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Amphetamine maintenance therapy during intermittent
cocaine self-administration in rats attenuates psychomotor and
dopamine sensitization and reduces addiction-like behavior
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D-amphetamine maintenance therapy shows promise as a treatment for people with cocaine addiction. Preclinical studies using
Long Access (LgA) cocaine self-administration procedures suggest D-amphetamine may act by preventing tolerance to cocaine’s
effects at the dopamine transporter (DAT). However, Intermittent Access (IntA) cocaine self-administration better reflects human
patterns of use, is especially effective in promoting addiction-relevant behaviors, and instead of tolerance, produces psychomotor,
incentive, and neural sensitization. We asked, therefore, how D-amphetamine maintenance during IntA influences cocaine use and
cocaine’s potency at the DAT. Male rats self-administered cocaine intermittently (5 min ON, 25 min OFF x10; 5-h/session) for

14 sessions, with or without concomitant D-amphetamine maintenance therapy during these 14 sessions (5 mg/kg/day via s.c.
osmotic minipump). We then assessed responding for cocaine under a progressive ratio schedule, responding under extinction and
cocaine-primed reinstatement of drug seeking. We also assessed the ability of cocaine to inhibit dopamine uptake in the nucleus
accumbens core using fast scan cyclic voltammetry ex vivo. IntA cocaine self-administration produced psychomotor (locomotor)
sensitization, strong motivation to take and seek cocaine, and it increased cocaine’s potency at the DAT. D-amphetamine co-
administration suppressed the psychomotor sensitization produced by IntA cocaine experience. After cessation of D-amphetamine
treatment, the motivation to take and seek cocaine was also reduced, and sensitization of cocaine’s actions at the DAT was
reversed. Thus, treatment with D-amphetamine might reduce cocaine use by preventing sensitization-related changes in cocaine

potency at the DAT, consistent with an incentive-sensitization view of addiction.

Neuropsychopharmacology (2021) 46:305-315; https://doi.org/10.1038/s41386-020-0773-1

INTRODUCTION

Several pharmacological approaches are under study for treating
cocaine addiction, but none is approved [1-3]. One promising
strategy is to substitute cocaine with another dopaminergic agent
[4, 5], such as D-amphetamine, but in a slower and longer-acting
formulation. Low-dose D-amphetamine effectively decreases
cocaine use in humans [6-10], nonhuman primates [10-15], and
rats [16-19], with no or only transient effects on responding for food
[11, 12, 14-16]. Although it is not clear how D-amphetamine
produces these effects, it is not due to reduced brain cocaine
concentrations, cross-tolerance or increases in cocaine’s anxiogenic,
or other toxic effects [12, 16]. Cocaine blocks dopamine uptake at
the dopamine transporter (DAT) to enhance dopamine transmission
and produce reward [20], and therefore, D-amphetamine might
interfere with cocaine’s actions at the DAT, thereby attenuating
addiction-relevant effects [21-24].

Indeed, Siciliano et al. (2018) reported that, in rats, continuous,
low-dose D-amphetamine (5 mg/kg/day for 14 d via s.c. mini-
pump) reduces cocaine self-administration by preventing mole-
cular changes that lead to a decrease (tolerance) in the ability of

cocaine to inhibit dopamine uptake at the DAT in the nucleus
accumbens core (NAcC) [25]. However, Long Access (LgA) cocaine
self-administration procedures were used, which produce high
and sustained brain cocaine concentrations [26-28]. In humans,
cocaine use is typically more intermittent, which would produce
peaks and troughs in brain cocaine concentrations [21, 29]. In rats,
Intermittent Access (IntA) cocaine self-administration results in
much less cumulative cocaine intake than LgA, but is more
effective in producing addiction-like behaviors ([26-28, 30-35]
Reviewed in [21, 22]). Of particular relevance here, LgA and IntA
cocaine experience produce opposite effects on the dopamine
system: tolerance versus sensitization, respectively, to cocaine-
induced inhibition of dopamine uptake at the DAT and cocaine-
induced dopamine overflow in the NAcC [35, 36]. Our objective
here, therefore, was to assess the effects of D-amphetamine
treatment during IntA cocaine self-administration on both
addiction-relevant behaviors and cocaine’s potency at the DAT.
We assessed these effects after the cessation of D-amphetamine
treatment/IntA cocaine experience because, (i) prior work in rats
shows that D-amphetamine can suppress the motivation to take
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cocaine long after the cessation of treatment [16, 17, 25],
potentially reducing the need for continuous D-amphetamine
exposure for therapeutic efficacy, and (ii) this allowed for direct
comparison with Siciliano et al. [25].

MATERIALS AND METHODS

See the Supplement for information on subjects, surgeries, drugs,
and self-administration training. The animal care committee of the
Université de Montréal approved all experimental procedures, and
these complied with the guidelines of the Canadian Council on
Animal Care.

Experiment 1: horizontal locomotor activity, cocaine-taking and
-seeking

After intravenous catheter implantation and self-administration
training [37], male Wistar rats (200-250 g; Charles River Labora-
tories, St Constant, QC) were assigned to a “COC+ A” or “COC”
group. A D-amphetamine-filled minipump (5 mg/kg/day; Sigma-
Aldrich, Dorset, UK) was implanted subcutaneously in the COC + A
rats (n=11). COC rats received a saline-filled minipump (n=11),
or sham surgery (n=11). All rats then self-administered cocaine
(0.25 mg/kg/injection, delivered over 5s; Medisca Pharmaceu-
tique, St Laurent, QC) under a fixed ratio three schedule, for 14
IntA-sessions (Fig. 1a). Each 5-h session consisted of ten, 5-min
cocaine-available periods separated by 25-min, no cocaine-
available periods where levers were retracted [26]. We measured
cocaine intake and locomotion during IntA-sessions.

