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Sensitization to the psychostimulant effects of cocaine has
received widespread attention because concomitant changes
occur in neurochemical pathways that are part of the brain
reward pathway. The current study was undertaken with the
purpose of mapping genes determining sensitivity to the acute
stimulant and sensitizing effects of cocaine. Sensitivity and
sensitization to cocaine (5, 10, and 40 mg/kg) were measured in
25 BXD/Ty recombinant inbred (BXD RI) strains and the pro-
genitor C57BL/6J (B6) and DBA/2J (D2) strains. Quantitative
trait locus (QTL) mapping provisionally localized cocaine sen-
sitivity genes to regions on all chromosomes except 6, 11, 17,
and X; sensitization QTLs were localized to chromosomes
1–10, 13, 15, 18, 19, and X. Provisional QTLs for locomotion
after saline injection in a novel setting were mapped to chro-
mosomes 1, 3–6, 9, 12, 13, 18, and 19 and in a familiar setting
to chromosomes 4–7, 9, 13, and 19. There were both common

and unique QTL regions across the phenotypes. Evidence for a
genetic association between magnitude of acute cocaine re-
sponse and sensitization was obtained for only the 10 mg/kg
dose. Some common QTL regions for cocaine, ethanol, and
methamphetamine responses suggest the possibility that these
drugs induce stimulant effects or sensitization through some
common mechanisms. However, independent mechanisms
were also indicated. Many candidate genes reside near the
provisional QTLs mapped for cocaine responses, including
genes coding a variety of neurotransmitter and hormone recep-
tors. These data, once confirmed, should prove useful for di-
recting investigations of acute and chronic cocaine effects
down already suspected and novel avenues.
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The phenomenon of cocaine-induced behavioral sensitization,
known to exist for many years (Tatum and Seevers, 1929; Downs
and Eddy, 1932), coexists with several neurochemical changes
within components of the brain reward pathway. Increased glu-
cose metabolism (Thomas et al., 1996), increased extracellular
dopamine and serotonin levels (Kalivas and Duffy, 1990; Steketee
et al., 1992; Parsons and Justice, 1993; Heidbreder et al., 1996)
(however, see Segal and Kuczenski, 1992), increased dopamine
release (Williams et al., 1995), altered dopamine transporter
binding (Koff et al., 1994; Boulay et al., 1996), dopamine receptor
upregulation (Goeders and Kuhar, 1987; Unterwald et al., 1994)
(however, see Mayfield et al., 1992), alterations in cAMP systems
(Miserendino and Nestler, 1995; Tolliver et al., 1996), changes in
gene expression (Hope et al., 1994), G-protein changes (Striplin
and Kalivas, 1993), changes in synaptic regulation of dopamine
cells (Bonci and Williams, 1996), enhanced neural sensitivity to
dopamine (Henry and White, 1995), augmentation of excitatory
amino acid transmission (Pierce et al., 1996), and changes in
phospholipase A2 activity (Reid et al., 1996) have all been found
in mesolimbic dopaminergic projection areas or in the dopamine
neuron-rich ventral tegmental area after repeated cocaine admin-
istration. These associations suggest that the study of cocaine

sensitization could be informative in the search for factors lead-
ing to cocaine abuse. The described study herein used a genetic
mapping approach as an initial step in the ultimate identification
of genes and biochemical factors determining cocaine sensitivity
and sensitization.

Several approaches can be used for gene mapping of quantita-
tive behavioral traits (Neumann and Seyfried, 1990; Gora-Maslak
et al., 1991; Johnson et al., 1992; Melo et al., 1996; Belknap et al.,
1997). Our use of the BXD/Ty recombinant inbred (RI) strains
(Taylor, 1972) as a first step has certain advantages, most notably
the library of .1500 polymorphic markers that have been typed
in almost all of the strains (Silver and Nadeau, 1997). This
obviates the need for further genotyping in the initial screen,
because the map density provides assurance of adequate coverage
of the entire genome. Furthermore, because the BXD RI strains
have been used in numerous gene-mapping studies for a variety of
drug responses (Crabbe et al., 1994a, 1996; Phillips et al., 1994a,
1995; Tolliver et al., 1994, 1996; Belknap et al., 1995; Cunning-
ham, 1995; Miner and Marley, 1995a,b; Rodriguez et al., 1995;
Alexander et al., 1996; Gallaher et al., 1996; Quock et al., 1996;
Buck et al., 1997; Grisel et al., 1997), the current data can be
included in a search for common genetic elements controlling
different cocaine responses and controlling locomotor responses
to different drugs of abuse.

The current study used 25 BXD RI strains, measured robust
locomotor stimulation and sensitization in many of the strains,
and included a group to detect sensitization caused by associative
conditioning (Hinson and Poulos, 1981; Weiss et al., 1989; Hooks
et al., 1993; Badiani et al., 1995; Elmer et al., 1996). The key goals
were (1) to estimate genetic correlations among basal activity and
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initial cocaine and sensitized cocaine responses, (2) to map quan-
titative trait loci (QTLs) for these locomotor phenotypes, (3) to
compare the provisional gene maps for the locomotor effects of
cocaine with those for other drugs with locomotor stimulant
effects including ethanol, and (4) to identify candidate genes near
provisionally mapped QTLs.

MATERIALS AND METHODS
Subjects
The mice used in these studies were born and raised in the Portland
Veterans Affairs animal research facility from breeding stock originally
obtained from The Jackson Laboratory (Bar Harbor, ME), using routine
breeding and weaning practices. They were offered water and rodent
block chow ad libitum; fluorescent ceiling lights were on from 6:00 A.M.
to 6:00 P.M.; and the ambient temperature in the colony and testing
rooms was 21 6 2°C. All procedures using animals were approved by our
Institutional Animal Care and Use Committee and performed in accor-
dance with National Institutes of Health guidelines for the care and use
of laboratory animals.

Female mice from 25 of the BXD/Ty recombinant inbred (BXD RI)
strains (Taylor, 1972) and their two progenitor strains, C57BL/6J (B6)
and DBA/2J (D2), were tested. Differences in the locomotor responses of
B6 and D2 mice to cocaine have been reported (Koff et al., 1994; Tolliver
et al., 1994), as has no difference (Miner and Marley, 1995a); however, a
difference between the progenitor strains of an RI panel is not a prereq-
uisite for utility in QTL mapping (Gora-Maslak et al., 1991). Female
mice were used because they were more abundantly available than males,
we have performed our ethanol locomotor sensitization work with fe-
males (Phillips et al., 1995), and a greater tendency for female rodents to
develop a sensitized response to stimulant drug effects has been reported
(Glick and Hinds, 1984; Robinson and Becker, 1986; Robinson, 1988).

