-
standing of the relative contributions of
variants in the brain systems that underlie
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reward vs mnemonic components of addictions, for ex-
ample.”’ Increasing our ability to determine which con-
stellation of genetic and environmental factors plays a role
in the methamphetamine dependence of each affected in-
dividual should improve “personalized” targeting of treat-
ment and prevention efforts to those most likely to ben-
efit from them.

Genome-wide association (GWA) can help to eluci-
date chromosomal regions and genes that contain alle-
lic variants that predispose to substance abuse. This ap-
proach does not require family member participation. It
gains power as densities of genomic markers in-
crease.”'** Association identifies smaller chromosomal
regions than linkage-based approaches. Genome-wide as-
sociation fosters pooling strategies that preserve confi-
dentiality and reduce costs, including those that we have
previously validated.**® This approach provides ample
genomic controls that can minimize the chances of un-
intended ethnic mismatches between disease and con-
trol samples (eg, stratification). The large numbers of as-
sessments that are key components of GWA do mandate
careful use of statistical approaches that correct for mul-
tiple comparisons and studies in multiple independent
samples, such as those that we now report.

We thus now describe GWA in 2 samples of meth-
amphetamine-dependent and control individuals. These
studies test the a priori hypothesis that marker allele fre-
quency differences between methamphetamine-depen-
dent and control individuals will help us to identify genes
whose alleles predispose to development of dependence
on methamphetamine. Sample 1 contrasts (1) Han Chi-
nese methamphetamine-dependent individuals from the
Taipei region of Taiwan with (2) age- and sex-matched
Han Chinese Taiwanese control individuals free from any
histories of abuse or dependence on any legal or illegal
addictive substance. Sample 2 contrasts (1) Japanese meth-
amphetamine-dependent individuals with (2) age- and
sex-matched Japanese control individuals free from any
histories of abuse or dependence on any legal or illegal
addictive substance. We used standard statistical ap-
proaches to document the power that these samples pro-
vided to identify genetic influences of different magni-
tudes. We identified striking convergence of the data from
sample 1 and sample 2, in ways that are never attained
by chance in many Monte Carlo simulation trials. We dis-
cuss the convergence that these data provide with re-
cently reported GWA studies of related phenotypes that
include polysubstance abuse, nicotine dependence, al-
cohol dependence, success in quitting smoking, and in-
dividual differences in memory. To our knowledge, these
results provide the first replicated GWA study that iden-
tifies “methamphetamine dependence” genes.

- EEETEEES

RESEARCH VOLUNTEERS

Sample 1

Subjects recruited in Taipei provided informed consent for ge-
netic studies under protocols approved by ethics committees
at the respective institutions; 30% were female and the mean

(SD) age was 32.5 (10) years. One hundred forty individuals
were diagnosed independently by each of 2 psychiatrists based
on interviews, review of records, and Chinese versions of the
Diagnostic Interview for Genetic Studies® and the Family In-
terview for Genetic Studies®® using DSM-IV criteria.”’ These in-
dividuals were of ethnic Han Chinese origin and older than 17
years, reported methamphetamine use more than 20 times per
year (unless they described well-documented methamphet-
amine psychosis), and denied histories of psychosis either prior
to methamphetamine use or in relation to other psychedelic
drugs. Most reported use of at least 1 other addictive sub-
stance. Two hundred forty Han Chinese controls, who were
matched for sex and age, were older than 17 years, and denied
either illegal drug use or psychotic symptoms to psychiatric in-
terviewers, were recruited in Taipei from hospital and phar-
macy staffs, blood donation centers, and an electric company.

Sample 2

Subjects who were born and resided in the northern Kyushu, Se-
touchi, Chiba, Tokai, or Kanto regions of Japan provided in-
formed consent for genetic studies under protocols approved by
ethics committees at the respective institutions. Twenty-one per-
cent of subjects were female and the mean (SD) age was 39.9
(13) years. One hundred methamphetamine-dependent sub-
jects were inpatients or outpatients of psychiatric hospitals in
these regions that participate in the Japanese Genetics Initiative
for Drug Abuse®** and met International Statistical Classifica-
tion of Diseases, 10th Revision, Diagnostic Criteria for Research*
criteria F15.2 and F15.5 for methamphetamine dependence in
independent diagnoses made by each of 2 trained psychiatrists
based on interviews and review of records. Ninety-one percent
revealed histories of methamphetamine psychosis, 89% used
methamphetamine intravenously, 62% also abused organic sol-
vents, and most abused at least 1 other substance. Subjects who
displayed clinical diagnoses of schizophrenia, other psychotic
disorders, or organic mental syndromes were excluded. Con-
trols were 100 age-, sex-, and geographically matched staff re-
cruited at the same institutions, who denied use of any illegal
substance, abuse or dependence on any legal substance, any psy-
chotic psychiatric illness, or any family history of substance de-
pendence or psychotic psychiatric illness during interviews with
trained psychiatrists.

