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Cocaine blocks uptake by neuronal plasma membrane transporters
for dopamine (DAT), serotonin (SERT), and norepinephrine (NET).
Cocaine reward/reinforcement has been linked to actions at DAT or
to blockade of SERT. However, knockouts of neither DAT, SERT, or
NET reduce cocaine reward/reinforcement, leaving substantial un-
certainty about cocaine’s molecular mechanisms for reward. Conceiv-
ably, the molecular bases of cocaine reward might display sufficient
redundancy that either DAT or SERT might be able to mediate cocaine
reward in the other’s absence. To test this hypothesis, we examined
double knockout mice with deletions of one or both copies of both
the DAT and SERT genes. These mice display viability, weight gain,
histologic features, neurochemical parameters, and baseline behav-
ioral features that allow tests of cocaine influences. Mice with even
a single wild-type DAT gene copy and no SERT copies retain cocaine
reward/reinforcement, as measured by conditioned place-preference
testing. However, mice with no DAT and either no or one SERT gene
copy display no preference for places where they have previously
received cocaine. The serotonin dependence of cocaine reward in DAT
knockout mice is thus confirmed by the elimination of cocaine place
preference in DAT/SERT double knockout mice. These results provide
insights into the brain molecular targets necessary for cocaine reward
in knockout mice that develop in their absence and suggest novel
strategies for anticocaine medication development.

Cocaine is a reinforcing/rewarding abused drug that confers
substantial morbidity and mortality (1). No present medication
robustly blocks cocaine reward/reinforcement or substantially re-
lieves cocaine dependence (2). Cocaine’s potent actions in blocking
uptake by neuronal plasma membrane transporters for dopamine
(DAT), serotonin (SERT), and norepinephrine (NET) are well
known (3). However, the relationships between these molecular
actions and cocaine reward/reinforcement have remained obscure
(4). Improved understanding of the molecular underpinnings of
cocaine reward should increase understanding of brain reward
mechanisms and provide better opportunities for rational design of
effective anticocaine medications.

Most molecular explanations for cocaine reward/reinforcement
have focused on DAT, whereas some implicate SERT. Support for
DAT as a primary site for cocaine reward/reinforcement has come
from structure—activity studies of DAT blockers (3, 5), effects of
dopamine lesions on cocaine reward (6-8), and findings of en-
hanced dopamine release after cocaine administration (6). How-
ever, recent data demonstrate intact cocaine reward in each of two
strains of DAT knockout mice (6, 9, 10). DAT is thus not absolutely
required for cocaine reward in mice that develop in its absence.
Several compounds that potently inhibit dopamine uptake, drugs
that include mazindol, display only limited abuse liability in humans
or animal models (11-13). Mazindol potently inhibits DAT and
NET but only weakly inhibits SERT; these differences from cocaine
could conceivably contribute to the distinct reward profile of
mazindol (14-16). Contributions of SERT blockade to cocaine
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reward/reinforcement have also been suggested. Manipulations of
serotonin systems that can modulate cocaine or amphetamine
reward (17-21) include 5-HT;p serotonin receptor knockout (22),
5-HTg agonists or antagonists (20, 22, 23), serotonin depletion
(24), 5-HT?2 antagonists (25), and 5-HT1A agonists (26). However,
the SERT-selective blockers widely used for depression seldom
either produce the rewarding responses characteristic of cocaine or
enhance cocaine reward (27, 28). Cocaine reward is intact in SERT
knockout mice (9). Indeed, the enhanced cocaine reward that can
be found in SERT and NET knockout mice (9, 29) could suggest
that NET- and SERT-expressing systems might contribute to the
aversive features that can be associated with cocaine use (30).

Although no single monoamine transporter is absolutely neces-
sary for cocaine reward in mice that develop in its absence, several
possible roles for these transporters in cocaine reward in wild-type
mice nevertheless remain (31-33). Cocaine may normally work as
a “dirty drug” that produces reward through simultaneous actions
at more than one transporter site. For example, DAT/SERT
selectivity ratios can provide better correlations with cocaine
analog reward/reinforcement than DAT affinity alone (34). Mul-
tiple molecular sites for cocaine’s rewarding/reinforcing actions
could provide such redundancies that no one site was absolutely
necessary for cocaine reward. Such redundancies could be en-
hanced by compensatory mechanisms active in mice that develop
with transporter absence. Thus, if cocaine altered activities in
several parallel or interactive brain systems with substantial redun-
dancy, the systems expressing the remaining transporter(s) might
compensate for loss of cocaine-modulated activities in the systems
that normally express the absent transporters, maintaining cocaine
reward. To assess whether DAT- and SERT-expressing systems
could provide such redundancy in the long-term absence of the
other transporter, we have constructed double knockout mice with
deletions of one or two copies of both the DAT and SERT genes.
We have examined baseline features and then tested cocaine
responses, including assessments of cocaine reward/reinforcement.
We use cocaine-conditioned place preference as a primary measure
of cocaine reward/reinforcement.

