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(3) 399–406, 2000.—C57BL/6J, DBA/2J, and 129/OlaHsd mice were
compared as to their propensity to self-administer cocaine, the ability of cocaine injection to prevent extinction of nose pok-
ing in the absence of cocaine infusion, and cocaine’s effect on NGFI-A and secretogranin II mRNA. Baseline nose-poke ac-
tivity tended to be highest in C57 and lowest in DBA mice. C57 and DBA mice self-administered cocaine, as indicated by
more frequent nose pokes in mice allowed to infuse cocaine through nose pokes than in mice passively receiving the same
amount of cocaine. DBA mice had the larger ratio between active and yoked-control animals, but the response rate in DBA
mice was four times lower, and cocaine intake 10 times lower than in C57 mice. The 129 mice showed little response to co-
caine. C57 and DBA mice that had been self-administering cocaine showed an extinction of responding when infusions were

 

stopped, preventable by IP cocaine (5 mg kg

 

2

 

1

 

). A single cocaine injection (2 mg kg

 

2

 

1

 

) increased NGFI-A mRNA and de-
creased secretogranin II mRNA in the caudate putamen in C57 mice. These effects were more widespread in DBA and ab-
sent in the 129 mice. The marked differences among mouse strains described here will be important to consider when trans-
genic mice are to be used in cocaine-related studies. © 2000 Elsevier Science Inc.

 

Self-administration Extinction Immediate-early gene NGFI-A Secretogranin II Inbred mouse strains

 

MICE provide an excellent model for studies of the genetic
basis of drug intake. The mouse strains C57 and DBA are of-
ten compared in such studies, because they are genetically di-
vergent, and are the two progenitor strains for the BXD con-
genic strains used in the mapping of chromosomal loci that
influence drug related phenotypes [reviewed in (7)]. Targeted
gene disruption, so-called knockout animals, has normally
been made in substrains of the 129 mouse (25) that are then
often mated with C57 mice. Because behavioral characteris-
tics differ between the parental strains, the interpretation of
behavioral responses in transgenic or knockout animals may
be complicated.

There are several reports suggesting differences between
strains in sensitivity to cocaine. Carney et al. (6) found that
C57 mice readily acquired cocaine self-administration without
prior drug experience, whereas DBA mice failed to acquire
self-administration within a 5-day access period. Using the

same technique, Grahame and Cunningham (11) demon-
strated that cocaine was an effective reinforcer in both C57
and DBA strains. Recently, Rocha et al. (26) reported that,
when a low unit dose of cocaine was made contingent upon
the operant reaction, DBA mice met the cocaine self-adminis-
tration acquisition criteria in 6 days, whereas even after 14
days none of the C57 mice were able to reach cocaine self-
administration criteria. A possible explanation for the diver-
gent results could be that complete dose–effect curves for
cocaine reinforcement was not constructed in the studies
mentioned. In one study, major differences between the 129
and C57 mice were found in behavioral tests (23).

The aim of the present study was to compare three differ-
ent inbred mouse strains C57BL/6J (C57), DBA/2J (DBA),
and 129OlaHsd (129) as to their sensitivity to reinforcing ef-
fects of increasing doses of IV cocaine. The 129/OlaHsd sub-
strain of the 129 mice was chosen, as it is one of the most
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common background strains of knockouts with behavioral
phenotypes (24). In addition, we studied the effect of a single
injection of cocaine on the expression of NGFI-A (nerve
growth factor-induced clone A, also named zif/268) and secre-
togranin II, genes regulated by neuronal activity.

 

METHOD

 

Animals

 

Experiments were carried out on male DBA/2J, C57BL/6J
(Bomholtgard, Denmark), and 129/OlaHsd (Harlan, UK) mice
(18–22 g, age: 4–5 weeks). Animals were kept under standard
laboratory conditions with unlimited access to food and water.
Animals were housed 12 per cage in a light-controlled room
(12 h light/dark cycle, light on at 0600 h) at 21

 

8

 

C and 60% hu-
midity, and used in accordance with the European Community
Council Directive. Approval was obtained from the Northern
Ethics Board on Animal Experiments of Stockholm.

 

Drugs and Self-Administration Method

 

Cocaine (as hydrochloride, Sigma, St. Louis, MO) was dis-
solved in saline and the pH of the solution was adjusted to 7.2
with 0.01 N NaOH. Doses of cocaine HCl refer to the salt.