DNA PREPARATION AND ASSESSMENT
OF ALLELE FREQUENCIES

d’28,32,47,48 d728,32

Genomic DNA was prepared from bloo quantitate
and combined into pools representing 20 individuals of the same
ethnicity and phenotype. Relative allele frequencies were as-
sessed using Affymetrix (Santa Clara, California) microarrays.
Hybridization probes were prepared from the genomic DNA
pools (as described in the Affymetrix GeneChip Mapping As-
say manual), with precautions to avoid contamination that in-
cluded dedicated preparation rooms and hoods. Briefly, 50 ng
of pooled genomic DNA was digested by Xbal or HindlIII (100K)
or by Styl or NspI (500K), ligated to appropriate adaptors, and
amplified using a GeneAmp PCR System 9700 (Applied Bio-
systems, Foster City, California) with a 3-minute 94°C hot start;
30 cycles of 30 seconds at 94°C, 45 seconds at 60°C, and 60
seconds at 68°C (100K) or 15 seconds at 68°C (500K); and a
final 7-minute 68°C extension. Polymerase chain reaction (PCR)
products were purified (MinElute 96 UF Kkits; Qiagen, Valen-
cia, California) and quantitated. Forty micrograms of PCR prod-
uct were digested for 35 minutes at 37°C with 0.04-unit/pL de-
oxyribonuclease I to produce 30— to 100-base pair fragments,
which were end-labeled using terminal deoxynucleotidyl trans-
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ferase and biotinylated dideoxynucleotides and hybridized to
the appropriate 100K (Xbal or HindIII arrays) or 500K (StyI or
Nsplarrays) array (early-access Centurion and commercial Men-
del array sets; Affymetrix). Arrays were stained and washed as
described in the Affymetrix GeneChip Mapping Assay manual
using immunopure strepavidin (Pierce, Milwaukee, Wiscon-
sin), biotinylated antistreptavidin antibody (Vector Labs, Bur-
lingame, California), and R-phycoerythrin strepavidin (Mo-
lecular Probes, Eugene, Oregon). Arrays were scanned and
fluorescence intensities were quantitated using an Affymetrix
array scanner, as described previously.?® Estimates for “ge-
nomic coverage” for these marker densities were almost 0.8
(sample 1) and almost 0.9 (sample 2).*

Chromosomal positions for each single-nucleotide poly-
morphism (SNP) were sought using NCBI (build 36.1; Na-
tional Center for Biotechnology Information, Bethesda, Mary-
land) and NetAffyx (Affymetrix) data. Allele frequencies for each
SNP in each DNA pool were assessed based on hybridization
intensity signals from 4 arrays, allowing assessment of hybrid-
ization to the 20 (100K arrays) or 12 (500K arrays) “perfect
match” cells on each array that were complementary to the PCR
products from alleles “A” and “B” for each diallelic SNP on sense
and antisense strands. We eliminated (1) SNPs with minor al-
lele frequencies less than 0.02 determined using Affymetrix data;
(2) SNPs on sex chromosomes; and (3) SNPs whose chromo-
somal positions could not be adequately determined. We thus
analyzed data from the remaining 371 820 and 466 883 SNPs
(for sample 1 and sample 2, respectively) in detail. Each array
was analyzed, as described previously,” subtracting back-
ground values, normalizing to the highest values noted on the
array, averaging the hybridization intensities from the array cells
that corresponded to the perfect match “A” and “B” cells, cal-
culating “A/B ratios” by dividing average normalized A values
by average normalized B values, performing arctangent trans-
formations to aid combination of data from arrays hybridized
and scanned on different days, and determining the average
arctan value for each SNP from the 4 replicate arrays. This ap-
proach is thus based on hybridization intensity data from Af-
fymetrix scanners rather than relative allele score (RAS) or k
corrections derived from RAS scores.”®”!

The analyses presented in this work use standard methods
for correcting hybridization values for each perfect match fea-
ture based on chip-to-chip differences in background fluores-
cence and in total fluorescence intensity. These approaches have
generated good, approximately 0.95, correlations between indi-
vidually genotyped and pooled-genotype values in extensive vali-
dation experiments.*** Other approaches to analysis of pooling-
based GWA studies have focused on the RAS measurements that
derive from Affymetrix software to generate k correction scores
for each SNP that attempt to correct for probe X probe variation
(ie, that induced by, or consistent with, differential hybridiza-
tion effects).”>! In studies that have used these corrections, cor-
relations between individually and pooled genotyped SNP alle-
lic frequencies can equal or exceed those that we have observed
in validation experiments.”>>* However, RAS scores have been
used less and less as the genotype-calling algorithms for succes-
sive generations of Affymetrix arrays have improved their accu-
racy. Initial RAS scores are based in part on data from mismatch
cells, which have again been eliminated from successive genera-
tions of Affymetrix arrays because of their inconsistent effects
onaccuracy. The k corrections based on RAS scores that are gen-
erated in different laboratories produce differing results.” Fur-
ther, we have found that substantial numbers of the array fea-
tures that provide information for the RAS scores are saturated
under conditions used to conduct individual genotyping (Q-R.L.,
D.W., and G.R.U., unpublished data, 2005), leading us to use
smaller amounts of input DNA and hybridization probes for the
pooled assays reported herein. The k corrections may prove to