The day after the last IntA-session, minipumps were removed.
Sham rats in the COC group that did not have minipumps
received a second sham surgery. This way, both experimental and
control groups received the same number of surgeries. Two days
later, we assessed responding for cocaine under a progressive
ratio schedule of reinforcement (PR, Fig. 1a) [38].

After testing under PR, all COC+ A and half of the COC rats
were given 10, 2-h extinction sessions (1 session/day), and then
five, 2-h pre-reinstatement sessions (see [39]) to further decrease
the influence of cocaine cues on subsequent reinstatement
testing [39-41]. During pre-reinstatement sessions, lever pressing
no longer produced exteroceptive cocaine-associated cues.

After extinction and pre-reinstatement sessions (~3 weeks after
discontinuation of D-amphetamine treatment), the rats were
tested for cocaine-induced reinstatement of drug-seeking beha-
vior (Fig. 1a). Sessions were similar to pre-reinstatement sessions,
except that before each session, rats received cocaine i.p. (0, 7.5
and 15mg/ml/kg, in ascending order, 1 dose/session, within-
subjects). Cocaine seeking was measured as the number of
presses on the previously cocaine-associated lever [42, 43]. Rats
received an extinction session between reinstatement sessions.

We also compared the response to cocaine before and after D-
amphetamine treatment, within-subjects. We used half of the COC
rats for this (11/22 COC rats, consisting of 5 sham-operated rats and
6 rats previously with SAL-minipumps). PR scores were similar in the
11 COC rats given a 2nd round of D-amphetamine treatment and
the 11 COC rats that completed extinction/reinstatement testing;
Dose effect, F,40 = 36.23, p < 0.0001; Group effect, F; 50 =0.001, p =
0.97; Dose x Group effect, F,40=0.06, p=0.94; Fig. S1). After 14
IntA-sessions and PR testing, D-amphetamine-containing mini-
pumps (5 mg/kg/day) were implanted in 11 COC rats, and these
rats were given 14 additional IntA-sessions, now with concomitant
D-amphetamine (Fig. 3a). The day after the last IntA-session,
minipumps were removed. Two days later, the rats were tested
under PR once again (Fig. 3a).

Experiment 2: cocaine’s potency at the dopamine transporter

New rats self-administered cocaine or saline during 14 IntA-
sessions. In the rats self-administering cocaine, one group
received concomitant D-amphetamine treatment via minipump
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(5 mg/kg/day; n =7), and a second group was sham-operated and
remained D-amphetamine-naive (n = 6). Similarly, in the rats self-
administering saline, one group received D-amphetamine (n =5)
and a second group remained D-amphetamine-naive (n = 5). This
yielded four groups; “COC” “COC+ A" “SAL” and “SAL+ A"
(Fig. 5a). The day after the last session, minipumps were removed
(sham rats were sham operated). Five days later, brain sections
were prepared for FSCV to measure cocaine-induced inhibition of
dopamine uptake in the NAcC [44-46] (see Supplement). This
approximates the 3-5-day delay between the last IntA-session and
PR testing in Experiment 1.

Data analysis

Two-way repeated measures (RM) ANOVAs were used to
determine effects on locomotion across IntA-sessions, and intake
across PR sessions. Data on number of injections taken over IntA-
sessions violated homoscedasticity and group differences on this
measure were not analysed statistically. One-way RM ANOVAs
were used to analyze escalation of intake over IntA-sessions in
each group. To assess the relationship between cocaine intake
during IntA-sessions versus during PR tests, we analysed
goodness-of-fit (r?) of the linear regression between the two
variables. Three-way RM ANOVAs were used to analyse locomo-
tion within IntA-sessions. Two-way RM ANOVA was used to
determine effects on lever-presses during extinction, pre-rein-
statement, and reinstatement sessions. When comparing respond-
ing before and with D-amphetamine in the same rats, one-way RM
ANOVA was used to analyze cocaine intake and locomotion across
IntA-sessions. Locomotion averaged over the 5-min cocaine
periods was analyzed before and with D-amphetamine using
paired t-tests (IntA-session 1 versus 14 and IntA-session 15 versus
28). Two-way RM ANOVA was used to compare responding under
PR before and after D-amphetamine. Finally, two-way RM ANOVA
was used to determine effects on dopamine overflow and
apparent Km as a function of cocaine concentration. Significant
interaction or main effects (P's < 0.05) were followed by Bonferro-
ni's multiple comparisons’ tests when appropriate.

RESULTS

Experiment 1a: effect of D-amphetamine maintenance on cocaine-
induced horizontal locomotor hyperactivity, cocaine-taking, and
-seeking

Intermittent access sessions. Sham rats and rats with a saline
minipump did not differ on any of the behavioral measures, and
therefore, were pooled to form one group (“COC"). There was
greater variability in intake in the COC + A rats than in the COC
rats (Levene’s tests; p < 0.05), but on average the two groups self-
administered a similar number of cocaine injections (see Fig. 1b).
The greater variability in COC + A rats could result in part from the
smaller number of rats in this group (11, versus 22 COC rats), and
suppressed cocaine intake in some COC + A rats (see Fig. 2e-q).
Still, on average, both groups escalated their intake over time
(COCrats, F13573 = 5.06, p < 0.0001, IntA-sessions 13 and 14 > IntA-
sessions 2-7, all P's <0.05; COC + A rats, Fy3,130=2.15, p=0.02,
IntA-session 13 >IntA-sessions 4-6, all P's < 0.05; Fig. 1b).

