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The role of individual differences in the etiology of addiction is
a very controversial issue. Neuroendocrine phenotypes that are
able to predispose an individual to the development of drug
intake have been identified previously. However, such informa-
tion has been gathered by comparing individuals who differ in
their sensitivity to low doses of the drug. Consequently, it
remains unclear whether a phenotype predicting a higher sen-
sitivity to low drug doses would be relevant in environmental
conditions, such as the ones encountered by humans in which
high drug doses are available. In this report, we studied dose–
response, dose–intake, and ratio–intake functions for intrave-
nous cocaine self-administration in the laboratory rat. We show

that individual differences in drug self-administration originate
from vertical shift in the dose–response function. Thus, no
matter the dose, drug intake is very high in some “vulnerable”
subjects and very low in other “resistant” ones. Vulnerable
subjects, the upward shifted ones, would then have a higher
chance to develop drug abuse also when high drug doses are
available. In conclusion, these results provide a solid founda-
tion for the existence of a drug-vulnerable phenotype relevant
for the etiology of addiction.
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An important issue in the field of drug abuse is to understand
whether there exists a “vulnerable” phenotype that predisposes
one to addiction (O’Brien et al., 1986; Piazza and Le Moal, 1996).
Individual differences in the responses to drugs of abuse have
been widely demonstrated in humans (De Wit et al., 1986;
O’Brien et al., 1986; Crowley et al., 1998) and laboratory animals
(Crabbe et al., 1994; Piazza and Le Moal, 1996). For example,
when providing rodents with low unitary doses of drugs, only
some more sensitive individuals develop intravenous drug self-
administration (Piazza et al., 1989), the principal model of drug
abuse. Self-administration-prone subjects can be identified be-
cause of their behavioral reactivity to a stress challenge, such as
the forced exposure to a novel environment (Piazza et al., 1989).
Animals with a high locomotor response to novelty, defined as
high responders (HR) compared with low responder animals
(LR), show the highest sensitivity to drugs (Piazza et al., 1989;
Piazza and Le Moal, 1996).

Although the existence of individual differences in the behav-
ioral responses to drugs is widely accepted, their relevance to the
etiology of addiction remains very controversial (Altman et al.,
1996), the principal criticism being that such individual difference
in drug responses would have no practical influence on the de-
velopment of addiction in environmental conditions, such as the
“real world” in which large amounts of drugs are available. This
criticism is justified by the fact that variations in drug responses are
currently interpreted as horizontal shifts in self-administration

dose–response functions, i.e., differences in the sensitivity to ex-
perience drug effects (Koob et al., 1986; Deminière et al., 1989;
Wise 1996).

Figure 1 shows a typical self-administration dose–response
function.a According to the model of horizontal shifts (Koob et
al., 1986; Deminière et al., 1989; Wise, 1996), vulnerable subjects
are the most sensitive, i.e., the ones leftward shifted, and these
individuals would develop self-administration at low unitary
doses of the drug (see Fig. 1B, top). However, at higher doses,
“resistant” subjects, which are the less sensitive and rightward
shifted, would provide an equal rate of self-administration (see
Fig. 1B, top) and even take the highest quantity of the drug (see
Fig. 1B, middle). Consequently, when both low and high drug
doses are available, horizontal shifts predict that individual dif-
ferences do not influence the development of drug abuse. Al-
though horizontal shifts in drug self-administration constitute the
framework currently used to interpret self-administration data, a
widely ignored alternative exists, i.e., dose–response functions
could be vertically shifted. Vertical shifts (see Fig. 1C) predict a
totally different vulnerable phenotype. In this case, vulnerable
subjects, which are the upward shifted ones, present a higher rate
of responding across doses (see Fig. 1C, top) and consume the
highest quantities of the drug (Fig. 1C, middle). Consequently,
these vulnerable individuals would have the highest chances to
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aSelf-administration dose–response functions are typically bell-shaped and are
obtained by training animals at a high unitary dose of the drug. Once the behavior
is acquired and stabilized, the dose is progressively varied between sessions. Similar
bell-shaped curves are obtained if the dose is progressively decreased or changed
randomly. Within a certain range of doses, such as right (or descending) limb of the
dose–response function, the animal will react to the decrease in dose by increasing
responding (see Fig. 1A, top). As a result, for doses that are in the right limb of the
dose–response function, drug intake remains fairly constant (see Fig. 1A, bottom).
This phenomenon is interpreted as an attempt to compensate for the decrease in the
unitary dose and maintain an ideal level of reinforcement. However, below a certain
level of unitary drug doses, such as left (or ascending) limb of the dose–response
function, responding progressively decreases, and this is probably because the dose
of the drug is too low to efficiently maintain responding.
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develop drug abuse also in environmental conditions in which
both low and high drug doses are available.

