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The first transgenic models used to study addiction were based upon a priori assumptions about the importance of
particular genes in addiction, including the main target molecules of morphine, amphetamine, and cocaine. This
consequently emphasized the importance of monoamine transporters, opioid receptors, and monoamine receptors
in addiction. Although the effects of opiates were largely eliminated by 1 opioid receptor gene knockout, the case
for psychostimulants was much more complex. Research using transgenic models supported the idea of a polygenic
basis for psychostimulant effects and has associated particular genes with different behavioral consequences of
psychostimulants. Phenotypic analysis of transgenic mice, especially gene knockout mice, has been instrumental in
identifying the role of specific molecular targets of addictive drugs in their actions. In this article, we summarize
studies that have provided insight into the polygenic determination of drug addiction phenotypes in ways that are
not possible with other methods, emphasizing research into the effects of psychostimulant drugs in gene knockouts
of the monoamine transporters and monoamine receptors.
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Introduction

In recent years important advances have been made
in developing new animal models to help identify
the mechanisms of action of psychostimulant drugs
underlying their behavioral and physiological ef-
fects, including the abuse liability of these drugs
and other adverse consequences, in particular the
toxicity and lethality associated with the use of psy-
chostimulant drugs. Genetic mouse models are be-
ing used to identify genes that may predict risk for
the development of drug abuse and addiction or
to investigate under more controlled circumstances
the consequence of direct manipulation of particu-
lar genes implicated in addiction from human ge-
netic studies. Genetic mouse models have been used
for estimating genetic correlations between drug-
related traits'* and for studying the roles of specific
genes in addiction relevant behavioral and physi-
ological traits.>® Progress in this area of research
has profound implications for the improved un-

derstanding and treatment of drug addiction. At
this time there is a large literature on responses to
psychostimulants in gene mutant mice. The largest
body of literature on the genetics associated with
psychostimulant-related behavioral effects has fo-
cused on drug reward and drug conditioning, in-
cluding conditioned place preference (CPP) and
self-administration. This work has emphasized pri-
marily the acute rewarding effects of psychostimu-
lants, or early stages of drug taking. Several other
areas have been less well examined or, sometimes,
not examined at all. There is a need for more inves-
tigation of the genetic determinants of sensitivity to
psychostimulant-induced neurotoxicity and other
adverse effects. Similarly, there is a great deal of work
to be done in the quest for genes that influence the
development and acceleration of psychostimulant
dependence and phenotypes that may be associ-
ated with later stages of the addictive process, in-
cluding extinction, reinstatement, reconsolidation,
habit formation, and many other mnemonic aspects
of responses to addictive drugs.
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So saying, transgenic models have contributed
greatly to our understanding of the mechanisms
underlying the actions of psychostimulant drugs.
One surprising outcome of these studies has been
the polygenic basis of these effects and the degree
to which substantial perturbations from gene dele-
tions may alter the normal mechanism of action
of particular drugs. Thus, animals will show the
same underlying behavioral phenotype, sometimes
largely unaltered from the wild-type (WT) condi-
tion, but its underlying basis appears to be quite
different. Several examples of this type of finding
are discussed in the sections that follow, raising
the important question of whether similarly large
differences in underlying mechanisms exist in hu-
mans as are observed in some of these types of
models.

Monoamine transporter knockouts

Psychostimulant drugs increase extracellular levels
of monoamines by blocking the neuronal plasma
membrane transporters (reuptake inhibitors) or by
blocking the vesicular transporter (releasers). In-
creased extracellular dopamine (DA) levels in meso-
corticolimbic DA systems have been postulated to
mediate the rewarding effects of cocaine,” as well
as other psychostimulants. The heritability of drug
abuse and dependence is relatively high for psychos-
timulants,® indicating that genetic differences that
determine the extent of DA release may be impor-
tant determinants of addiction liability, as well as
other effects of acute and chronic psychostimulant
exposure. For example, we have recently shown that
the number of repeat alleles of the DA transporter
(DAT) gene is associated with the risk for metham-
phetamine (METH) psychosis.” This study demon-
strated that the presence of nine or fewer repeat alle-
les of the variable number of tandem repeats in the
3’ untranslated region of DAT is a strong risk factor
for a poorer prognosis of METH psychosis. Stud-
ies in transgenic mice, particularly knockout (KO)
mice in which one or both of the gene alleles are
deleted or inactivated, have contributed a great deal
to our understanding of the mechanisms underlying
psychostimulant actions. This has been particularly
useful in the study of psychostimulants because they
generally bind to multiple transporters and thereby
affect the function of multiple monoamine systems.
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Cocaine

Initial transgenic studies into the molecular mecha-
nisms of the effects of psychostimulants, using mice
lacking the monoamine transporters, were substan-
tially influenced by the previous pharmacological
literature. Prior to the development of these trans-
genic models, the rewarding effects of cocaine were
found to be best correlated with DAT blockade
on the basis of structure—activity relationships of
transporter-blocking compounds with different po-
tencies at DAT, the serotonin transporter (SERT),
and the norepinephrine transporter (NET).” As can
be seen in Table 1, most studies have concentrated
on the rewarding and locomotor stimulant effects
of cocaine, with much less work examining other
psychostimulant effects.

DAT, SERT, and NET gene KO mice

In contrast to the hypothesis stated in the preceding
paragraph, initial data in DAT KO mice demon-
strated intact cocaine reward in the CPP paradigm?®
and in an initial self-administration study.'® Hence
DAT KO mice retained the ability to acquire and
maintain cocaine self-administration, as well as
cocaine-conditioned behavior, in ways that were not
substantially different from WT mice. These data
therefore indicated that the reinforcing effects of
cocaine could be mediated via DAT-independent
mechanisms. This is not to say that these data in-
dicated that there was no involvement of DA in co-
caine reward. In the Sora et al.’ study, cocaine CPP
was observed at both doses tested in WT mice, but
only the higher dose produced a significant CPP
in DAT KO mice. However, with the largely intact
effects of cocaine in these studies, the logical next
step was to examine whether other cocaine targets
(e.g., SERT and NET) were involved. Further work
continued to emphasize that the consequences of co-
caine administration were determined by multiple
interacting systems. In support of this conclusion,
drawn in part from studies of mice in which multi-
ple genes were manipulated with transgenic meth-
ods, genetic background was also found to affect the
consequence of single-gene KOs. Thus, cocaine CPP
was more substantially reduced in congenic DAT KO
mice on either a C57BL/6'1'12 or DBA/2J'? back-
ground, which would suggest that the expression of
other genes in particular genetic backgrounds af-
fected the consequence of the gene KO. Obviously
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Table 1. Cocaine responses in monoamine transporter transgenic mice

Micro- Loco- Sensiti- Self- Adverse
Citation Gene dialysis motion zation CPP administration PPI effects
Giros, B. DAT KO Eliminated
et al. 1996
Sora, L. et al. DAT KO Eliminated CPP at
1998 highest
dose only
Rocha, B.A. DAT KO Unaffected
etal. 1998
Gainetdinov, DAT KO Cocaine
R.R.etal decreased
1999 locomo-
tion
Carboni, E. DAT KO Increased
etal. 2001 DA in NAc
Ralph, R.J. DAT KO Reversed
etal 2001 PPI
deficit
Mead, A.N. DAT KO Eliminated
et al. 2002
Morice, E. DAT KO Eliminated Substantially
et al. 2004 decreased
Shen, H.W. DAT KO Increased
et al. 2004 DA in
striatum
and PFc,
but not
NAc
Mateo, Y. DAT KO Increased
et al. 2004 DA in NAc
and
striatum
Barr, AM. DAT KO Reversed
et al. 2004 PPI
deficit
Medvedev, DAT KO Eliminated Substantially
1.O. et al. decreased
2005
Yamashita, M. DAT KO Reversed
et al. 2006 PPI
deficit
Thomsen, M. DAT KO Substantially
et al. 2009 decreased
Hall, ES. etal. DAT KO Conditioned
2009 locomo-
tion was
eliminated
Zhuang, X. DAT KD Increased Unaffected
etal 2001; locomotor
Tilley, M.R. by low
et al. 2007 doses of
cocaine
Continued
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Table 1. Continued
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Micro-
dialysis

Loco-

Citation Gene motion

Self-

administration

Adverse
effects

Sensiti-

zation CPP PPI

Failed to
increase
DA in NAc

Chen, R. et al.
2006; Tilley,
M.R. etal.
2009;
Thomsen,
M. et al. 2009

Hnasko, T.S.
et al. 2007

Sora, I. et al.
2001

Xu, E. et al.
2000

Kaminski, R.M.
et al. 2005

Hall, ES. et al.
2002

Sora, 1. et al.
2001

Homberg, J.R.
et al. 2008

Wang, Y.M.
et al. 1997

DAT CI Decreased

under non-
habituated
conditions
DD TG
DAT/SERT KO
NET KO

NET KO
NET/SERT KO
SERT KO
SERT KO

Increased

VMAT2 KO Increased

Eliminated Eliminated

Unaffected

Eliminated

Increased

Reduced
seizures

Increased

Increased

Increased

Increased

Eliminated

PFc: prefrontal cortex, NAc: nucleus accumbens.

few species comparisons are available for transgenic
models, but in one rare case much more consistent
effects of SERT KO are observed in rats, in which
cocaine locomotion, cocaine CPP, and cocaine self-
administration are all increased,'> compared to lev-
els in mice, as discussed in the following.