Self-administration by naive mice was initiated during a
single 30-min session (21). The unit dose ranged from 10 to
320 

 

m

 

g per kg per infusion in a volume of 1.6 

 

m

 

l per infusion,
at a fixed ratio 

 

5

 

 1, i.e., each nose poke produced one infu-
sion. Mice were tested in pairs in cages (8 

 

3

 

 8 

 

3

 

 8 cm) with a
frontal hole (1.5 cm) for nose poking, fitted with infrared sen-
sors (3 mm into the hole from the inner surface of the cage)
interfaced to a computer controlling the syringe pump. Mice
were partially immobilized by fixing their tails with adhesive
tape to the horizontal surface. The tails protruded through a
vertical slot in the back wall of the box.

First, the number of nose-poke reactions during a 10-min
period was recorded for all experimental animals. On the ba-
sis of this 10-min test, pairs of mice were chosen so that ani-
mals in each pair exhibited approximately equal nose-poke
activity. The matched pairs were thereafter (about 1-h delay
from initial testing) placed into the experimental boxes, and
cannulas (external diameter 0.4 mm) were introduced into the
lateral tail veins of both animals in the pair. To verify the
proper placement of the needles, test infusions (3 

 

3

 

 1.6 

 

m

 

l)
were made. Improper positioning of the needle resulted in lo-
cal paling of the tail. In this case the needle was removed and
reintroduced. When needles were properly placed the re-
sponse-contingent injections were activated. Each nose poke
of one mouse (called the active mouse) resulted in a re-
sponse-contingent infusion of 1.6 

 

m

 

l of cocaine solution or sa-
line to both the active mouse and the yoked control. The in-
jection had a constant duration of 1 s. The nose-poke counter
was not interrupted during the injection. Nose pokes of the
yoked-control animal were counted, but had no programmed
consequences. The self-administration session lasted 30 min,
after which the animals were labeled and returned to their
home cages.

About 15% of active mice failed to display sufficient nose-
poke activity to acquire cocaine self-administration These
pairs were eliminated from data analysis. The criterion for
elimination of a pair was low nose-poke activity in the active
animal (nose pokes less than five in 30 min) and/or a blocked
or wrongly positioned cannula. Investigation usually showed
that the reason for atypically low activity was improper fixa-
tion of the animal, which kept it from reaching the infrared

 

sensor. Other reasons for lack of self-administration were ex-
travascular positioning of the cannula or its blockade by coag-
ulated blood. Cannulas were routinely checked before and af-
ter each self-administration session.

As a quantitative measure of the reinforcing effect of the
drug solution, an 

 

r

 

 (ratio) criterion was used. This was calcu-
lated as the log

 

10

 

 of the ratio between the cumulative number
of nose pokes by the active and yoked-control mouse in the
matched pair during a 30-min self-administration or extinc-
tion session. Logarithms were used to normalize the distribu-
tion of the data. If an infused solution has a reinforcing effect,
the number of operant reactions (nose pokes) in active mice
will exceed that in the yoked-control animal independent of
any motor stimulant effect of the drug and the log

 

10

 

 of the ra-
tio will become a positive value. Because mice were matched,
the initial (predrug) ratio was always close to unity. Because
of the matching, the 

 

r

 

 criterion was slightly modified com-
pared to our previous publications (21), as the subtraction of
the logarithm of the initial ratio was not necessary.

The numbers of nose pokes for active and yoked-control
mice in experimental groups were analyzed using two-way
ANOVA; mode (active mice vs. yoked-control mice) and
dose (saline and different unit doses of cocaine) were the in-
dependent factors. Next, paired comparison (two-tailed Stu-
dent’s 

 

t

 

-test) was performed to compare 1) active and yoked
control activity within unit dose group, and 2) active and
yoked control activity in cocaine dose group and saline group.
The whole study was designed as a between subjects (inde-
pendent groups) experiment (i.e., each treatment described
was done on a separate set of animals).

Next the ratio criterion was analyzed in a similar way: one-
way ANOVA for ratio criteria (with cocaine unit dose as an
independent factor) followed by paired comparison of ratio
criteria (two-tailed Student’s 

 

t

 

-test) in cocaine unit dose
groups with saline group value.