Five groups of mice per strain were tested in this study. Group size
ranged from 7 to 13 per strain, with an average group size of 12. Mice
were 52–131 d of age at the initiation of testing, with an average age of
87 6 17 (SD) d. There were 1581 mice tested; 12 d were required to
complete the testing of a given animal; and testing was completed in 30
separate replications of the experiment. Strains were randomized across
experimental replications; however, not all strains could be tested in each
pass. Progenitor B6 and D2 strain mice were included in 13 replications,
distributed across replications 3–26, to permit some evaluation of
changes in behavior across time.

Procedures
Locomotor activity testing. Locomotor activity testing followed a protocol
recently described in a similar study of the effects of ethanol on locomo-
tion (Phillips et al., 1995). Omnitech digiscan automated activity moni-
tors (Columbus, OH), housed in custom-made sound-attenuating cham-

bers, were used to record horizontal distance traveled (in centimeters).
Each chamber was equipped with a white fluorescent light and a fan that
provided ventilation and masking noise, and all testing was performed
from 9:00 A.M. to 3:00 P.M. with the lights on in the chambers.

The five test groups were chronic saline (CS), chronic drug, 5 mg/kg
(CD5), 10 mg/kg (CD10), and 40 mg/kg (CD40), and chronic drug
control (CDC). The test protocol is detailed in Table 1. All activity tests
began immediately after an intraperitoneal injection, and data were
collected every 5 min for 15 min. Our pilot data in several mouse strains
identified significant stimulation during the first 5 min time block after
cocaine injection that peaked during the second two 5 min blocks and
then began to decline back toward baseline activity levels. Furthermore,
in a careful evaluation of cocaine pharmacokinetics after intraperitoneal
injection and locomotor stimulation in mice, stimulation was greatest at
12 and 22 min time points after injection and had declined significantly
at 32 min after injection (Benuck et al., 1987). These data resulted in the
choice of this test period.

Day 1 provided a measure of locomotion in a novel environment; day
2 provided a measure of locomotion in a more familiar environment and
was used as our estimate of baseline activity for all mice. CS group mice
were tested after saline on all days except day 11, when their response to
an acute 10 mg/kg cocaine challenge was measured. On day 3, the acute
responses to cocaine of mice from the CD groups were measured, and the
development of sensitization was assessed on days 5, 7, 9, and 11. CDC
group mice were tested after saline on some test days and the moderate
dose of cocaine (10 mg/kg) on others (Table 1). The purpose of this test
group was to assess possible learning and conditioning factors under our
test conditions that might contribute to the development of behavioral
sensitization. Thus, CDC mice were treated identically to CD10 mice,
with the exception that their initial three exposures to cocaine were
unpaired with the test apparatus; they received cocaine after testing, just
before placement back into their home cages. A difference between their
responses to cocaine on day 9, which was the first day that they received
drug exposure before rather than after their activity test, versus the
response of CD10 group mice would provide evidence for conditioned
sensitization in CD10 mice. Locomotion after saline injection was reas-
sessed in all mice on day 12 as another means of detecting conditioned
locomotor effects.

To control for injection effects, two injections were given to all mice,
one before and one after testing. The second injections for all mice
occurred in the test room immediately after their activity tests, and then
mice were returned to their home cages and, shortly thereafter, to their
colony room. The lowest cocaine dose used was expected to produce
significant stimulation in those strains most sensitive to the stimulant
effects of cocaine but less or none in insensitive strains. The 10 mg/kg
dose was expected to produce stimulation in most strains, but with
genetically determined differences in magnitude. The high dose was
expected to produce acute stimulation of many strains, but impairment of
locomotion with repeated administration was predicted to be more likely

Table 1. Protocol for testing acute and chronic cocaine effects on the locomotor activity of mice

Group

Day

1 2 3 4 5 6 7 8 9 10 11 12

CS
INJ Sal Sal Sal None Sal None Sal None Sal None COC10 Sal
Test Yes Yes Yes No Yes No Yes No Yes No Yes Yes
INJ Sal Sal Sal None Sal None Sal None Sal None Sal None

CD 5, 10 and 40
INJ Sal Sal COC None COC None COC None COC None COC Sal
Test Yes Yes Yes No Yes No Yes No Yes No Yes Yes
INJ Sal Sal Sal None Sal None Sal None Sal None Sal None

CDC
INJ Sal Sal Sal None Sal None Sal None COC10 None COC10 Sal
Test Yes Yes Yes No Yes No Yes No Yes No Yes Yes
INJ Sal Sal COC None COC None COC None Sal None Sal None

All mice received an intraperitoneal injection (INJ), followed by an activity test, and then a second intraperitoneal injection. CS, chronic saline; CD5, chronic drug 5 mg/kg;
CD10, chronic drug 10 mg/kg; CD40, chronic drug 40 mg/kg; CDC, chronic drug control. CDC mice received equal cocaine (COC) exposure to CD10 group mice, but COC
10 mg/kg was administered to this group after their activity test on days 3, 5, and 7. All injections were intraperitoneal, and all activity tests began immediately after the first
injection and lasted for 15 min, with data collected in 5 min epochs.
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with this dose than with the lower doses because of the development of
stereotypic behaviors (not measured in this study). Because of the
necessity of limiting the number of animals to be tested from 27 different
strains, only the moderate cocaine dose was chosen for testing in the CS
and CDC group mice.

Data manipulation and analyses
Acute cocaine response. Data handling and analyses were consistent with
our similar previous work with ethanol (Phillips et al., 1995). Three
measures of acute activity response to cocaine were derived for each
strain. (1) Acute response data were corrected for baseline variation
between strains by subtracting scores of CD mice on day 2 (BASACT)
from the scores of these mice on day 3. Day 2 data were used as the
measure of baseline activity to exclude the day 1 novelty effect. The mean
of these difference scores was obtained for each strain, providing a
within-groups measure of acute responsiveness referred to as ACCD5,
ACCD10, or ACCD40 (acute response of CD groups). We considered
using day 3 scores corrected by the use of day 2 baseline data as a
covariate. However, strain means derived from the difference and covari-
ate corrected scores were correlated at 0.96, 0.93, and 0.99 for the 5, 10,
and 40 mg/kg doses, respectively. Therefore, we made the decision to use
the difference scores to maintain consistency with previously published
work in the BXD RI strains (Phillips et al., 1995, 1996). The advantage
to the use of difference scores is that between- and within-group mea-
sures of the stimulant response could be compared (see ACBG below).

(2) The identical procedure was used to obtain acute response data
from CS group mice, except that day 2 data were subtracted from day 11
data. This acute responsiveness variable is referred to as ACCS10 (acute
response of CS group to 10 mg/kg cocaine).

(3) A between-groups measure of sensitivity was obtained by subtract-
ing the strain means for saline-treated CS mice on day 3 from the strain
means of cocaine-treated CD10 group mice on the same day. This
measure of acute responsiveness is referred to as ACBG (acute response
between groups).