be useful for experiments in which saturation is controlled care-
fully and where data from heterozygote control individuals are
generated in the same experiments and in the same laboratories
as the pooling data. However, in the present analysis, this adds
to the variation that we already parse as quantified by replicate
pools (ie, biological haplotype replication), applications of dif-
ferent chips to the same pool (ie, chip-oriented technical repli-
cation), and different samples altogether (ie, overall association
replication).

ANALYSES

We compared data for all the pools from methamphetamine-
dependent individuals with all of the pools from control indi-
viduals separately for sample 1 and sample 2, as previously de-
scribed.?® A ¢ statistic for the differences between abusers and
controls was generated, as described previously,* for each SNP
for each sample. For each sample, we focused on “nominally
positive” SNPs that displayed t statistics with P <.05 for abuser-
control differences. We first sought evidence for clustering of
the nominally positive SNPs from each sample. We focused on
chromosomal regions in which at least 3 of these nominally posi-
tive SNPs, assessed by at least 2 different array types, lay within
25 kilobases (kb) of each other. We term these clustered nomi-
nally positive SNPs clustered positive SNPs and focus our analy-
ses on regions in which they lie. The degree of clustering within
each single sample provides a technical control (eg, assurance
that there are haplotypes that occur at different frequencies in
dependent vs control samples) that could result from stochas-
tic differences in haplotypes as well as differences related to the
methamphetamine-dependence phenotype.

To seek the SNPs within the strongest positive support from
both data sets, we sought convergence between data from sample
1 and sample 2 (Table).”® Analyses focused on genes identi-
fied by clustered positive results from both samples, rather than
on individual SNPs whose informativeness might differ be-
tween samples 1 and 2. Clustering of positive results in the same
gene in each of 2 independent samples is unlikely to represent
purely stochastic effects for most genes and is thus likely to re-
flect differences related to dependence on methamphetamine
(and/or to dependence on addictive substances in general).

Monte Carlo simulation trials assessed the significance of
the results in ways that correct for the number of repeated com-
parisons made herein, as described previously.” These empiri-
cal statistical approaches do not require assumptions about the
underlying distribution of the data sets, as do statistical ap-
proaches such as analysis of variance, and allow correction for
the hundreds of thousands of repeated comparisons in ways
that would provide difficulties for repeated analyses of vari-
ance. For each trial, a randomly selected set of SNPs from the
current data set was assessed to see if it provided results equal
to or greater than the results that we actually observed (eg, to
see how frequently randomly selected sets of 15 565 SNPs from
sample 1 and 25538 SNPs from sample 2 contained nomi-
nally positive SNPs that lie clustered within 25 kb of each other
on the chromosomes, see “Results” section). The number of
trials for which the randomly selected SNPs displayed the same
features of observed results was then tallied to generate an em-
pirical P value. These simulations thus corrected for the num-
ber of repeated comparisons made in these analyses, an impor-
tant consideration in evaluating this large association genome
scanning data set. We used a similar approach to assess the like-
lihood that the convergences between the current data and data
obtained from other samples might occur by chance.

To seek possible generalization of these results, we sought
locations where the clustered positive data from both sample
1 and sample 2 lie at chromosomal positions near clustered posi-
tive results from studies that compared allelic frequencies in
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Table. Selected “Methamphetamine Dependence” Genes Identified by Clustered Positive Results From Both Sample 1 and Sample 22

