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Intermittent intake of rapid cocaine injections promotes the
risk of relapse and increases mesocorticolimbic BDNF levels
during abstinence
Aliou B. Gueye1, Florence Allain1 and Anne-Noël Samaha1,2

Cocaine is thought to be more addictive when it reaches the brain rapidly. We predicted that variation in the speed of cocaine
delivery influences the likelihood of addiction in part by determining the risk of relapse after abstinence. Under an intermittent-
access schedule, rats pressed a lever for rapid (injected over 5 s) or slower (90 s) intravenous cocaine injections (0.5 mg/kg/
injection). Control rats self-administered food pellets. A tone-light cue accompanied each self-administered reward. The 5s- and
90s-rats took a similar average amount of cocaine. One or 45 days after withdrawal from cocaine/forced abstinence, lever-pressing
behaviour was extinguished during a 6-h session. Immediately thereafter, cue- or cocaine (10 mg/kg, i.p.)-induced reinstatement
was assessed for 1 h. One or 45 days after withdrawal, only 5s-rats showed significant cocaine-induced reinstatement of reward-
seeking behaviour. In both cocaine groups, cue-induced reinstatement behaviour was more pronounced after 45 days than after
1 day of withdrawal from cocaine, indicating incubation of conditioned drug craving. However, cue-induced reinstatement after
extended abstinence was greatest in the 5s-rats. Brain-derived neurotrophic factor (BDNF) activity in the brain regulates
reinstatement behaviour. Thus, 24 h after reinstatement tests, we measured BDNF protein concentrations in mesocorticolimbic
regions. Only 5s-rats showed time-dependent increases in BDNF concentrations in the prelimbic cortex, nucleus accumbens core
and ventral tegmental area after withdrawal from cocaine (day 45 > day 1). Thus, rapidly rising brain cocaine levels might facilitate
addiction by evoking changes in the brain that intensify drug craving after abstinence, and these changes persist long after the last
bout of cocaine use.
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INTRODUCTION
Many factors influence the risk of developing drug addiction.
Individual and environmental factors have been studied exten-
sively in this context [1, 2]. Pharmacokinetic variables—including
how much, how often and how fast a drug reaches the brain—are
also decisive in making the transition to addiction [3, 4]. For
example, clinical observations are clear; when drugs of abuse
reach the brain rapidly, addiction is more likely to develop. This is
one reason why smoking or injecting cocaine intravenously is
associated with a greater abuse liability and a greater propensity
for drug addiction compared to intranasal use [5, 6].
Animal studies show that the rate of drug delivery determines

the susceptibility to develop behavioural effects relevant to
addiction. In much of this work, cocaine is used as a model drug.
The findings show that injecting cocaine intravenously over 5
versus 90–100 s promotes psychomotor sensitization [7–9], escala-
tion of drug intake [10, 11], and incentive motivation for cocaine
[9, 12, 13]. These effects are likely mediated by differences in the
temporal kinetics with which cocaine reaches its sites of action in
the brain, rather than by differences in achieved dose. Indeed,
varying infusion duration between 5 and 100 s produces differ-
ences in the rate of rise of cocaine concentrations in the brain,
without producing large effects on peak concentrations [8, 9, 14].

The effects of the rate of drug delivery on psychomotor
sensitization, drug intake and incentive motivation for cocaine have
been studied, but effects on the risk of relapse after abstinence have
not been examined systematically. Our goal here was to address
this. Relapse to drug use during abstinence is a central problem in
addiction [15]. In abstinent cocaine addicts, stress [16], the drug itself
[17] or drug-associated contexts and cues [18] can trigger craving
and relapse. Both cue-induced drug craving [19–21] and drug-
seeking behaviour [22] intensify during abstinence. This is termed
“incubation of drug craving”, and it promotes relapse. It is not
known how the rate of drug delivery influences incubation of drug
craving. One study reports that after 45 days of abstinence, only rats
that had taken rapid cocaine injections in the past (delivered
intravenously over 5 versus 45–90 s) showed cocaine-primed
reinstatement of drug-seeking behaviour [11]. Cue-induced relapse
or incubation of this effect, were not assessed. Another issue is that
preclinical studies on the incubation of drug craving have used rats
given continuous drug access during self-administration sessions
(e.g., ‘Short-Access’ or ‘Long-Access’). Continuous cocaine access
produces high and sustained brain drug concentrations [23]. But
cocaine use in addicts is likely intermittent, both between and
within bouts of use [4, 24]. This is modelled in a new intermittent-
access self-administration procedure in rats [25, 26].
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Given these considerations, key questions have yet to be
answered by preclinical models. Does the speed of cocaine
delivery influence incubation of conditioned drug craving after
abstinence? How does intermittent-access cocaine self-
administration influence the incubation effect? To answer these
questions, we allowed two groups of rats to self-administer
intravenous cocaine injections under intermittent-access. Each
injection was given over 5 s in one group (5s-rats), and over 90 s in
the other (90s-rats). A control group self-administered food pellets.
Cue- and drug-induced relapse (the renewal of previously
extinguished drug-seeking behaviour after abstinence) were then
assessed after 1 or 45 days of withdrawal/forced abstinence. The
actions of the neurotrophin, brain-derived neurotrophic factor
(BDNF) in the mesocorticolimbic system mediate the persistence
of cue-induced drug craving after extended withdrawal [27–29].
Thus, after the relapse tests given following 1 and 45 days of
withdrawal from cocaine, we measured BDNF protein concentra-
tions in the prelimbic cortex, the nucleus accumbens (Nac) core
and the ventral tegmental area (VTA).