Materials and Methods

Subjects. Animals were bred from the single knockout lines previ-
ously reported under American Association of Laboratory Animal
Care and National Institutes of Health guidelines (9).
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Brain Neurochemistry. Mice were killed by cervical dislocation;
brains were rapidly removed and dissected on ice. Levels of
monoamines, receptors, transporters, and mRNAs were assessed
in regional brain samples stored at —70°C. Frontal cortex,
hippocampus, striatum, brainstem, and hypothalamic samples
were analyzed for monoamine neurotransmitters and their me-
tabolites by HPLC using electrochemical detection at +0.3 V
with minor modifications, as described (35), by using 10 X
4.6-mm Spherisorb 3-mm ODS-2 reversed-phase chromatogra-
phy columns (Thomson Instruments, Springfield, VA) and elu-
tion with 0.1 M monochloroacetic acid/8% acetonitrile/0.5
g/liter octanesulfonic acid/0.3% triethylamine/10 mM EDTA.
Monoamines were quantitated relative to the internal standard,
5-hydroxy-N-methyltryptamine, and protein determined by
Lowry’s method.

Receptor Binding. To measure receptor and transporter densities
and affinities, washed membranes were prepared from brain
regions and incubated with [*H] ligands, and membrane-
associated ligands were estimated after rapid filtration over
Whatman GF/B filters using a Brandel (Bethesda, MD) appa-
ratus. DAT, SERT, NET, dopamine D2 receptor, and serotonin
SHT1A receptor densities were analyzed by saturation binding of
[*H] WIN35428 (36), [*H] paroxetine (37), [*H] nisoxetine (38),
[*H] YM-09151-2 (39), and [*H] [8-hydroxy-2-(di-n-propylami-
no)tetralin] (8-OH DPAT) (40), respectively, using results from
parallel incubations with 1 mM unlabeled 0.1 mM cocaine/0.1
mM citalopram/0.1 mM desipramine/10 puM unlabeled
sulpiride/10 uM unlabeled serotonin to estimate nonspecific
binding, respectively.

5-HT1B Receptor Autoradiography. Mice were decapitated, the
brains rapidly removed and frozen, and the left hemispheres
sectioned sagittally (20 um) at —20°C. Sections were thaw-mounted
on gelatin-coated slides and stored at —70°C. Sections were
incubated twice for 15 min in 170 mM TrissHCl (pH 7.4) with
150 mM Nadl, dried, incubated for 2 h at room temperature in
incubation buffer with 20 pM ['?’1]-cyanopindolol (CYP) (NEN
Life Sciences)/20 uM isoproterenol (Research Biochemicals) to
block B-adrenergic receptors, and 10 nM DPAT (Research Bio-
chemicals) to block 5-HT;a receptors, dipped in 4°C 170 mM
Tris'HCI (pH 7.4), washed twice in 4°C fresh wash buffer, dipped
in 4°C distilled water, dried under a stream of air, and apposed to
Hyperfilm-3H for 48 h, as described (41). Films were developed,
and ['*T]-CYP binding was quantified by using NIH IMAGE Soft-
ware (National Institutes of Health).

Behavioral Testing. Behavioral tests were performed as described
(9). Locomotor activity was assessed as total distance traveled,
calculated from measurement of beam breaks in Optovarimex
activity monitors (Columbus Instruments, Columbus, OH), to
which the mice had not been previously exposed, under dim light
sound-attenuated conditions (9). After 3 h of habituation, mice
were injected with cocaine HCl (10 mg/kg s.c.). Reward/
reinforcement was assessed by conditioned place preference testing
using a two-compartment Plexiglas chamber, one with a wire mesh
floor and one with corncob bedding on a smooth Plexiglas floor, as
described (9). During conditioning sessions, mice were restricted to
single compartments for 20 min after injection with cocaine (10 or
20 mg/kg s.c.) or saline, returned to their home cages for 4 h, and
then subjected to another 20-min conditioning trial. Injections were
counterbalanced. Cocaine withdrawal has not produced aversive
effects in this same apparatus at 4 h after these cocaine doses. A
single conditioned place preference assessment session followed the
last conditioning session by 24 h. In these sessions, mice had access
to both compartments, and the proportion of the 20-min session
spent on each side was recorded. Results were compared with the
proportion of time spent on that side in preconditioning sessions

Sora et al.