 

Extinction of Cocaine Reward-Associated Responding

 

On day 2, 24 h after the mice had been trained with a co-
caine dose that produces self-administration behavior, extinc-
tion sessions were carried out. Both active and passive
(yoked-control) mice were injected with saline or one of the
doses of cocaine. All injections were made IP in a volume of
1 ml kg

 

2

 

1

 

. Immediately after, pairs of mice were placed into
experimental boxes, but the needles were not introduced and
cocaine infusions were not activated. As in the initiation ses-
sion, the number of nose pokes of each mouse in the pair was
counted and these data were analyzed using the 

 

r

 

 criterion.

 

Sectioning of Brains, In Situ Hybridization

 

For neurochemistry, mice (not previously used in behav-
ioral experiments) were decapitated under carbon dioxide an-
esthesia 1 and 4 h after injection of cocaine (2 mg kg

 

2

 

1

 

 in ap-
prox. 20 

 

m

 

l) into the lateral tail vein, and the brains were
removed and rapidly frozen on dry ice. From each brain, coro-
nal sections (14 

 

m

 

m) were cut with a Leitz cryostat and thaw
mounted on Polysine slides (Menzel-Gläser, Germany). Sec-
tions for quantitative analysis of different brain structures
were cut according to the Franklin and Paxinos (10) atlas at
the level (IA) 5.5 mm. The slides were stored at 

 

2

 

20

 

8

 

C for
2–4 weeks before being used.

The 45-mer NGFI-A probe (Scandinavian Gene Synthesis,
Köping, Sweden) was complementary to nucleotides encoding
amino acids 2–16 of mouse NGFI-A, and has been checked
for specificity (33). The 44-mer secretogranin II (SG-II) probe
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was complementary to nucleotides 676–719 of mouse secre-
togranin II mRNA (28). Our secretogranin II probe gives the
same labeling pattern in the rat and mouse brain as that de-
scribed (30) using a different probe for the same target.

Oligodeoxyribonucleotides were labeled using terminal
transferase (Amersham) with [

 

35

 

S]-dATP (Amersham) to a
specific activity of about 10

 

9

 

 cpm 

 

m

 

g

 

2

 

1

 

. Slides were hybridized
for 16 h at 42

 

8

 

C in a cocktail containing 50% deionized forma-
mide (Fluka), 4 

 

3

 

 SSC, 1 

 

3

 

 Denhardt’s solution (Sigma), 1%
sarcosyl (Sigma), 0.02 M NaPO

 

4

 

 (pH 7.0), 10% dextran sul-
fate (Sigma), 0.5 mg ml

 

2

 

1

 

 yeast tRNA (Sigma), 0.06 M
dithiotreitol (Fluka), 0.1 mg ml

 

2

 

1

 

 sheared salmon sperm
DNA (Sigma) and labeled oligodeoxyribonucleotide probe
(10

 

7

 

 cpm ml

 

2

 

1

 

). Slides were washed 4 

 

3

 

 15 min in 1 

 

3

 

 SSC at
55

 

8

 

C, then dipped briefly in water, 60, 95, and 99.5% ethanol,
and air dried.

Finally, sections were apposed to Hyperfilm-Betamax
(Amersham) for 4 weeks.

The optical density of the Hyperfilm was measured in ar-
eas corresponding to the core and shell parts of nucleus ac-
cumbens, the lateral and medial parts of the caudate puta-
men, prefrontal cortex (the combined pre- and infralimbic
cortex was measured), and piriform cortex with a Microcom-
puter Imaging Device M4 (Imaging Research, Canada). Sig-
nificant differences between two means were determined us-
ing one-way ANOVA followed by Student’s 

 

t

 

-test.

 

RESULTS

 

Initiation of IV Self-Administration

 

The mouse strains differed in basal nose-poke activity dur-
ing the 10-min test before cocaine administration (ANOVA:

 

p

 

 

 

,

 

 0.01, see Table 1). Thus, C57 mice were about four times
more active than their DBA counterparts and the 129 mice
exhibited an intermediate activity (i.e., C57 

 

.

 

 the 129 

 

.

 

DBA). The ratio criterion during self-administration of saline
was similar in all strains used and close to zero. During self-
administration of saline, the nose-poke ratio was less than
during the preceding 10-min test (in all likelihood due to ha-
bituation to the environment). When animals were followed
for 1 h without drug/saline infusions (data not shown), it was
found that about 80% of nose-poke activity occurred in the
first 10-min period of testing. In DBA mice, the nose-poke ac-
tivity tended to be lower than in C57 and the 129 strains dur-
ing self-administration of saline (again C57 

 

.