MATERIALS AND METHODS
For rats, apparatus, intravenous catheter implantation and
acquisition of food self-administration, see Supplementary
Material online. The Université de Montréal's Animal Care
Committee approved all experimental procedures, and these
complied with the guidelines of the Canadian Council on Animal
Care.

Groups
Figure 1a shows the experimental events. In the initial daily 1-h
self-administration training sessions, control rats self-administered
food pellets and all cocaine rats self-administered 0.5 mg/kg/
infusion cocaine, injected intravenously over 5 s. All rats self-
administered under FR3, with an 85-s timeout. During the timeout,
levers were retracted, the houselight was turned off, the light
above the active lever was illuminated, and a 5-s, 1800-Hz tone
was presented. The rats had at least 3 daily sessions, until they
took cocaine (or food pellets) at regular intervals and pressed at
least twice more on the active versus inactive lever, for two
consecutive sessions. Then for 3 additional 1-h sessions, cocaine
rats were assigned to a 5-s or a 90-s group. The food control rats
continued to self-administer food, with an 85-s timeout. The 5-s
group continued to self-administer 5-s cocaine injections, with an
85-s timeout. The 90-s group now received 90-s cocaine infusions,
with no timeout, and the reward-associated cues described above
were presented during the infusion. Thus, all rats had access to a
cocaine injection (or food) every 90 s, and regardless of condition,
each cue presentation lasted for 90 s.

Intermittent-access (IntA)
Following the pretraining phase above, all rats transitioned to 6-h
IntA self-administration sessions. During each IntA session, cocaine
(or food pellets for control rats) were available in twelve, 6-min
periods, separated by 26-min no-cocaine/food periods where
levers were retracted [9, 25]. These sessions were given every 2
days, for a total of 10 sessions. 5s-rats escalate their intake over
intermittent-access sessions [26, 30, 31], while 90s-rats take 2–3
injections/6-min cocaine-available period [9]. Here, to avoid the
confounding influence of differences in cocaine intake between
5s- and 90s-rats, we limited the 5s-rats to 3 cocaine injections per
6-min drug-available period, as adapted from [9]. The 90s-rats
could take up to 4 injections/6-min drug-available period, as 6 min
allow for four 90-s injections. The food control rats were also
limited to 3 pellets/6-min period. These conditions ensured that all
rats had access to a similar number of reinforcing events/6-min
period. The food control rats remained cocaine-naïve and they
served to determine the extent to which any differences in

outcome might involve effects related to operant learning/
performance. A 26-min no-reward period was initiated after each
6-min cocaine/food period, or as soon as the 5s-rats and food
controls took their 3 allotted rewards.

Withdrawal, extinction and reinstatement
Following 10 intermittent-access sessions, rats stayed in their
home cages for 1 or 45 days. On withdrawal day 1 (WD1) and
withdrawal day 45 (WD45), subsets of rats from each group first
received a single 6-h extinction session. Both levers were present
continuously during the 6-h session and rats could press both
levers, but no cocaine or food was available, and the tone-light
cue was not presented. Active lever pressing during extinction
can also reflect context-induced reward-seeking behaviour.
However, we did not perform a formal test of context-induced
drug seeking. This would require additional testing in a non-drug
context as a control. Immediately after the extinction session on
WD1 or WD45, rats received either a cue- or a cocaine-induced
reinstatement test (1 h). For cue-induced reinstatement, the
session started with a single non-contingent presentation of the
tone-light cue. Thereafter, active lever presses were reinforced by
the presentation of the tone-light cue, under FR3. For cocaine-
induced reinstatement (5s- and 90s-rats only), rats received 10
mg/kg i.p. and pressing on either lever had no programmed
consequences. The cocaine prime was given i.p. to remain
consistent with a large literature on drug-primed reinstatement.
However, we note that when a cocaine prime is given i.v.,
injecting the drug over 5, 50 or 100 s does not influence
reinstatement behaviour [32].