Gene Class Description SNPsP P Value®
SGCZ CAM Sarcoglycan, zeta 3,20 <.00001
DAF/CD55 ENZ Decay-accelerating factor for complement system 1,4 <.00001
ACSL6 ENZ Acyl-CoA synthetase long-chain family member 6 9,5 <.00001
FKBP15 ENZ FKBP15 4,4 <.00001
PDE6C ENZ cGMP phosphodiesterase 6C o’ 4,7 <.00001
POU5F1 TF POU-domain 5 transcription factor 1 1,5 <.00001
SH3MD4 PROT SH3 multiple domains 4 9,7 <.00001
RALY RNA Autoantigenic RNA binding protein 53 <.00001
PRKG1 ENZ cGMP-dependent protein kinase | 14,5 .00001
LARGE ENZ Like-glycosyltransferase 11,3 .00001
PCOLCE2 STR Procollagen C endopeptidase enhancer 2 3,2 .00001
MOSC2 ENZ MOCO sulphurase C-terminal domain containing 2 4,5 .00002
ZNF423 TF Zinc finger protein 423 54 .00002
MAP2K5 ENZ Mitogen-activated protein kinase kinase 5 5, & .00003
USP48 PROT Ubiquitin-specific peptidase 48 3,2 .00003
SMYD3 TF SET MYND domain containing 3 7,5 .00007
CCHCR1 REC Coiled-coil a-helical rod protein 1 2,4 .00009
LRRN6C CAM Leucine-rich repeat neuronal 6C 4,13 .00010
CENPC2 STR Centromere protein G2 2,3 .00012
RAPGEF5 REC Rap guanine nucleotide exchange factor 5 4.1 .00016
SERPINAS ENZ Serpin peptidase inhibitor A 5 4.1 .00018
PRDM2 TF PR domain containing 2 with ZNF domain 6,3 .00022
ASTN2 CAM Astrotactin 2 12,3 .00037
TM7SF4 PROT Transmembrane 7 superfamily member 4 2,3 .00037
TRPM3 CHAN Transient receptor potential cation channel, subfamily M, member 3 4,10 .00039
RGS17 ENZ Regulator of G-protein signaling 17 4,3 .00047
COL28A1 STR Collagen, type XXVIII, alpha 1 4,3 .00047
MOSC1 ENZ MOCO sulphurase C-terminal domain containing 1 51 .00048
PDE4B ENZ Phosphodiesterase 4B 8,4 .00049
AOAH ENZ Acyloxyacyl hydrolase 3,4 .00049
PDE4D ENZ Phosphodiesterase 4D 6, 6 .00057
ZNF659 TF Zinc finger protein 659 6,9 .00060
NRG1 CAM Neuregulin 1 5,8 .00064
HS35T4 ENZ Heparan sulfate (glucosamine) 3-O-sulfotransferase 4 3,7 .00064
MY05B STR Myosin 5B 4,11 .00065
PSD3 REC Pleckstrin and sec7 domain containing 3 3,15 .00078
AK5 ENZ Adenylate kinase 5 6,3 .00080
CUBN REC Cubilin 6,6 .00085
FHIT ENZ Fragile histidine triad gene 8,20 .00088

Abbreviations: Acyl-CoA, acyl coenzyme A; CAM, cell adhesion molecule; cGMP, cyclic guanine monophosphate; CHA, channels; DIS, disease associated;
ENZ, enzymes; PROT, protein processing; REC, receptors (combining single TM, 7 TM, and ligand-gated channel families); RNA/DNA, RNA/DNA handling or
modification; SNP, single-nucleotide polymorphism; STR, structural proteins; TF, transcriptional regulation; TRANSP, transporter.

aEach gene listed here contains at least 5 clustered positive SNPs with P < .05 from sample 1 and/or sample 2, has a function that can be inferred, and
displays a Monte Carlo Pvalue <.001. Genes are grouped by the class of the function to which they appear to contribute: CAM, ENZ, STR, TF, PROT, REC,
RNA/DNA, TRANSP, CHA, and DIS. The Monte Carlo P value represents probabilities of chance discovery of clustered nominally positive SNPs in segments of
randomly selected genes that sum to the same size as the true gene identified in the present work. Genes listed in this Table are selected because their
Monte Carlo P values are <.001 and/or because they are identified in other samples in ways that are discussed in the text (see eTable [available at http://www
.archgenpsychiatry.com] for full table, in which correction for 109 repeated comparisons would require P <.0004 for significance).

bNumbers of clustered nominally positive SNPs from samples 1 and 2 that lie within the gene’s exons or 10-kilobase flanks.

¢Monte Carlo P value for the number of nominally significant SNPs lying within a gene region of the same size.

polysubstance abusers vs controls,*? alcohol-dependent indi-
viduals vs controls,” nicotine-dependent individuals vs non-
dependent smokers,” individuals successful in quitting smok-
ing vs those unsuccessful,” and individuals with better or poorer
scores in memory testing® (Table).

To provide controls for the alternative possibilities that the
results obtained herein could come from (1) occult racial/
ethnic stratification or (2) assay noise, we compared the clus-
tered positive SNPs from sample 1 and from sample 2 with SNPs
that displayed the largest allele frequency differences between
(1) European American vs African American control individu-
als, as previously described®; (2) HapMap Japanese (JPT) and
Han Chinese (HCB) samples; and (3) SNPs that displayed the
largest variances from array to array, as previously described.*

To assess the statistical power of our analysis, we used the
program PS version 2.1.31% with (1) a=.05, (2) sample sizes
equal to the numbers of pools from the current data set, (3) mean
abuser-control differences of 0.05 and 0.1, and (4) standard de-
viations from the SNPs that provided the largest differences be-
tween control and abuser population means from the current data
set. We also present data from the Genetic Power Calculator.

Power Calculations

There is no single standard for calculation of the power of GWA;
we have thus presented calculations based on allele frequency
differences in the body of this article. An alternative approach,
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the Genetic Power Calculator, assumes substantial additional
information about the genetic architecture and marker fre-
quencies for the disorder being studied and is adapted to use
with allele frequency information from individual genotyp-
ing. Using a reasonable set of assumptions about the genetic
architecture and linkage disequilibrium between markers and
disease alleles, we obtained powers of 0.63 and 0.4 for samples
1 and 2 from this approach.®!