2 3 4 5 6 7

DAT SERT
++ 4+

+H+ -
+H+ /-

+H- 4+

Weight (g)
2 o 38

L&)
EzESzZOS B0
£
*

0

Fig. 1. Disruption of the DAT and SERT genes and effects on weights at 2
months. (A) Southern analysis of hybridization of the 3’ SERT genomic probe to
Kpnl-digested DNA extracted from tail tips of seven mice displaying wild-type
(+/+, lane 3), heterozygote (+/—, lanes 4, 5, 7), and homozygote (—/—, lanes 1,
2, 6) patterns. The presence of an 8.1-kb fragment indicates a homozygous
mutant genotype, whereas wild-type fragments are 9.6 kb32. (B) Southern anal-
ysis of hybridization of the 5" DAT genomic probe to EcoRI-digested DNA ex-
tracted from tail tips of seven mice displaying wild-type (+/+, lane 7), heterozy-
gote (+/—, lanes 2, 3, and 6), and homozygote (—/—, lanes 1, 4, and 5) patterns.
The presence of a 5.3-kb fragment indicates the homologous recombinant ge-
notype, whereas wild-type fragments are 6.0 kb°. (C) Weights of mice of each
genotype at 8 weeks of age. Mean (+ SEM; n, 5-30) values for weights were
compared by using ANOVA followed by Scheffe post hoc analyses; *, significantly
different from wild type; #, significantly different from DAT—/— SERT+/+; P <
0.05 for each.

(9). Statistical comparisons used the Statistical Package for Social
Science, ¢ tests, and ANOVAs, followed by Scheffe post hoc
analyses. Data are presented as mean = SEM. Conditioning studies
were conducted blind to genotype, often resulting in uneven
numbers of mice in each group.

Results

Features of Combined DAT and SERT Knockout Mice. (i) Viability.
Matings between DAT and SERT knockout mice produce mice
with all possible genotypes at the DAT and SERT loci in ratios close
to those expected (Fig. 14) (9, 42, 43). Gross and histologic
examinations reveal that both DAT and DAT/SERT knockout
mice display reduced pituitary sizes and abnormal central anterior
pituitaries with fewer acidophilic cells, as previously reported in
DAT knockout mice (44). DAT—/— SERT+/+ mice demonstrate
slower and smaller postweaning weight gains, as previously re-
ported (9, 42). These are partially complemented by SERT knock-
out (Fig. 1B). Eight-week-old DAT—/— homozygous knockouts
are larger in the absence of SERT than in the presence of one or
two copies of the wild-type SERT gene. No other gross or micro-
scopic pathology in the double knockouts not seen in single
knockouts has been identified (D. Huso, L.S., and G.R.U., unpub-
lished data).

(i) Monoamine transporter and receptor binding. Densities of
DAT and SERT expression are reduced in gene-dose-dependent
fashion. DAT+ /— mice show similar reductions in DAT expression
on either wild-type or knockout SERT—/— backgrounds (Table 1).
SERT expression also follows the number of intact copies of the
SERT gene on DAT+/+ and on DAT—/— backgrounds. There is
thus little evidence for any substantial crosstalk in determining
striatal or frontal cortical levels of expression of these two trans-
porters. Receptor autoradiographic analyses also fail to document
any striking regional differences in knockout effects on transporter
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Table 1. Dopamine and serotonin transporter and receptor alterations in single- and multiple-knockout mice

Genotype DAT SERT NET DRD2 5-HT1A
DAT+/+ SERT+/— 90 + 16.5 56 + 5.0 39+ 12 119 = 26.8 73+96
DAT+/+ SERT—/— 77 + 136 ND* 76 + 18 80 + 10.1 81+95
DAT+/— SERT+/+ 47 = 5.5% 113 =114 56 + 19 68 + 13.5 104 = 29.1
DAT+/— SERT+/— 49 + 10.5* 47 + 0.6* 85 + 42 73+ 66 50 + 11.2
DAT+/— SERT—/— 34+ 4% ND* 87 + 42 71+ 11.9 38 + 7.5%
DAT—/— SERT+/+ ND* 121 = 19.1 70 + 10 50 + 8.3* 75 + 16.4
DAT—/— SERT+/— ND* 43 + 5.2% 81+ 13 47 + 9.6* 119 + 20.6
DAT—/— SERT—/— ND* ND* 33+ 12 67 + 8.3 74 + 21

DAT, SERT, NET, DRD2, and 5HT1A receptor densities were assessed in brain regions dissected from mice of each genotype: DAT
binding by using [3H] CFT, DRD2 binding by using [3H]-YMO09151-2, SERT binding by using [3H] paroxetine, NET binding by using [3H]
nisoxetine, and 5HT1A binding by using [3H] 8 OH-DPAT. Each Bmax value was normalized to wild-type values. Data were analyzed by
one-way ANOVA with Bonferroni post hoc comparisons (*, significantly different from wild-type littermates). ANOVAs revealed
significant main effects of group for SERT, DAT, DRD2, and 5-HT1A binding.