One-way ANOVA was used for detection of strain differences for the
difference scores, ACCD5, ACCD10, ACCD40, and ACCS10. To detect
strain-dependent dose effects, a two-way ANOVA was also performed,
grouped on strain and dose and including only ACCD5, ACCD10, and
ACCD40 data. The generation of 10 mg/kg cocaine acute response data
from two independent test groups (ACCD10 and ACCS10) permitted
estimation of the reliability of this measure by performing a Pearson’s r
strain correlation. In addition, a two-way ANOVA, directly comparing
the strain means obtained from the CD10 and CS groups, was per-
formed. The acute sensitivity of the means of the between groups
(ACBG) were also used for reliability estimation but could not be
subjected to ANOVA, because they were based on strain means, and
thus, no error estimate was available.

Response to repeated cocaine treatment. Two measures of the change in
activity response after repeated exposures to cocaine were derived for
each strain.

(1) Responses of CD group mice to cocaine on day 3 were subtracted
from their scores on day 11 (final cocaine test day). Averages of these
difference scores were obtained for each strain, providing a within-
groups measure of change in cocaine response referred to as deltaCD5,
deltaCD10, or deltaCD40. (2) Strain means of CS group mice on day 11
were subtracted from strain means of CD10 group mice on the same test
day. This provided a between-groups measure of change in cocaine
response; however, because this strain sensitivity measure was based on
strain means, no error variation estimate was possible. This variable is
referred to as deltaBG.

Data were analyzed as described for the acute responses using two-way
and one-way ANOVAs. In some instances, further examination of two-
way interactions used simple main effect analyses.

Genetic correlations. Genetic correlations among the activity variables
were estimated from RI and progenitor strain means using Pearson’s r.
At this exploratory stage of analysis, this estimate is being used as a
hypothesis-generating device. Therefore, no correction was applied for
multiple correlations. This analysis would lead to the detection of pos-
sible genetic relationships that might warrant further consideration using
other or more stringent methods of analysis.

QTL analyses. QTL analyses were performed as described in previous
work (Phillips et al., 1995, 1996). Briefly, known genetic variation among
the RI strains, attributable to differential inheritance of DNA polymor-
phisms from the progenitor strains, was correlated with phenotypic
variation. Because of arbitrary assignment of a value of 0 to B6 alleles

and a value of 1 to D2 alleles, a significant positive correlation between
a phenotype and a marker would indicate an association between the
D2-like polymorphism at that locus and high levels of the phenotype; a
significant negative correlation would indicate an association of high
phenotypic values with the B6-like allele. Correlations were performed
for each marker. Statistical issues with regard to performing the large
number of correlations necessary for QTL analysis have been discussed
elsewhere (Belknap, 1992; Neumann, 1992; Manly, 1993; Lander and
Shork, 1994; Belknap et al., 1996). As long as the QTL regions proposed
in work of this nature are considered provisional and the need for
confirmation is recognized, we see these issues as important but do not
believe that they invalidate this mapping procedure. Plans to follow up
provisional QTLs are in place, with the goal of attaining stringent levels
of statistical significance, such as those proposed by Lander and Kruglyak
(1995), before concluding linkage.

RESULTS
Baseline activity
There were large strain differences in baseline activity after saline
injection on days 1 and 2 (F(26,1550) 5 39.7; p , 0.001; and
F(26,1554) 5 30.5; p , 0.001, respectively). To assess possible
differential rates of habituation to the test environment and
procedures, a repeated measures strain 3 day analysis was per-
formed using only CS group data from days 1–3, 5, 7, and 9. There
was a significant strain 3 day interaction (F(130,1435) 5 2.7; p ,
0.001), and simple effect analyses revealed incomplete habituation
in 5 of the 27 strains. In those 5 strains (BXD 1, 2, 6, 8, and 25),
baseline activity levels on day 3 did not differ significantly from
those on any subsequent day. Thus, for most strains, day 2
represented a fully habituated baseline.

Activity response to acute cocaine
Examination of the change in activity after cocaine treatment,
relative to the day 2 baseline, revealed dose-dependent strain
variation (F(52,864) 5 3.2; p , 0.001 for the strain 3 dose inter-
action) and strain differences in response to cocaine at all three
cocaine doses (all F . 3; p , 0.001 for ACCD5, ACCD10, and
ACCD40). The strain variation in response to the 10 mg/kg
cocaine dose was verified in the acute response of CS group mice
on day 11 (ACCS10; F(26,286) 5 2.67; p , 0.001). Strain means for
CS and CD10 group mice were significantly genetically correlated
(r 5 0.61; p , 0.001) for the acute cocaine response. Because a
small number of strains exhibited incomplete habituation to the
testing procedures by day 2, we assessed the effect of using the day
9 baseline to correct CS group stimulant scores. ACCS10 (day 11
2 day 2) and means based on a day 11 2 day 9 difference score
were significantly genetically correlated at r 5 0.91; p , 0.001, and
the correlation between strain means for CS day 11 2 day 9 and
ACCD10 was 0.68; p , 0.001 (only slightly larger than the 0.61
correlation between ACCD10 and ACCS10). These data suggest
that the day 2 baseline correction was adequate for describing the
stimulant response of CS group mice.

Figure 1 shows strain means for day 2 baseline activity and
acute cocaine responses. Strain means were arranged in ascend-
ing order for the ACCD10 variable, and this strain order was
maintained for the remaining phenotypes. In almost every strain,
the locomotor distance traveled increased with increasing dose.
BXD 24 was the only strain that did not have a significant
dose–response function when simple main effect analyses of the
significant strain 3 dose interaction were performed. Significant
increases in locomotor distance traveled after cocaine treatment,
relative to day 2 saline baseline, were seen in 17 of 27 strains for
the 5 mg/kg cocaine dose, in 25 of 27 strains for 10 mg/kg
cocaine, and in all strains after 40 mg/kg cocaine.

The B6 and D2 progenitor strains had similar acute responses
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to cocaine. A separate analysis including only these strains re-
vealed a main effect of dose (F(2,73) 5 108.2; p , 0.001) but no
strain difference or interaction effect. To assess consistency of
progenitor strain data across the course of the experiment, data
from B6 and D2 mice were randomly split in half across the entire
experimental period and analyzed for differences. No differences
within strain between split halves were found for baseline activity
or acute drug responses. We also compared mice tested earlier
with those tested later by splitting them in half by date of test. In
this case, we saw a difference for saline activity on day 1 in which
D2 mice tested earlier were more active than those tested later;
however, this difference disappeared on day 2 and on later testing.
No other differences were found.