In any case, the observation of intact reward un-
der at least some conditions in DAT KO mice sug-
gested the necessity of examination of the role of the
other main targets of cocaine in cocaine reward. Be-
cause manipulations of serotonin (5-HT) systems
can modulate the rewarding effects of both cocaine
and amphetamine (AMPH),'*15 5-HT was initially
considered to be the most likely candidate. However,
cocaine CPP was not reduced in SERT KO mice,'®
nor in NET KO mice!’; indeed, the opposite was
found: both SERT KO and NET KO mice exhibited
increased rewarding effects of cocaine, effects that
were even more pronounced in mice with deletion of
both genes.'® The failure of any single monoamine
transporter gene KO strain to eliminate cocaine re-
inforcement and reward thus left open several pos-
sible roles for these transporters in cocaine reward
in WT and DAT KO mice,’ including the possibility
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of substantial compensatory changes and the pos-
sibility that, under normal circumstances in WT
mice, multiple monoamine systems are involved
in the rewarding effects of cocaine. Supporting the
compensation hypothesis, SERT blockade with flu-
oxetine or selective NET blockade with nisoxetine
was shown to produce rewarding effects in DAT KO
mice, effects that are not seen in WT mice.!® Thus,
absence of DAT throughout development could pro-
duce changes in other monoamine systems that alter
the reinforcing effects of SERT and NET blockade
in DAT KO mice. This does not necessarily mean
that SERT does not, or can not, have a role in the re-
warding effects of cocaine in WT mice. Indeed, both
of the foregoing hypotheses are consistent with our
findings that combined deletion of DAT and SERT
eliminate cocaine CPP.'®

In contrast to findings in the CPP paradigm, our
line of DAT KO mice failed to consistently self-
administer cocaine.!” This finding was in apparent
contrast to a previous report that a different line of
DAT KO mice did self-administer cocaine.'® Several
factors might have contributed to the differences be-
tween these studies. The initial Rocha et al.'* study
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examined self-administration under only a few ba-
sic circumstances and those authors suggested that
although DAT KO mice could self-administer co-
caine, a more detailed analysis would be needed
to determine whether other differences did exist.
The Thomsen et al.!® study was much more de-
tailed and could be summarized thus: DAT KO mice
can self-administer cocaine, but the rewarding ef-
fects of cocaine are substantially reduced so that
even those mice that do learn to self-administer co-
caine under initial conditions fail to do so under
more demanding conditions, such as increasing the
amount of work required to receive cocaine rein-
forcement by increasing the fixed ratio schedule or
under a progressive ratio. This finding is also consis-
tent with our DAT/SERT double-KO study,'® which
found that although combined DAT/SERT deletion
eliminated cocaine CPP, the contribution of DAT
and SERT was not equal; cocaine CPP was impaired
in DAT/~SERT*/~ mice, but not in DAT*/~ SERT/~
mice, suggesting a greater overall role of DAT than of
SERT. However, there may be contributions of other
factors to the differences between the two lines of
DAT KO mice in self-administration studies. For
instance, cocaine increased extracellular DA levels
in the caudate putamen and prefrontal cortex, but
not the nucleus accumbens in our line of DAT KO
mice,?’ but in the other line of DAT KO mice cocaine
and AMPH increased extracellular DA in the medial
part of the nucleus accumbens.?! It is difficult to say
why these differences occurred on the basis of our
present knowledge, although one is tempted to spec-
ulate that differences in genetic background might
contribute, as has been shown to be the case for w
opioid receptor KO mice.*?

DAT-overexpressing transgenic mice

Another DAT transgenic strain that produced over-
expression of DAT emphasizes the importance of
DAT in the rewarding effects of cocaine.”® These
mice demonstrated increased cocaine CPP, but in-
terestingly, there was no effect on cocaine-induced
locomotion.

DAT knockdown mice

As discussed previously, there are substantial com-
pensatory changes in DAT KO mice (see Gainetdi-
nov and Caron?* for review). Another line has been
created in which DAT expression is reduced by 90%
(termed DAT knockdown [KD]), which ameliorated

Transgenic mice and psychostimulant addiction

some of the effects of complete DAT KO, although
DAT KD mice were still hyperactive, had reduced DA
clearance, and had slightly elevated extracellular DA
levels.?> The DAT KD mutant line was produced by
insertion of a targeting sequence into the promoter
region of the DAT gene, resulting in a reduction in
DAT expression to approximately 10% of WT levels.
Nonetheless, all these changes were less pronounced
than those seen in complete DAT KO mice. In con-
trast to what is observed in complete DAT KO mice,
DAT KD mice show enhanced locomotor stimulant
effects of low doses of cocaine, whereas there were
no effects on cocaine CPP.%

Vesicular monoamine transporter 2 KO mice
Vesicular monoamine transporter 2 (VMAT?2) is
a proton-dependent transporter that accumulates
monoamine neurotransmitters, including DA, 5-
HT, norepinephrine, and histamine, from neuronal
cytoplasm into synaptic vesicles. Normal vesicu-
lar monoamine release through calcium-dependent
vesicle fusion with presynaptic membranes thus de-
pends on normal function of VMAT2. Homozy-
gous VMAT?2 deletion is lethal within a few days
postnatal, but heterozygous VMAT2 deletion re-
sults in a substantial reduction in presynaptic stores
of neurotransmitters.?” Surprisingly, given these re-
sults, VMAT2"/~ mice have increased locomotor
responses to acute cocaine’’ but do not exhibit
cocaine sensitization with repeated administration,
which was interpreted as reflecting a “presensitized”
state. No changes in DAT function were observed
in VMAT2%/~ mice in vitro, although substantial
changes were observed in VMAT2/~mice in vitro?
and ex vivo,? but high-affinity DA D, receptors are
elevated in VMAT21/~ mice,? as is seen in sensitized
animals.*

DAT cocaine-insensitive mice

Although the DAT KO mouse has been useful in the
study of psychostimulants, because of the changes
that appear to occur in these mice an important
recent development has been a transgenic manipu-
lation that does not produce such dramatic changes
in dopaminergic function. The amino acid residues
in transmembrane domain 2 of mouse DAT are
important for high-affinity cocaine binding. An-
other transgenic line has been created in which
the mutations in these residues have been engi-
neered, creating a DAT protein that is 80-fold less
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sensitive to cocaine inhibition (termed DAT cocaine
insensitive [CI]) but relatively normal DA reuptake,
and consequently fewer compensatory changes than
those observed in DAT KO or DAT KD mice.’! Al-
though there were small baseline differences in DA
uptake kinetics, cocaine failed to increase extracel-
lular DA levels or modify DA cell firing in DAT CI
mice.?! Increased locomotion in a novel environ-
ment was observed in these mice and, as typical of
DAT KO mice under some circumstances, cocaine
reduced locomotion in DAT CI mice.>! However,
several cocaine effects were eliminated in this trans-
genic strain, including cocaine CPP*!*? cocaine
self-administration,®® and cocaine-induced stereo-
typical behavior,** indicating the primacy of DAT
in many cocaine actions, including cocaine reward.
Because cocaine did not elevate extracellular DA
in the nucleus accumbens of the DAT CI mouse
line,>! these findings seem to support the notion
that cocaine-induced increases in extracellular DA
in the nucleus accumbens are critical for cocaine
reward and that in WT mice DAT inhibition is the
primary mechanism underlying the rewarding ef-
fects of cocaine.

DAT/SERT double-KO mice

Some of the preceding studies suggest that non-
dopaminergic mechanisms are (or can be) involved
in the rewarding effects of cocaine. As mentioned
previously, cocaine CPP is eliminated in double-KO
mice with no DAT gene copies and either no or one
copy of the SERT gene.'® These results in DAT/SERT
double-KO mice suggest that the blockade of DAT
and SERT are both involved in cocaine reward,>”
at least under some circumstances, although they
do not necessarily indicate that DA does not have
a primary role. Indeed, in distinct contrast to WT
mice, pharmacological inhibition of SERT increased
extracellular DA in the nucleus accumbens®® and
caudate putamen?® of DAT KO mice to a similar ex-
tent as cocaine, which was suggested to result from
adaptations in 5-HT regulation of dopaminergic
neuronal activity in the ventral tegmental area of
these mutant mice. Several pieces of evidence sup-
port this hypothesis. Local-infusion cocaine, fluox-
etine, or nisoxetine into the dorsal or ventral stria-
tum do not increase extracellular DA levels,2%-3¢
but local injections of cocaine or fluoxetine in the
ventral tegmental area increase extracellular DA
concentrations in the nucleus accumbens.*® This
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could certainly be the basis for the novel CPP in-
duced by fluoxetine in these mice that was discussed
earlier. These studies indicate that there are inter-
actions between DAT and SERT that are important
determinants of the rewarding effect of psychostim-
ulant drugs, such as cocaine, under at least some
conditions.