Alternative Means for Analyzing GWA Data

The experiments presented herein compare (1) disease/
nondisease pools (a group factor); (2) multiple case and con-
trol pools (a within—disease group factor); (3) for each pool,
multiple chip assays (a within-pool factor); and (4) sample 1
vs sample 2 results. While there is no single consensus for how
to treat issues raised by so many multiple comparisons, there
is also no reason to assume that there is such underlying nor-
mality of the data that parametric tests, or tests that make as-
sumptions about underlying distributions of the data (eg, analy-
sis of variance), should be used. Monte Carlo approaches used
herein provide empirical statistical values that are based on the
data sets that are actually generated in these experiments and
provide tests for most of the hypotheses. In previous work, these
results have correlated reasonably well with those from per-
mutation and false discovery rate tests.*?

Use of Detailed Linkage Disequilibrium Data
From HapMap Samples as a Proxy for the Detailed
Linkage Disequilibrium for the Present Samples

While general patterns of linkage disequilibrium are readily in-
ferred from HapMap data, the detailed patterns of linkage dis-
equilibrium from a number of samples that we have previ-
ously investigated have differed, often significantly, from those
in HapMap samples. Use of HapMap data as a primary basis
for calculation of linkage disequilibrium in the present samples
complicates the Monte Carlo simulation paradigms that we used.
We have thus used chromosomal distances as a primary met-
ric in ways that allow crisp Monte Carlo simulations for the
SNPs that are well localized and eliminated data from SNPs that
are not well localized.

B RESULTS

A number of features of the genotyping data support the
validity of the approach used herein.>* From sample 1,
371820 SNPs (of 489922 on 2 array types) and, from
sample 2, 466 614 SNPs (of 609 431 on 4 array types) lie
on chromosomes 1 to 22 and displayed minor allele fre-
quencies of 0.02 or less. In the data from samples 1 and 2,
368811 SNPs overlapped. Pooled genotyping for these
SNPs displays features that support modest variability.
Mean SEMs for the differences among the 4 replicate mea-
surements of each DNA pool were +0.040 and 0.038 for
samples 1 and 2. The SEMs for pool-to-pool differences
were =0.025 and 0.029. Power calculations that used the
observed variability from these samples, a=.05, and the
observed within-group standard deviations document 0.92
and 1 and 0.7 and 0.99 power to detect 5% and 10% dif-
ferences in mean abuser vs control allele frequencies in
samples 1 and 2, respectively.

A number of SNPs displayed nominally significant al-
lele frequency differences between methamphetamine-

dependent vs control individuals. In samples 1 and 2,
15565 and 25 538 SNPs displayed t values with P<.05
(Figure). We term these SNPs nominally positive SNPs;
since these P values are not corrected for multiple com-
parisons, these data do not allow us to distinguish these
values from chance.

We obtained results that differed from those ex-
pected by chance; however, when we evaluated the ex-
tent to which 3 or more of these nominally positive SNPs
“cluster” together with 25 kb or more separating them,
846 clusters contained 3749 of the 15 569 nominally posi-
tive SNPs from sample 1 and 1787 clusters contained 8388
of the 25 538 nominally positive SNPs from sample 2. Such
clustering is found in no Monte Carlo trial of how fre-
quently randomly selected sets of either 15 565 SNPs from
sample 1 or 25538 SNPs from sample 2 lie clustered
within 25 kb of each other. With correction for the mul-
tiple comparisons made herein, the empirical P value for
clustering of nominally positive SNPs is thus <.00001
for both samples 1 and 2. This degree of clustering within
each single sample provides a control for the fact that we
identified bona fide haplotypes that occur at different fre-
quencies in the pools constructed from methamphet-
amine-dependent vs control samples. Stochastic differ-
ences in the frequencies at which these haplotypes
occurred in our methamphetamine-dependent vs con-
trol samples that are independent of the addiction phe-
notype could conceivably contribute to some of the clus-
tering in each individual sample, however.

We obtained evidence for replication and results that
could not be expected by chance alone when we evalu-
ated the genes that were identified by clustered nominally
positive results from both sample 1 and sample 2 (Table
and eTable, available at http://www.archgenpsychiatry
.com). The degree of convergent identification of genes
by data from each of these 2 samples was never ob-
served by chance in any of 100 000 Monte Carlo simu-
lation trials (P<<.00001). The clustering of positive re-
sults in the same genes in both samples is thus very
unlikely to represent stochastic effects. We term the genes
identified in 2 samples in this way “methamphetamine de-
pendence” genes. We use this term in quotation marks be-
cause variants in at least some of these genes are also likely
to alter vulnerabilities to addictions for other substances
(see later). The Monte Carlo P values assigned to each
gene in the Table identify the probabilities that random
segments of genes that have the same size as the true gene
identified in each of these 2 samples would display at least
the numbers of nominally positive SNPs actually iden-
tified in the true gene (see correction for multiple com-
parisons in the Table legend).