Estimates of coefficients of genetic determination were derived
from one-way ANOVA of each phenotype, grouped on strain.
The coefficient provides an estimate of total phenotypic variation
that can be attributed to genetic differences. For baseline activity,

34% of the variation could be attributed to genetic differences.
For 5, 10, and 40 mg/kg cocaine, 23, 28, and 37%, respectively, of
the variation could be explained by genetic differences, respec-
tively. Multiple regression analyses using a forward stepwise
approach (Phillips et al., 1994a, 1995) estimated that the identi-
fied QTLs accounted for 82% of the genetic variance in baseline
activity, and 81, 71, and 90% of the genetic variance in acute
response to 5, 10, and 40 mg/kg cocaine, respectively.

Change in cocaine response with repeated exposures
An ANOVA including data from all three cocaine dose groups
(day 11 2 day 3) revealed dose-dependent strain variation in the
change in cocaine response after repeated treatment (F(52,856) 5
1.7; p , 0.01). There were significant strain differences in the
magnitude of sensitization for the 5 (F(26,281) 5 1.6; p , 0.05), 10
(F(26,283) 5 2.3; p , 0.001), and 40 (F(26,292) 5 2.3; p , 0.001)
mg/kg doses. For the two lower cocaine doses, 16 and 20 strains
of 27 exhibited locomotor distance scores on day 11 that were
significantly greater than those recorded after acute exposure on
day 3. Only seven strains had larger locomotor distance scores on
day 11, relative to day 3 for the 40 mg/kg cocaine dose.

Sensitization data are presented in Figure 2, with strain order
held constant according to the deltaCD10 phenotype. It is clear
that the tendency toward sensitization development within strain
changes across doses. Several strains traveled less distance after
repeated 40 mg/kg cocaine exposure than after acute exposure to
this dose. It is possible that the negative scores for this high dose
reflect sensitization to the stereotypic effects of cocaine, which
would be expected to reduce locomotion. This is purely specula-
tion, because stereotypy was not assessed, and an automated
stereotypy measure derived from the digiscan monitors may not
be adequate to detect this (discussed by Phillips et al., 1994b).
Estimated coefficients of genetic determination were considerably
lower for the responses after repeated cocaine treatment than for
initial response. Only 13, 17, and 17% of the strain variation could
be attributed to genetic differences for the 5, 10, and 40 mg/kg
doses, respectively. Multiple regression analyses using a forward
stepwise approach estimated that the identified QTLs accounted
for 65, 47, and 69% of the total genetic variance for sensitization
to 5, 10, and 40 mg/kg cocaine, respectively.

As for acute response, the progenitor strain data were analyzed
separately. An ANOVA revealed a main effect of dose with
regard to the change in activity response between days 3 and 11
(F(2,72) 5 5.5; p , 0.01) but no strain or interaction effects. The
strains developed similar magnitudes of sensitization. We com-
pared split-half data for the progenitor strains, as described for
the acute drug response analysis. B6 mice tested earlier in the
study showed significantly more sensitization to the 5 mg/kg
cocaine dose than those tested later. This temporal difference was
not seen for the other cocaine doses. Random splitting of the
strains into halves generated a difference in sensitization within
both strains only at the 5 mg/kg dose for sensitization. This
suggests that the response characterized as sensitization to the 5
mg/kg cocaine dose may have been relatively more influenced by
environmental factors.

Influence of learning and conditioning
To assess the potential influence of association of the test envi-
ronment with cocaine exposure on the development of sensitiza-
tion, responses of CD10 and CDC mice to cocaine on day 9 were
compared. This is the first day that CDC mice received cocaine
before placement in the activity monitor, rather than after their

Figure 1. Locomotor activity responses of 25 BXD RI strains and the B6
and D2 progenitors to acute treatment with 5 (ACCD5), 10 (ACCD10),
and 40 (ACCD40) mg/kg cocaine. Basal activity (BASACT ) is also shown
(inset). Strain means for locomotor activity after a saline injection on test
day 2 were subtracted from strain means for activity of the chronic drug
group after cocaine injection on day 3 to provide the ACCD measures.
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activity test. In strains that exhibited sensitization to cocaine, the
influence of conditioning on the development of sensitization
would be evidenced by a smaller response on day 9 in CDC group
mice, relative to CD10 mice. An ANOVA on day 9 data corrected
for day 2 baseline (day 9 2 BASACT) indicated significant
differences in the responses of these two groups among the strains
(F(26,575) 5 2.1; p , 0.002). In general, the average response of
CDC group mice to cocaine on this test day was smaller than that

of CD10 group mice. This difference was statistically significant in
11 of the 27 strains. There were no strains for which the CDC
group response was larger than that of the CD10 group response.
These results support a role for associative factors in sensitization
to cocaine in some strains.

Another indication of a conditioned response would be greater
activity of CD10 group mice relative to CS group mice on the
final saline test day (day 12). By this day, CD10 mice would have
received five pairings of the environment with cocaine, whereas
CS group mice would have received only one pairing. An
ANOVA comparing the day 12 data of these two groups indicated
significantly greater levels of activity in the CD10 group mice
(F(1,570) 5 58.1; p , 0.001). CD10 group mice traveled an average
distance of 3877 6 166 cm, and CS mice traveled an average
distance of 2931 6 84 cm. The absence of a group 3 strain
interaction precluded further statistical evaluation. These data
support the influence of associative factors in determining loco-
motor activity response under our experimental conditions.

Response profiles across days
Figure 3 shows the response profiles over test days of several of
the strains, including the B6 and D2 progenitors. Many different
response profiles can be seen; however, the responses of the B6
and D2 strains were remarkably similar. Strains BXD 1 and BXD
16 were chosen for depiction because they represented the ex-
tremes for acute response to 10 mg/kg cocaine (Fig. 1). Strains
BXD 19 and BXD 29 were chosen as the extremes for sensitiza-
tion development to this cocaine dose. Strain 25 was a modestly
stimulated and sensitizing strain that showed sensitization after a
second cocaine treatment that did not increase thereafter. Also
seen in this figure are clear examples of conditioning effects. For
example, the response of CDC group mice to cocaine on day 9
was considerably reduced relative to CD10 group mice for strains
1, 25, and 19. On the other hand, modest differences or no
difference was seen in other strains. Differences for some strains
in response to saline can also be seen on day 12, indicative of
conditioning.

Genetic correlations
Genetic relationships among basal activity and cocaine activity
variables were estimated by Pearson’s r correlations of strain
means and are shown in Table 2. Activity after saline treatment
on day 2 was significantly correlated with acute stimulant re-
sponse to 5 and 10 mg/kg cocaine; the correlation of BASACT
with response to 40 mg/kg cocaine almost attained a conventional
level of significance ( p 5 0.06). Those strains with higher basal
activity levels exhibited larger stimulant responses to cocaine.
Baseline activity was not associated with degree of sensitization
to cocaine. There was a significant genetic correlation between
acute cocaine response and degree of sensitization, but only for
the 10 mg/kg cocaine dose. Thus, acute cocaine response, at least
at some doses, could be of value in predicting extent of sensiti-
zation. However, the value may be limited by an estimated 19–
46% of variance (R 2) held in common for acute and sensitized
responses to even this cocaine dose (Table 2).