 

 the 129 

 

.

 

DBA), but the difference did not reach significance (

 

p

 

 

 

5

 

0.068; ANOVA).
Cocaine, when made contingent to the nose-poke re-

sponses of active mice, modified the activity in a different
manner, depending on the unit dose, mouse strain used, and
administration mode (active versus passive; see Table 2).

The unit dose of cocaine had a significant influence on the
number of nose pokes in the 129 mice, as revealed by two-
way ANOVA, 

 

F

 

(5, 60) 

 

5

 

 4.73, 

 

p

 

 

 

,

 

 0.01, but there were no
differences between active and passive mice. Paired compari-
son revealed that only animals that received cocaine in a unit
dose of 320 

 

m

 

g kg

 

2

 

1

 

 inf

 

2

 

1

 

 showed a significant difference (a
reduction) in nose-poke activity (

 

p

 

 

 

,

 

 0.05) compared with the
corresponding saline group. In agreement, we did not observe
any significant influence of cocaine dose on the 

 

r

 

 criterion
(Fig. 1A). There was a significant influence of cocaine unit
dose on the cumulative intake of cocaine, 

 

F

 

(5, 30) 

 

5

 

 8.87, 

 

p

 

 

 

,

 

0.01, Fig. 1B).
In C57 mice, there was a significant effect of cocaine dose,

 

F

 

(5, 68) 

 

5

 

 12.46, 

 

p

 

 

 

,

 

 0.01, and administration mode, 

 

F

 

(1, 68) 

 

5

 

5.38, 

 

p

 

 

 

,

 

 0.05, on the number of nose-poke responses. Also,
the interaction between mode and dose was significant, 

 

F

 

(5,
68) 

 

5

 

 2.27, 

 

p

 

 

 

,

 

 0.05. There was a strong increase in the num-

TABLE 1

 

BASAL NOSE-POKE ACTIVITY IN 10 MINUTES

129 Mice C57 Mice DBA Mice

 

Active group 50.83 

 

6

 

 5.28 82.63 

 

6

 

 5.42 23.15 

 

6

 

 1.83
Yoked control

group
52.86 

 

6

 

 5.22 83.55 

 

6

 

 5.23 25.65 

 

6

 

 2.06

Data as mean 

 

6

 

 SEM, 

 

n

 

 

 

5

 

 40–60 mice. All three strains differ sig-
nificantly from each other (

 

p

 

 

 

,

 

 0.01; ANOVA followed by unpaired
two-tailed Student’s 

 

t

 

-test).

 

TABLE 2

 

COCAINE ASSOCIATED NOSE-POKE ACTIVITY IN 30 MINUTES

Cocaine dose

 

m

 

g kg

 

2

 

1

 

 inf

 

2

 

1

 

129 Mice C57 Mice DBA Mice

Active Control Active Control Active Control

 

0 (sal) 28.7 

 

6

 

 6.5 31.2 

 

6

 

 5.0 32.5 

 

6

 

 6.6 32.5 

 

6

 

 4.5 19.9 

 

6

 

 3.4 24.8 

 

6

 

 4.6
10 35.7 

 

6

 

 3.6* 36.7 

 

6

 

 8.9
20 31.8 

 

6

 

 4.3* 21.3 

 

6

 

 5.4
40 47.6 

 

6

 

 7.2 43.8 

 

6

 

 9.7 97.2 

 

6

 

 16.5* 85.7 

 

6

 

 10.9* 57.3 

 

6

 

 7.3*† 25.2 

 

6

 

 7.9
60 34.3 

 

6

 

 5.6† 15.3 

 

6

 

 4.6
80 56.2 

 

6

 

 13.2 46.8 

 

6

 

 5.1 127 

 

6

 

 16.1*† 99.5 

 

6

 

 15.0* 26.2 

 

6

 

 5.8 22.2 

 

6

 

 3.0
120 41.7 

 

6

 

 9.0 38.3 

 

6

 

 14.6 203.6 

 

6

 

 19.8*† 131.9 

 

6

 

 21.2*
160 36.8 

 

6

 

 6.3 26.6 

 

6

 