Dopamine-deficient mice

Supporting these conclusions, another study has
shown similarly important DA-5-HT interactions
in another transgenic model, the DA-deficient (DD)
mouse model in which tyrosine hydroxylase, the
rate-limiting enzyme for catecholamine biosynthe-
sis, has been inactivated selectively in DA neurons
but not other catecholaminergic neurons.*” In these
mice inhibition of SERT with fluoxetine produced
a CPP just as it did in DAT KO mice, indicat-
ing adaptive changes in 5-HT systems under these
even more extreme circumstances. In both the DAT
KO and DD models SERT appears to be an impor-
tant mediator of cocaine reward, but these effects
are still likely to involve DA. Both cocaine and flu-
oxetine CPP were blocked by inhibition of DA cell
firing by the DA D, receptor agonist quinpirole in
DD mice.”” Those authors suggested that in DD
mice cocaine increases 5-HT levels, activating DA
neurons, which are still found in DD mice,>? releas-
ing another (unknown) neurotransmitter, perhaps
one of the neuropeptides colocalized with DA. They
further suggested that the proposed paradoxical ex-
citatory effects of 5-HT in DD mice result from
the hyperdopaminergic state produced by the daily
L-dopa administration without which these mice
would die, and which may be similar to the hyper-
dopaminergic state characterized in DAT KO mice.

Behavioral sensitization

The studies discussed in the foregoing sections
addressed drug reward primarily as assessed by
the CPP and self-administration paradigms. Other
models thought to address important aspects of ad-
diction have been less well-studied in monoamine
transporter KO mice, including behavioral sensi-
tization. Behavioral sensitization is a phenomenon
whereby repeated intermittent exposure to psychos-
timulant drugs elicits progressive enhancement of
behavioral responses, which persists for extended
periods after withdrawal from the drug.* It is most
common to examine sensitization of the locomotor
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stimulant effects of drugs, such as cocaine, which are
thought to reflect the underlying alterations in neu-
ronal plasticity associated with changes in mesolim-
bic DA functioning that mediate drug-seeking
behavior.*>*! DAT KO mice are profoundly hyper-
active in a novel environment but do not demon-
strate acute locomotor stimulant effects of co-
caine,>*? at least when injected after a period of
habituation to the environment. This is also true of
C57BL/6] and DBA/2] congenic DAT KO lines.!2
Under these conditions DAT*/~ mice show nor-
mal baseline locomotion and normal locomotor
stimulant effects of cocaine. By contrast, when
tested under nonhabituated conditions decreased
locomotion is observed after administration of co-
caine in DAT/~mice.** Habituation appears to be
a critical factor in determining these effects; in
animals that were substantially habituated prior
to drug administration both the acute locomotor
effects of cocaine and sensitization of those ef-
fects were almost completely eliminated in both
DAT*/~ and DAT/~ mice.** In the same exper-
iment normal acute locomotor effects and sen-
sitization were observed in NET KO mice. One
of the more important implications of this later
study was that, at least under some conditions,
heterozygous DAT KO is sufficient to reduce the
locomotor stimulant effects of cocaine. This is im-
portant because the heterozygous condition, which
produces a 50% reduction in DAT levels in com-
parison to WT mice, much more closely models
the range of variance in DAT levels observed in hu-
mans* than the homozygous condition.

Although consistent with some other results,
the study by Mead et al.** is difficult to compare
with much of the literature on locomotor sensi-
tization because it involved extended periods of
habituation (12 h) and an intravenous route of
administration. Sensitization involves two primary
components, a context-dependent component (e.g.,
conditioning) and a context-independent compo-
nent resulting from adaptations to repeated drug
exposure that occur even if given in a context in
which limited learning about the drug occurs, such
as a familiar home cage environment. Such an ex-
tended period of habituation as was used in the
Mead et al.** study is likely to eliminate most context
dependent aspects of sensitization. Another way to
approach sensitization is to specifically examine the
ability of the environment, after repeated exposure
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to the drug, to elicit locomotion after reexposure to
the environment without the drug, which is termed
“conditioned locomotion.” We recently examined
conditioned locomotion in DAT KO, SERT KO, and
NET KO mice.*® This study found that conditioned
locomotion was eliminated in DAT KO mice, but not
SERT KO or NET KO mice, although small diminu-
tions in the conditioned responses were observed
in each case. In addition, repeated exposure to co-
caine, either during the conditioning trials or in the
home cage, resulted in sensitization of locomotor
responses in the testing environment in DAT KO
mice. This effect occurred in DAT KO mice that did
not show acute locomotor stimulant responses to
cocaine, as well as in animals given saline before
locomotor testing but that received cocaine later in
the home cage. Thus, even though the conditioned
component was eliminated, long-term adaptations
to repeated cocaine exposure were observed in DAT
KO mice that may have been stronger than those
observed in WT mice.

Prepulse inhibition

The hyperdopaminergia of DAT KO mice, judged in
terms of extracellular DA levels in the striatum or
DA-associated behaviors, such as hyperactivity, have
led to the suggestion that DAT KO mice can be used
as animal models of schizophrenia*’ and attention-
deficit/hyperactivity disorder (AD/HD).* There is
evidence to support both views to a certain ex-
tent. The paradoxical inhibitory effects of several
psychomotor stimulants, including cocaine, on the
profound locomotor hyperactivity observed in DAT
KO mice have already been mentioned.*> DAT KO
mice also have deficits in prepulse inhibition (PPI)
of the acoustic startle reflex, a model of sensori-
motor gating,*>* which are also reversed by treat-
ment with several psychostimulants, including co-
caine.’! PPI deficits in DAT KO mice can also be
reversed by D, alntagonists50 or 5-HT,5 antago-
nists,* further supporting the idea of interactions
between DA and 5-HT systems being fundamen-
tally important in these mice. However, the under-
lying deficit in DAT KO mice is likely to involve
alterations in the balance between ventral striatal
and prefrontocortical activity. In part, this results
from an oddity of DA function in the prefrontal cor-
tex whereby uptake is normally mediated by NET
rather than DAT.>>>® One consequence of this situ-
ation is that in the absence of DAT in DAT KO mice
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there are profound alterations in extracellular DA
concentrations in the ventral striatum, whereas the
prefrontal cortex remains substantially unaffected,?
thereby potentially altering the balance of activity
between the prefrontal cortex and the ventral stria-
tum. This would appear to have dramatic effects
on responses to cocaine, which impairs PPI in WT
mice but normalizes PPI in DAT KO mice.”! This
study went on to show that, consistent with the pre-
vious argument regarding the normal mechanisms
of DA reuptake in the prefrontal cortex, the selective
NET blocker nisoxetine, normalized PPI in DAT KO
mice as well. By contrast, the selective SERT blocker
citalopram was without effect, although fluoxetine
did reverse DAT KO impairments in PPI. This dif-
ference between the effects of citalopram and fluox-
etine was suggested to potentially derive from differ-
ent affinities of fluoxetine and citalopram for NET
and 5-HT,4 receptors, both of which reversed DAT
KO impairments in PPI as discussed in the foregoing
text.

Adverse effects of cocaine

Adverse effects of cocaine are observed in humans,
including lethality related to cardiac events® and
seizures.”> The mechanisms underlying the toxic
and lethal effects of cocaine have not been exten-
sively examined using transgenic models, however.
With the previous discussion, and the complexity
of genetic effects involved in other cocaine actions,
it would be important to understand the mecha-
nisms underlying these adverse effects. In the only
known such study to date, cocaine-induced seizures
were substantially reduced in NET KO mice,*® al-
though this did not appear to be solely the result of
prevention of cocaine actions at NET, because the
sensitivity to other seizure-inducing drugs, which
do not presumably act at NET, were also reduced.

Amphetamines

It is important to consider separately the effects of
different psychostimulant drugs because they have
different mechanisms of action, despite many sim-
ilarities. AMPH and METH are prototypical psy-
chostimulant drugs that induce enhanced arousal
and euphoria acutely, and psychosis and addiction
chronically, but their mechanisms are quite differ-
ent from those of cocaine. None of the AMPH
are terribly selective in their binding affinities for
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the three monoamine transporters, although both
AMPH and METH are less potent at binding
SERT, whereas methylenedioxymethamphetamine
(MDMA) has a slightly higher affinity for SERT
than for DAT.>*® AMPH produce increases in
extracellular DA that are dependent on reverse
transport via DAT* and have similar actions via
the other plasma membrane monoamine trans-
porters.®® This involves cytosolic accumulation of
monoamines after inhibition of VMAT2.° Because
of these mechanisms of action gene KOs of the
monoamine transporters have been used to inves-
tigate the pharmacological mechanisms underly-
ing the actions of psychostimulants.?*%”+42 How-
ever, homozygous deletion of the VMAT?2 gene was
lethal within a short time after birth.>®! Conse-
quently, most studies of VMAT2 KO mice have
been done in heterozygous KO mice, although an-
other VMAT?2 mutant exists that produces a 95%
reduction in VMAT? levels in the homozygous con-
dition and is viable.” As mentioned previously,
gene KO of monoamine transporters produces sub-
stantial changes in baseline neurotransmission. For
example, homozygous deletion of the DAT gene pro-
duces five- to 10-fold increases in extracellular DA
concentrations in the striatum as measured by in
vivo microdialysis,?% whereas heterozygous dele-
tion of DAT was not found to increase extracellular
DA?? or to produce a more modest twofold elevation
of DA in the striatum.®® Thus, transgenic studies in
these KO strains must be interpreted in the context
of these baseline alterations.

As can be seen in Table 2, most studies have
concentrated on the rewarding and locomotor stim-
ulant effects of AMPH, with much less work exam-
ining other psychostimulant effects and less exami-
nation of other AMPH compounds.