Modelling brain cocaine concentrations
Brain cocaine concentrations (C in μM) during IntA were estimated
using a two-compartment open model validated by Pan et al. [33],
and recently applied to IntA self-administration studies [9, 23, 25,
30] (See Supplementary information).

Quantification of BDNF protein concentrations
Twenty-four hours after reinstatement tests on WD1 and WD45,
rats were decapitated, and their brains were harvested. Bilateral
tissue punches of the prelimbic cortex (PrL; + 3.7 mm from
Bregma), Nac core (+ 1.7 mm) and VTA (−5.6 mm) were obtained
from 1 mm coronal sections cut in a cryostat at −20 °C, according
to the Rat Brain Atlas of Paxinos and Watson [34]. We quantified
BDNF protein concentrations in the core rather than shell of the
accumbens because BDNF protein concentrations increase in the
core from cocaine WD45 onward, and are increased in the shell
only after longer withdrawal periods (WD90) [35]. BDNF protein
concentrations were measured using sandwich-style ELISA
(BDNF Emax Immuno-Assay System kit; Promega Corporation,
Madison, WI) according to the manufacturer’s instructions
(See Supplementary information).

Data analysis
Group differences in behaviour during the IntA sessions and
during the 6-h extinction sessions were analyzed using 3-way
ANOVA (Time x Group/Withdrawal period x Lever type; Time and
Lever type as within-subjects variables) and 2-way ANOVA (for
cumulative intake after IntA and total lever presses during
extinction, respectively; Group × Withdrawal period; both as
between-subjects variables). 3-way ANOVAs were used to analyze
lever-pressing behaviour during reinstatement sessions [Group/
Withdrawal period × Lever type × Test type (Extinction versus
Reinstatement); Lever and Test type as within-subjects variables].
Group differences in BDNF levels were analyzed with 2-way
ANOVA (Group × Withdrawal period; as between-subjects
variables). Significant interaction or main effects (p < 0.05) were
followed by Newman–Keuls multiple comparisons tests. Data were
analysed with Stat Soft. Inc. version 10.
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RESULTS
Cocaine self-administration behaviour is similar in 5s- and 90s-rats
Figures 1b, c show cocaine intake pattern and estimated brain
drug concentrations during the 5th IntA session in representative
5s- and 90s-rats. During each session, cocaine was available during
6-min periods, separated by 26-min no-drug periods. Figure 1c
shows that this would produce spikes and troughs in brain
cocaine concentrations during the session (see also [9, 25]. Fig. 1c
also shows that self-administering 5- or 90-s cocaine injections
under IntA would produce a similar spiking pattern in brain
cocaine concentrations, and that there would be no large effect of
cocaine infusion rate on peak brain concentrations of the drug
(see also refs [8, 9, 14]). Figures 1d, e show self-administration
behaviour in 5s- and 90s-rats assigned to the WD1 or WD45
condition. During each session, the 5s-rats were limited to 3
injections/6-min drug-available period (indicated by the horizontal
line in Fig. 1e). The 90s-rats could take up to 4 injections/6-min
period. Over the IntA sessions, all groups pressed more on the
active versus inactive lever (Fig. 1d, F1,66= 415.52, p < 0.001), and
there were no group differences in this behaviour (F3,66= 2.06,
p= 0.11). Both cocaine intake across the 10 sessions (Fig. 1e) and

cumulative intake (Fig. 1f) were similar between groups. The
control rats were also limited to 3 food pellets/6-min reward-
available period and they generally took all 3 (Supplementary
Figure S1).

Rapid cocaine injections promote incubation of extinction
responding during abstinence
Figure 2 shows lever-pressing behaviour when rats were replaced
in the previously reward-associated context (the self-
administration chambers) on WD1 and WD45, under extinction
conditions. All rats pressed more on the active versus inactive
lever (Figs. 2a and c, F1,66= 21.94; Figs. 2e, g, F1,9= 94.75; All P’s <
0.001). Thus, both cocaine- and food-trained rats showed
significant reward-seeking behaviour under extinction conditions.
All rats also decreased active lever presses over the session,
indicating extinction of reward-seeking behaviour (Fig. 2a, F5,330=
117; Fig. 2e, F5,45= 57.06; All P’s < 0.001). Figure 2a shows that the
5 s-rats tested on WD45 pressed more on the active lever than all
other groups (Group × Withdrawal period interaction effect, F1,66
= 4.19; All P’s < 0.05). This is further highlighted in Fig. 2b, showing
that total active lever presses under extinction were also highest

