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ABSTRACT

Adolescence is the most vulnerable period for developing substance use disorders, with adolescents relapsing
more compared to adults even after therapy. Methamphetamine is a widely-used illicit psychostimulant by ad-
olescents that is showing a world-wide increase in its purity. However, how adolescents respond to changing
doses of methamphetamine or reinstate use after therapy is poorly understood. Therefore, we examined intra-
venous self-administration of methamphetamine at varying doses followed by instrumental extinction, cue
extinction and cue-induced reinstatement of methamphetamine seeking in adolescent and adult rats. We
observed with two different starting doses (0.03 or 0.1 mg/kg/infusion) that naive adolescent and adult rats
acquire methamphetamine self-administration similarly in 2-hr daily sessions. However, a higher level of
methamphetamine use was observed in adolescents compared to adults when the dose was increased, and this
was regardless of the starting dose. Adolescent rats exhibited more persistent methamphetamine seeking be-
haviors, performing more lever presses when methamphetamine was not available during instrumental extinc-
tion. Lastly, adolescent rats still showed significant cue-induced reinstatement after 2 sessions of cue extinction,
which was enough to completely prevent cue-induced reinstatement in adult rats. Taken together, our findings
identify specific aspects of drug taking and seeking that are affected by methamphetamine use during adoles-
cence compared to adulthood. We suggest that adolescents are vulnerable to methamphetamine use disorder
because they are more likely to escalate methamphetamine use when dose is increased and more likely to
reinstate to methamphetamine-associated cues after cue exposure therapy.

1. Introduction

concern. It is a powerful psychostimulant and the second most
commonly used illicit drug worldwide, and a large proportion of people

Substance use typically begins in adolescence and it is well estab-
lished that adolescents are more susceptible to develop substance use
disorders (Kessler et al., 2007; Spear, 2016). Hallmark features of sub-
stance use disorders are the persistence of drug seeking when the drug is
unavailable and the propensity to resume drug use even after therapy
(Fernandez-Montalvo et al., 2007; Glantz and Leshner, 2000; Guliyev
et al., 2022). Adolescents respond less well to behavioral therapies and
resume drug use more compared to adults (Catalano et al., 1990; Win-
ters et al., 2014). Adolescent use of methamphetamine is a growing

who use methamphetamine are adolescents (Guerin and Kim, 2021;
Huang et al., 2021; Roche and McEntee, 2017; United Nations Office On
Drugs and Crime. 2021; Zhuang and Chen, 2016). However, adolescent
susceptibility to methamphetamine use disorder is poorly understood,
due to the limited research examining adolescents in comparison to
adults (Luikinga et al., 2018; Lyoo et al., 2015).

Preclinical studies in rodents using an ethologically valid paradigm
such as intravenous self-administration provide a translatable under-
standing of different aspects of substance use (Balster and Lukas, 1985;
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Feltenstein and See, 2008; Perry et al., 2014). By allowing rodents to
self-administer, we can ascertain whether any age differences are asso-
ciated with important aspects of substance use disorders in humans,
such as volitional acquisition and escalation of drug use (Hammerslag
and Gulley, 2014; Perry et al., 2014; Spear, 2016; Venniro et al., 2020).
Using nosepokes as the drug-taking action, acquisition of metham-
phetamine self-administration in rats was reported to be slower in ad-
olescents compared to adults at the 0.02 mg/kg/infusion dose but not at
0.05 or 0.08 mg/kg/infusion doses (Hankosky et al., 2018b; Hankosky
et al., 2018a). In the same model, motivation to obtain reward can be
measured using progressive ratio, whereby increasing action or effort is
required to earn subsequent rewards (Richardson and Roberts, 1996).
Here again, adolescent rats completed fewer nosepokes than adults in
this task at the 0.02mg/kg/infusion dose but not at
0.05-0.1 mg/kg/infusion doses (Hankosky et al., 2018a). Together, this
findings suggest that adolescents are less sensitive and/or motivated
acquire a low dose of methamphetamine than adults.