During the 1st IntA-session, locomotion was similar in COC and
COC + A rats, but it increased over time only in COC rats, and by
the 14th IntA-session, locomotion was greater in COC rats (Group X
Session interaction effect, Fi3403 =5.19, p <0.0001; Group effect,
F131=4.51, p=0.04; Bonferonni’s tests, p=0.005 at the 14th
IntA-session; Fig. 1c). Increased locomotion over sessions in COC
rats could involve increased cocaine intake over sessions. This is
unlikely because neither the degree of escalation nor cumulative
cocaine intake predicted this increase in locomotion (¥ = 0.12 and
7 =0.002, respectively; All P’s > 0.05; data not shown). We did not
measure stereotypy and D-amphetamine might have decreased
locomotion by promoting stereotypy [47]. However, continuous
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Fig. 1 D-amphetamine did not significantly influence cocaine intake, but it abolished both cocaine-induced psychomotor sensitization
and spikes in locomotor activity during cocaine self-administration sessions. a In Experiment 1, rats self-administered cocaine under
intermittent-access (IntA) conditions (COC). Some rats received D-amphetamine maintenance (COC + A; 5 mg/kg/day, via s.c. osmotic
minipump) during intermittent cocaine self-administration. During D-amphetamine treatment/IntA cocaine self-administration, we assessed
changes in cocaine intake and locomotor activity. After cessation of D-amphetamine treatment/IntA, we assessed responding for cocaine
under a progressive ratio (PR) schedule of reinforcement, and cocaine-induced reinstatement of extinguished cocaine-seeking behavior. b The
two groups took a similar number of cocaine injections, and both escalated their intake over time. ¢ Horizontal locomotor activity/min
increased over IntA-sessions only in COC rats, suggesting that only COC rats developed psychomotor sensitization to self-administered
cocaine. d-f Intermittent cocaine intake produced spikes in locomotor activity during the 5-h IntA-sessions, and D-amphetamine suppressed
this effect. g-i Locomotor activity/min averaged over the ten, 5-min cocaine (shaded in gray) and the ten, 25-min no cocaine periods of the
1st, 7th, and the 14th IntA-sessions. In COC rats only, locomotion increased over sessions, and was highest during the 5-min cocaine periods.
Locomotion was also greater in COC versus COC + A rats. Data are mean = SEM. n = 22 for the COC group, and n = 11 for the COC + A group.
*P's < 0.05, versus IntA-sessions 2-7 in COC and versus IntA-sessions 4-6 in COC + A. p = 0.005, COC versus COC + A. *P's <0.05, Group x
Session or Group x Time interaction effect. %P's < 0.05, main effect of Group. IntA, Intermittent Access. COC, Cocaine. A, D-amphetamine.

exposure produces significant tolerance to the stereotypy-
inducing and other psychomotor activating effects of psychosti-
mulant drugs [48-50]. Thus, we conclude that IntA cocaine self-
administration produced psychomotor (locomotor) sensitization,
as described previously (See also [27, 30, 37]), and D-amphetamine
treatment prevented this sensitization.

D-amphetamine also produced qualitative changes in cocaine-
induced locomotion. In COC rats, locomotion during IntA-sessions
showed a spiking pattern, and D-amphetamine attenuated this
(Fig. 1d-f). This is highlighted in Fig. 1g-i, where locomotion was
averaged over the ten, 30-min cycles of cocaine-available (5 min;
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gray shading) and no cocaine-available (25 min) periods. In COC
rats only, locomotion increased over sessions (Group x Session
effect, F6> = 13.96, p < 0.0001; Main effect of Session in COC rats;
IntA-session 7>1, F;,;=1091, p=0.003; IntA-session 14>1,
Fi121=63.72, p<0.0001; IntA-session 14>7, F;,;=4636, p<
0.0001; Fig. 1g-i), and was highest during the 5-min cocaine
periods (Group x Time effect, F9899 = 4.45, p < 0.0001; Fig. 1g-i).
Locomotion was also greater in COC versus COC+ A rats,
particularly from IntA-session 7 onwards (Group x Time interaction
effect; Fzglggg =492, p < 0.0001, Flg 19, F29,899 =3.14, p< 0.0001,
Fig. Th; Fa9899 = 1.54, p = 0.04, Fig. 1i. Group effect; F;3; =9.79,
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Responding for cocaine under a progressive ratio schedule of reinforcement
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Fig.2 D-amphetamine maintenance during intermittent cocaine self-administration decreased subsequent cocaine-taking and -seeking.
a During progressive ratio tests, responding for cocaine was dose-dependent, and COC + A rats responded less for cocaine compared with
COC rats. b-d Cumulative number of self-administered cocaine injections (left y-axis) and corresponding ratio (right y-axis) during each 5-h
progressive ratio test, as a function of cocaine dose. Correlations between the average number of cocaine injections taken per 5-h IntA-session
and number of cocaine injections earned during progressive ratio tests at 0.063 mg/kg/infusion (e), 0.125 mg/kg/infusion (f) and 0.25 mg/kg/
infusion (g) cocaine. Cocaine intake during IntA-sessions predicted responding for all doses of cocaine tested under a progressive ratio
schedule in COC + A rats, but not in COC rats. h Under extinction conditions, COC + A rats showed less cocaine-seeking behavior than COC
rats, and both groups extinguished responding over time. i During pre-reinstatement sessions (additional extinction sessions, but where
cocaine cues were no longer presented) both groups decreased their active-lever pressing over sessions with no group differences. j COC + A
rats were less vulnerable to cocaine-induced reinstatement of extinguished cocaine-seeking than COC rats were, in particular after a 15 mg/kg
cocaine prime. *p < 0.01, main effect of Group. *p <0.01, non-zero slope. *p < 0.01, versus COC + A. Data are mean = SEM. (a-g) n = 22 for the
COC group, and n=11 for the COC + A group. (h-j) n's = 10-11/group. IntA, Intermittent Access. COC, Cocaine. A, D-amphetamine.