Fig. 1 Timeline of experimental events, estimated brain cocaine concentrations and cocaine self-administration behaviour. a Rats were
implanted with intravenous catheters and trained to press a lever for 45-mg, banana-flavoured food pellets. A subset of the rats was then
trained to self-administer intravenous cocaine (0.5 mg/kg/injection, delivered over 5 s). The cocaine rats were then divided into two groups.
For three 1-h sessions, they were given access to cocaine under a fixed ratio 3 schedule of reinforcement. Each injection was delivered over 5 s
to one group (5s-rats), and over 90 s (90s-rats) to the other group. The subset of cocaine-naïve rats continued to self-administered food pellets.
Next, self-administration sessions were extended to 6 h, during which cocaine (or food) was available intermittently (intermittent-access or
IntA; 6-min periods of reward access, separated by 26-min periods of no reward). Following 10 IntA sessions, rats were kept in their home
cages for 1 or 45 days. At each time point, rats received a single extinction session (6 h), immediately followed by a 1-h cue-induced
reinstatement test (all rats) or cocaine-induced reinstatement test (cocaine rats only). 24 h after the reinstatement tests, the rats were sacrificed
and their brain were removed for BDNF protein quantification. b Cocaine intake patterns and (c) modelled brain cocaine concentrations in a
representative 5s-rat (black) and a representative 90s-rat (grey). The 5s-rats were limited to a maximum of 3 injections/6-min cocaine period
[indicated by the horizontal line in (e). c Under these conditions, the IntA procedure produces similar spikes and troughs in estimated brain
cocaine concentrations in 5 s- and 90s-rats. In (d–f), WD1 and WD45 indicate rats that will be given reinstatement tests 1 or 45 days
after withdrawal from drug self-administration, respectively. d During IntA sessions, both 5s-rats and 90s-rats groups pressed more on the
active versus inactive lever, with no group differences in this behaviour. In (e), the left Y-axis shows the number of injections taken during each
6-min cocaine period. The right Y-axis shows the number of injections self-administered during each 6-h IntA session. Both e cocaine intake
over the sessions and f cumulative drug intake were similar in 5s- and 90s-rats. All data are mean ± SEM. 5s-rats, n= 15 for WD1 and n= 22 for
WD45; 90 s-rats, n= 14 for WD1 and n= 19 for WD45
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in these rats (F1,66= 4.19, All P’s < 0.05). Figures 2e, f show that in
food control rats, pressing on the active lever did not change as a
function of the duration of abstinence (All P’s > 0.05). However,
these rats pressed less on the inactive lever on WD45 than on
WD1 (Fig. 2h, t9= 4.55, p= 0.001). In summary, the 5 s-rats
showed greater extinction responding than 90s-rats, and only the
5s-rats showed incubation of this effect during abstinence.

Rapid cocaine injections promote cue-induced reinstatement
during abstinence
Cue-induced reinstatement of extinguished cocaine-seeking
behaviour is indicated by pressing more on the active lever
during cue-induced reinstatement tests than under extinction
conditions. Figure 3 shows lever-pressing behaviour during cue-
induced reinstatement tests (black bars), compared to the last
hour of the extinction test (white bars). Figure 3a shows that active
lever pressing in the last hour of the extinction session increased
with withdrawal time (F1,39= 15.32, p < 0.001). However, at each
withdrawal time, the groups showed equivalent levels of
responding in the last hour of the extinction session (All P’s >
0.05). On WD1 and WD45, only the 5 s-rats showed significant cue-
induced reinstatement of cocaine-seeking behaviour [Group ×
Lever type × Test type (extinction or reinstatement) interaction
effect, Figs. 3a, b, F3,39= 3.72; Group × Test type Interaction effect,
Fig. 3a, F3,39= 4.21; All P’s < 0.05]. Fig. 3a also shows that on WD45,
the 5 s-rats showed more cue-induced reinstatement of drug-
seeking behaviour than either the 90 s-rats tested at the same
time or the 5 s-rats tested on WD1 (All P’s < 0.01). As seen in Fig. 3a
(right panel), the 90s-rats did not lever-press more during
cue-induced reinstatement tests than during the last hour of
extinction tests—at any withdrawal time (All P’s > 0.05). However,
they pressed more on the active lever during the cue-induced
reinstatement test on WD45 than on WD1 (p < 0.05). This can also

be a form of incubation. Figures 3c, d show lever-pressing
behaviour in food control rats during cue-induced reinstatement
tests. Overall, these rats pressed more on the active versus inactive
lever (Figs. 3c, d, F1,9= 42.47, p < 0.001), but there were no effects
of cue presentation or of withdrawal time (All P’s > 0.05). Thus,
both 5s- and 90s-rats showed incubation of cue-induced
reinstatement. However, on both WD1 and WD45, cue
presentation increased lever-pressing behaviour above extinction
levels only in the 5 s-rats. Moreover, on WD45, cue-induced
reinstatement was more pronounced in 5s-rats than in 90s-rats.
This suggests that a history of taking rapid cocaine injections
enhances the reinstatement-triggering effects of drug cues.