 4.1 157.2 6 36.6* 88.87 6 7.1*
240 94.7 6 12.0* 121.3 6 16.2*
320 16.8 6 1.6* 17.3 6 1.8*

Data as mean 6 SEM, n 5 8–10 mice.
*p , 0.05 (unpaired two-tailed Student’s t-test) compared to the corresponding group with saline self-administration.
†p , 0.05 (unpaired two-tailed Student’s t-test) compared to control mice receiving cocaine passively.
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ber of nose pokes of the active animals in experiments with
cocaine with the strongest effect at a unit dose of 120 mg kg21

inf21 compared with saline self-administration (see Table 2).
The control animals also displayed an increase in operant be-
havior compared to the corresponding saline group (see Ta-
ble 2). Further increase of the cocaine unit dose (.120 mg
kg21 inf21) produced a decrease in the number of nose pokes,
which indicates that C57 mice adjusted their responding to re-
ceive cocaine at a certain infusion rate. Accordingly, there
was a significant influence of cocaine concentration on the
dose consumed, F(5, 30) 5 8.7, p , 0.01. The consumption was
not a linear function of unit dose, as there was a plateau phase
in the unit dose range of 120–240 mg kg21 inf21 of cocaine (Fig.
1B). In this range of concentrations, mice consumed around
20 mg kg21 of cocaine per session. With respect to the r crite-
rion, there was a typical bell-shaped unit dose to response
curve [significant differences between doses; F(5, 36) 5 3.53,

p , 0.01], with significant acquisition of cocaine self-adminis-
tration at the dose of 120 and 160 mg kg21 inf21 (Fig. 1A).

Two-way ANOVA revealed significant effect of cocaine
dose, F(5, 68) 5 4.0, p , 0.01, and mode of cocaine adminis-
tration, F(1, 68) 5 9.96, p , 0.01, on nose-poke activity of
DBA mice, and a significant dose 3 mode interaction, F(5,
68) 5 3.38, p , 0.01. There was a significant increase in active
nose pokes at the doses of 10, 20, and 40 mg kg21 inf21 (p ,
0.01, compared with active animals receiving saline). In con-
trast, none of the cocaine doses produced an increase in nose
pokes in control animals. Further increase of the cocaine
dose, as in experiments with C57, caused a decrease in nose-
poke activity of active animals (but had no influence on the
control animals). Consequently the r criterion, an index of re-
inforcement, showed a typical bell-shaped unit dose to re-
sponse curve, F(5, 34) 5 3.60, p 5 001), indicating significant
acquisition of cocaine self-administration at the unit doses of
40 and 60 mg kg21 inf21 (Fig. 1A). There was significant influ-
ence of cocaine dose on the cocaine intake, F(5, 30) 5 8.7, p ,
0.01. The relationship between unit dose and intake was not
linear, as there was a plateau at cocaine doses in the range of
40–60 mg kg21 inf21 (Fig. 1B). In this range of doses mice con-
sumed around 2 mg kg21 of cocaine per session. The relation-
ship between unit dose and r criterion was strongly shifted to
the left along the unit-dose scale in DBA mice in comparison
to C57 mice. DBA mice exhibited a larger ratio (compared to
C57 mice) between active and yoked-control animals at the
unit dose of cocaine that gave maximal reinforcement, but the
response rate in DBA mice was about four times lower than
in C57 mice, and cocaine intake was 10 times lower than in
C57 mice.

Extinction of Cocaine Self-Administration

Because only DBA and C57 mice acquired cocaine self-
administration, the extinction experiments were performed
only with these strains (trained with 40 mg kg21 inf21 and 120
mg kg21 inf21 on day 1, respectively). On day 2 (24 h after the
acquisition session), mice were given noncontingent IP injec-
tions of different doses of cocaine or saline and placed into
exactly the same experimental boxes as in the initiation ex-
periment. In saline-treated animals the number of nose pokes
were not significantly different between active and passive
mice (see Fig. 2A). Hence, the r criterion did not differ from 0
(Fig. 2B). This was interpreted as extinction, in the absence of
response-contingent cocaine, of the behavior acquired on day
1. In experiments with saline injection C57 mice (both active
and yoked control) exhibited a significantly higher level of
nose-poke activity than DBA mice (p , 0.01).