p=0.004; Fig. 1i; No other comparisons were significant). received PR tests. Both groups responded more for higher cocaine
Thus, D-amphetamine prevented psychomotor sensitization to doses (Dose effect, F,6, =34.11, p <0.0001; Group X Dose effect,
cocaine and changed the temporal kinetics of cocaine-induced F262=1.37, p=0.26; Fig. 2a), and COC rats earned more cocaine

locomotion. than COC + A rats (Group effect, Fy3; = 11.24, p =0.002; Fig. 2a).
Figure 2b-d further illustrates this, showing cumulative respond-
Responding under a PR schedule. D-amphetamine treatment was ing for cocaine during PR sessions. COC rats also persisted in

discontinued after the 14th IntA-session. Two days later, rats responding for cocaine for longer than COC + A rats (Group effect

SPRINGER NATURE Neuropsychopharmacology (2021) 46:305-315



on session duration, F; 37 =8.51, p = 0.007; data not shown). Thus,
under PR, COC rats persevered in working for cocaine as cost in
effort increased, more so than COC + A rats did. This suggests that
prior D-amphetamine maintenance reduced subsequent incentive
motivation for cocaine.

In COC rats, the amount of prior cocaine intake during IntA-
sessions did not predict subsequent responding for cocaine under
a PR schedule at 0.063 and 0.125 mg/kg/infusion cocaine (¥ = 0.11
and 0.14, respectively, P's > 0.05; Fig. 2e, f; see also [27, 28, 51]), but
at the highest cocaine dose tested during PR (0.25 mg/kg/infusion)
less cocaine intake during previous IntA-sessions predicted less
responding on the PR schedule (= 0.27, p = 0.01; Fig. 29g). This
extends the idea that cocaine consumption and appetitive
responding for cocaine can be dissociable [26, 28, 51-53].
However, in COC+ A rats, less cocaine intake during IntA-
sessions did predict lower responding during PR tests, at all
cocaine doses tested (All ° coefficients = 0.57; All P's<0.01;
Fig. 2e-g). The degree of escalation during IntA (difference
between the number of cocaine injections taken on the 13th
versus 4th IntA-session) did not predict the number of injections
taken under PR for COC rats (All  coefficients ~ 0; All P's > 0.05;
Fig. S2) but it did so in COC + A rats (All # coefficients = 0.39; All
P's < 0.05; Fig. S2). Thus, while D-amphetamine did not reduce
average cocaine intake during IntA-sessions (Fig. 1b), the amount
of cocaine taken and the degree of escalation of cocaine intake
while D-amphetamine was onboard predicted later responding for
cocaine under a PR schedule.

Extinction. Both groups decreased responding over the extinc-
tion sessions (Session effect, Fg 171 = 15.37, p < 0.0001; Fig. 2h), but
COC rats responded more than COC + A rats did (Session x Group
effect, Fg177 =3.87, p=0.0002; Group effect, F;,9=1041, p=
0.004; Fig. 2h), especially on the 1st session (Bonferroni’s tests, 1st
session; p < 0.0001. All other P’s > 0.05; Fig. 2h). This suggests that
COC rats attributed more incentive value to cocaine, to the
cocaine-paired cues, or both. After extinction sessions, rats
received 5 ‘pre-reinstatement’ sessions, where active-lever presses
no longer produced cocaine cues. Both groups decreased their
active-lever pressing even more over these sessions (Session
effect, F476 =5.77, p =0.0004; Fig. 2i), and there were no group
differences (Group effect, F;;9=0.98, p=0.33; Group X Session
effect, F476 = 0.83, p=0.51; Fig. 2i).

Cocaine-induced reinstatement. Priming injections of cocaine
dose-dependently increased active-lever presses in both groups
(Dose effect, Fy33=19.26, p <0.0001; Fig. 2j), but to a greater
extent in COC than in COC + A rats (Group x Cocaine dose effect,
F»38 =5.24, p = 0.01; Fig. 2j), particularly after a 15 mg/kg cocaine
prime (Bonferroni’s tests, p = 0.003; all other P’s>0.05; Fig. 2j).
Thus, D-amphetamine treatment during IntA cocaine self-
administration decreased later vulnerability to cocaine-induced
reinstatement of extinguished drug-seeking behavior, long after
the cessation of treatment.