expression (data not shown). Each region assessed follows similar
genotype-dependent patterns of expression. We have characterized
several of the many dopamine and serotonin receptors that could
be assessed in these mice. We have characterized striatal expression
of the DRD2 dopamine receptor subtype (45-48) because of its
high level of expression in this region and previous reports of
reduced striatal expression in DAT—/— mice (42). DRD2 expres-
sion was not further reduced in the DAT—/— SERT—/— double
knockout mice. Binding to one of the most abundant serotonin
receptors, the 5-HTjs, was most reproducible and previously
documented in the hippocampus (Table 1). Hippocampal 5-HTo
binding, assessed by using 8-OH DPAT, was reduced in SERT+/—
and —/— mice. DAT knockout returned these binding levels
toward wild-type values. Half-wild-type levels of DAT exacerbated
the hippocampal 5-HT4-binding changes induced by SERT dele-
tions (Table 1). Autoradiographic analyses of SHTp receptor
densities revealed statistically significant differences from wild-type
values only in ventral medial midbrain in double knockout
DAT—/— SERT—/— mice. SERT—/— mice with either a single
copy of DAT or DAT—/— mice with a single SERT gene copy
displayed smaller 15% reductions in ventral midbrain that did not
reach statistical significance (Table 2). No other region sampled
displayed significant alterations in SHT,g-binding levels. NET
levels, assessed by using [*H] nisoxetine binding, also provided only
atrend toward down-regulation in DAT—/— and SERT—/— mice.
Mice with the combined DAT—/— SERT—/— knockouts dis-
played more than 60% reductions of nisoxetine By, values. Indeed,
this difference and a trend in ventral midbrain SHT;g receptor

densities are the only changes in the combined DAT—/—
SERT- /- knockouts that convincingly distinguish them from the
mice that retain a single wild-type copy of one of these genes.

(iii) Monoamine neurochemistry. We focused neurochemical
analyses on the heavily monoamine innervated striatum and frontal
cortex. DAT—/— mice display marked alterations in striatal do-
pamine and its metabolites homovanillic acid (HVA) and 3,4-
dihydroxyphenylacetic acid (DOPAC) [Table 3, previously noted
(42)]. SERT—/~— mice display reduced levels of serotonin and its
metabolite 5-HIAA in frontal cortex [Table 3, previously noted
(43)]. DAT—/— mice display modest 15-35% reductions in frontal
cortical norepinephrine content (Table 3). Adding SERT deletion
to DAT knockouts enhances DOPAC alterations (Bonferroni post
hoc comparisons; Table 3) but fails to further alter serotonin or
norepinephrine in any dramatic fashion.

Behavior of Combined DAT and SERT Knockout Mice. (i) Baseline
behavioral assessments. Combined DAT/SERT knockout mice lack
gross behavioral deficits not already described for single knockouts.
Locomotor activity in a novel environment is elevated in DAT—/—
SERT+/+ mice, as previously described (9, 42). DAT—/—
SERT—/— mice are even more active (Fig. 2). Both single and
combined knockout mice habituate to the novel environment over
at least the first 4 of the 5 hours of habituation testing (Fig. 2; see
also refs. 9 and 42). Mice of each of these genotypes do not differ
significantly from wild-type animals in tests of muscle tone, screen
hang time, or ability to stay on a rotating rod. Although SERT—/—
mice display enhanced anxiety responses as previously reported,

Table 2. Regional 5-HT1B receptor densities in DAT/SERT knockout mice

DAT+/—/SERT+/—

DAT—/—/SERT+/—

DAT+/—/SERT—/— DAT—/—/SERT—/—

Frontal cortex—M 147.3 = 14.5 1254 = 17.4 89.4 + 9.1 108.7 = 16.0
Frontal cortex—L 118.5 = 8.8 129.0 = 12.6 114.9 = 21.3 114.4 = 16.6
Subiculum—M 107.1 = 20.3 94.1 £ 14.2 108.5 = 8.6 95.2 + 5.6
Subiculum—L 105.8 + 23.0 81.7 = 10.0 121.6 + 12.8 96.6 = 2.4
Striatum—M 131.9 =123 130.1 = 19.1 105.1 = 8.8 129.2 = 19.4
Striatum—L 121.5 = 20.1 1454 = 143 117.3 £ 6.5 144.1 = 21.0
Nucleus accumbens 111.6 = 0.9 118.2 = 18.6 93.8 = 13.1 107.3 = 20.0
Lateral globus pallidus 103.5 + 8.4 96.3 = 4.5 77.1 =12.0 102.6 + 9.8
Medial globus pallidus 88.8 9.2 909+ 114 70.2 £9.9 99.6 = 11.5
Ventral pallidum—M 138.9 + 22.9 1212 +11.4 91.1 £ 14.9 123.3 + 145
Ventral pallidum—L 130.4 = 21.0 107.1 = 11.7 93,5+ 195 111.7 = 15.6
Substantia nigra—M 93.9 = 13.1 858 £29 86.9 £ 5.0 **%%63.0 = 3.7
Substantia nigra—L 829 £ 11.7 82245 67.4 = 18.2 79.6 = 10.3