Two-way ANOVA revealed significant influence of co-
caine dose, F(3, 46) 5 5.5, p , 0.01, and strain of mice, F(1,
46) 5 57.2, p , 0.01, on the number of nose pokes in active
groups of animals (Fig. 2A). The interaction between dose
and strain was also significant, F(3, 46) 5 5.99, p , 0.01. In
the control groups of mice only strain had a significant influ-
ence, F(1, 46) 5 32.41, p , 0.01. In DBA mice (Fig. 2A), IP
injection of cocaine at the dose of 5.0 mg kg21 specifically in-
creased the nose-poking response of the active animals that
had learned to self-administer cocaine on day 1 (p , 0.05
compared with saline-treated group). However, this effect of
cocaine at 5.0 mg kg21 was not seen in the active animals
trained with saline self-administration on day 1 (data not
shown) or in yoked-control animals that received either co-
caine or saline infusion on day 1. Similar results were ob-
tained in C57 mice in experiments with administration of co-

FIG. 1. Effect of increasing doses of cocaine on reinforcement and
total cocaine intake in three mouse strains. (A) Influence of cocaine
unit dose on the R- (ratio-) criterion, i.e., log10 of the ratio of nose
pokes in active over passive mice, in experiments with acquisition of
cocaine self-administration. Data as mean with SEM (n 5 8–10 mice).
*indicates significant acquisition of self-administration according to
R-criterion (p , 0.05, Student’s t-test, comparison with the group
with saline self-administration). (B) Influence of cocaine unit dose on
cocaine consumption during the 30 min self-administration session.
Mean and SEM (n 5 8–10 mice). s 129, m C57, . DBA.
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caine at the doses of 5 and 10 mg kg21. The dose–response
relationship was biphasic, so that there was no significant dif-
ference in nose-poking activity between the animals in the
pair at the higher doses of cocaine (10 and 20 mg kg21 in
DBA mice and 20 and 40 mg kg21 in C57 mice).

ANOVA also showed a significant influence of cocaine
dose on r criteria in both strains (p , 0.01; Fig. 2B). Paired
comparison revealed that in the DBA strain the extinction of
self-administration-like behavior (according to the r crite-

rion) occurred after saline administration, and cocaine admin-
istration at the doses of 10 and 20 mg kg21. Cocaine at the
dose of 2.5 mg kg21 had a tendency to stabilize the self-admin-
istration-like behavior, whereas cocaine at the dose of 5.0 mg
kg21 prevented the extinction of self-administration-like be-
havior. In C57, extinction of self-administration was found af-
ter saline administration and cocaine administration at the
dose of 40 mg kg21. In this strain, doses of 2.5 and 20 mg kg21

produced a tendency to stabilize the self-administration-like
behavior, whereas cocaine at the doses of 5.0 and 10 mg kg21

prevented its extinction. When the two strains were compared
with respect to r criterion on day 2, significant differences
(Student’s t-test, p , 0.05) were found at the dose of 10 and
20 mg kg21 (Fig. 2B).

NGFI-A mRNA Expression

Effects of IV cocaine injection (2 mg kg21) on NGFI-A
mRNA expression were found only in C57 and DBA mice
(Fig. 3) In C57 mice, significant alteration of NGFI-A expres-
sion after a single cocaine injection was found in the caudate
putamen (p , 0.05, lateral part; and p , 0.01, medial part). In
the DBA strain cocaine significantly elevated the expression
of NGFI-A mRNA in the caudate putamen (both in the me-
dial and lateral part p , 0.01), prefrontal cortex (p , 0.01, the
area measured was the combined pre- and infralimbic cortex),
and piriform cortex (p , 0.05). The changes occurred 1 h af-
ter injection. After 4 h there were no detectable effects of co-
caine, and NGFI-A seemed to have returned to a possible
basal level (data not shown). Control levels of NGFI-A
mRNA (after saline injections) were similar in the three
strains in all structures measured. Although not shown in the
figure, there was a significant increase in NGFI-A mRNA in
the piriform cortex 1 h after cocaine in DBA mice (0.471 6
0.027 OD units after cocaine and 0.404 6 0.015 OD units after
saline, p , 0.05).