Experiment 1b: D-amphetamine maintenance after a history of
intermittent cocaine intake

After 14 IntA-sessions (Fig. 1) and testing under a PR schedule
(Fig. 2a-d), 11 COC rats received 14 additional IntA-sessions
(sessions 15-28), now with concomitant D-amphetamine (Fig. 3a).
D-amphetamine was then discontinued and responding for
cocaine under a PR schedule was assessed again. Rats escalated
their intake over the 28 IntA-sessions (Fy7.7,0 =3.47, p <0.0001;
Bonferroni’s test, IntA-session 1 versus 28, p=0.02; Fig. 3b).
Cocaine-induced locomotion increased over the first 14 IntA-
sessions (i.e., without D-amphetamine; Bonferroni’'s test; IntA-
session 1 versus 14, p < 0.0001; Fig. 3c), but there was no further
increment in locomotion over IntA-sessions 15-28, when rats now
received D-amphetamine (p = 0.66; Fig. 3c). Figure 3d, e further
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highlight this, showing that when locomotion is averaged over the
5-min cocaine periods, locomotion increases between IntA-session
1 and 14 (t;p =3.92, p=0.003; Fig. 3d), and decreases between
IntA-session 15 and 28 (t;o=2.37, p=0.04; Fig. 3e). Before
D-amphetamine treatment, locomotion also followed a spiking
pattern during IntA-sessions (Fig. 3f-h). D-amphetamine attenu-
ated this (Fig. 3i-k). Thus, D-amphetamine attenuated further
psychomotor sensitization to cocaine, even when given after prior
IntA cocaine self-administration experience in the absence of
amphetamine.

Responding under a PR schedule. Before and after D-amphetamine
treatment, rats responded more for higher cocaine doses during PR
tests (Dose effect, F;20=79.03, p<0.0001; Fig. 4a). Rats earned
fewer cocaine injections after D-amphetamine treatment than
before (Treatment effect, F1 0= 16.51, p = 0.002; Dose x Treatment
effect, Fp,0=042, p=0.66; Fig. 4a, see Fig. 4b-d for individual
values). After D-amphetamine treatment, cumulative cocaine
intake during PR sessions was also decreased (Fig. 4e-g). Thus,
although rats escalated their cocaine intake even further under
D-amphetamine (IntA-sessions 15-28, see Fig. 3b), and they more
than doubled their average cumulative cocaine exposure with
these additional sessions (average cumulative cocaine intake;
IntA-sessions 1-14; 183 mg/kg+41 SEM; IntA-sessions 1-28;
463 mg/kg = 89 SEM), they responded less for cocaine under a PR
schedule after D-amphetamine treatment. This suggests that while
D-amphetamine might not prevent escalation of cocaine intake, it
decreases the amount of physical effort rats are willing to expend to
obtain cocaine. This is unlikely due to repeated testing, because with
repeated testing, responding for cocaine under a PR schedule
remains stable or even increases [54] (see also [32]).

Experiment 2: D-amphetamine maintenance effects on cocaine’s
potency at the dopamine transporter

COC and COC + A rats took similar amounts of cocaine, and
D-amphetamine treatment increased saline self-administration
(Fig. S3; unpaired t tests, COC versus COC + A, t;; = 0.55, p =0.59;
SAL versus SAL+A, tg=2.77, p=0.02). As in Experiment 1,
locomotion followed a spiking pattern during cocaine self-
administration sessions, increased across sessions (Fig. 5b, black
curves), and D-amphetamine blunted both effects (Fig. 5b, gray
curves). In rats self-administering saline (Fig. 5¢), D-amphetamine
initially increased locomotion, but the SAL and SAL + A groups
had similar locomotor counts by the last (14th) session.

Five days after cessation of IntA cocaine self-administration/D-
amphetamine treatment, cocaine-induced inhibition of DA uptake in
the NAcC was measured using ex vivo FSCV. Figure 5d shows
representative FSCV traces following bath-applied cocaine (see
Fig. S4 for all traces at baseline and after bath-application of 0.3 uM
cocaine). Increasing cocaine concentrations enhanced stimulated
dopamine overflow, and this did not differ between groups (Percent
of 0.3uM cocaine, Concentration effect, F4,,=36.97, p <0.0001;
Group effect, F31;53=0.26, p=0.85; Fig. 5e; Percent of SAL,
Concentration effect, F444 =125, p =0.3; Group effect, F;;; =0.23,
p = 0.64; Fig. 5f). As reported previously [35], 30 uM cocaine did not
significantly alter stimulated dopamine overflow, in any group.
Increasing cocaine concentrations also augmented dopamine
uptake inhibition (Concentration effect, F4,,=126.7, p<0.0001;
Fig. 5g), and the magnitude of this effect varied as a function of
group (Group x Concentration effect, F;,7, = 2.65, p = 0.005; Fig. 5g;
Fa44=3.56, p=0.01; Fig. 5h). At 30 uM cocaine, dopamine uptake
inhibition was greatest in COC rats (Bonferroni's tests; all P’s < 0.05;
Fig. 5g, h; See Fig. S5 for representative traces and pseudo-color
plots). Thus, IntA experience increased cocaine’s potency at the
DAT, as reported previously [31, 35]. Importantly, D-amphetamine
prevented this neurochemical sensitization. In cocaine-naive,
SAL rats, D-amphetamine did not change cocaine-induced dopa-
mine uptake inhibition (D-amphetamine effect, F,;=0.01, p=0.1;
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Fig. 3 D-amphetamine maintenance does not prevent the escalation of cocaine intake in already cocaine-experienced rats. a In
Experiment 1, a subset of COC rats was used to compare responding for cocaine under a PR schedule before and after D-amphetamine
treatment, in a within-subjects design. Thus, after 14 initial IntA-sessions without D-amphetamine (IntA-sessions 1-14) and PR tests, these rats
were given 14 more IntA-sessions now with concomitant D-amphetamine treatment (IntA-sessions 15-28). After the 28th IntA-session, D-
amphetamine treatment was ceased, and rats received a second set of PR tests. b Before and with D-amphetamine treatment, rats escalated
their cocaine intake over IntA-sessions. ¢ Locomotor activity increased over intermittent cocaine self-administration sessions, and it stabilized
with D-amphetamine (IntA-session 15 versus 28). Locomotor activity/min averaged over the 5-min cocaine periods (d) increased from the 1st
to the 14th IntA-session (before D-amphetamine) and (e) decreased from the 15th to the 28th IntA-session, when rats now received
concomitant D-amphetamine treatment. f-h Locomotor activity during intermittent cocaine self-administration sessions followed a spiking
pattern before D-amphetamine, and (i-k) D-amphetamine attenuated this spiking effect. Data are mean + SEM. n=11. *P's < 0.0001, main
effect of Session. *P’s < 0.05, versus IntA-session 1. &p < 0.05, versus IntA-session 15. IntA, Intermittent Access. A, D-amphetamine.