In contrast, adolescent rats escalated their methamphetamine intake
more than adult rats when access to methamphetamine was 6 hrs, but
not 2 hrs, per session (Anker et al., 2012; Westbrook et al., 2020).
However, no adolescent studies to date have examined dose-related
titration of self-administration within subjects. This is critical to un-
derstand whether vunerability to addiction is due to an inability to
regulate drug taking when the dose is increased (Kim et al., 2013;
Kitamura et al., 2006). It is particularly relevant in contemporary
methamphetamine research because the purity of ‘street methamphet-
amine’ is generally increasing around the world, leading to increased
dependence and overdosing (United Nations Office On Drugs and Crime,
2016).

Another cardinal feature of substance use disorder is reuse of drugs
after therapy. Therapy is most commonly modelled in rodents with
extinction, which is the decrease in drug seeking when actions, cues,
and/or contexts that used to result in a drug reward no longer result in
that drug reward (Adhikary et al., 2017; Kim et al., 2015; Perry et al.,
2016). Following extinction, therapeutic efficacy is tested as reinstate-
ment of drug seeking precipitated by the drug itself, drug-associated
cue/s and context/s, or stress (Madsen et al., 2017; Perry et al., 2014;
Venniro et al., 2020). Only one study to date has examined extinction
and reinstatement of methamphetamine self-administration in adoles-
cent and adult rats, which showed no age effects during nosepoke
extinction and methamphetamine-primed reinstatement (Westbrook
and Gulley, 2020). Nevertheless, there is evidence that in clinical pop-
ulations, adolescents are more likely to resume drug use after cue
exposure therapy (Catalano et al., 1990; Winters et al., 2014). It is worth
noting here that cue exposure therapy is different from instrumental
extinction that focuses on the action performed to take drugs as in
Westbrook et al. (2020a). In cue exposure therapy, only the
drug-associated cues are presented to be extinguished. In fact, cue
extinction has never been assessed preclinically following adolescent
methamphetamine self-administration. Adolescents do show impaired
extinction of cocaine-associated cues (Zbukvic et al., 2016). This
impaired cue extinction may explain why adolescents respond less well
to behavioral therapies and resume drug use more than adults.

The present study examines adolescent and adult rats with meth-
amphetamine self-adminstration in response to within-subject changes
in mg/kg/infusion dose using lever press as the drug taking and seeking
action. Days taken to extinguish lever press, cue extinction, and cue-
induced reinstatement are also assessed to understand behaviors rele-
vant to cue exposure therapy. For these novel aims requiring chronic
experimentation, we focused on male rats because in humans, meth-
amphetamine use and methamphetamine use disorder occur predomi-
nantly in males (Guerin et al., 2021a; Lewis et al., 2021; United Nations
Office On Drugs and Crime. 2021). We hypothesized that adolescent
vulnerability will potentially be observed as higher methamphetamine
intake with increasing dose and impaired extinction of a
methamphetamine-associated cue, and stronger cue-induced
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reinstatement in adolescent compared to adult rats.
2. Materials and methods
2.1. Animals and surgery

Male Sprague Dawley rats were bred in-house and kept in a 12-hr
reversed light-dark cycle (lights off at 07.00 AM). Housing conditions,
handling, and catheterization surgery of adult and adolescent rats were
as described previously (Zbukvic et al., 2016). In short, rats were
anesthesized using 1-3 % isoflurane in oxygen for catheterization. Pre
and post surgery care consisted of 3 mg/kg injection of meloxicam once
before surgery and daily after surgery for 3 consecutive days. Catheters
were flushed daily with 0.05 mL of heparinized saline (50 IU/mL; Pfizer
USA) consisting of 10 % Fisamox antibiotic (amoxicillin sodium; Aspen
Australia). Adolescent rats (N = 38) were aged post-natal day (P) 35 + 2
and adult rats (N = 40) were P70 =+ 2 at the start of self-administration.
All experiments were approved by the Florey Animal Ethics Committee
(#14-079-FINMH) and performed in accordance with the National
Health and Medical Research Council Code of Practice for the Care and
Use of Animals for Experimental Purposes in Australia.