Secretogranin II mRNA Expression

Significant effects of cocaine injection on secretogranin II
(SG-II) mRNA expression were found only in C57 and DBA
mice (Fig. 4). In C57 mice, significant inhibition of SG-II
mRNA expression after a single cocaine injection was found
in the caudate putamen (p , 0.05, lateral part). In the DBA
strain, cocaine significantly decreased the expression of SG-II
mRNA in the caudate putamen (both in medial and lateral
parts, p , 0.05) and in the shell part of the n. accumbens (p ,
0.05). Interstrain comparison revealed significant differences
in SG-II mRNA expression in the prefrontal cortex, F(2, 23) 5
5.6, p , 0.01, and in the medial part of the caudate putamen,
F(2, 23) 5 4.9, p , 0.05. The post hoc comparison revealed
higher (p , 0.01) expression of SG-II mRNA in the 129 strain
in prefrontal cortex. The rank order of SG-II expression in
the mouse strains was 129 .. C57 5 DBA. Conversely, the
DBA mice exhibit the highest expression of SG-II mRNA in
the medial part of the caudate putamen. There the rank order
was DBA . C57 .. 129. The basal level of SG-II in the piri-
form cortex differed between strains (0.275 6 0.02 in the 129
mice, 0.514 6 0.047 in C57 mice, and 0.420 6 0.022 in DBA
mice, mean 6 SME, OD units, n 5 10 mice). Here, there was
no effect of cocaine in the 129 mice (0.284 6 0.0167) but a
tendency to a decrease in C57 and DBA (0.426 6 0.027 and
0.399 6 0.002 OD units after cocaine treatment, repectively).

FIG. 2. Extinction of cocaine self-administration. (A) Nose-poke
activity during a 30-min session after IP administration of saline or
different doses of cocaine. Data as mean with SEM (n 5 8–10 mice).
*indicates significant difference between active and passive mice (p ,
0.05, Student’s t-test). A, active animals; P, passive animals. (B) Influ-
ence of cocaine dose on the R- (ratio-) criterion. Data as mean with
SEM (n 5 8–10 mice). *indicates significant difference between
strains (p , 0.05, Student’s t-test).
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DISCUSSION

DBA and C57 mice rapidly acquired cocaine self-adminis-
tration behavior. The 129 mice failed to acquire self-adminis-
tration when tested under identical conditions. DBA and C57
mice were responsive to cocaine’s stimulatory effects on nose
pokes, although this was only true for active mice in experi-
ments with DBA.

Our findings confirm previous reports (11,26) showing that
cocaine dose dependently induces self-administration in both
DBA and C57 strains, and that the rate of cocaine intake is
lower in the former. However, our data contradict the study
that showed an inability of DBA mice to acquire cocaine self-

administration (6). These researchers reported data from only
three DBA mice tested at one unit dose (100 (g kg21 inf21)
and apparently did not check the patency of the cannula after
the self-administration session. In the present study, DBA
mice also failed to acquire cocaine self-administration in the
range of unit doses 80–120 (g kg21 inf21 but exhibited stable
self-administration at the dose of 40 mg kg21 inf21. C57 mice
readily acquired self-administration behavior at the doses of
80 and 120 mg kg21 inf21. Thus, the discrepancy between Car-
ney’s study (6) and ours is probably explained by the dose
used by those authors, and that the doses at which cocaine is
reinforcing are lower in DBA in comparison with C57 mice.

The shift to the right of the unit dose–intake curve in C57
mice [present study; (26)] might be construed as evidence of
lower reinforcing potency of cocaine in the C57 strain than in

FIG. 3. Influence of acute cocaine injection on NGFI-A mRNA
expression in mouse brain. *,**indicate p , 0.05 and p , 0.01 vs.
saline (Student’s t-test). ACC, n.accumbens core; ACS, n.accumbens
shell; CPL, caudate putamen (lateral part); CPM, caudate putamen
(medial part); CXM, prefrontal cortex. Data as mean with SEM (n 5
8–10 mice).

FIG. 4. Influence of acute IV cocaine on secretogranin II mRNA
expression in the mouse brain. Data as mean with SEM (n 5 8–10
mice). *indicates p , 0.05 vs. saline (Student’s t-test). ACC, n. accum-
bens core; ACS, n. accumbens shell; CPL, caudate putamen (lateral
part); CPM, caudate putamen (medial part); CXM, prefrontal cortex.
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the DBA strain. It is also possible that C57 mice self-adminis-
ter larger doses due to reduced sensitivity to the toxic effects
of cocaine. That the lowest dose of cocaine that supports ac-
quisition of self-administration was less in DBA mice than in
C57 mice (40 mg kg21 inf21 and 120 mg kg21 inf21, respec-
tively) may argue that the sensitivity to cocaine’s primary ac-
tion is greater in this strain. The greater response of NGFI-A
and SG-II to single-dose cocaine in DBA mice than in C57
further supports this hypothesis. Similar concentrations of co-
caine were measured in the brains of DBA and C57 mice fol-
lowing injection (2,5,9,13,18,22,26,27,32). Furthermore, cocaine
has a comparable half-life in these strains (3), suggesting that
differences in cocaine self-administration are not due to dif-
ferential cocaine kinetics among strains.