This pattern of results is markedly dissimilar to those for
ethanol, in which no association between baseline activity and
ethanol stimulant response was seen, and acute response and
response after repeated injections of ethanol were not associated
(Phillips et al., 1995). Genetic correlations were also estimated
among activity variables from the current cocaine study and those
from the ethanol study. Strain levels of baseline activity were

Figure 2. Change in locomotor activity responses of 25 BXD RI strains
and the B6 and D2 progenitors to repeated administration of 5
(deltaCD5), 10 (deltaCD10), and 40 (deltaCD40) mg/kg cocaine. Strain
names are listed along the abscissa. Strain means of chronic drug group
mice for locomotor activity after their first cocaine injection on test day 3
were subtracted from strain means for activity of the same group after
their final cocaine injection on test day 11 to provide the deltaCD
measures.
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reliably estimated in the two studies; the correlation was 0.95
( p , 0.001). The only other significant correlations between
variables drawn from the two studies were for baseline activity
from the ethanol study with acute cocaine sensitivity at all three
doses (r 5 0.45–0.68; p , 0.05–0.001).

QTL analyses
Results of QTL analyses on basal activity, activity response to
acute cocaine treatment, and activity response to repeated co-
caine exposures are presented in Table 3. Although results are
listed under eight variable headings, QTL analyses were per-
formed on 11 activity variables, including the 10 discussed in
previous sections and novel locomotion. Novel locomotion data
were those collected on day 1 after saline exposure when animals
were naive to the activity testing environment and were signifi-
cantly correlated with BASACT (r 5 0.90; p , 0.001). QTL

results for the three measures of acute response to 10 mg/kg
cocaine were largely similar. Therefore, only the strongest corre-
lations from this group of three variables were listed under Acute
cocaine 10. Likewise, results for the two measures of sensitization
to 10 mg/kg cocaine were summarized under the single heading
Repeated cocaine 10. Marker regions that were significantly cor-
related with a phenotype at the p # 0.01 level are listed. When
several markers in a given region were associated at the p # 0.01
level, only the marker with the largest absolute correlation was
listed, and the range of the area in centimorgans (cM) was listed
as representative of the location.

QTL results for the novel and baseline activity variables were
quite similar, consistent with the large genetic correlation. QTL
regions identified for these measures of general locomotion pro-
vided confirming evidence for five regions located on chromo-
somes 5 (20–30 cM), 6 (26–36 cM), 9 (29–36 cM), 13 (9–10 cM),
and 19 (1–14 cM), identified in an independent study of BXD RI
mice using the identical test apparatus (Phillips et al., 1995), for
one QTL region on chromosome 4 (50–59 cM) from a smaller
BXD RI study (Miner and Marley, 1995a), and for two on
chromosomes 5 (20–30 cM) and 13 (9–12 cM) from a conditioned
place preference study that measured locomotion (Cunningham,
1995). There was potential confirmation of QTLs on chromo-
somes 1 (87–100 cM) and 19 (1–24 cM) identified from an F2
cross of A/J and C57BL/6J mouse strains (Gershenfeld et al.,
1997). Some additional regions were also identified in the current
study, perhaps attributable in part to the expansion of the BXD
RI marker set.

Locomotor responses to acute cocaine treatment were mapped
to both dose-unique regions and regions common to two or more
of the doses. This is consistent with the significant, but moderate,
genetic correlations found between locomotor responses to dif-
ferent cocaine doses. Furthermore, some QTL regions for acute
cocaine response were held in common with QTLs for basal
activity and for response to repeated cocaine. When compared
with the results of two other QTL mapping studies performed for
cocaine locomotor responses, common regions were found on
chromosomes 9 (38–57 cM) and 10 (50–60 cM) (Tolliver et al.,
1994; Miner and Marley, 1995a).

Our QTL mapping results from an ethanol activity study per-
formed identically to this one identified no clear common QTL
regions for cocaine and ethanol responses (Phillips et al., 1995).
However, when compared with a QTL mapping study of meth-
amphetamine locomotor response of BXD RI mice measured in
the home cage (Grisel et al., 1997), there were common QTL
regions on chromosomes 1 (48 cM), 3 (19–24 cM), 7 (67–72 cM),
9 (57–65 cM, but opposite in sign), 10 (51–54 cM), 12 (51–55 cM,
but opposite in sign), 14 (40–43 cM), and 15 (48–58 cM). This
represents an extraordinary amount of convergence, even exclud-
ing those regions with correlations opposite in sign. On the other
hand, four QTL regions that appeared to be common for our
cocaine response and for an amphetamine locomotor response
analyzed in BXD RI strains by Alexander et al. (1996) were all
opposite in sign, suggesting that the B6-like allele conferred
greater sensitivity to cocaine but lesser sensitivity to amphet-
amine at a given locus, or vice versa, a seemingly unlikely out-
come. It is possible that different genes in similar regions are
being detected by the two analyses or that these are false-positive
associations in one or both studies. There was a common QTL for
our acute cocaine response and locomotor response to phencyc-
lidine (Alexander et al., 1996) on chromosome 1 (100 cM).

QTL regions mapped for response to repeated cocaine admin-

Figure 3. Mean horizontal distance traveled (in centimeters) during a 15
min test after saline or 10 mg/kg cocaine treatment by chronic saline (CS),
chronic drug (CD10), and chronic drug control (CDC) group mice of
several BXD strains and the C57BL/6J and DBA/2J progenitors on 8 test
days. See Table 1 for details of the treatment and test schedule.
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istration were largely distinct. There was only one common QTL
region identified for sensitization to 5 and 10 mg/kg cocaine and
no common regions for the 40 mg/kg dose with the two lower
doses. Locomotor sensitization was not evinced in the only other
BXD RI study of repeated cocaine effects on locomotion; how-
ever, we compared our results with those for stereotypy sensiti-
zation (Tolliver et al., 1994). Common regions on chromosomes 1
(87–100 cM) and 6 (26–42 cM) were found for locomotor and
stereotypy sensitization. Common QTL regions were found on
chromosomes 1 (63–74 cM) and 8 (28–38 cM) for cocaine and
ethanol sensitization (Phillips et al., 1995).

Given speculation that drug sensitization may be related to
drug reward potential, we also compared our sensitization QTL
results to the sparse literature on QTL mapping for drug rein-
forcement. To avoid a lengthy discussion, and because this issue
is controversial, we chose not to list specific regions here but
rather will await confirming evidence of our own and other QTL
regions. However, there were potential common chromosomal
regions identified for cocaine sensitization with QTLs for ethanol
consumption (Phillips et al., 1994a; Rodriguez et al., 1995) and
morphine consumption (Berrettini et al., 1994), but not ethanol-
conditioned place preference. We know of no published studies
mapping QTLs for cocaine reinforcement.