5-HT1B receptor densities were determined by autoradiography. Results are expressed as mean = SEM (nCi/mg of protein)
percentages of the following control group values: frontal cortex—M, 1.00 =+ 0.1; frontal cortex—L, 1.0 *+ 0.2; subiculum—M, 2.6 = 0.1;
subiculum—L, 2.8 * 0.3; striatum—M, 1.4 = 0.1; striatum—L, 1.5 = 0.3; nucleus accumbens, 2.3 + 0.1; lateral globus pallidus, 5.0 = 0.4;
medial globus pallidus, 4.1 = 0.5; ventral pallidum—M, 4.3 = 0.3; ventral pallidum—L, 4.2 + 0.4; substantia nigra—M, 6.3 + 0.3;
substantia nigra—L, 7.0 = 0.4. L, lateral portion of brain region; M, medial portion of brain region. Data were analyzed by one-way
ANOVA with Bonferroni post hoc comparisons (***P < 0.01 vs. wild type).
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Table 3. Monoamine tissue levels in DAT/SERT knockout mice

Genotype DA DOPAC HVA 5-HT 5-HIAA NE
DAT +/+/SERT+/—
Frontal cortex 107.0 = 11.0 ND ND 96.7 = 6.0 93.4 +£6.0 853 5.2
Striatum 96.2 + 4.1 90.7 = 12.0 100.2 + 5.7 1121 =78 82542 ND
Hippocampus ND ND ND 88.9 +4.9 79.2 £ 35 93.3+23
Hypothalamus 781 7.0 96.8 = 4.4 97.4 = 9.0 107.9 = 6.1 87.6 =54 98.5 = 7.8
Brain stem ND ND ND 98.8 + 8.6 88.7 £ 8.9 98.8 94
DAT +/+/SERT —/—
Frontal cortex 102.6 = 11.0 ND ND 349 = 1.6* 47.6 = 2.6* 87.8 £ 3.8
Striatum 97.7 + 4.1 78.4 = 4.2 91.5 =35 40.5 = 2.6* 64.0 = 3.9*% ND
Hippocampus ND ND ND 28.1 = 2.0* 51.6 = 2.6* 105.2 = 7.3
Hypothalamus 98.9 = 14.0 97.7 £ 9.3 — 37.3 £ 4.4% 49.1 + 3.0* 94.5 = 5.8
Brain stem ND ND ND 24.1 = 1.4% 71.6 = 2.4% 107.8 + 6.5
DAT +/—/SERT +/+
Frontal cortex 66.3 + 54 ND ND 105.3 = 4.7 819 £ 47 101.7 = 3.6
Striatum 96.8 = 6.0 73.2 7.7 93.1 £55 88.0 = 3.3 81343 ND
Hippocampus ND ND ND 91.9+24 87.1 £ 4.0 984 +238
Hypothalamus 101.8 = 6.7 98.4 +9.0 108.7 + 8.3 98.9 £ 5.3 97.4 =47 92.9 = 3.8
Brain stem ND ND ND 100.5 = 4.8 92.8 = 4.7 99.3 + 4.8
DAT +/—/SERT +/—
Frontal cortex 89.5 = 10.0 ND ND 87.8 9.9 719 £ 8.0 87449
Striatum 947 + 2.8 105.4 = 9.5 104.1 = 4.6 834 +78 753 5.2 ND
Hippocampus ND ND ND 752 =76 72.0 £ 2.1 86.3 +5.8
Hypothalamus 62.6 = 5.3* 67.2 = 3.1 76.4+29 95.4 = 8.8 76.5 6.9 92.0 = 3.8
Brain stem ND ND ND 81.8 =9.7 80.0 = 8.5 84.7 = 2.1
DAT +/—/SERT —/—
Frontal cortex 102.9 = 12.0 ND ND 42.8 = 1.5* 39.6 = 1.2* 91344
Striatum 93.2 2.0 103.3 = 7.0 93.1+26 28.1 = 1.7* 56.0 + 2.5% ND
Hippocampus ND ND ND 22.5 = 1.2* 46.4 = 2.5* 88.3 £ 6.5
Hypothalamus 62.2 + 6.2* 64.6 = 5.3 68.0 = 4.3* 18.8 = 0.6* 47.6 = 2.0* 91.1 = 4.0
Brain stem ND ND ND 242 + 1.7* 59.5 + 1.8* 94.4 + 3.9
DAT —/—/SERT +/+
Frontal cortex 56.8 = 4.1* ND ND 95.9 £ 5.0 959 £ 5.7 82.6 £5.0
Striatum 47 + 0.2* 80.1 = 6.7 320.3 + 19.0* 75.6 + 4.6 102.4 = 3.9 ND
Hippocampus ND ND ND 89.7 £ 4.4 91.3+26 923 +4.1
Hypothalamus 76.6 = 7.0 1249 + 13 184.7 + 8.3*% 107.3 = 6.0 97.7 =54 116.9 = 5.1
Brain stem ND ND ND 113.8 = 5.6 1139+ 4.4 114.0 + 4.3
DAT —/—/SERT +/—
Frontal cortex 77.7 =47 ND ND 101.0 = 4.2 95.1 = 5.7 68.7 = 2.4
Striatum 2.7 = 0.2% 50.7 + 5.2*% 274.3 = 17.0* 61.6 = 2.7 103.8 = 4.3 ND
Hippocampus ND ND ND 88.1 4.8 88.9 £ 5.0 80.5+2.4
Hypothalamus 57.2 = 6.2* 117.8 = 16 199.2 + 24.0* 95.8 = 8.5 105.1 = 6.4 958 +54
Brain stem ND ND ND 96.0 + 3.9 103.8 + 5.7 92.9 + 3.1
DAT —/—/SERT —/—
Frontal cortex 70.8 * 3.1 ND ND 45.8 + 4.7* 53.6 + 2.5% 81.0 = 2.9
Striatum 1.7 £ 0.19* 44.7 = 4.4% 318.0 + 25.0* 25.7 £ 2.9% 65.7 = 3.7*% ND
Hippocampus ND ND ND 32.0 + 4.4% 43.4 + 2.9* 81.7 = 6.4
Hypothalamus 53.0 = 6.2* 123.9 = 9.0 207.6 = 21.0* 322 £ 4.1* 59.7 + 2.0* 114.6 + 3.5
Brain stem ND ND ND 29.5 + 3.8% 67.5 + 3.2*% 97.6 = 3.2