2.2. Methamphetamine self-administration

Intravenous methamphetamine (methamphetamine hydrochloride,
Sigma-Aldrich, Australia) dissolved in saline was self-administered in
standard operant chambers equipped with retractable levers (Med As-
sociates, VT, USA) during 2-hr daily sessions on a fixed ratio 1 (FR1) or
progressive ratio schedule (as described in (Farid et al., 2012)), with the
houselight off. FR1 was chosen because it is an ethologically valid
schedule of reinforcement used in numerous previous studies that
demonstrated stable and consistent methamphetamine
self-administration in adolescent and adult rats (Luikinga et al., 2019;
Mishra et al., 2017; Westbrook et al., 2020). The infusion volume was 50
pl as reported previously (Luikinga et al., 2019). The concentration of
the methamphetamine solution was calculated every 2 days based on the
average weight of the rats per age group to maintain accurate meth-
amphetamine dosage. Importantly, in-house bred rats with similar
weight have been selected in the beginning of experimentation, and
their weights did not show much variation within their age group
throughout self-administration. In particular, adolescent
self-administation (P35-P55) weights were consistent with our previous
findings that examined weights across a similar age (Drummond et al.,
2021). Each infusion was paired with a 2.7 s illumination of a light cue
located above the active lever, followed by 17.3 s time-out period in
which active lever pressing had no consequences to prevent overdosing.
Inactive lever pressing had no consequences.

In Experiment 1, naive rats (adult: n = 34; adolescent: n = 30) self-
adminstered methamphetamine at 0.03 mg/kg/infusion for 11 days
for acquisition and maintenance, then the dose increased threefold to
0.1 mg/kg/infusion for 3 days, then the dose decreased to 0.01 mg/kg/
infusion for 3 days (Fig. 1A). These doses are based on a previous study
reporting comparable self-administration between adolescent and adult
rats at 0.03 mg/kg/infusion (Luikinga et al., 2019), and 0.01 and
0.1 mg/kg/infusions are threefold changes around 0.03 mg/kg/infusion
to represent twofold changes in bioavailability because methamphet-
amine is processed logarithmically (Ernst et al., 2000). The acquisition
to maintenance period of 11 days was based on a previous study
observing acquisition to stable maintenance in cocaine
self-administration adolescent and adult rats (Guerin et al., 2021b). The
number of different dose days was also based on a previous study
examining changes in methamphetamine self-administration with
different doses in mice (Kim et al., 2013). Rats then self-administered at
the initial acquisition dose (0.03 mg/kg/infusion at FR1) for 1 day
(Fig. 1A), before the progressive ratio test on this dose the next day. Rats
then were subjected to FR1 for 1 day prior to lever extinction (see

Descargado para Daniela Zufiga Agiiero (danyzuag@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 30,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



S.J. Luikinga et al.

Drug and Alcohol Dependence 269 (2025) 112599

Lever Cue Cue-Induced
A /l?(/’_s?: . 0.03 0.1 0.01 0.03 Extinction Extinction Reinstatement
m infusion
ok ) | | | o~y
| | ] 2on |
! 11 Days 3 Days 3Days / 3Days \ 4-15Days 2Days 1 Day
1 / \
i I/ \\\
Adolescent P35 ’ .
1 Day FR1| 1 Day PR | 1 Day FR1
Adult P70 2y FR1|1Day PR|1Day
B 0.03mg/kg/Infusion C 0.1mg/kg/infusion D 0.01mg/kg/infusion E
601 o Adult 30 1 100 3
-O- Adolescent X
80
» » *
54 5% 5 60 o2
£ £ € 40 E
++ 20 T 10 1 ; 14
20
0 0 0- 0-
12 3 45 6 7 8 9 101 1 2 3 1 2 3 0.01 0.03 0.10
Day Day Day mg/kg/infusion
-# Adult Active F 0.03mg/kg/Infusion
100 ; ' Adolescent Active 50 300 40
-4 Adult Inactive
w802 Adolescent Inactive » 40 ” b
2 2 i 200 € % «°
8 60 8 30 * 5 3 & o
o o o x 20 ° D
S S a|ann
g 40 S| —u—" & 8 o
° K] 9 100 o wer®
10 o0
#* 20 #* 10 * Y
Lo i A ©
0 0 k- e ¥ 0
12 3 45 6 7 8 9 101 1 2 3 1 2 3 Adult Adolescent