Candidate genes
The Mouse Genome Database [Mouse Genome Database (1997),
Mouse Genome Informatics, The Jackson Laboratory, Bar Har-
bor, ME (World Wide Web URL: http://www.informatics.
jax.org/)] was searched for candidate genes in the regions of the
provisional QTLs. It was impossible to list all of the known genes
located in these regions, but a long list of the more plausible
candidates, in some cases based on published data (see Discus-
sion), is given in Table 4. The dopamine D1, D2, D4, and D5
receptor genes all mapped near QTLs for basal locomotion. In
addition, there were mapped QTLs near several olfactory recep-
tor genes, cholinergic receptors, GABAA receptor subunits, and
serotonin receptor subtypes, among others. For sensitivity to
acute cocaine treatment, there were QTLs mapped near genes for
some different cholinergic receptor subtypes from those near
QTLs for basal activity. In addition, there were QTLs near two
adrenergic receptor kinase genes, near the d1-opioid receptor
gene and near the gene coding for the luteinizing hormone
receptor. The k1 opioid receptor gene mapped near a QTL for
cocaine sensitization. Two different NMDA receptor subtypes

also mapped near QTLs for cocaine sensitization; one of these
was also near a QTL for basal activity. Other candidate genes of
interest near QTLs for cocaine sensitization included both the
mineralocorticoid and glucocorticoid receptor genes, the neu-
ropeptide Y receptor gene, several GABAA receptor subunit
genes, and genes for adrenergic receptors and for the androgen
receptor.

DISCUSSION
This experiment in BXD RI strains provisionally localized QTLs
to several chromosomes and chromosomal regions for basal loco-
motion, locomotor response to an acute cocaine challenge, and
cocaine sensitization. For sensitization, the QTL regions were
generally distinct across dose, whereas there was more genetic
overlap for the acute responses to the three cocaine doses. This
result is consistent with estimates of genetic correlation between
doses, which indicated more similarity among acute responses
than sensitized responses. The distinct nature of our findings for
sensitization across doses may reflect a tendency toward en-
hanced locomotion at doses that have moderate stimulant effects
versus a tendency toward the development of stereotypy at
higher, extremely stimulating doses. The large number of identi-
fied QTL regions is a reflection of the polygenic nature of these
phenotypes and likely of some rate of false-positive associations.
In general, genetic determination of responses to acute cocaine
treatment was greater than of responsiveness to repeated cocaine
exposure. This may not be so surprising given the known envi-
ronmental (associative) influences on the development of drug
sensitization (e.g., Badiani et al., 1995).

In Table 3, we listed QTL associations specific to three mea-
sures of sensitivity to acute 10 mg/kg cocaine treatment and two
measures of sensitization to this cocaine dose. For sensitization,
all but one QTL region were associated with both measures. This
result is consistent with the correlation of r 5 0.76 found for these
phenotypes. For acute sensitivity, there were more instances of
QTLs specific to one or two, rather than all three, measures. The
correlation between the within- and between-groups measures of
sensitivity, using data from the same treatment group (CD10) was
quite high (r 5 0.95), and there were only 5 marker associations
of 17 not held in common for these two sensitivity estimates. On
the other hand, the correlation between the acute sensitivity
measured in two different groups (CD10 and CS) at two consid-
erably different times in the course of the study was lower (r 5

Table 2. Correlations among baseline activity, acute cocaine sensitivity, and degree of cocaine sensitization

BASACT ACCD5 ACCD10 ACCS10 ACBG ACCD40 deltaCD5 deltaCD10 deltaCD40 deltaBG

BASACT 1.00 0.51 0.49 0.29 0.53 0.36 20.03 20.12 20.02 0.13
ACCD5 1.00 0.64 0.75 0.63 0.47 0.08 0.37 0.36 0.29
ACCD10 1.00 0.61 0.95 0.59 0.23 0.44 0.00 0.68
ACCS10 1.00 0.60 0.54 0.12 0.43 20.08 0.14
ACBG 1.00 0.61 0.20 0.36 20.02 0.65
ACCD40 1.00 0.36 0.38 20.21 0.39
deltaCD5 1.00 0.36 0.15 0.34
deltaCD10 1.00 0.26 0.76
deltaCD40 1.00 0.24

Underlined correlations are significant at p , 0.05. BASACT, Baseline activity; ACCD5, acute response of chronic drug (CD) group to 5 mg/kg cocaine; ACCD10, acute
response of CD group to 10 mg/kg cocaine; ACCS10, acute response of chronic saline (CS) group to 10 mg/kg cocaine; ACBG, between-groups assessment (CD10 vs CS)
of acute response to 10 mg/kg cocaine; ACCD40, acute response of CD group to 40 mg/kg cocaine; deltaCD5, change in response to 5 mg/kg cocaine with repeated treatment;
deltaCD10, change in response to 10 mg/kg cocaine with repeated treatment; deltaCD40, change in response to 40 mg/kg cocaine with repeated treatment; deltaBG,
between-groups estimate of change in response to 10 mg/kg cocaine with repeated treatment (CD10 2 CS group data on day 11).
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0.61). Just the same, there were only 6 of 17 identified QTLs not
held in common. This may indicate that limiting reported corre-
lations to those significantly associated at p # 0.01 may provide
the rigor necessary to detect those that are most likely to be
confirmed. The lower genetic correlation may indicate that re-

peated exposures to the test environment altered the cocaine
response in CS group mice.

Some QTL regions identified were in agreement with other
work examining cocaine sensitivity in BXD RI mice, and some
were unique or did not replicate other work. There was also little

Table 3. Significant correlations between BXD RI markers and locomotor activity variables

Marker Chr
Location
(cM)

Locomotion Acute cocaine Repeated cocaine

Novel BASACT 5 10 40 5 10 40

Gst2-rs 1 5–13 20.52
D1Ncvs45 1 48 20.581,2,3

D1Rik96 1 63–74 20.63* 20.561,2,3 20.50 0.51
Ly9 1 87–100 20.55 20.63 20.70*1,2 0.574,5

D2Rik73 2 9–21 0.52
Pmv7 2 29–37 0.51 0.68*
Hoxd 2 45 0.52
D2Ncvs36 2 60–65 20.64 20.574,5

D2Ncvs49 2 91–97 0.69*1,2,3 0.63* 0.534,5

D3Ncvs26 3 19–24 0.50 0.63*1,2,3

D3Byu4 3 41–55 20.49 20.60 20.54
Ms15-2 4 0–10 20.50 20.511,3

Mtv14 4 11–17 0.514,5

Adfp 4 35–40 20.54 0.514,5

Iapls3-10 4 50–59 0.59 0.52 0.66*1,2,3

D4Nds2 4 63 20.62 20.54
D5Ncvs57 5 20–29 20.65 20.54
Tsz1 5 54–59 20.49 20.62 20.644,5