In this report, we have studied dose–response, dose–intake,
and ratio–intake functions for intravenous cocaine self-
administration in the laboratory rat. It was found that individual
differences in drug self-administration originate from vertical
shifts in dose–response functions. Vulnerability to drugs appears
independent of dose in that no matter what the dose, drug intake
is very high in certain vulnerable subjects and very low in other
resistant ones. Consequently, vulnerable subjects would have a
higher chance to develop addiction independent of the quantity of
drugs available in the real world.

MATERIALS AND METHODS
General methods
Animals and surg ical procedures. Sprague Dawley rats (280–320 gm;
Iffa-Credo, Lyon, France) were individually housed under a constant 12
hr light /dark cycle (on at 12:00 A.M., off at 12:00 P.M.) with ad libitum
access to food and water. Under ether anesthesia, a SILASTIC catheter
(12 ml dead volume) was inserted in the right auricle through the external
jugular vein. The catheter was then passed under the skin and fixed in the
midscapular region. For the first 3 d after surgery, the catheters were
flushed daily with 0.1 ml of saline mixed with heparin (100 U/ml) and
gentamicin (1 mg/kg). Thereafter, the catheters were flushed with a
saline–heparin mixture after each saline session.

Drugs. Cocaine HCl (Coopération Pharmaceutique Française, Bor-
deaux, France) was dissolved in NaCl 0.9%.

Locomotor response to novelty. The novel environment was a circular
corridor (10 cm wide and 70 cm in diameter). Four photoelectric cells
placed at the perpendicular axis of the apparatus automatically recorded
locomotion. Individual responses were measured after a 7 d period of
habituation to the housing conditions and before any other manipulation.
As described previously (Piazza et al., 1989), animals were divided into
high and low responders to novelty on the basis of their activity scores
accumulated over 2 hr. The HR group contained animals with activity
scores above the median of the whole group; the LR group contained all
of the other animals.

Intravenous self-administration. The procedure and the equipment for
self-administration were identical to the ones described previously
(Deroche et al., 1997). Each self-administration chamber (35 3 33 cm
floor area, 50 cm high) was provided with two holes in the middle of each
of the larger sides at 5 cm from the floor of the cage. By introducing their
nose (nose-poke) into one of the holes, defined as active, rats triggered
a photocell, activated a syringe pump, and initiated an infusion of 20 ml
of cocaine solution over 2 sec. Each infusion was followed by a 20 sec
time-out period during which further nose-pokes were recorded but did
not result in additional intravenous infusions. A nose-poke in the other
hole, defined as inactive, was without scheduled consequences at any
time. The number of responses at both holes and the number of rein-
forcements earned (number of infusions) were recorded for the entire
session. The number of responses is usually higher than the number of
infusions because of responding during the time-out period.

Cocaine assay. Brain content of cocaine in HR and LR animals was
measured by HPLC with UV detection as described previously
(Marinelli et al., 1997). Animals were killed by decapitation, and the
brains were quickly frozen. Results were expressed as micrograms per
gram of brain tissue.