Rapid cocaine injections promote cocaine-induced reinstatement
after abstinence
Cocaine-induced reinstatement of extinguished cocaine-seeking
behaviour is indicated by pressing more on the active lever after
being injected with the drug than under extinction conditions.
Figure 4 shows lever-pressing behaviour during cocaine (10 mg/
kg, i.p.)-induced reinstatement tests (black bars), compared to the
last hour of the extinction tests (white bars). Figure 4a shows that
active lever pressing in the last hour of the extinction session was
similar between the groups and across withdrawal times (All P’s >
0.05). However, when injected with cocaine on WD1 or WD45, only
5 s-rats significantly reinstated drug-seeking behaviour (Figs. 4a, b,
Group × Lever type × Test type (extinction or reinstatement)
interaction effect, F3,23= 2.89; Fig. 4a, Group × Test type
interaction effect; F3,23= 3.27; All P’s < 0.05). Figure 4a also shows
that on WD45, the 5-s rats showed greater cocaine-induced
reinstatement of drug-seeking behaviour than the 90-s rats
(p < 0.001). On WD1, there was a tendency for the 90s-rats to
show cocaine-induced reinstatement of drug-seeking behaviour
(Fig. 4a, p= 0.11). No other comparisons were statistically

Fig. 2 Taking rapid (5 s), but not slower (90 s) intravenous cocaine injections promotes incubation of extinction responding during abstinence.
After 1 or 45 days of forced abstinence/withdrawal (WD) from cocaine, all rats were placed in the cocaine-associated context and given a 6-h
extinction session. Lever presses produced no cocaine and no discrete cocaine cues. a When replaced into the cocaine-taking context under
extinction conditions, drug-seeking behaviour (pressing on the previously cocaine-associated lever) was greatest in the 5s-rats withdrawn for
45 days. b The total number of active lever presses during the extinction session was also greatest in this group. c, d During the extinction
sessions, there were no group differences in pressing on the inactive lever. Rats that had previously self-administered food pellets were also
replaced in the food-taking context and tested under extinction conditions, 1 and 45 days after the last self-administration session. e, f In food
control rats, extinction responding did not vary with withdrawal time. g, h In food control rats, pressing on the inactive lever decreased from
WD1 to WD45. All data are mean ± SEM. *5 s-rats on WD45 versus all other groups, p < 0.05; #versus WD1, p < 0.05. 5s-rats, n= 15 on WD1 and
n= 22 on WD45; 90s-rats, n= 14 on WD1 and n= 19 on WD45; Food rats, n= 5 on WD1 and n= 6 on WD45
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significant. Thus, on WD1 and WD45, only 5s-rats showed
significant cocaine-primed reinstatement of drug-seeking beha-
viour and there was no incubation of this effect.

Rapid cocaine injections produce time-dependent increases in
brain BDNF protein concentrations during abstinence
Reinstatement tests were given on WD1 or WD45. Twenty-four
hours after each reinstatement test, we quantified BDNF protein
concentrations in the prelimbic cortex, the NAc core and the VTA.
Figure 5 shows BDNF protein concentrations presented as the
percentage of the mean values of food control rats. Figures 5d–f
show that in the cohort used for cue-induced reinstatement tests,
there were no group differences in BNDF protein concentrations
after WD1 (white bars). However, after WD45 (black bars), the 5s-
rats had significantly higher BDNF protein concentrations
compared to either 90s- or control rats, in all brain regions
sampled (Fig. 5d, F2,27= 4.24; Fig. 5e, F2,27= 2.23; Fig. 5f, F2,27=
9.87; All P’s < 0.05). In all brain regions sampled, the 5s-rats also
had greater BDNF protein concentrations after WD45 than after
WD1 (Figs. 5d–f, All P’s < 0.05). Figures 5g–i show that a different
pattern of results emerged after the cocaine-induced

reinstatement tests. There were no group differences in BDNF
concentrations in the prelimbic cortex or Nac core (Figs. 5g, h, All
P’s > 0.05). However, in the VTA (Fig. 5i), 5s- and 90s-rats had
greater BDNF protein expression than control rats, and levels were
greatest in the 5s-rats (F2,28= 8.35; All P’s < 0.05). This did not
depend on the withdrawal period (p > 0.05). The BDNF increase in
the VTA of 5s- and 90s-rats is likely driven by re-exposure to
cocaine 24 h prior to sacrifice, rather than by the self-
administration history alone. Indeed, Fig. 5f shows that in the
90 s-rats used for cue-induced reinstatement (i.e., not re-exposed
to cocaine), there were no significant BDNF changes in the VTA. In
summary, following cocaine-induced reinstatement tests, both 5s-
and 90s-rats had increased BDNF protein concentrations in the
VTA relative to controls, and concentrations were highest in the
5s-rats. This was not influenced by withdrawal time. In contrast, in
the rats tested for cue-induced reinstatement—and therefore not
re-exposed to cocaine prior to sacrifice—only the 5s-rats had
elevated BDNF protein concentrations in the prelimbic cortex, Nac
core and VTA, and the time course of this increase paralleled that
of incubation of cue-induced reinstatement in these rats (WD45 >
WD1).