DAT KO mice

Study of DAT KO mice has demonstrated that the
rewarding effect of AMPH is not abolished in the
CPP paradigm after deletion of the DAT gene.®* In-
terestingly, extinction was substantially reduced in
DAT KO mice in this study so that they demon-
strated persistent CPP over an extended period (40
days), whereas WT mice showed preference only on
the first day of testing. Because AMPH can not ac-
cess dopaminergic terminals via DAT in these mice,
it must be presumed that the rewarding effects of
AMPH, like cocaine, are either normally dependent
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Table 2. Cocaine responses in monoamine receptor transgenic mice

Micro- Loco- Sensiti- Self- Adverse
Citation Gene dialysis motion zation CPP administration PPI effects
Xu, M. et al. D; KO Decreased
1994
Miner, L.L. D; KO Unaffected
et al. 1995
Xu, M. et al. D, KO Eliminated
2000
Caine, S.B. D, KO Eliminated
et al. 2007
Karlsson, R.M. D; KO Eliminated
et al. 2008
Doherty, ].M. D; KO Eliminated
et al. 2008 cocaine-
induced
impair-
ments
Chausmer, A.L. D, KO Unaffected
et al. 2002
Rouge-Pont, F. D, KO  Increased DA
et al. 2002 release
Caine, S.B. D, KO Increased
et al. 2002
Welter, M. etal. D, KO Decreased Slight
2007 reduction
Dobherty, J.M. D, KO Partially
et al. 2008 elimi-
nated
cocaine-
induced
impair-
ments
Xu, M. et al. D; KO Increased Increased
1997
Carta, A.R., D; KO Decreased  Eliminated
C.R. Gerfen
& H. Steiner.
2000
Katz, J.L. et al. D, KO Increased
2003;
Rubinstein,
M. et al. 1997
Elliot, E.E., Ds KO Decreased
D.R. Sibley &
J.L. Katz.
2003
Karlsson, R.M. D5 KO Unaffected Decreased  Unaffected
et al. 2008
Doherty, ].M. D3 KO Increased
et al. 2008 cocaine-
induced
impair-
ments
Continued
Ann. N.Y. Acad. Sci. xxxx (2010) 1-29 © 2010 New York Academy of Sciences. 9
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Table 2. Continued

Sora et al.

Micro- Loco- Sensiti- Self- Adverse
Citation Gene dialysis motion zation CPP administration PPI  effects
Karasinska, D,/D; KO Decreased Decreased
J.M. et al.
2005
Rocha, B.A. 5-HTp Increased
et al. 1997 KO
Belzung, C. 5-HTp Unaffected
et al. 2000 KO
Shippenberg, 5-HTg  Increased DA Increased
T.S., R. Hen KO release
& M. He.
2000
Salomon, L. 5-HT)a Increased Unaffected
etal. 2007 KO
Rocha, B.A. 5-HT,c
etal. 2002 KO
Allan, A.M. 5-HT; Decreased
etal. 2001 over-
expression
Witkin, J.M. 5-HT; KO Increased
et al. 2007 cocaine-
induced
seizures
and
lethality
Schank, J.R. DBH KO Increased Preference at
et al. 2006 5 mg/kg,
aversion at
20 mg/kg
Jasmin, L., M. DBH KO Eliminated
Narasaiah &
D. Tien. 2006
Gaval-Cruz, M.  DBH KO No effect
et al. 2008 on cocaine
induced
seizures
Drouin, C. agp KO Decreased Decreased
et al. 2002

onacombination of monoaminergic effects or in the
absence of DAT other monoaminergic mechanisms
can compensate for the absence of DAT. Again, like
the circumstance with cocaine, this is not to say that
DA has no role, even without DAT. Systemic AMPH
still increases extracellular DA in the nucleus ac-
cumbens without DAT,!:% although local striatal
infusion does not.** Furthermore, this study also
demonstrated that AMPH would reduce DA cell fir-
ing in WT mice but not in DAT KO mice. This effect
is probably due to reduced autoreceptor function in

10 Ann.

DAT KO mice,® which reveals an underlying non—
DAT-mediated stimulatory effect that can be ob-
served when autoreceptor feedback is impaired.®
With these data, as well as the data discussed earlier
for cocaine, it would seem likely that serotonergic
mechanisms are involved in AMPH CPP in DAT
KO mice. Consistent with this hypothesis, AMPH-
induced CPP was abolished by pretreatment with a
5-HTa receptor antagonist in DAT KO mice, even
though the drug did not change AMPH place pref-
erence in WT mice,** again suggesting that the basis
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of psychostimulant reward is somewhat different in
mice that have experienced a lifelong deletion of the
DAT gene. These results indicate that other mech-
anisms, most likely involving 5-HT, may not play
a major role in the rewarding properties of AMPH
in WT mice, although the extent of this interaction
may be influenced by genetic background, as men-
tioned earlier, and will require further clarification.
By contrast, the acute locomotor response to
AMPH was abolished in these mice under nonhabit-
uated conditions; indeed, reductions in locomotion
are often observed in DAT KO mice after adminis-
tration of AMPH,**%7 as was the case for cocaine,
so that these effects in DAT KO mice are likely to
be mediated by SERT, because fluoxetine produced
a similar results in these mice.***” Similar changes
in response to AMPH are also observed in DAT KD
mice.”> NET may also have a role in these effects
because NET KO has been found to increase the lo-
comotor stimulant effects of AMPH.!” As discussed
in the preceding text, locomotor hyperactivity in
DAT KO mice has been considered an animal model
of AD/HD, an assertion that these “paradoxical”
effects of psychostimulants support. Furthermore,
these effects are associated with opposite effects of
AMPH on postsynaptic signal transduction.®

DAT-overexpressing transgenic mice

As was demonstrated for cocaine,? overexpression
of DAT has been shown to affect responses to AMPH
in a separate transgenic line,*’ including increased
AMPH CPP, AMPH-induced locomotion, and stri-
atal DA efflux. Interestingly, there were no changes
in the locomotor responses to several selective and
nonselective DA reuptake blockers in that study,
which may indicate that these effects are mediated
by other transporters.

VMAT2 KO mice

Although the plasma membrane transporters for the
monoamines may be of considerable importance
for the actions of AMPH, the ultimate site of ac-
tion is VMAT?2. Gene KO of VMAT?2 (heterozygous)
has been reported to reduce AMPH CPP.? This re-
sult is surprising given the finding that VMAT2 KO
produces a slight increase in the locomotor stimu-
lant effects of AMPH.??” Because of the apparent
importance of both DAT and VMAT?2 for the ac-
tions of AMPH and METH, we recently examined
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locomotor activity and sensitization in heterozy-
gous DAT KO mice, heterozygous VMAT2 KO mice,
double-heterozygous DAT/VMAT2 KO mice, and
WT mice, to evaluate the roles of DAT and VMAT?2
in METH-induced locomotor behavior and sensiti-
zation.”® The acute locomotor stimulant effects of
METH administration were attenuated in heterozy-
gous DAT KO mice, whereas they were enhanced in
VMAT*/~ mice; each of these findings is consistent
with previous observations with AMPH?27+43:67 (by
contrast, SERT KO has no effect on AMPH-induced
locomotion’!). The attenuation of the acute effects
of METH in DAT KO mice was observed regard-
less of whether it was combined with heterozygous
VMAT2 KO. Although sensitization was observed
in all groups, it was substantially attenuated in DAT
KO mice, again regardless of whether it was com-
bined with VMAT?2 KO. These findings indicate that
the heterozygous deletion of DAT produces a ma-
jor reduction in acute psychostimulant effects of
METH, as well as the sensitization of those ef-
fects, probably by reducing the ability of METH
to enter DA terminals. The mechanism of the
VMAT? effects is less certain. VMAT2 KO reduces
both basal and AMPH-stimulated levels of extracel-
lular DA.?” Thus, these effects may reflect, at least in
part, compensatory changes in postsynaptic mecha-
nisms in VMAT21/~ mice, which show increased re-
sponses to postsynaptic DA agonists®” and increased
high-affinity DA D, receptor function.?’

Adverse effects of amphetamines

Although addiction is a serious problem for all psy-
chostimulants, neurotoxicity and other adverse con-
sequences of long-term AMPH use is an additional
concern, although some AMPH produce more ad-
verse effects than others. METH abuse presents seri-
ous health hazards, including irreversible neuronal
degeneration, seizures, hyperthermia, and death in
humans and experimental animals.”> METH pro-
duces hyperthermia and dopaminergic neurotoxic-
ity in most species examined. Clinical reports and
animal studies indicate that lethality from METH
closely correlates with hyperthermia, which may be
the primary cause of death in cases of overdose.
Animal studies suggest that DA receptor activa-
tion is crucial for both METH-induced hyperther-
mia”® and lethality,’* although at times there has
been an assumption that the METH-induced hy-
perthermia is 5-HT receptor mediated, as are the
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hyperthermic effects of MDMA.” In a recent study,
we examined hyperthermic and lethal toxic effects
of METH in DAT, SERT, and DAT/SERT double-
KO mice to elucidate the role of these two trans-
portersin METH-induced hyperthermia and lethal-
ity.” METH caused significant hyperthermia even
in mice with one DAT gene copy and no SERT copies,
whereas mice with no DAT copies and one SERT
gene copy showed significant but reduced hyper-
thermia when compared to WT mice after METH
treatment. These results demonstrate that METH
may exert a hyperthermic effect via DAT, or via
SERT, without DAT. Double KO of both the DAT
and SERT genes eliminated the hyperthermic effects
of METH and revealed a hypothermic response. As
might be expected given these findings, DAT gene
deletion in mice strikingly increased the 50% lethal
dose for METH by 1.7-fold compared to WT mice.
However, hyperthermia was not solely responsible
for lethality, because the mechanisms mediating hy-
perthermia and toxicity could be dissociated: DAT
KO (SERT WT) mice exhibited hyperthermia but
greatly reduced METH lethality, and the lethality
was not different from DAT/SERT double-KO mice
that had hypothermic responses to METH. These
findings indicate that DAT may be a more criti-
cal mediator of the adverse events associated with
METH overdose than SERT.