These “methamphetamine dependence” genes dis-
played convergence with genes identified by (1) clus-
tered positive results from 639 000 SNP GWA studies of
polysubstance abuse in National Institute on Drug Abuse
European American and African American samples,* (2)
nominally positive SNPs from 100 000 GWA studies of
alcohol dependence,””*® and (3) nominally positive SNPs
in comparisons of nicotine-dependent vs nondepen-
dent smokers (Table).” Data from samples 1 and 2 con-
verge with these previously reported data sets, with Monte
Carlo P values of (1) .0412, (2) .0016, and (3) .0003, re-
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Figure. Cartoons of chromosomes 1 to 22. The blue squares to the left of the axis represent ¢ values for the methamphetamine-dependent vs control allele
frequency ratios mapped to the chromosomal position of each corresponding single-nucleotide polymorphism (SNP). The SNPs for which abuser-control
differences display P values >.05 and that pass the clustering criteria of 3 outlier SNPs from 2 array types with less than a 25-kilobase inter-SNP distance are
marked with red dots to the right of the axis. Clustered SNPs in genes with convergent evidence from both sample 1 and sample 2 are marked by yellow triangles
to the right of the axis. The scale bar represents 50 Mb, with chromosomal positions based on National Center for Biotechnology Information (Bethesda,
Maryland) MAPVIEWER coordinates and supplemental data from NetAffyx. The chromosomes are ordered in rows from left to right by chromosome number.

spectively. These analyses both correct for the multiple
comparisons made and provide substantial additional sup-
port for many of the genes identified herein.

A number of the reproducibly positive genes identi-
fied in the current study are also identified by clustered
positive results from 500 000 GWA studies of European
American smokers who were successful vs unsuccessful
in abstaining from smoking during clinical trials for smok-
ing cessation (P=.002"° and P<.00001 [G.R.U., unpub-
lished data, 2007]).

The large differences between these observed results and
chance clustering makes it highly unlikely that most of the
clustered positive SNPs resulted from misgenotyping, for
which there should be no reason that results should clus-
ter. The SNPs that displayed clustered positive results in
the current study failed to overlap appreciably more than
expected by chance with the SNPs that displayed the larg-

est variances from array to array (391 SNPs identified vs
386 expected by chance). Many of the positive SNPs in
this report were thus likely to cluster since they lie near
and display linkage disequilibrium with functional vari-
ants that contribute to individual differences in vulner-
ability to methamphetamine dependence. Convergence
with observations made in other samples supports this idea
and suggests that some of the functional variants that were
identified by these clustered positive SNPs are likely to con-
tribute to vulnerability to addictions to other substances
as well as to methamphetamine.

There is also no evidence that most of the SNPs iden-
tified herein were found because of occult racial/ethnic
stratification between methamphetamine-dependent and
control groups. There was no significant overlap be-
tween clustered reproducibly positive SNPs from samples
1 and 2 with the SNPs that provided the largest racial/
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ethnic differences from comparisons between European
American and African American controls or between Japa-
nese and Chinese HapMap samples (though 523 and 737
of the outlier SNPs from samples 1 and 2 do lie in the
top 2.5% of the SNPs that distinguish JPT [Japanese from
Tokyo] from CHB [Han Chinese from Beijing] HapMap
samples, when 389 and 532 would be expected by chance;
.06>P>.05).

- RTINS

This report identifies chromosomal regions that are likely
to contain allelic variants that alter vulnerability to meth-
amphetamine dependence. The validity of these obser-
vations is supported by the clustering of nominally posi-
tive SNPs and from the convergence of data from 2
independent samples. The clustered positive markers from
this work identify “methamphetamine dependence” genes
whose products are involved in cell adhesion, enzy-
matic, transcriptional regulation, and other processes. The
classes of genes identified and convergence with results
from other GWA studies point toward substantial roles
for individual differences in mnemonic, as well as re-
warding, brain systems and individual differences in vul-
nerability to methamphetamine dependence.*

The reliability and validity of the current approach are
supported by many lines of evidence. These include data
for clinical assessments made by multiple observers, the
reliability and validity of the microarray-based genotyp-
ing approaches used herein,***°"%? the extent to which
the markers that displayed nominally positive differ-
ences between abusers and controls clustered together in
specific chromosomal regions, the extent to which obser-
vations made in these 2 samples converge with each other,
and the extent to which these results converge with those
from other studies that compare dependent vs control in-
dividuals. We have also confirmed many of the results from
these approaches using individual genotyping (A. Hishi-
moto, MD, PhD, T.D.,and G.R.U., unpublished data, 2007).