Day

Day

Fig. 1. Methamphetamine self-administration in adolescent and adult rats in Experiment 1. (A) Design and timeline. (B) Adolescents and adults showed comparable
methamphetamine intake and fixed ratio 1 (FR1) schedule of lever pressing over 11 days. (C) When the dose was increased to 0.1 mg/kg/infusion, adolescent rats
obtained more methamphetamine infusions than adults. *Significant interaction driven by adolescents displaying higher methamphetamine-taking. (D) No age
effects at 0.01 mg/kg/infusion dose. (E) Average amount of methamphetamine obtained over the last 3 days of each dose. *Significant interaction driven by ado-
lescents showing a higher methamphetamine intake compared to adults at 0.1 mg/kg/infusion. (F) No age effect during progressive ratio (PR) schedule of self-
administration at 0.03 mg/kg/infusion. All data expressed as mean =+ or + SEM, Adult n = 34; adolescent n = 30.

below).

In Experiment 2, rats (adult: n=6; adolescent: n=8) self-
administered methamphetamine (0.1 mg/kg/infusion) at FR1 schedule
for 11 days, after which the methamphetamine dose was increased to
0.3 mg/kg/infusion for 7 days, and then the progressive ratio schedule
was tested at this dose for 1 day (Fig. 3A). Then the rats returned to FR1
at 0.1 mg/kg/infusion dose to stabilize responding for 3 days before
being tested for progressive ratio schedule at this dose. The different
days of FR1 before progressive ratio schedule was because 3 mg/kg/
infusion dose has never been tested in methamphetamine self-
administration in adolescent and adult rats, hence 7 days were needed
for stable responding before testing with progressive ratio. Considering
that 0.1 mg/kg/infusion has already been examined and stabilized, only
3 days were needed before testing with progressive ratio.

2.3. Lever and cue extinction

In Experiment 1, lever extinction took place 1 day after self-
administration for 1 hr per day in the same operant chamber as self-

administration. Both levers were present, but lever presses had no out-
comes. One extinction session occurred per day until each rat reached a
published criterion (active lever presses <50 % of the average of the first
2 extinction sessions, for 2 consecutive days (Chen et al., 2014)). This
criterion was applied to individual rats to ensure every rat extinguished
their lever press before cue extinction. We have chosen this criterion for
the present study to avoid overextinguishing the drug seeking response,
in case the addition of cue extinction sessions prevent any cue-induced
reinstatement. Once criterion was reached, rats were randomly
assigned to receive the next day either O (adult: n = 10; adolescent:
n=29), 1 (adult: n=12; adolescent: n=11) or 2 (adult: n=12;
adolescent: n = 10) cue extinction sessions (Fig. 1A). That is, the in-
terval between the last day of self-administration to first day of cue
extinction varied depending on the days required for them to reach
extinction criterion. During cue extinction, both levers were retracted
and there were 120 trials of 2.7 s light cue with 30 s intertrial interval.
Rats that had 0 or 1 cue extinction session were handled for 2 or 1 days,
respectively, hence the time from reaching lever extinction criteria to
cue-induced reinstatement test was 3 days for all rats.
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2.4. Cue-induced reinstatement

The day after cue extinction, all rats were tested for cue-induced
reinstatement for 1 hr in Experiment 1 (Fig. 1A). Both levers were
available, with the active lever press triggering 2.7 s light cue in the
absence of methamphetamine. If the active lever was not pressed in the
first 2 minutes, the light cue automatically illuminated once.