As mentioned before, a major concern regard-
ing the widespread illicit use of AMPH and METH
is their neurotoxic potential, as revealed in ani-
mal studies and as observed clinically. This includes
both acute adverse events, as discussed earlier, as
well as long-term effects of neuronal toxicity and
other changes produces by these drugs. In animal
models, METH produces dopaminergic,”” and to a
lesser extent serotonergic,’® neurotoxicity. The neu-
rotoxic effects of METH on DA neurons are elim-
inated in DAT KO mice,” although the effects of
METH on serotonergic neurons are attenuated but
still present. The neurotoxic effects of METH are
enhanced in VMAT2"/~ KO mice,?*8! as are the
neurotoxic effects of MPTP># and 1-dopa.?® En-
hanced neurotoxicity was not observed after sub-
chronic treatment with r-dopa in VMAT2%/~ KO
mice.®* Increased dopaminergic toxicity after acute
treatments with these agents may reflect a generally
diminished capacity of VMAT2 to sequester toxins®
in VMAT21/~ KO mice, as well as increased ac-
cumulation of oxidative metabolites resulting from
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elevated cytosolic DA concentrations. Although ho-
mozygous VMAT?2 KO is lethal with a few days post-
natally, a study that examined early postnatal ventral
midbrain cultures from VMAT2H/*, VMAT2*/-,
and VMAT27/~ mice found that there was an in-
verse relationship between VMAT?2 expression and
dopaminergic toxicity.3

MDMA

MDMA is another commonly abused AMPH com-
pound that produces positive subjective feelings,
produces reward, and is associated with several ad-
verse effects including hyperthermia, lethality, and
neurotoxicity.®’” The subjective state induced by
MDMA is described as qualitatively different from
that of other AMPH and is said to include feel-
ings of openness and empathy.®® Although many
of its behavioral and psychological consequences
have been associated with its effects on seroton-
ergic function, MDMA increases DA and nore-
pinephrine function as well.¥ There is evidence
that MDMA CPP and self-administration depend
on DA systems,”>°! although its affinity for SERT
is higher than its affinity for DAT*® and it pro-
duces greater release of 5-HT than DA.”? Thus,
the dopaminergic effects of MDMA are likely to
be indirect consequences of MDMA actions. This
idea is supported by the demonstration that dele-
tion of the SERT gene eliminates the acquisition of
MDMA self-administration.”® Some of these effects
may be open to other interpretations, however. Part
of the effect of SERT KO on operant responding
for MDMA appeared to be due to more general-
ized behavioral or cognitive deficits that delayed the
acquisition, and maximal response rate, of operant
responding for food and water rewards. Indeed, we
observed similar deficits for acquisition of cocaine
self-administration in SERT KO mice.'® However,
these more general deficits in operant responding
can not fully account for the effects of SERT KO on
MDMA self-administration, which was abolished,
as were the locomotor stimulant effects of MDMA.”!
Deletion of the SERT gene increases basal levels of
5-HT in diverse brain regions but does not affect
basal DA levels.?*?*% Although the elevations in
extracellular DA produced by MDMA in the nu-
cleus accumbens were unaffected by deletion of the
SERT gene, MDMA-induced increases in extracel-
lular 5-HT in the prefrontal cortex were abolished,”
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as was 5-HT release in the dorsal raphe and conse-
quent inhibition of serotonergic neurons,’® indicat-
ing that changes in 5-HT in SERT KO mice may
have the greatest relevance to the behavioral effects
of MDMA discussed earlier.

In addition to its abuse potential, MDMA pro-
duces long-term changes in serotonergic neurons
that have been described as neurotoxic.”® The na-
ture of MDMA “neurotoxicity” is a matter of de-
bate, and although it has been suggested that this is,
strictly speaking, not the case, substantial impair-
ments in serotonergic functioning are observed.”’
Many of the long-term effects of MDMA adminis-
tration, including dorsal raphe 5-HT)4 supersensi-
tivity, decreased hippocampal cell proliferation, and
depressive-like behavior, are all eliminated in SERT
KO mice, suggesting that SERT is the primary me-
diator of these adverse effects as well.”® Of course,
one interpretive problem for some of these effects is
that SERT KO mice, in some respects, have baseline
phenotypes characteristic of WT mice chronically
treated with MDMA to begin with. Other genes are
important in the neurotoxic effects of MDMA as
well. MDMA-induced 5-HT depletion is eliminated
in MAO-B KO mice,”® and even more interesting,
in these mice DA depletion is enhanced.

Methylphenidate

Methylphenidate is a nonspecific monoamine re-
uptake blocker with a greater affinity for NET than
cocaine, but a relatively weak affinity for SERT,”” and
the prototypical AD/HD treatment. As with other
monoamine blockers, the relative importance of
methylphenidate binding to different monoamine
transporters for its behavioral effects is a matter of
some debate. As discussed, DAT KO produces im-
pairments in PPI that can be ameliorated by cocaine
and AMPH. If this is indeed a model of AD/HD, at
least in certain respects, then it should be expected
that methylphenidate should also ameliorate these
attentional deficits. Indeed, methylphenidate was
found to ameliorate DAT KO induced PPI deficits™!
and hyperactivity.® In WT mice, methylphenidate
produces activation of the c-fos in diverse brain
areas that are not activated in DAT KO mice,!®
whereas DAT KO mice have activation of the c-
fos in brain areas that are not normally activated
in WT mice. This different pattern of c-fos activity
in WT and DAT KO mice was thought to reflect
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dopaminergic, versus nondopaminergic, mecha-
nisms of methylphenidate and are consistent with
the different behavioral effects of methylphenidate
in these mice. The locomotor-decreasing effects of
methylphenidate in hyperactive DAT KO mice may
also be associated with the opposite effects of AMPH
on postsynaptic signal transduction compared to
WT mice.®

Although some responses to methylphenidate are
substantially altered in DAT KO mice, the rewarding
effects of methylphenidate in the CPP paradigm are
unaffected,® similar to the effects of cocaine in these
mice. As discussed in a previous section, some of
these effects are probably due to neurodevelopmen-
tal or compensatory alterations in DAT KO mice,
because similar changes are not observed in the
DAT CI mouse. The DAT CI mutant mouse has
reduced binding of methylphenidate to the DAT,'"!
and the rewarding effects of methylphenidate in the
CPP paradigm, as well as the locomotor stimulant
and stereotypical effects of methylphenidate, were
all eliminated in these mice.

Methylphenidate has a low affinity for SERT, al-
though it does bind to both DAT and NET.”® Thus,
those effects not mediated by DAT are likely to be
mediated by NET. Gu et al.!? recently identified a
mutant mouse with a cocaine-insensitive NET. In-
terestingly, the triple mutation in this mouse line
resulted in a substantial reduction in binding of co-
caine, but it had little effect on the affinity for AMPH
or methylphenidate and had relatively normal nore-
pinephrine transport.

Monoamine receptor knockouts

With the substantial evidence for the involvement
of monoamine transporters in the effects of psy-
chostimulant drugs, it is not surprising that there
is also substantial evidence for the involvement
of monoaminergic receptors. As for transporters,
much of this research has reflected a dopaminer-
gic emphasis (or bias, perhaps), at least initially,
both in the pharmacological literature and in trans-
genic studies. As can be seen in Table 3, most studies
have concentrated on the rewarding and locomotor-
stimulant effects of cocaine in dopaminergic re-
ceptors, with much less work examining other
psychostimulant effects and other monoaminergic
receptors.
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Table 3. Psychostimulant responses in monoamine transporter transgenic mice

Citation

Gene

Micro- Loco-
Drug dialysis motion

Self- Adverse
CPP administration effects

Budygin,
E.A. etal
2004

Salahpour,
A.etal.
2008

Spielewoy,
C.etal
2001

Xu, E et al.
2000

Takahashi,
N. et al.
1997;
Fukushima,
S.etal.
2007

Numachi, Y.
etal.
2007

Fumagalli,
E etal
1998

Fumagalli,
E et al
1999;
Guillot,
T.S. et al.
2008

Trigo, J.M.
etal.
2007

Bengel, D.
etal.
1998

Renoir, T.
etal.
2008

Sora et al.
1998

Tilley, M.R.
& H.H.
Gu. 2008

DAT KO

DAT over-
expres-
sion

DAT KO

NET KO

VMAT?2

KO

DAT KO

DAT KO

VMAT?2

KO

SERT KO

SERT KO

SERT KO

DAT KO

DAT CI

AMPH

AMPH Increased Increased

AMPH Decreased

AMPH Increased

AMPH, Increased

METH

METH

METH

METH

MDMA Abolished
5-HT in
PFc
MDMA Eliminated

MDMA

Methyl-
phenidate

Methyl- Eliminated
phenidate

Unaffected,
abolished
by 5 —HT1 A
antagonist

Increased

Decreased

Reduced
hyper-
thermia

Eliminated
neurotoxic
effects

Enhanced
neurotoxic
effects

Eliminated

Decreased
hippocam-
pal cell
prolifera-
tion was
eliminated

Unaffected

Eliminated

PFc: prefrontal cortex.
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Dopamine receptors

The studies of DAT KO mice discussed herein obvi-
ously implicate dopaminergic mechanisms in many
psychostimulant effects but do not specify which DA
systems are involved. Because of the belief of the im-
portance of DA for psychostimulant effects, some of
the first gene KO mice made were for dopaminergic
receptor genes. Dopaminergic receptors are classi-
fied as D; -like (D; and Ds) or D,-like (D5, D3, and
D,) receptors on the basis of sequence homology
and pharmacology.!® DA receptors also have differ-
ent distributions in the brain.!**~1% This would then
indicate that transgenic manipulations of dopamin-
ergic receptors may produce more specific effects on
behavior, and the effects of psychostimulants, than
monoamine transporter manipulations. However,
it may also be possible that there is a greater pos-
sibility of compensation by other receptors in the
absence of one.