D-amphetamine x Concentration effect, F, 5 = 045, p = 0.77; Fig. 5g;
See also [25, 47]). Thus, D-amphetamine normalized cocaine
potency at the DAT by reversing cocaine-induced neurochemical
sensitization, without changing cocaine’s neurochemical effects in
control rats.

DISCUSSION

Rats self-administered cocaine on an IntA schedule, with or
without D-amphetamine maintenance treatment, and we
assessed the development of psychomotor sensitization and
addiction-like behaviors. These behaviors included high motiva-
tion for cocaine, as measured by responding for the drug under
a PR schedule [38], resistance to extinction, and drug-induced
reinstatement of extinguished drug-seeking behavior. Finally,
the ability of cocaine to inhibit DA uptake in the NAcC was

SPRINGERNATURE

assessed ex vivo. We report three main findings. First, IntA
cocaine self-administration induced psychomotor (locomotor)
sensitization, and this was attenuated by D-amphetamine
treatment, despite no effect on average cocaine consumption.
Second, in both previously cocaine-naive and cocaine-
experienced rats, D-amphetamine treatment decreased
responding for cocaine both under a PR schedule of reinforce-
ment and during extinction sessions, and reduced cocaine-
primed reinstatement of extinguished drug-seeking behavior,
relative to rats that received cocaine alone. Third, IntA
experience enhanced cocaine’s potency at the DAT, and
D-amphetamine prevented this effect. Thus, D-amphetamine
treatment during IntA cocaine self-administration may reduce
subsequent motivation for cocaine by interacting with the DAT
to prevent sensitization-related changes in cocaine potency and
dopamine-mediated signaling.
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Fig. 4

In cocaine-experienced rats, D-amphetamine maintenance during intermittent cocaine self-administration decreases later

responding for cocaine under a progressive ratio schedule of reinforcement. a Rats earned less cocaine injections after versus before D-
amphetamine treatment. b-d Responding for cocaine under progressive ratio in individual rats before (b) and after (a) D-amphetamine
treatment. e-g Cumulative number of self-administered cocaine injections (left y-axis) and corresponding ratio (right y-axis) during each 5-h
progressive ratio test, as a function of cocaine dose. Data are mean + SEM. n=11. *p = 0.002, main effect of Treatment. A, D-amphetamine.

Long access versus intermittent access
D-amphetamine maintenance therapy can decrease cocaine use
in people with addiction [6-9], and so the neurobiological and
psychological basis of this effect is of interest. In an earlier study
addressing this question Siciliano et al. (2018) trained rats to self-
administer cocaine for 6 h/day (LgA) [25]. Many studies show that
LgA is especially effective in producing addiction-like behaviors,
relative to rats self-administering 1-2 h/day (Short Access, ShA).
These behaviors include escalation of cocaine intake, high
motivation for the drug, a high propensity to reinstate extin-
guished cocaine-seeking behavior and continued drug-seeking in
the face of an adverse consequence [26, 55-58]. It is also reported
that LgA experience produces tolerance in the ability of cocaine to
inhibit the DAT [35, 59, 60]. Importantly, Siciliano et al. (2018)
found that D-amphetamine treatment not only prevented and
reversed the escalation of cocaine intake and the increase in
motivation for cocaine otherwise produced by LgA experience,
but also prevented the tolerance to cocaine’s effect on the DAT
produced by LgA [25]. They proposed, therefore, that D-
amphetamine attenuated addiction-like behavior because it
reversed the tolerance produced by extended cocaine use [25].
This is consistent with the view that addiction results from
tolerance-related adaptations in the DA system, whereby drug-
seeking and drug-taking behavior is motivated primarily to
overcome this “DA deficiency” and associated anhedonia [61, 62].
However, recent studies using IntA self-administration proce-
dures have begun to paint a very different picture of how cocaine
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use changes brain and behavior to promote addiction [26-28, 30-
35, 63] (Reviewed in [21, 22]). During LgA, brain cocaine
concentrations are maintained at a steady high level during each
self-administration session, and the resultant large amount of
cocaine consumption was thought to be necessary for the
development of addiction-like behavior [55, 64, 65]. It turns out
this is not the case. Zimmer et al. (2011) initially developed the
IntA cocaine-self-administration procedure [66], which results in
an intermittent, “spiking” pattern in brain cocaine concentrations,
because it was thought to better model patterns of cocaine use in
humans [29, 67]. Despite much less total cocaine consumption
than LgA (comparable to ShA conditions) IntA experience not only
also produces escalation of cocaine intake, but is either more
effective, or at least as effective, as LgA in producing the
addiction-like behaviors described above [26-28, 30, 32-34, 36]
(Reviewed in [21, 22]). Furthermore, rather than producing
tolerance, IntA experience enhances (sensitizes) cocaine’s potency
in inhibiting DA uptake ex vivo [31, 35], and cocaine-induced DA
overflow in vivo [36]. This is consistent with the behavioral and
neurobiological effects of experimenter-administered cocaine
when given continuously versus intermittently [68, 69].