2.5. Statistical analyses

All statistical analyses were performed using SPSS statistics (IBM
corp., New York, USA). Data were analyzed by analysis of variance
(ANOVA), repeated measures (RM) ANOVA, or t-tests as appropriate.
Significant interactions were followed up by Tukey’s post hoc tests in
case of multiple comparisons and Bonferroni-corrected in case of post
hoc t-tests.

3. Results

3.1. Adolescents escalate methamphetamine more than adults with dose
increase

In Experiment 1, there were no differences between the 3 cue
extinction groups during self-administration and lever extinction
(ps < 0.05), therefore, these data were pooled within each age.
Adolescent and adult rats exhibited similar acquisition and maintenance
of methamphetamine self-administration on the 0.03 mg/kg/infusion
dose, with RM ANOVA showing a significant effect of day
[Fo,6200= 24.9, p < 0.001], no effect of age [F(1,62)= 2.4,p = 0.12] and
no interaction [F(;0,620)-0.63, p = 0.79] (Fig. 1B, top). Analysis of lever
responses showed significant effects of day [F(10,620)= 12.7, p < 0.001],
lever type [F1 62y= 92.8, p < 0.001], and a day x lever type interaction
[F(10,620)= 11.0, p < 0.001] (Fig. 1B, bottom). There were no effects of
age [F(1,62)= 2.0, p = 0.16], lever type x age interaction [F g2)= 2.8,
p=0.10] or lever type x day x age interaction [F(¢620)= 0.73,
p = 0.69].

When the dose was increased to 0.1 mg/kg/infusion, adolescents
consumed more methamphetamine than adults. RM ANOVA revealed a
significant main effect of age [F(; 62)= 14.6, p < 0.001], a trend of day
[F,2,124)= 2.9, p = 0.06] and no age x day interaction [F(124)= 1.7,
p = 0.19] (Fig. 1C, top). Analysis of lever responses showed significant
effects of age [F(1,62=26.9, p <0.001], lever type [F(j62=25.3,
p < 0.001], an age x lever type interaction [F(j g2y= 12.4, p < 0.005],
but no effects of day [F(2,124)= 0.9, p = 0.42] or day x age interaction
[F(2,124y= 0.4, p = 0.65]. The age x lever type interaction was inves-
tigated by analysing any age effect in each lever type, which revealed
that the interaction was driven by the age effect size for the active lever
(Fig. 1C, bottom).

Similar analyses of the 0.01 mg/kg/infusion dose revealed an effect
of day [F(2,124)= 5.2, p < 0.05], but no main effect of age [F(;,62=0.7,
p = 0.41], nor day x age interaction [F(2124)= 1.3, p = 0.28] for the
number of infusions obtained (Fig. 1D, top). For lever presses there were
significant effects of day [F3124y=3.4, p <0.05], lever type
[Fa1,62)= 66.6, p < 0.001], day x lever type [F(2124)= 4.04, p < 0.05.
There was no effects of age [F(; 62)= 0.2, p = 0.66], lever type x age
interaction [F(; 62)= 0.1, p = 0.78] or lever type x day x age interaction
[F(2)124): 1.7, p = 0.18] (Fig. 1D, bottom).

We examined average daily mg of methamphetamine consumed per
kg of rat from the last 3 days of self-administration at each dose to
compare stable intake at different doses. RM ANOVA revealed signifi-
cant effects of dose [F(o124y=174.2, p < 0.0001], age [Fq 62)= 4.8,
p < 0.05], and a dose x age interaction [F(z124y= 18.9, p < 0.0001].
Due to the significant interaction, we examined the effect of age at each
dose, which showed that adolescents had higher methamphetamine
intake than adults at 0.1 mg/kg/infusion (p < 0.05) but not at other
doses (Fig. 1E).
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One day acclimatization to 0.03 mg/kg/infusion before and after the
progressive ratio test day revealed no age differences in either the in-
fusions obtained or lever presses (ps > 0.05). Breakpoint of the pro-
gressive ratio schedule, which is the number of lever presses completed
for the last methamphetamine infusion, at the 0.03 mg/kg/infusion
were not different between adolescent and adult rats [te)= 1.3,
p = 0.20] (Fig. 1F).