DA, DOPAC, HVA, 5-HT, 5-HIAA, and NE concentrations in brain regions dissected from DAT (first genotype indicators) and SERT (second genotype indicators)
knockoutmice. DA, DOPAC, HVA, 5-HT, 5-HIAA, and NE were measured by HPLC—electrochemical detection. Results represent the mean = SEM (% of wild-type means).
Means for wild-type mice are as follows (ng/mg of protein): frontal cortex-DA, 0.4 = 0.1; 5-HT, 7.8 + 0.3; 5-HIAA, 2.2 + 0.1; NE, 4.2 + 0.2; striatum—DA, 116.7 = 3.7;
DOPAC, 13.6 = 0.9; HVA, 11.7 = 0.4; 5-HT, 4.0 = 0.2; 5-HIAA, 3.0 = 0.1; hippocampus—5-HT, 7.1 = 0.2; 5-HIAA, 4.8 = 0.2; NE, 4.9 = 0.1; hypothalamus—DA, 5.5 = 0.3;
DOPAC, 1.7 = 0.1; HVA, 1.7 £ 0.1; 5-HT, 10.1 + 0.4; 5-HIAA, 5.8 = 0.3; NE, 15.6 = 0.5; and brainstem—5-HT, 7.2 + 0.2; 5-HIAA, 6.2 = 0.4; NE, 6.8 = 0.2 ng/mg of protein.
ND, not detectable. One-way ANOVA were followed by Bonferroni comparisons (*significantly different from wildtype littermates).

NE, norepinephrine; DA, dopamine.

SERT—/— DAT-/— animals display no further enhancements.
Double knockout mice can also learn a passive avoidance task as
readily as wild-type littermates.

(i) Cocaine: Locomotor and rewarding effects. Because screening
tests failed to identify double knockout features that would obvi-
ously invalidate results of further behavioral tests, mice of each
genotype were tested for cocaine influences on locomotion and
reward/reinforcement. Cocaine did not enhance locomotor activity
in DAT—/— knockout mice habituated to a novel environment for
3 h, as previously reported (Fig. 2) (9, 42). Although evaluation of
drug-induced locomotor increases is likely to be less sensitive in
mice that exhibit altered baseline locomotion, deletions of either
one or two copies of the SERT gene in mice that lacked DAT
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expression failed to complement or reverse this DAT knockout
effect. DAT—/— mice that received cocaine continued to display
habituation to the test apparatus and displayed no enhanced
locomotor activity whether two, one, or no SERT gene copies were
present.