Given the dramatic differences in the effects of LgA versus IntA
on the DAT, it was important to determine the effects of D-
amphetamine treatment on addiction-like behavior and DAT
function in rats with IntA cocaine experience. D-amphetamine
treatment attenuated addiction-like behavior produced by inter-
mittent cocaine intake, as indicated by reductions in motivation
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Fig. 5 D-amphetamine maintenance during intermittent cocaine intake prevents sensitization to cocaine’s effects at the dopamine
transporter. a In Experiment 2, rats self-administered cocaine (COC) or saline (SAL), with or without concomitant D-amphetamine treatment
(COC + A and SAL + A). After cessation of D-amphetamine treatment/IntA experience, we used fast-scan cyclic voltammetry (FSCV) to assess
cocaine-induced dopamine reuptake inhibition at the dopamine transporter in the nucleus accumbens core. b As in Experiment 1,
intermittent cocaine intake produced spikes in locomotor activity, and spike amplitude increased with more extensive cocaine-taking
experience. D-amphetamine attenuated both the locomotion spikes and the increase in spike amplitude over time. ¢ D-amphetamine initially
increased locomotion in rats self-administering saline, but this effect abated by the last (14th) session. d Representative traces from a SAL rat
showing relative extracellular dopamine levels over time evoked by bath-application of different cocaine concentrations in the nucleus
accumbens core. Fast-scan cyclic voltammetry heat maps from the same SAL rat illustrate the current (color in the z-axis) as a function of the
potential applied to the electrode (y-axis) and time (x-axis). Pseudo-color plots were magnified to highlight dopamine spikes. The position of
oxidative and reduction currents in the pseudo-color plots identify the oxidized substance as dopamine. e, f Electrically-evoked dopamine
overflow (analysed as dopamine peak height) increased as a function of cocaine concentration, with no group differences. g, h % of apparent
Km as a function of cocaine dose preferentially increased in COC rats and this increase is prevented in COC + A rats. The dose of 30 pM
cocaine more effectively inhibited dopamine uptake in COC rats than in the other groups. In rats previously naive to cocaine (SAL), D-
amphetamine did not change cocaine-induced dopamine uptake inhibition. Because in e and g, SAL and SAL + A rats were similar in all
measures, they were pooled together in f and h. Data are mean = SEM. n = 4-7/group. *p < 0.05, COC versus all other groups. IntA intermittent
access, DA dopamine, COC cocaine, SAL Saline. A, D-amphetamine.

for cocaine, responding during extinction and in the magnitude of both the development and the expression of addiction-like
cocaine-induced reinstatement of cocaine seeking. D-amphetamine behavior. In the present experiments motivation to take and seek
was efficacious both in previously cocaine-naive rats and in cocaine- cocaine was assessed after D-amphetamine treatment cessation, but
experienced rats, suggesting that D-amphetamine can suppress effects might be different while D-amphetamine is onboard. In
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clinical trials, the effects of D-amphetamine maintenance on cocaine
use are generally assessed while D-amphetamine is onboard (e.g.,
[9, 10]), and it is not known how long effects might persist after
treatment cessation. Studies in rats suggest that the ability of D-
amphetamine maintenance to reduce cocaine versus food choice
might dissipate 1 week after treatment cessation [18]. However,
consistent with our findings, D-amphetamine treatment in rats can
suppress the motivation to take cocaine both during treatment and
for up to 2 weeks post-treatment ([16, 17]; See also [25]). These
findings suggest potentially persistent effectiveness, even without
daily maintenance, and this issue should be examined in the clinic.

We found that D-amphetamine did not change the effects of a
broad range of cocaine concentrations (1-30 uM) on electrically-
evoked dopamine overflow or on cocaine’s potency at the DAT in
cocaine-naive rats (See also [25, 47]), but D-amphetamine
prevented the sensitization of cocaine’s action at the DAT
produced by IntA. Our results concord with the observation that
following cocaine self-administration experience, “...alterations in
cocaine potency and rescue by D-amphetamine treatment occur
independently from canonical DAT function..." (p. 489; [25]).
Although speculative, one possibility is that D-amphetamine
promotes post-translational modifications to the DAT, including
changes in DAT phosphorylation [70]. We hypothesize, therefore,
that D-amphetamine reduced the high motivation for cocaine
produced by IntA experience by preventing sensitization to
cocaine’s effects at the DAT. This is consistent with an incentive-
sensitization view of addiction [71].

How can both an increase and decrease in DAT function attenuate
addiction-like behavior?

D-amphetamine treatment reduces the development of addiction-
like behavior produced by both LgA [25] and IntA cocaine self-
administration experience (present findings), but produces
apparently opposite effects on DAT function under these two
conditions. One possibility is that at least some of the addiction-
like behaviors produced by LgA versus IntA experience are due to
drug-induced changes in different neuropsychological processes
[33]. For example, the escalation of intake and the high level of
effort expended to obtain cocaine could be due to tolerance to
cocaine’s desired effects in the case of LgA, but to sensitization of
drug “wanting” in the case of IntA [22, 33, 36]. Two lines of
evidence support this. First, IntA produces sensitization to the
locomotor activating, incentive motivational and dopamine-
increasing effects of cocaine [26-28, 30, 31, 33, 35-37, 51, 63],
whereas LgA can decrease the locomotor activating effects of
cocaine and dopamine function, at least soon after the
discontinuation of LgA [35, 59, 60, 72]. Note that psychomotor
sensitization may be expressed after a long period of withdrawal
from LgA [57, 63]. Second, D-amphetamine treatment reduced the
escalation of cocaine intake under LgA conditions [25], but not
during IntA (present study), further suggesting that different
processes are involved.