Nfe2u 5 68–82 20.55
Iap1s2-2 6 7–13 0.57
D6Mit93 6 26–36 20.59 20.58 0.504,5

D7Hms1 7 11–25 20.56
D7Ncvs56 7 26–36 0.51 20.62
D7Mit7 7 53 0.57
D7Ncvs47 7 67–72 0.52 0.56
D8Ncvs34 8 31–38 0.69*
Mpmv21 8 55–67 20.51 20.521,2

D9Mit21 9 29–36 0.64 0.53
Gst2-3 9 43–48 0.503 20.52
Rbp2 9 57–61 0.551,3 0.51 0.575

D10Mit144 10 51–54 20.521,3 20.60
asp1 12 18–25 20.54
Cbg 12 51–52 20.50 20.541,2,3

Tcrg 13 9–10 0.55 0.52
D13Ncvs48 13 50–56 20.56 0.52
Iapls1-8 13 68–72 20.56
P1au 14 3 0.51
D14Ncvs46 14 43 20.501

D15Ncvs26 15 34–48 0.532 0.594,5

Nfe2 15 58 0.51
D16Ncvs6 16 25–38 20.55 20.561,2 20.55
Iapls3-5 18 1 20.50 20.511,3

D18Mit10 18 22–26 20.54
Pomc2 19 1–14 20.50 20.49 20.51 20.62*1,2,3

Rbp4 19 38 0.544,5

D19Ncvs21 19 53–55 0.57 0.51
Oat-rsl X 28–29 0.50

Subscripts indicate phenotypes with marker associations in the indicated regions, when multiple similar phenotypes were measured: 1, ACCD10; 2, ACCS10; 3, ACBG; 4,
deltaCD10; and 5, deltaBG. These are provisionally mapped QTLs that will require confirmation using other methods.
Chr, Chromosome.
All correlations p # 0.01 except * p # 0.001.
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overlap for sensitivity or sensitization to ethanol (Phillips et al.,
1995) with cocaine. However, there were a large number of
common QTLs found between our cocaine study and that of
Grisel et al. (1997) for methamphetamine activity measured in
the home cage. This was not true for another study of locomotor
response to amphetamine (Alexander et al., 1996), at least if the
direction of the correlation was taken into consideration. A com-
parison of the QTL results of Grisel et al. (1997) and Alexander
et al. (1996) also indicates few common QTLs. Testing of phen-
cyclidine response before testing of amphetamine response in the
same animals in the study by Alexander et al. (1996) may have
altered the results, accounting for this lack of convergence.

We did not attempt in the current work to evaluate or control
possible pharmacokinetic factors that might contribute to strain
differences in cocaine sensitivity or sensitization. Evidence exists
for changes in brain disposition of cocaine with repeated expo-
sure (Pan et al., 1991; Mizugaki et al., 1994; Tolliver et al., 1994).
Most studies report increased brain levels in cocaine-preexposed
animals, but at least one study has demonstrated behavioral
sensitization in the absence of altered brain cocaine disposition
(Orona et al., 1994). Such data suggest that changes in brain
cocaine disposition are not likely to completely account for be-
havioral sensitization to cocaine. However, the possibility re-
mains that strain differences in cocaine absorption, distribution,
or metabolism could account for some variation in response
(Reith et al., 1987).

A long list of potential candidate genes was amassed and will
await further investigation after confirmation of the QTL loca-
tions using methods that have been described (Belknap et al.,
1993, 1996; Crabbe et al., 1994b), and used for some ethanol
phenotypes (Belknap et al., 1997; Buck et al., 1997; Markel et al.,
1997). This work will be performed using a genetically segregat-
ing population (the F2 cross of the B6 and D2 progenitors), in
which each individual animal will be tested and genotyped in the
regions suggested to contain important QTLs by our BXD RI
data. It is estimated that at least 50% of the QTLs suggested by

the RI analyses will be confirmed (Belknap et al., 1996; Buck et
al., 1997). However, there is already experimental evidence, in
fact, too much to review, suggesting the particular involvement of
some of these candidates. For example, the k1 opioid receptor
gene Oprk1 mapped near a QTL for cocaine sensitization, and
several studies have supported the involvement of k opioid recep-
tors in cocaine sensitization (Heidbreder et al., 1995; Spanagel,
1995; Shippenberg et al., 1996). Two different NMDA receptor
subtypes also mapped near QTLs for cocaine sensitization, and
NMDA receptor antagonism appears to play a role in cocaine
sensitization (Wolf and Jeziorski, 1993; Ida et al., 1995; Morrow
et al., 1995). The mineralocorticoid and glucocorticoid receptor
genes Mlr and Grl1, near sensitization QTLs, are interesting
candidates, because repeated stress exposure and chronic corti-
costerone treatment can produce sensitization to psychostimulant
drugs and to ethanol (Ortiz et al., 1995; Roberts et al., 1995).

Several dopamine receptor subtype genes mapped near QTLs
for basal locomotion. This is consistent with the known role of
dopamine in general locomotor behavior (Phillips and Shen,
1996) and with recent work in single-gene knock-out mice show-
ing specific effects of some receptor subtypes on locomotion (Baik
et al., 1995; Rubinstein et al., 1997; Kelly et al., in press). In
addition, provisional QTLs mapped near several olfactory recep-
tor genes, an interesting finding given the likely importance of
olfactory cues in rodent exploratory behavior.

For sensitivity to acute cocaine treatment, there were QTLs
mapped near genes for several neurotransmitter or hormone
receptors. Of particular interest is a QTL mapped near Drd4, the
dopamine D4 receptor gene, in light of our recent findings that
Drd4 knock-out mice display greater sensitivity to the acute
stimulant effects of cocaine than do their wild-type counterparts
(Rubinstein et al., 1997).