Statistical analysis. Results were analyzed using ANOVA (Crunch
statistical package) for repeated measures. The groups (HI/LI or
HR/LR animals) were used as between factors. The dose (six levels) or
the ratio (six levels) was used as within factors. Correlations were
evaluated by the Pearson’s correlation test.

PROCEDURES
Experiment 1: study of individual differences in dose–response,
dose–intake, and ratio–response functions
Self-administration procedures. Six days after catheter implantation, ani-
mals (n 5 18) were trained to self-administer cocaine at 1 mg/kg per
infusion, which in our experimental conditions corresponds to the ED100
(efficacious dose) of this behavior. The ED100 was defined as the dose at
which the percentage of animals that acquired the behavior was close to
100%. Self-administration sessions (one per day, 1 hr each) were con-
ducted between 1:00 and 6:00 P.M. using a fixed ratio (FR) 1 (one
response per infusion) schedule. After 10 d of training, the dose of the
drug was progressively decreased between sessions, each dose being
maintained at least for 3 d and until the responding of the animal was
stable (,10% variation) over 2 d. For the lower doses of cocaine, this
criteria was reached after 5–7 d. The ED50 for cocaine self-
administration was calculated with respect to the dose–intake function
and corresponded to the dose at which half of the maximal intake was
observed. Once the dose–response function was completed, animals
were stabilized again at 1 mg/kg per infusion, but this time an FR6 (six
responses per infusion) schedule was applied. Next, a ratio–response
function was performed by maintaining constant the dose and increasing
the number of responses (ratio) necessary to obtain one infusion. This
procedure measured the intensity of cocaine, reinforcing effects by eval-
uating the number of responses that the animals provided to obtain one

Figure 1. Classical intravenous self-administration dose–response and
dose–intake functions (A) and theoretical expression of individual differ-
ences as horizontal (B) or vertical (C) shifts of these functions. The two
models predict two different drug-vulnerable ( filled circles) and drug-
resistant (open circles) phenotypes. In the case of a horizontal shift, a
vulnerable subject (the one leftward shifted) will have a higher number of
responses (B, top) in the active device (the ones delivering the drug) only
for low unitary drug doses. In the case of a vertical shift (C, top), a
vulnerable subject (the one upward shifted) will have higher responses in
the active device across doses. As a consequence, the leftward shifted
individuals will have the lowest drug intake (B, middle), whereas the
upward shifted subjects will have the highest one (C, middle). Further-
more, taking into account all of the subjects, the correlation between the
number of responses in the active device at doses in the ascending (for
example, the 2 dose) and descending (for example, the 8 dose) limbs of the
dose–response function will be negative if a horizontal shift (B, bottom)
occurs and positive in the case of a vertical one (C, bottom).
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infusion of the drug. The ratio was progressively increased every two
sessions up to FR54. Each session started with the assigned ratio that
remained stable within one session.

Study of individual differences. The occurrence of either vertical or
horizontal shifts in dose–response functions between individuals can be
determined on the basis of two parameters that produce opposite results
depending on the shift that occurs. (1) The first parameter is the amount
of drug intake at high unitary doses. Animals with the highest drug intake
will be the less sensitive (rightward shifted) in the case of a horizontal
shift (Fig. 1 B, middle) and the most vulnerable (upward shifted) in the
case of a vertical shift (Fig. 1C, middle). To study this parameter animals
were divided into two groups on the basis of their intake at the highest
unitary dose of cocaine studied (1 mg/kg per infusion). The high intake
(HI) group contained all of the animals with an intake above the median
of the whole group. The low intake (LI) group contained all of the other
animals. (2) The second parameter is the correlation between the num-
ber of responses in the ascending and descending limbs of the dose–
response function. For a whole group of animals, this correlation will be
negative in the case of a horizontal shift (Fig. 1 B, bottom) and positive in
the case of a vertical shift (Fig. 1C, bottom). Thus, in the case of an
horizontal shift, subjects (Fig. 1 B, filled circles) with the lower number of
responses in the active device at high unitary doses (for example, hypo-
thetical dose 8 in Fig. 1) will have the higher number of responses at low
unitary doses (for example, the hypothetical dose 2 in Fig. 1). Conversely,
in the case of a vertical shift, the subjects (Fig. 1C, filled circles) with the
higher number of responses at high unitary doses (for example, hypo-
thetical dose 8) will also have the higher number of responses at low ones
(for example, hypothetical dose 2). The nature of this relationship was

assessed by analyzing the correlation between the number of responses in
the active hole at different doses.