D-amphetamine reduced incentive motivation for cocaine, but on
average it did not affect the escalation of cocaine intake during IntA-
sessions. This was surprising given that D-amphetamine suppressed
the development of psychomotor sensitization across IntA-sessions.
This could indicate that escalation of cocaine intake during IntA
experience does not necessarily reflect sensitization of an appetitive
process, and that cocaine consumption and appetitive responding
for the drug are dissociable [26, 28, 51-53]. Indeed, we found that
cocaine intake during IntA-sessions did not predict responding for
the drug under a PR schedule (see also [28, 30, 37]). Alternatively,
perhaps D-amphetamine’s therapeutic effects are most robust after
the cessation of treatment, because rats can take enough cocaine
during IntA-sessions to overwhelm any effect of ongoing
D-amphetamine treatment on the DAT. The implication is that
D-amphetamine maintenance reduces incentive motivation for
cocaine by inoculating against cocaine-induced, sensitization-
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related plasticity at the DAT. Future work should also examine
behavioral and neurochemical outcomes at different timepoints
after D-amphetamine treatment cessation, as the effects of
continuous psychostimulant drug treatment can change following
longer withdrawal periods [57, 63, 73]. The effects of different D-
amphetamine doses on the endpoints assessed here also remain to
be determined.

IntA produces successive “spikes” in both brain cocaine levels
[26, 66] and horizontal locomotor activity, as seen here. Typically,
there is a strong correlation between brain cocaine concentrations,
extracellular DA concentrations in the striatum, and the time course
of the locomotor activating effects of cocaine [74-76]. It is
interesting, therefore, that D-amphetamine “flattened” the spikes
in horizontal locomotor activity otherwise produced by intermittent
cocaine intake (see also [30]). We speculate that D-amphetamine
may have also attenuated the intermittent “spikes” in DA that would
otherwise occur with IntA cocaine self-administration. Indeed, D-
amphetamine maintenance treatment blunts the increase in NAc
dopamine levels produced by acute cocaine injection [77]. The
importance of intermittency in producing sensitization-related
changes in brain and behavior has been long-recognised [49, 78-
81], and therefore, D-amphetamine may have therapeutic effects
because it blunts the intermittent spikes in striatal dopamine activity
that promote the induction of sensitization. This hypothesis remains
to be tested. In parallel, D-amphetamine reduced later cocaine
seeking under extinction conditions. Rats are not exposed to cocaine
during extinction tests, and so there may be more than one
mechanism, besides blunting of sensitization-related changes in
cocaine potency at the DAT, by which D-amphetamine reduces
responding. Future research can determine the extent to which D-
amphetamine modulates the development of dopamine- and
glutamate-related plasticity linked to increased cocaine-seeking
after abstinence.

Methodological considerations

During FSCV recordings, signal-to-noise ratio under cocaine-free
conditions was sometimes suboptimal, and so we computed kinetic
parameters as percentages relative to 0.3 pM cocaine. This has two
main implications for the FSCV findings. First, the potential effects of
D-amphetamine treatment on baseline DAT function or on baseline
dopamine neurotransmission cannot be assessed. Therefore, it is not
possible to account for any potential differences in baseline DAT
function after cocaine self-administration/D-amphetamine treat-
ment. However, the D-amphetamine treatment regimen used here
does not significantly change basal dopamine uptake or dopamine
D2-type autoreceptor activity in the NAc [25]. Second, any potential
effects of D-amphetamine on the neurochemical actions of a low
cocaine concentration (0.3 uM) also could not be determined.
Relative to cocaine-free conditions, 0.3 UM can produce dopamine
uptake inhibition, but the effect is quite small when comparing to
the very large effects produced by higher cocaine concentrations
([25, 35, 82-84], albeit in some of these studies effects at 0.3 uM
cocaine were shown without statistical comparisons to baseline).
Moreover, prior work shows that D-amphetamine treatment does
not change dopamine uptake inhibition produced by 0.3 uM
cocaine in the NAc [25]. These previous findings notwithstanding
[25], any potential group differences in either baseline dopamine
uptake or in the magnitude of the effects of 0.3 uM cocaine at the
DAT here could have influenced the effects observed at higher
cocaine concentrations.

CONCLUSIONS

IntA cocaine self-administration models intermittent cocaine
taking in humans [26, 29, 66], and was found to produce robust
sensitization to both the horizontal locomotor-activating and DAT-
inhibiting effects of cocaine in rats. This extends reports that IntA
cocaine promotes sensitization to cocaine’s dopamine-elevating
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effects [31, 35, 36] (Reviewed in [22]). The original finding here is
that D-amphetamine attenuates the cocaine-taking and -seeking
behaviors otherwise promoted by IntA, and D-amphetamine may
do this in part by blunting sensitization-related changes in cocaine
potency at the DAT. This is consistent with the view that the
transition to cocaine addiction involves sensitization-related
neuroplasticity [71], and therefore, treatments that reverse this
may be especially efficacious.
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