Fig. 3 Taking rapid (5 s), but not slower (90 s) intravenous cocaine injections promotes cue-induced reinstatement after forced abstinence/
withdrawal (WD) from cocaine. Immediately after the 6-h extinction session given on WD1 or WD45, rats were given a 1-h cue-induced
reinstatement test. During cue-induced reinstatement, pressing on the active lever did not produce cocaine, but it was reinforced by
presentations of the tone-light drug cue. Responding during reinstatement tests (black bars) was compared to responding in the last hour of
the extinction sessions (white bars). a On WD1 and WD45, only the 5s-rats showed cue-induced reinstatement of extinguished cocaine-
seeking behaviour. This was indicated by greater pressing on the active lever during the cue-induced reinstatement test versus extinction.
Cue-induced reinstatement intensified during abstinence in both the 5s- and 90s-rats (WD45 >WD1). b During cue-induced reinstatement
tests, there were no group differences in pressing on the inactive lever. c, d In food control rats, there was no effect of food cue presentation
on either active or inactive lever-pressing behaviour. All data are mean ± SEM. *versus extinction session in 5s-rats at the same withdrawal
time, p < 0.05; &versus 5s-rats during cue-induced reinstatement on WD1, p < 0.05; #versus 90 s-rats during the reinstatement test on WD45, p
< 0.05, $versus 90s-rats during the reinstatement test on WD1. 5s-rats, n= 8 on WD1 and n= 15 on WD45; 90 s-rats, n= 7 on WD1 and n= 13
on WD45; Food rats, n= 5 on WD1 and n= 6 on WD45
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DISCUSSION
Addiction to cocaine is more likely and more severe in people who
use rapid routes of drug administration [5, 6]. Here, we
determined how variation in the speed of cocaine delivery
influences the susceptibility to relapse after abstinence. First, we
found that after extended abstinence (45 days versus 1 day), rats
that had taken rapid cocaine injections in the past (5s-rats) show
more vigorous drug-seeking behaviour under extinction condi-
tions compared to rats that had taken slower injections (90s-rats),
and only 5s-rats show incubation of extinction responding during
abstinence. Second, only 5s-rats showed cocaine-induced rein-
statement (see also [11]). This is in contrast to Crombag et al. [32],
who used ‘Short-Access’ sessions (1–2 h) and found that taking
rapid or slower cocaine or amphetamine injections did not
influence subsequent drug-induced reinstatement. Third, while
both 5s- and 90s-rats showed incubation of cue-induced
reinstatement, cue presentation increased drug-seeking behaviour
above extinction levels only in the 5 s-rats, and cue-induced
reinstatement after extended abstinence (45 days) was greatest in
the 5s-rats. This suggests that taking rapid cocaine injections
increases the susceptibility to cue-induced relapse after absti-
nence. The effects of injection speed were seen in spite of
equivalent exposure to cocaine, to the cocaine-taking context, and
to the discrete cocaine-associated cues. These findings extend
previous work showing that the speed at which cocaine reaches
the brain predicts the development of behavioural symptoms
relevant to addiction [7–9, 11–13].

The speed of cocaine delivery predicts the vulnerability to relapse
Cue-induced cocaine craving incubates after abstinence in both
humans and rodents. This likely increases the vulnerability to
relapse long after the last bout of drug use. Our findings show that
withdrawal/forced abstinence from rapidly delivered cocaine
changes the brain in ways that make rats more susceptible to
relapse induced by the drug or by drug-conditioned cues, and this
susceptibility intensifies during abstinence. The present study also
assesses incubation of cue-induced reinstatement in rats given
intermittent-access to cocaine. All studies to date showing
incubation of conditioned drug craving have used continuous-
access self-administration procedures (e.g., Long-Access). These
procedures produce continuously high brain concentrations of
drug, while intermittent-access produces a spiking pattern of drug
concentrations in the brain (Fig. 2c, see also references [9, 23]).
Cocaine ‘spikes’ might better model the pattern achieved by