Cocaine

D; KO mice. There is substantial pharmacological
evidence for the involvement of DA receptors in
drug reward, and in the effects of cocaine in par-
ticular. Full D;-like agonists are self-administered
by rats,'” and administration of D,-like antago-
nists decreases cocaine self-administration.!'* Of
course one problem with many pharmacological
agents used to study dopaminergic effects is speci-
ficity for DA receptor subtypes, so that the effects
mentioned earlier may not be due to actions at D; re-
ceptors per se. Transgenic techniques thus presented
away to specifically address which DA receptor sub-
types may be involved in the rewarding effects of
cocaine. D; KO mice have been reported to demon-
strate normal responses to the rewarding effects of
cocaine in the CPP paradigm,'!'! although they do
show reduced voluntary ethanol consumption,!!?
suggesting that deletion of the D; receptor does at-
tenuate the reinforcing properties of some drugs.
Interestingly, and in a manner somewhat reminis-
cent of the consequences of deletion of the DAT
gene, the locomotor stimulant effects of cocaine, as
well as locomotor sensitization, are eliminated in D,
KO mice.!!!:113:114 [ndeed, this parallel may go even
further, because D; KO mice have been reported
to have locomotor-decreasing effects of cocaine.!
Although another study did not observe this, it did
observe locomotor-decreasing effects of cocaine in
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combined D;—D3 KO mice, which were hyperactive
at baseline.!'® Combined D;—-D; KO also reduced
cocaine CPP, but only at the lowest dose exam-
ined.!® Despite the observation of normal cocaine
CPP in D; KO mice, cocaine self-administration is
virtually eliminated, most of the subjects not meet-
ing the criteria for acquisition.!” Again, this situa-
tion is similar to that observed in DAT KO mice in
a recent study.!” In WT mice the immediate early
genes c-fos and zif268 are activated by cocaine, but
this does not occur in D; KO mice, and instead there
is activation of the expression of the substance P
gene.!'® D; KO also reversed the effect of cocaine on
CREB phosphorylation, producing decreases, rather
than increases, in CREB phosphorylation,!!® and a
reduction in the number of pCREB immunoreac-
tive cells were observed throughout the striatum in
these mice.

D, KO mice. On the basis of pharmacological
evidence alone, there is perhaps even more evidence
for the involvement of the D, receptor in the reward-
ing effects of psychostimulants. Similar to D;-like
DA receptors, D-like agonists are self-administered
by rats!® and D,-like antagonists reduce cocaine
reinforcement.!'® However, despite the indications
from pharmacological studies, self-administration
of low to moderate doses of cocaine is unaffected,
whereas self-administration of moderate to high
doses of cocaine is actually increased in D, KO
mice,''? and D, KO produced only a slight reduc-
tion in cocaine CPP.!?* Those authors also found a
reduction in the ability of cocaine to stimulate pro-
duction of c-Fos. D, KO also does not affect the
discriminative stimulus effect of cocaine.!?! Thus,
it would appear at the very least that D, KO does
not produce quite the same effects as D, antagonists
in WT mice in models of drug reward. Whether
this indicates that there are compensatory changes
in other DA receptors, or that normally multiple
receptors are involved, remains to be determined.

Similarly to the effects discussed in the forego-
ing section, locomotor stimulant effects of cocaine
were largely unaffected in D, KO mice, once dif-
ferences in basal activity were taken into account,'?!
although another study did find reduced locomotor-
stimulant effects of cocaine,'”® which was ac-
companied by pronounced stereotypical grooming.
DA autoreceptor function was eliminated in D,
KO mice,'?? but cocaine-mediated DA efflux was
only slightly affected in striatal synaptosomes. This
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outcome was observed even though DAT clearance
rates were reduced by 50%,'** which seemed to re-
sult from a change in activity because the density
and affinity of DAT sites were unchanged. In any
case, regardless of the mechanism, these changes
are associated with substantially increased DA re-
lease in response to cocaine as measured by in vivo
microdialysis in D, KO mice, or mice with a selec-
tive deletion of the long isoform of the D, (D;)
receptor.'?*

Ds, D4, and D; KO mice. There has been less
pharmacological evidence of a role for other DA re-
ceptor subtypes in the effects of psychostimulants,
although certainly some, and perhaps more for the
D; receptor,125 because more selective agents have
not been available for as long. Thus, examination of
genetic deletion of the other DA receptors should
be especially illuminating here. Both D3 KO mice'?®
and D, KO mice!?”12 have increased locomotor re-
sponses to cocaine. By contrast, Ds KO was reported
to produce a reduction in cocaine-stimulated loco-
motion,'?? although this effect was not found in an-
other study.!'* The basis of the effects in D3 and Dy
KO mice was suggested to be quite different. D; KO
mice have increased sensitivity to combined D; and
D, agonists, so it was suggested that the enhanced
responses to cocaine in these mice were due to in-
creased D/D, synergy.!?® In contrast, the effects of
D, gene deletion were suggested to be mediated by
the elimination of inhibitory effects of the D, re-
ceptor.'!® In either case the mechanisms involved
are somewhat speculative. The baseline difference
in cocaine responsiveness observed in D; KO mice
discussed in the preceding section was not large and
limited to alow dose. Using a higher dose and testing
in the home cage, another study found that D3 KO
mice had reduced locomotor responses to cocaine,
although this appeared to be the result of stereo-
typical head-bobbing behavior.!*® Furthermore, in
WT mice repeated cocaine treatment produced lo-
comotor sensitization, but this was not found in D;
KO mice, which instead showed sensitized stereo-
typical head bobbing.!*® The increased stereotypy
observed in D3 KO mice is also associated with in-
creased stimulatory effects on c-fos and dynorphin
gene expression,'*® which were thought to be indica-
tive of enhanced D; stimulation in the absence of
Ds. In contrast to diminished effects on cocaine lo-
comotion, D3 KO mice exhibit increased sensitivity
to cocaine in the CPP paradigm.'?® Reduced loco-
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motor sensitization was observed in D5 KO mice,!'*
which did not exhibit sensitization under most con-
ditions tested.

Far less work has been done to examine other
psychostimulant effects. The potency of cocaine as
a discriminative stimulus was enhanced in D, KO
mice!?” but unaffected by D5 KO.!? Cocaine CPP
was also normal in these mice.!'* The ability of co-
caine to produce conditioned locomotion is not
different in D3 KO mice compared to WT con-
trol mice,'®! although those authors found that Ds
agonists did inhibit the behavior, again suggesting
compensatory actions of other DA receptors when
one is eliminated. The effects of cocaine on PPI
appear to involve DA D;, D,, and Dj receptors.'>
D; KO eliminated cocaine-induced impairments in
PPI, whereas D, KO was partially effective. By con-
trast, D3 KO produced increases in cocaine-induced
impairments in PPI. Finally, DA receptors may also
play a role in cocaine-induced toxicity. Although D3
KO did not affect cocaine-induced convulsions by
itself, it did block the protective effects of a D,/D3
agonist, whereas D, KO was without effect.'*?

Much more work remains to be done here. Many
of the effects of psychostimulants that have been
identified in DAT KO mice have not been exam-
ined in DA receptor KO mice. Furthermore, as for
monoamine transporter KOs, it may be necessary to
examine multiple receptor KOs where there is no or
little effect of single receptor gene KOs.

Amphetamines

As for cocaine, most transgenic work has concen-
trated on dopaminergic receptor KOs, as can be seen
in Table 4. Most studies have concentrated on the re-
warding and locomotor-stimulant effects of AMPH,
with much less work examining other psychostim-
ulant effects and other AMPH compounds.