3.2. Adolescents lever press more in the absence of methamphetamine
compared to adults

Rats reached the extinction criteria between 4 and 15 days of daily
lever extinction. RM ANOVA of lever presses during the first 4 days
when all rats received lever extinction revealed significant effects of day
[F(3,186)= 10.5, p < 0.0011], lever type [F(; 62)= 65.8, p < 0.001] and a
day x lever type interaction [F(3 186)= 59.3, p < 0.001] (Fig. 2A). There
was also an effect of age [F(; 62)= 8.3, p < 0.05], but no day x age
[F3,186)= 0.8, p = 0.51], lever type x age [F,62= 2.0, p=0.17], or
day x age x lever type [F(3186)= 2.0, p = 0.11] interactions, indicating
that adolescents show more active and inactive lever pressing during the
initial days of extinction. However, adolescent and adult rats required
similar number of days to reach extinction criteria [t2)= 0.9, p = 0.6],
highlighting that lever extinction acquisition is comparable between
these ages (Fig. 2B).

3.3. Adolescents, but not adults, show cue-induced reinstatement after
two sessions of cue extinction

Following lever extinction, rats were randomly assigned to 0, 1 or 2
cue extinction sessions beginning the next day (Fig. 1A). Such random
group assignment did not result in any differences in days to reach lever
extinction criteria (ps < 0.05).

In rats that did not receive any cue extinction (Fig. 2C), RM ANOVA
to compare lever pressing on the last day of extinction against rein-
statement day revealed significant effects of day [F(,17)=41.9,
p <0.01], lever type [F(1,17)=47.0, p < 0.01], a lever type x day
interaction [F(1,17)=65.0, p <0.01], but no main effect of age
[F1,17)= 3.7, p = 0.07] or age x day [F(;,17)= 0.03, p = 0.86], age x
lever type [F(1,17)=0.5, p=0.49], and age x lever type x day
[F1,17)= 0.6, p = 0.45] interactions. Similar results were observed in
rats that received 1 cue extinction session [day, F(21)=43.5,
p < 0.0001; lever type, F(1,21)= 34.4, p < 0.01; lever type x day inter-
action, F(1,21)= 34.3, p < 0.01, and no main effect of age [F(1,21)= 0.03,
p=0.87] or age x day [Fuon=1.5 p=0.23], age x lever type
[F1,177= 0.8, p=0.38], and age x lever type x day [Fq,i17)= 0.06,
p = 0.81] interactions. In rats that received 2 cue extinction sessions,
however, there were significant effects of age [F(; 20)= 4.2, p = 0.05],
day x age interaction [F(1,20)= 4.7, p < 0.05], a day x lever type x age
interaction [F(; 20)= 4.2, p = 0.05], day [F(; 20= 12.2, p < 0.05], lever
type [F,20)= 7.5, p < 0.05], lever type x day interaction [F(1,20)= 16.3,
P < 0.05]. Post hoc tests revealed these interactions were driven by ad-
olescents showing a significant cue-induced reinstatement compared to
both their last extinction day and adults in active lever presses (ps <
0.05) but not in inactive lever presses (p > 0.05). Active and inactive
lever presses did not differ for adults between the end of extinction and
reinstatement days (ps > 0.05), showing that 2 days of cue extinction
was effective in suppressing cue-induced reinstatement at this age
(Fig. 2C). In contrast, adolescents showed impaired cue extinction
(Fig. 2C).