Experiment 2: relationships between acquisition threshold and
dose–response functions for cocaine self-administration
In a second experiment, we determined whether an upward shift in the
self-administration dose–response function corresponds to a higher pro-
pensity to develop cocaine self-administration at low doses of the drug.
For this purpose, we compared high and low responders to novelty (n 5
7 per group and per condition). Thus, it has been shown previously that
these groups of animals differ for the acquisition of self-administration of
low doses of amphetamine (Piazza et al., 1989). In two independent
groups of animals, the acquisition of self-administration at a low dose of
cocaine (0.1 mg/infusion) and a full dose–response function (1 mg/kg
per infusion was the training dose) were studied. Self-administration
procedures were identical to the ones described above. Briefly, animals
were first tested for their locomotor response to novelty and than im-
planted with the intravenous catheter. After 6 d of recovery, they were
trained to self-administer cocaine on an FR1 schedule. Animals received
one self-administration session per day for 7 consecutive days. Sessions
lasted 1 hr and were conducted between 1:00 and 6:00 P.M. These
procedures were also used for the dose–response function. This time
animals were trained with 1 mg/kg per infusion and the training at this
dose lasted 10 d. After this period, the dose was progressively reduced
between sessions. Each dose was maintained for at least 3 d and until the
response of the animals was stable over 2 d (,10% variation).

Figure 2. Experimentally observed dose–response
and dose–intake functions for intravenous self-
administration of cocaine represented as the follow-
ing: means 6 SE for the entire group of animals (A);
individual values (B); separate means 6 SE for
animals with a high and low intake of cocaine at the
highest dose (1 mg/kg per infusion) (C, top, middle);
and correlation between the number of responses
(nose-pokes) in the active device for doses of the
ascending (0.06 mg/kg per infusion) and descend-
ing (0.25 mg/kg per infusion) limbs of the dose–
response function (C, bottom). There were large
individual differences in the number of responses
(nose-pokes) in the active device (the ones deliver-
ing a drug infusion) (B, top) and cocaine intake (B,
bottom). These differences were derived by vertical
shifts in individual dose–response functions. Thus,
HI animals compared with LI animals showed up-
ward shifted dose–response (C, top) and dose–
intake (C, bottom) functions that did not differ for
the ED50 (as calculated on the dose–intake func-
tion). Furthermore, the number of responses in the
ascending and descending limbs of the dose–
response function were positively correlated (C, bot-
tom). The individual values used for computing the
graphs were the mean of the last 2 d of testing at
each dose.
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Experiment 3: differences between HR and LR animals in
brain levels of cocaine
On the basis of the results of the previous experiments revealing signif-
icant differences between HR and LR animals in cocaine self-
administration, in a third experiment, we studied the pharmacokinetics
of cocaine. The aim of this experiment was to establish whether the
behavioral differences observed could depend on differences in the
bioavailability of the drug. For this purpose, independent groups of HR
and LR rats were implanted with an intravenous catheter, left to recover
for 1 week, and infused with 2 mg/kg cocaine, which corresponds to the
average loading dose observed during cocaine self-administration. Ani-
mals in HR and LR groups were then killed 2, 10, and 20 min after the
infusion of cocaine (n 5 8 per group and per time point).