cocaine addicts during a bout of intoxication [24]. Intermittent-
access is also uniquely effective in producing addiction-relevant
neurobehavioural changes in animal models [23, 26, 30]. We did
not have a continuous-access comparison group here and
comparing across studies is done with caution. However,
extinction responding in our rats was much more robust than
seen in previous incubation studies using continuous-access
cocaine self-administration. For instance, Grimm et al. [22], gave
their continuous-access rats a single 6 to 8-h extinction session at
different times following withdrawal from cocaine. On WD1, their
rats pressed on average < 5 times on the previously active lever in
the last hour of extinction, while our 5s- and 90s-rats pressed 17
(± 3 SEM) and 13 (± 4 SEM) times, respectively. On WD29, the
Grimm et al. [22], rats pressed on average <10 times in the last
hour of extinction, while our 5s- and 90s-rats, pressed 39 (± 4 SEM)
and 29 times (± 5 SEM), respectively, on WD45. It is possible, then,
that the intermittent-access protocol promotes extinction
responding. Indeed, Kawa et al. [26], report that in early
abstinence (~ 2–7 days), intermittent-access rats show similar
levels of responding in the last hour of the extinction test as we
observed here, and they also found greater cocaine- and cue-
induced reinstatement than generally seen in long-access rats.
Here we show that intermittent-access rats show incubation of
cue-induced reinstatement of cocaine-seeking behaviour, and that
taking rapid cocaine injections during intermittent-access sessions
promotes cue-induced reinstatement after extended withdrawal.
Increasing the speed of cocaine delivery increases susceptibility

to some, but not all effects of discrete drug cues. Drug-associated
cues contribute to addiction in powerful ways [36]. They can
trigger relapse during abstinence, as measured in the present
study, and they can also act as conditioned rewards, where they
support the learning of new instrumental behaviours [37]. The
conditioned rewarding effects of cocaine cues are similar in rats
that have taken rapid versus slower i.v. cocaine injections [38]. In
contrast, we show here that rats withdrawn from rapid cocaine
injections display more cue-induced reinstatement behaviour than
rats that had taken slower injections. The cocaine self-
administration procedures used here are different from those
used in this previous study. It is also possible that different neural
substrates mediate the conditioned rewarding versus relapse-
triggering effects of drug cues. As this is examined further, the
present findings suggest that people who use rapid routes of
cocaine administration could be especially sensitive to the
relapse-triggering effects of drug-associated cues.

Fig. 4 Taking rapid (5 s), but not slower (90 s) intravenous cocaine injections promotes cocaine-primed reinstatement after forced abstinence/
withdrawal (WD). Immediately after a 6-h extinction session given on WD1 or WD45, rats were given a 1-h cocaine (10mg/kg, i.p.)-induced
reinstatement test. During cocaine-induced reinstatement, lever pressing produced no cocaine and no cues. Responding during
reinstatement tests (black bars) was compared to responding in the last hour of the extinction sessions (white bars). a After 1 or 45 days
of forced abstinence/withdrawal from cocaine, only 5s-rats showed significant cocaine-induced reinstatement of extinguished drug-seeking
behaviour. b During cocaine-induced reinstatement tests, there were no group differences in pressing on the inactive lever. All data are mean
± SEM. *versus extinction session in 5s-rats at the same withdrawal time, p < 0.05; #versus 90s-rats during the reinstatement test on WD45, p <
0.05. 5s-rats, n= 7 on each of WD1 and WD45; 90s-rats, n= 7 on WD1 and n= 6 on WD45
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The speed of cocaine delivery predicts changes in BDNF protein
concentrations following abstinence
Rapid cocaine delivery more readily changes brain systems
involved in incentive motivation [7, 9, 10, 39]. In agreement with
this, we found that BDNF protein concentrations in the prelimbic
cortex, NAc core and VTA increase after extended withdrawal from
cocaine only in rats with a history of taking rapid drug injections
(see also references [28, 35]. There were no time-dependent
changes in BDNF concentrations in rats that had self-administered
slower cocaine injections (90 s) or food in the past. This suggests
two things. First, increased BDNF protein expression in these brain
regions is an effect relevant to the process of addiction, rather
than a consequence of either withdrawal from chronic cocaine use
or operant responding for a reward. Second, BDNF-mediated
plasticity could contribute to the persistence of the incentive
motivational effects of cocaine cues after forced abstinence/
withdrawal. It has been proposed that the time-dependent
increase in BDNF-mediated activity might not cause incubation,
but it could maintain high levels of craving after extended
abstinence [40]. This effect could involve BDNF-induced increases
in dendritic branching and spine density in neurons [41].