3.4. Increased intake of methamphetamine in adolescents is dependent on
the dose increase rather than the dose itself

Experiment 1 showed that adolescents consumed significantly more
methamphetamine when the dose increased from 0.03 to 0.1 mg/kg/
infusion. Such dose-related escalation was observed in the absence of
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Fig. 2. Lever extinction and cue induced reinstatement in Experiment 1. (A) Adolescent rats pressed more than adult rats on the active and the inactive lever during
lever extinction. *Significant main effect of age. (B) No age difference in the number of days to reach lever extinction criteria. Adults, n = 34; Adolescents, n = 30. (C)
Zero and 1 day of cue extinction led to cue-induced reinstatement compared to the last day of lever extinction in adolescent and adult rats *Significant interaction
driven by an effect of day only for active lever in adolescents and adults. Two days of cue extinction however, prevented cue-induced reinstatement following
methamphetamine self-adminstration during adulthood, but not if methamphetamine was self-administered during adolescence. * Significant interaction driven by
adolescents pressing significantly more than adults and compared to last extinction day, only on the active lever during cue-induced reinstatement. All data expressed
as mean =+ or + SEM. No cue extinction: Adult, n = 10; Adolescent, n = 9. 1 day cue extinction: Adult n = 12; adolescent n = 11. 2 days cue extinction: Adult,

n = 12; Adolescent n = 10.

any extended hours of access to self-administration, and indicates a
novel way to increase mg/kg consumption over a fixed time. This result
from Experiment 1 may be due to the 0.1 mg/kg/infusion dose being
particularly reinforcing for adolescents relative to adults. Alternatively,
it may be because adolescents do not down-regulate lever pressing to
titrate their methamphetamine intake as well as adults to compensate
for the dose increase. Experiment 2 tested this by starting the acquisition
of self-administration at 0.1 mg/kg/infusion then increasing the dose to
0.3 mg/kg/infusion. If the former is true, then age effects should emerge
at 0.1 mg/kg/infusion. If the latter is true, then age effects should
emerge at 0.3 mg/kg/infusion. To test whether adolescents can learn to
titrate their drug taking over days, Experiment 2 allowed the rats to
remain on the increased dose for 1 week, then tested for progressive
ratio at 0.3 mg/kg/infusion before returning to 0.1 mg/kg/infusion for 3

days and then being tested for progressive ratio at 0.1 mg/kg/infusion
(Fig. 3A).

Adult and adolescent rats consumed similar amounts of metham-
phetamine at 0.1 mg/kg/infusion, with a significant effect of day
[Fo,1200= 7.4, p < 0.001], but no main effect of age [Fg 2= 0.9,
p = 0.37] nor an interaction [F(10,1200= 0.5, p = 0.91] (Fig. 3B, top).
Results were similar for lever responses with significant effects of day
[Fa10,1200= 4.0, p < 0.001], lever type [F(,12)= 38.2, p < 0.001], day x
lever type interaction [F(19,120)= 4.4, p < 0.001], but no main effect of
age [F(1,12= 1.2, p = 0.30], or age x day [F10,120)= 0.7, p = 0.73], age
x lever type [F(1,12)= 0.02, p =0.90], and day x lever type x age
[Fa10,120)= 0.4, p = 0.94] interactions (Fig. 3B, bottom).

Analyses of infusions at the 0.3 mg/kg/infusion dose revealed a
strong trend of age x day interaction [F(; 12)= 4.5, p = 0.055] and no
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Fig. 3. Methamphetamine self-administration in adult and adolescent rats in Experiment 2. (A) Design and timeline. (B) Adolescents and adults showed comparable
methamphetamine intake and fixed ratio 1 (FR1) schedule of lever pressing over 11 days. (C) When the dose was increased to 0.3 mg/kg/infusion, adolescent rats
obtained more methamphetamine infusions than adults. *Significant interaction driven by an age effect per day. (D) Adolescents showed a higher methamphetamine
intake compared to adults at 0.3 mg/kg/infusion. (E) No age effect during progressive ratio (PR) schedule of self-administration at 0.03 mg/kg/infusion. (F)
Adolescent rats had a lower breakpoint compared to adult rats at 0.1 mg/kg/infusion during progressive ratio schedule of self-administration. *Significant effect of

age. All data expressed as mean =+ or + SEM. Adult n = 6; adolescent n = 8.