EXPERIMENT RESULTS
Experiment 1: individual differences in cocaine self-
administration dose–response functions
In our experimental conditions, a typical bell-shaped dose–
response function for cocaine self-administration was observed
(Fig. 2A). Individual differences in this behavior were very large,
as shown in Figure 2B in which the number of responses (nose-
pokes) in the active device (Fig. 2B, top) and cocaine intake (Fig.
2B, bottom) for each individual are depicted. Comparisons of
groups constituted on the basis of the intake at the highest dose
(1 mg/kg per infusion) and correlation between the number of
responses at the different doses indicate that individual difference
in this behavior depend on vertical shifts in dose–response func-
tions. Indeed, these two parameters predict opposite results de-
pending on the shift occurring (Fig. 1). In the case of a vertical
shift, (Fig. 1C) animals with an HI (Fig. 1C, middle) should have
a dose–response function shifted upward (Fig. 1C, top), and a
positive correlation should be found between the number of
responses in the ascending and descending limbs of the dose–
response function (Fig. 1C, bottom). In the case of a horizontal
shift, HI animals (Fig. 1B, middle) should have a dose–response
function shifted toward the right (Fig. 1B, top), and a negative
correlation should be found between the number of responses in
the ascending and descending limbs of the dose–response func-
tion (Fig. 1B, bottom).

Figure 2C shows clearly that only the predictions provided by
the model of vertical shifts (Fig. 1C) are fulfilled. Thus, animals
with an HI compared with animals with an LI had a significant
upward shift in the dose–response (Fig. 2C, top) (group effect,
F(1,16) 5 7.39; p , 0.01) and dose–intake (Fig. 2C, middle) (group
effect, F(1,16) 5 10.75; p , 0.005) functions. Furthermore, the
number of responses in the active device for unitary doses of
cocaine in the ascending (0.03–0.12 mg/kg per infusion) and
descending (0.25–1 mg/kg per infusion) limbs of the dose–
response functions were always positively correlated. This is
exemplified in the bottom of Figure 2C by the correlation (r 5
0.79; p , 0.01) between the number of responses at 0.06 and 0.25
mg/kg per infusion doses. The absence of a significant horizontal
shift was also shown by the lack of differences in the ED50 for the
HI and LI groups (HI, 0.145 mg/kg per infusion; LI, 0.187 mg/kg

Figure 3. Ratio–response function for cocaine intravenous self-
administration in animals with high and low cocaine intake. Results are
expressed as number of responses (A) and reinforcements (number of
infusions) earned (B) over ratios. HI animals reacted at the increase in
ratio (the response requirement necessary to obtain one drug infusion)
with a proportional increase in responding, whereas, after FR24 (24
responses for one infusion), responding did not increase any more in LI
animals. As a consequence, the intake of cocaine remained stable for HI
but rapidly decreased in LI at the increase in ratio.

Figure 4. Cocaine intravenous self-administration acquisition (A) and
dose–response function (B) in high and low responders to novelty. HRs
compared with LRs were the only group to acquire self-administration for
a low dose of cocaine (100 mg/infusion), and their dose–response func-
tion was upward shifted.

Figure 5. Brain levels of cocaine in HR and LR animals. After the
intravenous infusion of 2 mg/kg cocaine, the two groups did not differ for
brain levels of the drug. Brain levels of cocaine were measured 2, 10, and
20 min after the infusion of the drug.
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per infusion; p . 0.18) and from the lack of interaction between
group and dose (group 3 dose interaction, F(5,80) 5 0.27;
p . 0.92).

The results of the ratio–response function indicate that the
reinforcing effects of cocaine were higher in animals with an
upward shift in the dose–response function. When the ratio
requirement (number of responses needed to obtain one infu-
sion) was progressively increased between sessions, HI animals
provided a higher number of responses (nose-pokes) in the active
device than LI animals (Fig. 3A) (F(4,64) 5 2.82; p , 0.035). The
higher increase in responding among the HI animals had two
consequences. First, the number of reinforcements (cocaine in-
fusions) earned by HI animals was higher than the ones of LI
animals (F(3,48) 5 5.23; p , 0.003). Second, the number of
reinforcements earned by HI animals remained constant at the
increase in ratio requirement (F(3,24) 5 1.21; p . 0.3), although it
progressively decreased (F(3,24) 5 9.33; p , 0.0003) in LI animals
(Fig. 3B). This result indicates that HI animals are ready to
respond more in the active device than LI animals to maintain a
constant intake of cocaine.