D; KO mice. There are conflicting reports on
the effects of AMPH in Dy KO mice. An early study
found that although initial locomotor responses to
AMPH were unaltered in D; KO mice, the sensi-
tization of these responses was diminished.'** An-
other study found a slight diminution in the acute
locomotor-stimulating effects and largely unaltered
locomotor sensitization,!” although one difficulty
of interpretation here was high locomotor activity
in saline-treated subjects, so that when this is taken
into account, it could be considered that they have
reduced sensitization. Contrary to these studies,
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Table 4. Psychostimulant responses in monoamine receptor transgenic mice

Adverse
effects: Adverse
Loco- Sensiti- hyper- effects:
Citation Gene Drug motion zation CPP PPI thermia lethality
Crawford, D, KO AMPH Unaffected Decreased
C.A. etal
1997
Karper, PE. D, KO AMPH Unaffected
et al. 2002
McDougall, D, KO AMPH Increased  Increased
S.A. etal
2005
Ralph, R.J. D, KO AMPH Disrupted
et al. 1999 AMPH-
induced
impair-
ments
Kelly, M.A. D, KO AMPH Decreased  Unaffected
et al. 2008
Xu, R. et al. D, KO AMPH Unaffected
2002 AMPH-
induced
impair-
ments
Xu, M. et al. D; KO AMPH Increased
1997
Ralph, R.J. D; KO AMPH Unaffected
et al. 1999 AMPH-
induced
impair-
ments
Ralph, R.J. D, KO AMPH Unaffected
etal. 1999 AMPH-
induced
impair-
ments
Kruzich, PJ., D, KO AMPH Increased
K.L.
Suchland &
D.K.
Grandy.
2004
Kelly, M.A. D, KO AMPH Increased
et al. 2008
Harrison, S.J. D; KO AMPH Increased
& J.N.
Nobrega.
2009
Bronsert, M.R.  5-HT,;3 KO AMPH Increased Increased
etal. 2001
Weinshenker, DBHKO AMPH Increased  Unaffected
D.etal
2002
Drouin, C. oy, KO AMPH Decreased Decreased
et al. 2002
Continued
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Table 4. Continued
Adverse
effects: Adverse
Loco-  Sensiti- hyper- effects:
Citation Gene Drug motion  zation CPP PPI thermia lethality
Sallinen, J. a,. KO AMPH Increased Increased
etal. 1998
Lahdesmaki, J.  a,, KO AMPH Increased
et al. 2004 AMPH-
induced
impair-
ments
Ito, M. et al. D, KO METH Modestly Substantially
2008 attenuated attenuated
METH- METH-
induced induced
hyperther-  lethality
mia
Ito, M. et al. D, KO METH Eliminated  Substantially
2008 METH- attenuated
induced METH-
hyperther-  induced
mia lethality
Rubinstein, M. D, KO METH Increased
et al. 1997
Allan, A.M. 5-HT; METH Decreased
etal. 2001 over-
expres-
sion
Risbrough, D, KO MDMA Increased
V.B. et al.
2006.
Risbrough, D, KO MDMA Decreased
V.B. et al.
2006.
Risbrough, D; KO MDMA Unaffected
V.B. et al.
2006.
Dulawa, S.C. 5-HT ;3 KO MDMA Increased
et al. 1998,
2000
Scearce-Levie, 5-HT,; KO MDMA Decreased Increased
K., S.S.
Viswanathan
& R. Hen.
1999
Bexis, S. & J.R. s KO MDMA Biphasic
Docherty. response,
2005 hypother-
mia
followed
by hyper-
thermia
18 Ann. N.Y. Acad. Sci. xxxx (2010) 1-29 © 2010 New York Academy of Sciences.
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another study found generally increased responses
to AMPH after chronic treatment in D; KO mice, in-
cluding increased context-dependent sensitization,
context-independent sensitization, and conditioned
locomotion.'® Yet another study found no differ-
ences in sensitization in D; KO mice.'*¢ It is dif-
ficult to say why these different results have been
obtained.

D, KO mice. One complication of the study of
D, KO mice is that the D, receptor is expressed
both presynaptically and postsynaptically. DA au-
toreceptor function is eliminated in D, KO mice,'??
although interestingly the effects of AMPH on DA
release were unaltered in that study. Interpretation
of psychomotor stimulant effects in D, KO mice is
complicated by reduced basal levels of activity.!*’
However, even when this is taken into account
they do appear to display diminished locomotor-
stimulant effects of METH,'*® although sensiti-
zation of those responses did not appear to be
affected.

D;, Dy, and Ds KO mice. As for cocaine, both
D3 and D, KO mice have increased locomotor-
stimulant effects of AMPH,'?*1% although this is
limited to particular doses.!*® Importantly, these
changes in D3 KO mice were not associated with
changes in the stereotypical effects of AMPH,!*
as might be predicted based on the localization
of that receptor compared to the D, receptor. Dy
KO mice also have increased locomotor responses
to METH.!?® The mechanisms may be different in
each case, as discussed earlier, and may or may not
involve other DA receptors. Locomotor sensitiza-
tion to AMPH is also enhanced in D, KO mice,!?°
at least under some conditions. AMPH sensitiza-
tion was not different from WT controls in Ds KO
mice.'!

The PPI-impairing effects of AMPH were dis-
rupted in D, KO mice but not D3 or D4 KO mice.!#?
This pattern is slightly different from that discussed
earlier for cocaine. This is a further indication that
the effects of psychostimulants, though substan-
tially overlapping, still involve some different mech-
anisms. The effect of AMPH was not disrupted in
D51 KO mice, which may suggest that these effects
are mediated by the D, isoform.!%?

Adverse effects of AMPH. Evidence for the im-
portance of DA in the adverse effects of METH was
discussed earlier, including data from DAT KO mice,
including evidence that the hyperthermic and lethal
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effects of METH were somewhat dissociable. DA
antagonists reduce METH-induced hyperthermia’
and lethality,”* but these effects are highly dose de-
pendent and substantially dependent on ambient
temperature. In a recent study, we examined the
roles of dopamine D; and D, receptors in METH-
induced hyperthermia and lethal effects by using
D, KO and D, KO mice.!** This study found that
both the D; and D, receptors have roles in the
lethal effects of METH but differently affect the
hyperthermic effects of METH. D, KO eliminated
METH-induced hyperthermia, whereas D, KO pro-
duced a more modest attenuation of this response.
Both KOs produced a substantial attenuation of
METH-induced lethality. These data further disso-
ciate the mechanisms underlying METH-induced
lethality and METH-induced hyperthermia, even
though dopaminergic mechanisms appear to be in-
volved in both effects.

MDMA. Most research into the mechanisms un-
derlying the effects of MDMA has concentrated on
serotonergic mechanisms, but there is also evidence
for direct or indirect roles of dopaminergic systems
in MDMA-induced effects, although not much work
has been done in this area in transgenic mice. In
male D; KO mice the locomotor stimulant effects of
MDMA were increased, whereas D, KO was found
to reduce MDMA effects and D3 KO was without ef-
fect.!*> There were also some changes in the pattern
of activity, including reduced MDMA-induced per-
severative thigmotaxis in D, KO mice. There was
also some sex dependency of these effects, so al-
though D3 KO was without effect in males, there
was a slight reduction in MDMA-induced hyper-
locomotion in females.

Serotonin receptors

Although the importance of dopaminergic systems
in the effects of psychostimulants has been well es-
tablished, data discussed earlier indicate that sero-
tonergic systems, particularly those that interact
with dopaminergic systems, also have a role. That
evidence has not identified the particular parts of
the serotonergic system that may be involved in
psychostimulant actions and which of the many 5-
HT receptor subtypes may be involved. 5-HT re-
ceptors are diverse, comprising many structurally
and pharmacologically distinct mammalian 5-HT
receptor subtypes, as determined from sequence
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homology and pharmacology,'*® which have dis-
tinctly different anatomical distributions,'*’~'*° and
many of which are thought to modulate the effects
of psychostimulants.!*® Although pharmacological
evidence has been important in implicating 5-HT
in the effects of many psychostimulants, because of
the many 5-HT receptor subtypes the situation re-
garding specificity of available agents is even more
of a problem than it is for dopaminergic systems.
Therefore, transgenic studies have contributed sub-
stantially to our knowledge about the role of specific
5-HT receptor subtypes in the effects of psychos-
timulants, although some have been much more
thoroughly investigated than others.

Cocaine
5-HT;5 KO mice. On the basis of the impetus of
pharmacological evidence, the 5-HT;p receptor has
been more extensively examined in transgenic stud-
ies than other 5-HT receptor subtypes. This ev-
idence includes data demonstrating that 5-HT;p
receptor agonists enhance cocaine-induced rein-
forcement'®' and increase extracellular DA in the
nucleus accumbens.’®? 5-HT,;5 KO increased the
locomotor stimulant effects of cocaine,'*!'>*> which
prompted Rocha et al.'® to suggest that these mice
were “presensitized” to cocaine. 5-HT;g KO was
initially associated with accelerated acquisition of
cocaine self-administration,'** without many other
changes, but was subsequently associated with in-
creased cocaine self-administration under a vari-
ety of conditions.!>15* Surprisingly, cocaine was re-
ported not to produce a CPP in these mice,' al-
though this appears to be yet another example in
which transgenic manipulations produce divergent
results in CPP and self-administration paradigms.
Nonetheless, as further evidence that these effects
involved interactions with dopaminergic systems,
in vivo microdialysis studies found that basal and
cocaine-evoked DA levels in the nucleus accumbens
of 5-HT ;3 KO mice were increased.'*® These changes
would appear to be most consistent with the self-
administration studies in these mice, although there
is evidence that postsynaptic changes may oppose
these actions, including reduced cocaine-evoked el-
evation of c-Fos,'”” which may help explain the di-
vergent effects in different models.