The absence of an increase in nose pokes or gene expres-
sion in response to cocaine in the 129 mice is in line with the
results of Miner (23), who showed an absence of place prefer-
ence after cocaine treatment in the closely related 129/SvJ
substrain. Furthermore, Schlussman and co-workers (29) re-
ported a lack of activation of locomotion by cocaine in the
129/J mice. However, Miner (23) reported that the 129/SvJ
mice were very sensitive to the locomotor activating effects of
cocaine, although locomotor activity was strongly increased
also after saline injection from a very low basal level. In the
present study, there was no motor activation (revealed by the
nose-poke activity) in the 129 mice but there was a significant
decrease in nose-poke activity at the highest cocaine unit dose
tested. This is in line with the study of Schlussman and co-
workers (29), and may indirectly indicate that the 129 mice
are sensitive to the side/toxic effects of cocaine. The absence
of a response of NGFI-A and SG-II to cocaine in the 129 mice
suggests a reduced sensitivity to the primary effects of cocaine
in this strain. However, it is possible that the 129 mice have
some difficulties in the formation of association between op-
erant reaction and consequent drug infusion, as the 129 sub-
strains perform poorly in some memory tests (8).

NGFI-A, a transcription factor encoded by an immediate
early gene, is thought to couple extracellular signals to
changes in gene expression, for example, in long-term poten-
tiation. Increased NGFI-A expression in the striatal areas af-
ter cocaine has previously been described in rats [reviewed in
(12)], and is consistent with current views about mechanisms
of the stimulatory effects of cocaine. In addition, there was an
increase in NGFI-A mRNA in the piriform cortex in DBA
mice. The role of the piriform cortex, if any, in drug effects is
not well known. However, it has dopamine autoreceptors
similar to those in the mesolimbic dopamine system (1) and

responds to cocaine administration (4). The absence of any
effect of cocaine on NGFI-A expression in the 129 mice could
possibly be attributed to the reduced glutamatergic signalling
found at least in the 129/SvEv substrain (20) as NGFI-A is
regulated at least partly by glutamate receptors (14).

Cocaine produced only increases in NGFI-A mRNA, but
only decreases in SG-II mRNA. Chromogranins, such as
secretogranin II, are glycoproteins, found in secretory gran-
ules and possibly involved in processing and packaging of
peptides (15). As levels of chromogranin mRNA are mark-
edly increased in chronically stimulated neurons, it has been
suggested that chromogranin mRNAs may better reflect
changes in production and secretion of peptides or transmit-
ters than the more commonly measured immediate early
genes (30).

There were interstrain differences in basal (saline treat-
ment) SG-II mRNA in the prefrontal cortex and the caudate
putamen. The rank order was 129 .. C57 5 DBA for the
prefrontal cortex, and DBA . C57 .. 129 for the striatum.
Because secretoneurin, derived from SG-II, can stimulate the
release of dynorphin (35), and because C57 mice have been
found deficient in kappa-receptors in striatum in comparison
to DBA mice (17,31) and in endogenous substrates for
kappa-receptors (16), differences in the function of endoge-
nous kappa-opioid system might possibly explain the strain
differences in cocaine self-administration. Cocaine has stimu-
latory effects on behavior if administered into the striatum,
but inhibitory actions in the frontal cortex (19). The strain dif-
ference in basal SG-II mRNA expression could possibly also
reflect a shift in the balance in neuronal activity between the
striatum and cortex.

Studying strain differences with the procedure for cocaine
self-administration used in this article is quick and easy, and
may prove valuable for cocaine pharmacogenetics. We dem-
onstrated differences in the sensitivity to cocaine among the
C57, DBA, and the 129 mouse strains. The 129/OlaHsd mice
should be used with caution in cocaine-related studies, as this
background strain apparently lacks some effects of cocaine.
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