HI and LI animals did not differ for basal levels of responding.
Thus, in none of the conditions studied did these groups differ in
the number of responses (nose-pokes) made in the control device
(inactive hole).

Experiment 2: relationships between acquisition
threshold and dose–response functions for
cocaine self-administration
HRs and LRs differed in locomotor activity in a novel environ-
ment. The activity scores cumulated over 2 hr of exposure to the
novel environment were as follows: HR, 1154.07 6 53.36; LR,
677.92 6 40.08 (F(1,26) 5 50.25; p , 0.0001). These differences in
locomotion between HR and LR are in the range of the ones
reported previously (Piazza et al., 1989; Lucas et al., 1998). High
and low responders also differed for cocaine self-administration.
When the two groups were tested for the acquisition of cocaine
self-administration, at a low unitary dose of the drug, high re-
sponders acquired and maintained self-administration, whereas
low responders did not, as shown by the significant difference
between the two groups in the number of cocaine infusions over
days (Fig. 4A) (F(1,12) 5 9.31; p , 0.01). HRs and LRs also
differed for cocaine self-administration dose–response function,
which was significantly upward shifted (Fig. 4B) in HRs com-
pared with LRs (group effect, F(1,12) 5 6.5; p , 0.02). However,
there was no significant interaction between group and dose
(group 3 dose interaction, F(5,60) 5 1.12; p . 0.35), nor did HRs
and LRs differ in basal levels of responding given that in none of
the conditions studied did these groups differ in the number of
responses made in the control device (inactive hole). Conse-
quently, the behavioral phenotype showed by the HR and LR
groups was similar to that observed respectively in HI and LI
animals.

Experiment 3: differences between HR and LR animals
in brain levels of cocaine
Despite the large differences in cocaine-induced behaviors, HR
and LR groups did not differ in cocaine bioavailability. Thus,
after the intravenous infusion of 2 mg/kg of cocaine, HRs and
LRs had indistinguishable brain levels of the drug (Fig. 5) (F(1,42)

5 0.09; p . 0.70). This result suggests that the observed differ-
ences in behavior did not originate from differences in brain
concentrations of cocaine.

DISCUSSION
Our results indicate that individual differences in cocaine self-
administration originate from vertical shifts in dose–response
functions. These vertical shifts can be predicted on the basis of
the behavioral reactivity of a subject to a stress challenge, i.e., the
forced exposure to a novel environment. High responders to
novelty compared with low responders show acquisition of co-
caine self-administration at low cocaine doses and an upward
shift in dose–response functions.

Classically (Kenakin, 1993), shifts in dose–response functions
are described as changes in (1) “maximal response,” the pharma-
cological term that describes the intensity of drug effects, and (2)
“potency,” the pharmacological term describing the location of
the dose–response curve along the concentration axis. Changes
in maximal response and potency are determined by various
properties of the substrate or by factors relating more strictly to
the drug–receptor interaction (Kenakin, 1993). The substrate-
related factors are (1) the density of receptors for the drug, and
(2) the “efficiency” of the substrate in converting receptor stim-
ulus into tissue response. The factors belonging to the drug–
receptor interaction are (1) the “intrinsic efficacy” of the drug,
defined as the effect per unit of pharmacon–receptor complex,
and (2) the “affinity” of the drug for the receptor. Clearly, in vivo,
the bioavailability of the drug also plays an important role. The
possibility to infer some of these variables, such as efficacy, from
in vivo dose–response function has been questioned (Colquhoun,
1998). However, the conceptual frame outlined above represents
the most common approaches in interpreting pharmacological
data. For these reasons, it will be used here to interpret the shift
in the observed dose–response functions.