Other serotonin receptors. Other 5-HT recep-
tor subtypes have been much less extensively ex-
amined in transgenic models, the initial studies be-
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ginning with 5-HT receptor subtypes localized on
dopaminergic neurons and for which there was al-
ready evidence that they modulate dopaminergic
function.'® Deletion of 5-HT,c receptors was as-
sociated with greater release of DA in the nucleus
accumbens and increased reinforcing efficacy of co-
caine, including increased responding under a pro-
gressive ratio schedule.’” In both 5-HT;p recep-
tor KO mice and in 5-HT),¢ receptor KO mice,
higher reinforcing efficacy of cocaine was associ-
ated with greater cocaine-stimulated DA levels in
the nucleus accumbens. Thus studies of cocaine self-
administration in different 5-HT receptor KO mice
suggest that increased reinforcing efficacy of cocaine
is ultimately associated with increased DA activity.

Some other 5-HT receptor subtypes have also
been examined. The locomotor-stimulating effects
of cocaine are increased in 5-HT,, KO mice, but
they still exhibit sensitization.!®® Transgenic over-
expression of the 5-HT; receptor reduces the re-
warding effects of cocaine in the CPP paradigm.!¢!
In these data there was a slight trend for 5-
HTj;-overexpressing mice to be more sensitive to
low doses of cocaine. The 50% effective dose for
locomotor-stimulating effects of cocaine was sub-
stantially reduced in these mice, which was associ-
ated with greater DA release in response to applica-
tion of low doses of cocaine to striatal brain slices.
The contribution of specific serotonergic receptors
to the toxic or lethal effects of cocaine has not been
investigated to any great degree, although a recent
study has shown that 5-HT; KO increases cocaine-
induced seizures and lethality.!%?

Amphetamines

Other psychostimulants have been even less ex-
amined than cocaine in 5-HT receptor KO mice.
5-HT;g KO mice had increased acute and sensitized
locomotor effects of AMPH.'®* On the basis of com-
parisons between intraperitoneal and intravenous
routes of administration, those authors suggested
that some of the effects of 5-HT;3 KO were due to
interactions with handling stress, but not all. As for
cocaine, the 50% effective dose for the locomotor-
stimulating effects of METH was decreased in 5-
HT;-overexpressing mice.'®! Finally, MDMA does
not affect PPI in WT mice but increases PPI in 5-
HT,5 KO mice, 04195 whereas the locomotor stimu-
lant effects of MDMA are attenuated in 5-HT;g KO
mice. !
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Norepinephrine system

Norepinephrine systems have been the least as-
sociated with the rewarding effects of psychos-
timulants of the three main monoamine systems,
at least in recent years. However, as discussed in the
preceding, NET KO affects several psychostimulant-
induced behaviors, including psychostimulant re-
ward. Although not extensively investigated, there
is accumulating evidence for involvement of nore-
pinephrine systems in several psychostimulant re-
sponses from recent transgenic studies. At least
a part of the impetus for examining particu-
lar norepinephrine receptors comes from evidence
that these receptors modulate somatodendritic DA
function.'®”

Cocaine
Transgenic mice that lack the enzyme that synthe-
sizes norepinephrine, DA (3-hydroxylase (DBH), are
hypersensitive to the locomotor-stimulant effects of
cocaine.'®® There was also a leftward shift in the
dose—response curve for cocaine CPP, with a greater
CPP observed in DBH KO mice at a cocaine dosage
of 5 mg/kg, as well as a pronounced cocaine con-
ditioned place aversion at 20 mg/kg cocaine. These
authors suggested that this change in responsive-
ness was due to profound adaptive changes in DA
systems, including substantially reduced presynap-
tic dopaminergic responses and postsynaptic recep-
tor supersensitivity caused by increased numbers
of both D; and D, receptors in the high-affinity
state. Furthermore, these effects were observed in
the striatum, but not the prefrontal cortex. The rea-
son for these differences is uncertain, as is the degree
to which the adaptations may be driven, or pre-
vented in the prefrontal cortex, by DA release from
norepinephrine synapses. Another report suggested
that DBH KO eliminated the rewarding effects of
cocaine in the CPP paradigm,'®® but this might be
due to the dose—effect relationship noted earlier. The
specific receptors involved in these effects is uncer-
tain and will remain so until more noradrenergic
receptor subtypes have been investigated, but initial
evidence implicates the ay receptor. Oral cocaine
consumption was reduced by a3, KO, and there were
substantial decreases in the locomotor-stimulant ef-
fects of cocaine as well as locomotor sensitization.'”°
Surprisingly, few studies have addressed the aver-
sive effects of cocaine, which are often presumed
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to involve noradrenergic mechanisms. However, a
recent report has found that the aversive effects of
cocaine are eliminated in DBH KO mice.'”! With
regard to lethal or toxic effects, again, not much has
been done, but DBH KO had no effect on cocaine-
induced seizures.'”?

Amphetamines
DBH KO mice are hypersensitive to the locomotor-
stimulant effects of AMPH and exhibited a leftward
shift in the dose-response curve for AMPH, in-
cluding exhibiting stereotypical behavior at much
lower doses of AMPH than is observed in WT
mice.!”> However, this may have resulted from al-
terations in DA receptor function because these
mice were less sensitive to a D; agonist and more
sensitive to a D, agonist. Sensitization of AMPH
responses was unaltered in these mice. Indeed,
norepinephrine may have a more general modu-
lating effect upon dopaminergic function and the
effects of psychostimulants. Recent pharmacologi-
cal studies have suggested that stimulation of the ayp,
receptor increases psychostimulant effects, whereas
stimulation of the o, adrenergic receptor inhibits
those effects.!’* This supposition has been sup-
ported by transgenic studies. a1, KO produces sub-
stantial decreases in the locomotor stimulant ef-
fects of AMPH as well as sensitization of those
responses,'’? whereas the locomotor-stimulant ef-
fects of AMPH are enhanced in a,. KO mice and
reduced by transgenic overexpression of the a,. re-
ceptor.!”> Consistent with the evidence for the in-
volvement of both SERT- and NET-mediated re-
sponses underlying the retention of CPP in DAT KO
mice,'® there is evidence in o, KO mice for com-
pensatory involvement of 5-HT systems. In a;, KO
mice a 5-HT,, antagonist blocked the locomotor-
stimulant effects of AMPH and the sensitization of
those effects.!”® Under normal circumstances these
two receptors have been suggested to be mutually
inhibitory, even though they are individually be-
haviorally activating, and one mechanism of sensi-
tization has been suggested to be the decoupling of
these receptors producing increased DA activity.!”
Again, little work has been done on the role of
noradrenergic system genes in other psychostimu-
lant effects. Adrenergic receptors may contribute to
the effect of AMPH on sensorimotor gating in the
PPI model. Consistent with some of the other ef-
fects discussed earlier, a4 KO mice have increased
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PPI-disrupting effects of AMPH.!”® a,5 KO also al-
ters the effects of MDMA on temperature.'” Finally,
with regard to adverse effects of amphetamines,
elimination of norepinephrine in DBH KO mice in-
creases the effect of METH on DA release, oxidative
stress, and neurotoxicity.'8

Discussion

From the data presented here it is clear that there is
accumulating evidence from transgenic, and espe-
cially gene KO studies, for the role of monoamin-
ergic transporter and receptor genes in the actions
of psychostimulants, and by implication addiction.
This review has been limited in two major ways: to
discussion of the effects of transgenic manipulations
of monoamine transporter and receptor genes and
to the effects of psychostimulants. There is substan-
tial evidence that monoamine gene manipulations
also affect the actions of addictive drugs that do not
act directly through monoamine transporters or re-
ceptors, such as morphine and ethanol, and simi-
larly, there is a substantial body of work demonstrat-
ing that transgenic manipulations of genes other
than those discussed here affect the actions of psy-
chostimulants. However, what is evident from the
transgenic work discussed here is that there is a
complex emerging picture of interactive gene ef-
fects, even when considering just the monoamin-
ergic genes, that is important in determining the
effects of psychostimulants.

An additional point that has been substantially
sidestepped in this review is the relationship of these
transgenic “models” to human addiction. One of the
conclusions that has become most evident in recent
genomewide association studies of addiction!$1-18”
is that the genes that underlie addiction in humans
seem to rather rarely include the classes of genes
discussed here, monoamine transporters and recep-
tors. Instead, the allelic variation in the actual hu-
man population that seems to underlie addiction in-
volves a higher proportion of other classes of genes,
including many involved in signal transduction and
synaptic plasticity.'3® This realization will be impor-
tant for developing animal models of addiction, and
as the sophistication of these approaches develops,
for modeling the specific allelic variants that may
underlie human addiction.

This is not to say that the extensive studies dis-
cussed here have not contributed a great deal to
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the study of addiction. First, these transgenic mod-
els indicate genes that may be involved in addic-
tion in humans (this may or may not be the case
depending upon the actual allelic variation that
exists in these genes in humans). Second, they in-
dicate genes that, when manipulated, produce sub-
stantial changes in observable phenotypes that are
relevant for addition, and the many diverse actions
of psychostimulants, and may therefore contribute
to the development of addiction therapeutics. Thus,
in these ways the use of transgenic techniques has
substantially improved our understanding of addic-
tion genetics and provides insight into the poly-
genic determination of drug addiction phenotypes
in ways that would not be possible with other meth-
ods. The complex picture that has emerged from
this research fits with recent polygenic descriptions
of genetic influences on human addiction developed
from genomewide association studies, and no mat-
ter how much we may desire simple answers to our
questions, we must accept the complex reality that
is evident in these data.
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