Modeling studies indicate that the experimental de-
signs used herein have significant statistical power to de-
tect modest differences in allelic frequencies between meth-
amphetamine-dependent individuals and controls.
Nonetheless, there remains the likelihood of both false-
positive and false-negative results. Power calculations in-
dicate that our current approach will fail to identify 1%
and 38% of the alleles that actually have 10% and 5% abuser
vs control differences, respectively, in both samples; other
calculations support higher false-negative rates (see “Power
Calculations” subsection). As always, larger samples would
help to reduce these false-negative results. However, in-
dependent of the separate statistical considerations for each
population studied herein, the degree of replication and
convergence between the 2 samples and with other drug-
abusing populations provides additional confidence in re-
sults obtained.

Monte Carlo analyses indicate that we never, by chance,
could identify a group of SNPs as large as the group in
the Table that (1) display nominally significant P val-
ues, (2) cluster together in groups of 3 or more within
small chromosomal regions, and (3) provide replication

so that clustered nominally positive SNPs from compari-
sons in sample 1 fit with the clustered nominally posi-
tive SNPs in comparisons from sample 2. These statisti-
cal arguments are buttressed by technical convergence.
Each of the clusters of nominally positive SNPs identi-
fied herein contain positive SNPs that are indepen-
dently identified on at least 2 array types, each deter-
mined in quadruplicate.

In addition to the overall statistical confidence in the
set of the genes identified herein, a number of these “meth-
amphetamine dependence” genes overlap with genes iden-
tified in other GWA studies of addiction vulnerability and
related phenotypes. More than half of the 23 cell adhe-
sion genes identified in the current work are identified
by prior GWA studies of polysubstance and alcohol de-
pendence (8 genes), nicotine dependence (1 gene),
memory (1 gene), and/or smoking cessation success (4
genes) in samples collected in the United States and Aus-
tralia from individuals of self-reported European and Afri-
can ancestries. Clustered positive markers in DABI thus
also distinguish those successful in quitting smoking vs
those unsuccessful; CLSTN2 (OMIM *611323) markers
also identify success in quitting smoking and individual
differences in memory; NRXN1 markers also identify vul-
nerability to nicotine dependence among smokers; mark-
ersin CRIM1,CSMD1,SGCZ,PTPRD, and LRRN6C iden-
tify vulnerability to polysubstance use and to alcohol
dependence; and markers in CDH13 (OMIM *601364)
and DSCAM (OMIM *602523) identify vulnerability to
polysubstance use, alcohol dependence, and success in
quitting smoking. These molecules join neurexin 3,72
NrCAM,* and PTPRB (H. Ishiguro, MD, PhD, and G.R.U.,
unpublished data, 2007) and other cell adhesion mol-
ecule genes that display addict vs control associations in
at least 3 different samples. Such results support careful
use of “methamphetamine dependence” genes to describe
genes likely to contain variants that predispose to meth-
amphetamine dependence rather than to describe gene
variants that predispose to vulnerability to only this drug.

Enzyme genes that are identified herein and also by
repeated substance abuse GWA studies include DAF/
CD55, FHIT, PDE4D, and PRKG1 (OMIM *176894). The
putative transcription factor ZNF423 is also identified by
comparisons between those successful and unsuccess-
ful in smoking cessation.

The channel gene RYR3, the transporter gene XKR4,
the gene for RNA processing A2BP1 (OMIM *605104),
and the structural genes ELMO1, SORCS1, and TACC2
are also identified by clustered positive results from re-
peated comparisons between substance-dependent and
control samples. Markers at A2BP1 also distinguish smok-
ers who are successful vs unsuccessful in quitting.

The genes that contain markers whose frequencies dis-
tinguish the methamphetamine-dependent vs control sub-
jects in the present report and also distinguish depen-
dent vs nondependent subjects and those successful vs
unsuccessful in quitting smoking represent an espe-
cially interesting group. These genes include CDHI13,
DSCAM, PRKG1, and A2BP1. Cadherin 13 is a glycosyl
phosphatidylinositol-anchored cell adhesion molecule
that is expressed in neurons in brain regions that are
known to have a role in addiction, including the hippo-
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campus, frontal cortex, and ventral midbrain.®> CDH13
can inhibit neurite extension from select neuron popu-
lations®% and activate a number of signaling path-
ways.” " It is thus a strong candidate for roles in brain
mechanisms important for both developing and quit-
ting addictions.

DSCAM is a single transmembrane domain cell adhe-
sion molecule with immunoglobulin and fibronectin do-
mains that is expressed strongly in the brain”""? and hip-
pocampus in ways that are required for appropriate
neuronal connections to form in memory-associated cir-
cuits in model organisms.”"* Flies with altered Dscam
expression display alterations in memories of both re-
warded and punished behaviors.”

PRKG] is expressed in the brain and hippocampus and
other neurons.”’® Nitric oxide dramatically modulates
brain cyclic guanine monophosphate systems; PRKGI thus
provides a major target for the products of nitric oxide syn-
thases. Mnemonic and addictive functions can each be al-
tered by changes in cyclic guanine monophosphate—
dependent protein kinase and/or nitric oxide synthases.”""