It may seem straightforward to say that vertical shifts in cocaine
dose–response functions originate from variations in the maxi-
mal response to cocaine because this is the variable that describes
vertical shifts in dose–response functions (Kenakin, 1993). How-
ever, self-administration dose–response functions do not provide
a typical measure of maximal response. The maximal response is
normally considered as the response that is obtained at doses that
approximate the ED100, whereas the highest rate of responding in
self-administration is obtained at doses that approximate the
ED50. Despite this particularity of self-administration dose–
response functions, several observations suggest that vertical
shifts originate from changes in the maximal response to the drug.
First, the ratio–response experiment was performed using an
ED100 dose. In this condition, the reinforcing effects of cocaine
were found to be higher in individuals showing an upward shift in
dose–response function. This result is compatible only with an
increase in the maximal response to cocaine, otherwise no dif-
ferences should have been found using an ED100 dose. Second, in
the context of our experiments, an increase in the maximal
response to cocaine should originate from an increase in the value
of the substrate-related factors. Intrinsic efficacy can be excluded
because cocaine is a constant in these experiments. Differences
between HRs and LRs in the activity of the dopaminergic pro-
jections into the nucleus accumbens, one of the principal sub-
strates of cocaine-reinforcing effects (Piazza and Le Moal, 1996;
Wise, 1996; Koob and Le Moal 1997), fulfill this prediction.
Dopamine release in the accumbens, in basal conditions (Hooks
et al., 1991; Piazza et al., 1991b), after stress (Rougé-Pont et al.,
1993), and after an injection of cocaine (Hooks et al., 1991), is
higher in HRs (upward shifted) than in LRs (downward shifted).
Furthermore, HRs and LRs also differ for other neurotransmit-
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ters that regulate dopamine release (Lucas et al., 1998). Finally,
the number of dopaminergic receptors in the accumbens also
differs between the two groups (Hooks et al., 1994), and HRs
show a higher response to the direct infusion of dopamine in this
structure (Hooks et al., 1994).

Three lines of observations suggest that it is unlikely that
vertical shifts in cocaine self-administration dose–response func-
tions involve a selective change in potency. First, changes in
potency induce selectively horizontal shifts in dose–response
functions, i.e., similar to the ones depicted in Figure 1B, a
phenomenon that has not been observed here. Second, in the case
of a selective change in potency, differences in the effect of the
drug should disappear at the ED100 (Kenakin, 1993). In contrast,
in the progressive ratio experiments, large differences between
HI and LI were found at this dose. Third, at the biological level,
variations in potency should correspond to individual differences
in the affinity of the receptor, in this case probably the dopamine
transporter (Ritz et al., 1987), or in the bioavailability of the drug
(Kenakin, 1993). In fact, these two factors did not differ in HRs
and LRs (current paper and Hooks et al., 1994); nevertheless,
cocaine dose–response functions were upward and downward
shifted, respectively, in these animals.

The results of the self-administration acquisition study com-
paring HR and LR animals indicate that an upward shift in the
dose–response function for cocaine self-administration is associ-
ated with a lower threshold dose for acquiring this behavior. This
result may seems surprising because a decrease in the threshold
dose indicates a higher sensitivity to the drug that is usually
considered as a consequence of an increase in potency. In fact, in
the case of vertical shifts in dose–response functions, changes in
the threshold dose can be observed without an accompanying
increase in potency (Kenakin, 1993). Consequently, it is not
necessary to appeal to a change in potency to explain changes in
the threshold dose. However, although the present experiments
do not suggest that changes in potency are a major determinant of
individual differences in self-administration, it would not be sur-
prising that in other circumstances a higher maximal response to
the drug may be accompanied by an increase in potency. Thus, a
selective increase in intrinsic efficacy or in the efficiency of the
substrate to translate the effects of the drug, the two factors
determining an increase in maximal response, can also induce a
decrease in the ED50 of the drug, i.e., an increase in potency. In
this case, dose–response functions would be both upward and
leftward shifted, suggesting an even more vulnerable phenotype
that is still consistent with the model presented in Figure 1C.