To assess reward/reinforcement, we tested cocaine-
conditioned place preference (9). This test provides a technically
tractable and robust measure of drug reward in mice (49). It has
been validated by its ability to detect the rewarding properties of
virtually every class of substance abused by humans. It allows
mice to express their drug preference 24 h after the last drug
administration, when acute cocaine effects on motor perfor-
mance are less likely to confound results (7, 8, 50). The failures
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Fig.2. Locomotionin DAT/SERT double knockout mice during a habituation
period and after 10 mg/kg of cocaine. Locomotor activities were recorded for
3-h periods in mice of several genotypes (n, 11-33). Mice were placed into an
activity monitor cage, to which they had not been previously exposed, 3 h
before injection of cocaine (10 mg/kg s.c.) (time 0, arrow). DAT homozygous
knockout mice of any SERT genotype show greater locomotor activity when
placed in a novel environment, but no incremental locomotor response to
cocaine. *, P < 0.05 vs. wild-type littermate. +, P < 0.05 vs. DAT—/— SERT+/+
littermate; #, P < 0.05 vs. predrug value.

of DAT—/— or SERT—/— single gene knockouts to decrease
this measure of cocaine reward/reinforcement have been pre-
viously documented (9).

Pairing 10 mg/kg of cocaine with one side of a test apparatus
reliably increased the time spent in this drug-paired environment in
DAT-/— and in SERT—/~ single gene knockout mice. Both of
these strains thus show strong cocaine place preferences, as previ-
ously reported (9) (Fig. 34). Even DAT+/— SERT—/— mice that
express no SERT and only half of wild-type levels of DAT retain
near-wild-type levels preference for cocaine-paired environments.
However, neither DAT—/— SERT+/— nor DAT—-/—
SERT—/— mice exhibited any significant preference for the co-
caine-paired environments. Removing all of one cocaine target,
DAT, and either 50% or all of another cocaine target, SERT,
eliminates cocaine reward. Dose-effect studies provide no clearcut
evidence for leftward shifts in cocaine dose—response relationships
in double knockouts compared with the DAT—/— mice (Fig. 3B).

Discussion
The simplest hypotheses that explain the current data are that: (i)
cocaine may normally work to provide rewarding actions at both
DAT and SERT, and/or (ii) either DAT or SERT can mediate
cocaine reward in the lifelong absence of the other transporter.
Neurochemical rearrangements in single and double knockout
mice demonstrate compensations for lifelong transporter deletion
and might even follow long-term DAT or SERT blockade by drugs.
However, double knockout mice that lack cocaine reward show few
knockout influences on brain neurochemistry not found in the
single knockout mice that retain cocaine reward. Retained cocaine
reward in mice with as few as one DAT copy in the absence of
SERT contrasts with the requirement for two SERT copies in the
absence of DAT appears to indicate that fewer intact dopaminergic
than serotonergic mechanisms are required for cocaine place
preference.

Could knockout mouse data apply to cocaine reinforcement and
reward in wild-type mice? The failure of single transporter gene
knockouts to eliminate cocaine reinforcement and reward left open
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Fig.3. Lack of cocaine-conditioned place preference in DAT knockout mice
with no or one copy of the SERT gene. (Upper) Conditioned place preference
induced by 10 mg/kg of cocaine in mice of several genotypes (n, 8-56). Time
scores shown represent differences between post- and preconditioning time
spent in the cocaine-paired environment. DAT knockout mice with no or one
copy of SERT displayed no preference for the places associated with 10 mg/kg
of cocaine. *, P < 0.05 vs. saline. Average initial preference for the nonpre-
ferredside for all groups was between 37 and 45%. (Lower) Conditioned place
preference induced by 10- and 20-mg/kg of cocaine doses in mice of several
genotypes (n, 8-56). Time scores shown represent differences between post-
and preconditioning time spent in the cocaine-paired environment. Wild-type
mice and SERT knockout mice with one copy of DAT displayed significant
preferences for the place associated with either 10 or 20 mg/kg of cocaine, but
double knockout mice did not have a significant preference for places asso-
ciated with either dose. *, P < 0.05 vs. saline.

several possible roles for DAT and SERT in cocaine reward/
reinforcement in wild-type mice (9), including the small possibility
that previously known or novel nontransporter effects might me-
diate cocaine reward/reinforcement. The present results weigh
strongly, to our knowledge for the first time, against this idea, and
renew focus on transporter-based cocaine mechanisms. The most
parsimonious explanation for the current data is that normal
redundancy of transporter-related brain reward/reinforcement sys-
tems and/or adaptations to chronic deletions of single transporters
render chronic ablation of both DAT and SERT necessary to
completely block the cocaine reward/reinforcement that can be
assessed by conditioned place preferences.