The current study reports a relationship between strain sensi-
tivity to an acute 10 mg/kg cocaine challenge and degree of
subsequent sensitization to that dose. No such relationship was
found for the other cocaine doses. The initial cocaine running

Table 4. Potential candidate genes located in regions indicated by provisionally mapped QTLs for basal activity, acute locomotor response to
cocaine, and cocaine sensitization

Phenotype Potential candidate genes (chromosome, cM)

Basal activity Acrb2 (3, 42), Gabt1 (3, 50), Gabrr1 & Gabrr2 (4, 11), Glyt1 (4, 52), Grik3 (4, 57), Oprd1 (4, 65), Htr1d, Htr1da &
Htr1db (4, 66), Htr5a (5, 15), Adra2c (5, 20), Drd1b (5, 22), Drd5 (5, 23), Ghrhr (6, 26), Grin2d (7, 24), Gabra4 (7, 27),
Gabra5, Gabrb3 & Gabrg3 (7, 28), Acra7 (7, 30), Olfr6 (7, 51), Drd4 (7, 70), Drd2 (9, 28), Acra5 (9, 32), Olfr11 (13, 9),
Adrbk1 (19, 3)

Acute cocaine response Acrd & Acrg (1, 52), Htr5b (1, 63), Adra2b (2, 73), Acrb2 (3, 42), Gabt1 (3, 50), Gabrr1 & Gabrr2 (4, 11), Glyt1 (4, 52),
Grik3 (4, 57), Oprd1 (4, 65), Adrbk2 (5, 60), Drd4 (7, 70), Htr1b (9, 46), Acra3 (9, 51), Olfr8 (10, 44), Crhbp (13, 51),
Htr1a (13, 58), Lhr (14, 40), Drd3 (16, 23), Htr1f (16, 40), Adrbk1 (19, 3)

Cocaine sensitization Oprk1 (1, 6), Htr5b (1, 63), Grin1 (2, 12), Acra (2, 44), Chrm4 (2, 49), Adra2b (2, 73), Acrb2 (3, 42), Gabt1 (3, 50),
Gabrr1 & Gabrr2 (4, 11), Adrbk2 (5, 60), Ghrhr (6, 26), Grin2d (7, 24), Gabra4 (7, 27), Gabra5, Gabrb3 & Gabrg3 (7,
28), Acra7 (7, 30), Nyp1r (8, 33), Mlr (8, 35), Htr1b (9, 46), Acra3 (9, 51), Olfr8 (10, 44), Crhbp (13, 51), Htr1a (13,
58), Grl1 (18, 20), Adrb2 (18, 34), Htr7 (19, 33), Adra2a (19, 50), Adrb1 (19, 51), Gabra3 (X, 29), Avpr2 (X, 30), Ar
(X, 36)

Acra, a-Acetylcholine (ACh) receptor; Acra3, a3 ACh receptor; Acra5, a5 ACh receptor; Acra7, a7 ACh receptor; Acrb2, b2 ACh receptor; Acrd, d ACh receptor; Acrg, g
ACh receptor; Adra2a, a2a adrenergic receptor; Adra2b, a2b adrenergic receptor; Adra2c, a2c adrenergic receptor; Adrb1, b1 adrenergic receptor; Adrb2, b2 adrenergic
receptor; Adrbk1, b1 adrenergic receptor kinase; Adrbk2, b2 adrenergic receptor kinase; Ar, androgen receptor; Avpr2, arginine vasopressin receptor 2; Chrm4, muscarinic ACh
receptor; Crhbp, corticotropin releasing hormone binding protein; Drd1b, dopamine (DA) D1b receptor; Drd2, DA D2 receptor; Drd3, DA D3 receptor; Drd4, DA D4 receptor;
Drd5, DA D5 receptor; Gabra3, GABAA receptor, a3 subunit; Gabra4, GABAA receptor, a4 subunit; Gabra5, GABAA receptor, a5 subunit; Gabrb3, GABAA receptor, a3
subunit; Gabrg3, GABAA receptor, g3 subunit; Gabrr1, GABAA receptor, rho 1 subunit; Gabrr2, GABAA receptor, rho 2 subunit; Gabt1, GABAA transporter 1; Ghrhr, growth
hormone-releasing hormone receptor; Glyt1, glycine transporter 1; Grik3, kainate 3 glutamate receptor; Grl1, glucocorticoid receptor 1; Grin1, NMDA1 glutamate receptor;
Grin2d, NMDA2D glutamate receptor; Htr1a, serotonin (5-HT) 1A receptor; Htr1b, 5-HT1B receptor; Htr1d, 5-HT1D receptor; Htr1da, 5-HT1Da receptor; Htr1db, 5-HT1Db

receptor; Htr1f, 5-HT1F receptor; Htr5a, 5-HT5A receptor; Htr5b, 5-HT5B receptor; Htr7, 5-HT7 receptor; Lhr, luteinizing hormone receptor; Mlr, mineralocorticoid receptor;
Npy1r, neuropeptide Y1 receptor; Olfr6, olfactory receptor 6; Olfr8, olfactory receptor 8; Olfr11, olfactory receptor 11; Oprd1, d1 opioid receptor; Oprk1, opioid receptor,
kappa 1.

Phillips et al. • Cocaine Sensitivity and Sensitization QTLs J. Neurosci., April 15, 1998, 18(8):3023–3034 3031



response of 13 mouse strains was not correlated with degree of
sensitization (Shuster et al., 1977). However, in the present work
there were some (albeit few) common QTL markers for acute
stimulant and sensitization for all three doses. In other work, we
found little relationship between acute ethanol response and
response to repeated ethanol treatments (Phillips et al., 1995).
The relationship for the moderate cocaine dose may suggest some
ability to predict risk of cocaine sensitization development from
acute cocaine response.

We saw a positive relationship between baseline activity and
sensitivity to acute cocaine treatment. This is inconsistent with
some other work in which animals with lower basal activity levels
had larger drug stimulant responses (Wenger, 1989; Moore et al.,
1993). Furthermore, no relationship was seen for ethanol (Phillips
et al., 1995) or in another report when cocaine responses were
corrected for differences in basal activity, as in our studies (Miner
and Marley, 1995a).

Evidence for associative conditioning effects on cocaine sensi-
tization was found. In the cocaine response comparison of groups
that had received equal cocaine exposure, but differential cocaine
and test environment exposure (day 9 CD10 vs CDC groups), no
conditioned sensitization was seen in more than half of the
strains. In the assessment of conditioned drug effects after saline
exposure to largely cocaine- versus saline-experienced animals
(day 12 CD10 vs CS groups), conditioned effects were found that
did not interact with strain. Whereas the latter result might
suggest that the conditioned response is not under genetic con-
trol, the former would not. It may be the case that the single
cocaine and test environment exposure of the CS group 24 hr
before the day 12 conditioning test influenced the results or that
the test of conditioning under saline versus cocaine challenge
resulted in different outcomes. We obtained no evidence of con-
ditioned sensitization in our work with ethanol (Phillips et al.,
1995). However, in another ethanol study, some evidence for a
conditioned activity response to apparatus cues was obtained
(Cunningham, 1995). We have seen evidence for conditioned
sensitization to methamphetamine with the same procedure used
for the current study (Phillips et al., 1994b).

The current study provides evidence for the influence of ge-
netic differences on level of basal activity, sensitivity to the acute
stimulant effects of cocaine, and magnitude of sensitization to
repeated cocaine exposures. Our most critical future plans in-
clude confirmation of the QTL regions identified in the current
work using an F2 population between the B6 and D2 progenitor
strains. We hope that this work will eventually lead to identifica-
tion of the actual genes located in QTL regions that confer
differences in susceptibility to the stimulant and sensitizing effects
of cocaine and that may possibly play a role in cocaine addiction.
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