The A2BP1 gene is highly expressed in neurons in brain
regions that include the hippocampus.®*® A2BP1 binds to
a UGCAUG splicing enhancer element found 3’ to a sub-
stantial number of neuron-specific exons and thus acts as
aspecific regulator of the splicing processes that form ma-
ture messenger RNAs.®' A2BPI itself contains a number
of splicing variants that are likely to alter its functions.

Identifying CLSTN2 markers in the present repeated
comparisons between methamphetamine-dependent vs
control subjects in repeated comparisons of success in
quitting smoking and in relation to individual differ-
ences in memory is also interesting. CLSTN2 is well po-
sitioned to provide calcium-dependent cell-adhesion func-
tions in brain regions that include the hippocampus and
in the postsynaptic densities where it is highly ex-
pressed. The identification of this and other genes whose
variants are good candidates to contribute to mnemonic
aspects of addiction support the view that substantial com-
ponents of the individual difference in vulnerability to
dependence on addictive substances relate to individual
differences in mnemonic systems.*

The convergence between the genes identified by these
samples and by genes identified in previous GWA studies
for dependence on other legal and illegal addictive sub-
stances supports roles for allelic variants that are well rep-
resented in chromosomes from African, European, and
Asian racial/ethnic groups.***” Genes identified by these
methamphetamine-dependence studies, but not as strongly
by any of these other GWA comparisons, are also of in-
terest. Neuregulin 1 is a strong candidate gene for vulner-
ability to schizophrenia in Icelandic and related popula-
tions.**5* Conceivably, variants in neuregulin 1 might even
provide a generalized vulnerability to psychosis that could
manifest itself in the presence of either methamphet-
amine or other risk factors for schizophrenia.

It is important to consider limitations of this conver-
gent replicated GWA data for methamphetamine depen-
dence. (1) The sample sizes available for this work pro-
vide moderate power to detect gene variants related to
methamphetamine dependence in each sample. False-
negative results are likely since we required positive data

from each of the 2 samples. The likelihood of false nega-
tives is also increased since we required positive results
from several SNPs from at least 2 array types that cluster
within small chromosomal regions, making it easier to
miss modest association signals within small genes that
contain few SNPs or genes whose SNPs lie on only 1 ar-
ray type. (2) We focused only on data from autosomal
regions herein. This focus allowed us to combine data
from male and female subjects but may have neglected
potentially important contributions from genes on sex
chromosomes. (3) Differences in allele frequencies in dif-
ferent populations could explain why some genes were
strongly associated with methamphetamine depen-
dence in the Asian samples studied herein but not as
strongly with related substance-dependence pheno-
types studied in European American or African Ameri-
can samples. (4) Many of the subjects for this work came
to clinical attention because of methamphetamine psy-
chosis. They might thus not be totally representative of
all methamphetamine-dependent individuals. (5) While
each of these individuals was methamphetamine depen-
dent, many also reported use of additional addictive
substances, such as inhalants. These clinical consider-
ations, as well as the overlap between the “methamphet-
amine dependence” genes identified herein and the genes
identified in other GWA work, support the idea that many,
but not all, of these loci are likely to contain allelic vari-
ants that provide a more general vulnerability to addic-
tive substances. While we term these genes “metham-
phetamine dependence” genes to denote the fact that variants
in these genes are likely to alter vulnerability to devel-
oping dependence on this substance, we use the term in
quotation marks to denote the probability that many of
these allelic variants may predispose individuals to de-
pendence on other addictive substances as well. (6) None
of the controls for this study reported any significant use
of methamphetamine. The genes identified herein thus
could influence vulnerabilities to initiation of metham-
phetamine use, persistence of this use, and/or the tran-
sition from persistent use to methamphetamine depen-
dence. (7) The current report uses only one of a number
of current approaches to analysis of data from GWA. Ad-
ditional discussion of the limits of techniques for iden-
tifying polygenic influences in complex disorders and traits
can be found elsewhere.®®” Despite these cautions, how-
ever, the replicated positive results that we document
herein and the failure of control experiments to support
alternative hypotheses do provide substantial confi-
dence in roles for most of the genes reported.

The current data, and results of classic genetic stud-
ies, thus support polygenic influences on vulnerability
to methamphetamine dependence from genes that, as a
group, are highly unlikely to represent chance observa-
tions. P values for individual genes, based on the data from
the current work, suggest that some of these genes are
very strongly supported and some more modestly sup-
ported by these current data. Genes identified by both
the current results and by data from other related re-
ports appear especially worthy of further evaluation. Taken
together, the data point toward the likelihood that brains
of individuals who are most vulnerable to this addiction
are likely to differ in a number of ways from those of in-
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dividuals who are least vulnerable. Understanding these
differences in increasing detail should aid us in improv-
ing understanding, prevention, and treatments for meth-
amphetamine dependence.
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