Adaptations to chronic DAT loss could alter cocaine’s impact on
serotonin systems important for rewarding or aversive properties.
We have recently found that the SERT-specific blocker fluoxetine
gains rewarding/reinforcing properties in DAT—/— SERT+/+
mice that are never found in wild-type animals (30). Previously
available evidence has also fit the idea that removing both DAT and
SERT might be required to block cocaine reward/reinforcement.
Pharmacological studies support the idea that serotonin could
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normally interact with dopamine systems in ways important for
psychostimulant reward/reinforcement. Agonists and antagonists
selective for the serotonin 5-HTp receptor modulate the reward/
reinforcement induced by acute administration of DAT blockers
(23, 51-54). Cocaine reinforcement differs between 5-HT g knock-
out and wild-type mice (22). Serotonin can potently modulate
dopamine levels in brain circuits associated with reward/
reinforcement, such as the mesocortical/mesolimbic circuits pro-
jecting from the ventral tegmental area to the prefrontal cortex and
nucleus accumbens (55-57). Serotonin systems could thus interact
with dopamine systems in contributing to cocaine reward/
reinforcement.

Cocaine has been reported to lose its ability to elevate dopamine
efflux in DAT knockout mice (10). However, analyses of previous
data and preliminary microdialysis studies in our mice demonstrate
attenuated rather than absent effects (I.S., F.S.H., and G.R.U.,
unpublished observations). Our mouse strains that display cocaine
reward/reinforcement, and those that do not, fail to display clearcut
evidence that cocaine actions at SERT sustain cocaine reward/
reinforcement in DAT knockouts simply by mimicking the in-
creased dopamine overflow normally found after cocaine admin-
istration to wild-type mice.

How could deletion of SERT alone produce trends toward
greater cocaine place preference, whereas double deletions of
SERT and DAT ablate cocaine reward/reinforcement? These
observations could fit with hypotheses that cocaine-elevated sero-
tonin levels stimulate serotonin receptor subtypes in circuits that
produce both reinforcing and aversive affects. Differential adapta-
tions in these serotonin circuits could alter the overall balance of
cocaine reward and aversive features in different knockout com-
binations. If blockade of NET and/or SERT in wild-type animals
contributes to aversive cocaine effects, the enhanced cocaine
reinforcement reported in NET knockout or SERT knockout mice,
and even greater enhancements in NET/SERT double knockouts,
makes sense (F.S.H., LS., and G.R.U., unpublished work). Rear-
rangements in these systems in DAT knockout mice, clearly sup-
ported by their dramatically different responses to fluoxetine (30),
could help preserve cocaine reward/reinforcement by altering the
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net balance of aversive and reinforcing effects of cocaine on
serotonin circuits.

The effects of transporter gene copy numbers on cocaine place
preference appear to indicate a greater role for DAT than SERT
in cocaine reward/reinforcement in wild-type mice, consistent with
previous pharmacological suggestions. Deleting two DAT copies
and one SERT gene copy ablates cocaine preference just as
effectively as deletion of both copies of both genes. By contrast,
DAT+/— SERT—/— knockout mice that have a single wild-type
DAT gene copy retain near-maximal cocaine reward/reinforce-
ment and display no evidence for different cocaine dose-effect
relationships. We are currently examining the drug-dose relation-
ships in DAT—/— SERT+/— mice. If similar gene-dose relation-
ships obtain in pharmacological interventions for human cocaine
therapy, near-complete actions at DAT, accompanied by even
subtotal actions at SERT, might provide an efficacious transporter-
based strategy for reducing cocaine reward/reinforcement.

The present results suggest that medication strategies using drugs
acting at both dopamine and serotonin brain systems might provide
one minimal set of activities necessary to effectively combat cocaine
addiction. Such drugs might be found. The sequence homologies
between DAT and SERT (16) and work from structure/function
studies that identify DAT domains selectively involved in cocaine
recognition (58, 59) both support the idea that a single compound
might provide uptake-sparing cocaine blockade at both transport-
ers and a transporter-based anticocaine therapeutic. A second
strategy could be based on involvement of selected dopamine and
serotonin receptor subtypes. Drugs acting at both serotonin and
dopamine receptor subtypes might represent a receptor-based
medications development strategy targeting cocaine reward/
reinforcement.
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