During abstinence, a single re-exposure to cocaine changed
BDNF protein concentrations in the VTA. When sacrificed 24 h
after an i.p. cocaine injection, both 5s- and 90s-rats had increased
BDNF protein concentrations in the VTA compared to cocaine-
naive rats, and this did not depend on abstinence length (Fig. 5i).
We did not have a group of rats naive to behavioural testing
before brain extraction. However, we speculate that the increase
in BDNF in the VTA could be related to re-exposure to cocaine
before sacrifice. Acute, experimenter-injected cocaine can change
BDNF mRNA and protein expression in the brain [42, 43]. We have
also shown previously that immediately after a final self-
administration session, only rats that had taken rapid cocaine
injections (5 versus 90 s) have altered levels of BDNF and TrkB
mRNA in cortical areas and in the dorsal striatum (with no changes
in the NAc) [10]. Here, consistent with prior work [28], cocaine self-
administration did not change BDNF protein concentrations
relative to food self-administration after 1 day of abstinence.
The difference between our previous findings [10] and the current
results could be due to the measurement of protein versus mRNA
and also to the use of an intermittent-access self-administration
procedure here.

Fig. 5 Forced abstinence/withdrawal (WD) from rapid (5 s), but not slower (90 s) intravenous cocaine injections evokes time-dependent
increases in brain BDNF protein concentrations. 24 h after the reinstatement tests given on WD1 or WD45, brains were extracted and BDNF
protein expression was quantified in a prelimbic cortex (PrL), b nucleus accumbens core (Nac) and c ventral tegmental area (VTA). Data are
presented as the percentage of mean values of food control rats (± SEM). In the subset of rats tested for cue-induced reinstatement on WD45
(top three panels), 5s-rats had greater BDNF protein concentrations relative to both 90s-rats and food control rats in d the PrL, e Nac and f VTA.
In the subset of rats used for cocaine-induced reinstatement on WD1 or WD45 (bottom three panels), 5s- and 90s-rats had unchanged BDNF
protein concentrations in g the PrL and h Nac. i Both groups had increased BDNF protein expression in the VTA, and 5s-rats had the highest
expression levels. All data are mean ± SEM. *versus 5s-rats tested on WD1, p < 0.05; #versus 90s- or food control rats tested on WD45, p < 0.05;
$versus 90s-rats and food control rats, across withdrawal times, p < 0.05; &versus food control rats, across withdrawal times, p < 0.05. Cue-
induced reinstatement rats: 5s-rats, n= 5 on WD1 and n= 6 on WD45; 90 s-rats, n= 5 on WD1 and n= 6 on WD45; Food rats, n= 5 on WD1
and n= 6 on WD45. Cocaine-induced reinstatement rats: 5s-rats, n= 6 on each of WD1 and WD45; 90s-rats, n= 6 on WD1 and n= 5 on WD45
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Reinstatement behaviour following intermittent-access food
self-administration
We also assessed incubation of cue-induced reinstatement of
responding for a non-drug reward (i.e., food pellets) following
intermittent-access self-administration sessions. Our rats did not
show cue-induced reinstatement of food-seeking behaviour.
However, when they were replaced in the food-associated context
under extinction conditions, the rats pressed more on the
previously food-associated lever than on the inactive lever. This
effect did not vary as a function of the length of the abstinence
period. Food-seeking behaviour induced by contextual cues can
incubate over time [44]. Some studies also report incubation of
food-seeking behaviour induced by discrete cues, along with
differences in the time course of the effect [45–48], while other
studies report no incubation [49, 50]. The studies reporting
incubation show this over the first 21 days after withdrawal from
food self-administration [44–47]. The studies reporting no incuba-
tion ([49, 50] and present study) tested cue-induced reinstatement
of food-seeking ≥ 35 days following withdrawal. Cue-induced
reinstatement of food-seeking behaviour can wane over time [28].
This being said, we did not observe cue-induced reinstatement of
food-seeking behaviour, at any time after withdrawal. Our rats
were food restricted. However, the literature suggests that both
food-restricted [47, 49] and food-unrestricted rats [45, 46] can
show cue-induced reinstatement of food-seeking. We also limited
the number of self-administered pellets during each session. This
could have prevented subsequent cue-induced reinstatement of
food-seeking behaviour. Finally, all previous studies showing this
reinstatement effect have used continuous-access food self-
administration sessions prior to testing. Future studies can
determine how continuous- versus intermittent-access food self-
administration might change the long-term effects of food-
associated cues on brain and behaviour.

Conclusions
The rapid delivery of cocaine increases the vulnerability to drug- and
cue-induced reinstatement of drug-seeking behaviour after with-
drawal from cocaine self-administration. This effect is accompanied
by time-dependent increases in BDNF protein concentrations in
mesocorticolimbic regions. Thus, beyond how much cocaine is
taken, how fast it gets to the brain is decisive in predicting long-term
outcome [3, 4]. We conclude that routes of cocaine administration
that result in rapid brain uptake might promote addiction in part
because they facilitate the neurobiological, psychological and
behavioural changes that increase the risk of relapse, and these
changes persist long after the last drug exposure.
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