The results presented in this report clearly characterize indi-
vidual differences in cocaine self-administration. It appears that
some more vulnerable subjects (1) acquire self-administration at
low cocaine doses, (2) provide a higher rate of responding and
intake higher quantities of the drug across doses, and (3) are
ready to provide a higher amount of work to obtain the drug. This
behavioral profile seems principally determined by a higher max-
imal response to cocaine that may results from a higher activity of
the substrates translating the response to the drug, probably the
mesencephalic dopaminergic transmission. For these reasons,
also in an environmental condition in which high drug doses are
encountered, such as the real world, these individuals will be
more vulnerable to drug abuse. They will develop the highest rate
of drug self-administration and be ready to provide more work to
obtain the drug. Furthermore, because these individuals take the
highest drug quantities, they will also have the highest chances to
develop the drug-induced adaptations that contribute to drug

dependence (Robinson and Berridge, 1993; Stewart and Badiani,
1993; Hyman and Nestler, 1996; Koob and Le Moal, 1997).

The focus of the present report is on individual differences;
however, its results and interpretations also contribute to the
understanding of vulnerability to drugs in a more general way.
Indeed, upward shifts in dose–response functions have been
observed as a consequence of the repeated exposure to stress
(Carrol and Meich, 1984; Miczek and Mutscheler, 1996) or to
drugs of abuse (Schenk and Partridge, 1997; Deroche et al., 1999),
two conditions considered major etiological factors of addiction
(Kalivas and Stewart, 1991; Robinson and Berridge, 1993; Piazza
and Le Moal, 1998). Furthermore, in all of these cases, a decrease
in the threshold dose for self-administration (Piazza et al., 1990;
Haney et al., 1995; Vezina et al., 1999) and an increased perfor-
mance in progressive ratio schedules (Shaham and Stewart, 1994;
Lorrain et al., 2000) have been also reported. Finally, in the case
of stress and of the repeated exposure to drugs, an increase in the
functional activity of the substrates translating the effects of drugs
of abuse, such as the dopaminergic projection to the nucleus
accumbens, has also been found (Kalivas and Stewart, 1991;
Robinson and Berridge, 1993; Piazza and Le Moal, 1998; Vezina
et al., 1999). Alas, an increase in the maximal response to drugs
of abuse determining an upward shift in the dose–response func-
tion seems to be a phenomenon not restricted to individual
differences but a general phenotype describing vulnerability to
drugs.

These observations suggest that potential therapies of addic-
tion should be designed to decrease the maximal response to
drugs of abuse. In this respect, pharmacological manipulations of
glucocorticoid hormones could be a good target because they
induce changes consistent with a reduction in the maximal re-
sponse to cocaine. At the neurochemical level, suppression of the
secretion of glucocorticoids (Piazza et al., 1996b) or administra-
tion of glucocorticoid receptor antagonists (Marinelli et al., 1998)
induces a decrease in basal and drug-induced dopamine release.
At the behavioral level, suppression of glucocorticoid secretion
reduces cocaine intake (Piazza et al., 1994), inducing profound
vertical shifts in the dose–response functions for cocaine-induced
self-administration (Deroche et al., 1997) and locomotion
(Marinelli et al., 1997). The potential interest of pharmacological
manipulations of glucocorticoid hormones is strengthened by the
pathophysiological link that seems to exist between these hor-
mones and vulnerability to drug abuse. Thus, glucocorticoids
seems to mediate the higher dopaminergic and behavioral re-
sponses to cocaine observed in both HRs (Piazza et al., 1991a,b)
and stressed subjects (Rougé-Pont et al., 1995; Piazza and Le
Moal, 1996).

In conclusion, these results demonstrate the existence of a
drug-vulnerable phenotype relevant for the etiology of addiction
and provide a framework for further studying its biological de-
terminants. The challenge for the future will be to elucidate the
molecular basis for this phenotype to design more selective
therapies of addiction.
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