main effect of age [F(1,12)= 2.1, p = 0.17]. Due to the strong interaction
trend, we performed Bonferroni post hoc tests, which indicated that the
interaction was driven by significant age differences on days 5-7
(ps < 0.05) (Fig. 3C, top). Analyses of lever presses for this dose revealed
a significant effect of lever type [F(1,12)= 88.8, p < 0.001]. Trends were
observed for day x age interaction [F 72)= 2.1, p = 0.061] and day x
lever type x age [F(,72)= 2.1, p = 0.060] (Fig. 3C, bottom).

Similar to Experiment 1, we examined average daily intake from the
last 3 days of self-administration at each dose to compare stable meth-
amphetamine intake at different doses. RM-ANOVA revealed significant
effects of dose [F(1,12)= 21.4, p < 0.005], and a dose x age interaction
[F(1,12): 7.3, p< 0.05], and an age effect [F(1,12): 4.76, p= 0.050].
Due to the significant interaction, we examined the effect of age at each
dose, which showed that age effect was driven by adolescents taking
significantly more methamphetamine than adults at 0.3 mg/kg/infusion
(p < 0.05) but not at 0.1 mg/kg/infusion (p > 0.05) (Fig. 3D).

There was no effect of age on the breakpoint for progressive ratio
schedule at 0.3 mg/kg/infusion [tjo= 1.3, p = 0.22] (Fig. 3E). Before
progressive ratio schedule at 0.1 mg/kg/infusion, rats received the
0.1 mg/kg/infusion dose for 3 days, which revealed no age effects or
interactions (ps > 0.05). During progressive ratio schedule at this dose,
adults showed a higher breakpoint than adolescents [t;2= 2.7, p < 0.05]
(Fig. 3F).

Experiment 2 results suggest that adolescents escalate metham-
phetamine intake more than adults with dose increase because they are
unable to down-regulate their lever response to titrate methamphet-
amine intake. This effect was in the absence of any extended access to
self-administration. Surprisingly, adolescents showed reduced motiva-
tion to self-administer methamphetamine at 0.1 mg/kg/infusion
compared to adults.

4. Discussion

The present study showed that adolescents increased their meth-
amphetamine intake compared to adults when the dose of metham-
phetamine was increased from their acquisition dose. When self-
administering on a progressive ratio schedule, however, adolescents
showed a lower breakpoint for 0.1 mg/kg/infusion compared to adults,
while no age effects were observed at 0.03 and 0.3 mg/kg/infusion
doses. When methamphetamine was removed, adolescents showed
greater lever pressing during lever extinction. Cue-induced reinstate-
ment after 2 days of cue extinction was also higher in adolescents
compared to adults.

4.1. Adolescent methamphetamine self-administration leads to escalation
of intake with an increased dose of methamphetamine

Adults and adolescents obtained a similar number of infusions when
self-administering for the first time at either 0.03 or 0.1 mg/kg/infusion.
When the initial dose was subsequently increased threefold, adolescents
consumed more than adults. To our knowledge, no one has yet examined
0.3 mg/kg/infusion in methamphetamine self-administration in
adolescent and adult rats. While it is possible that the 0.3 mg/kg/infu-
sion dose lies on the descending limb of the dose-response curve, there
was no such evidence in the present study with adults maintaining the
same level of consumption and adolescents increasing their consump-
tion relative to 0.1 mg/kg/infusion (Fig. 3D). Interestingly, age differ-
ences during methamphetamine self-administration were only observed

when the dose was increased and not when decreased (Fig. 1D), sug-
gesting that the effects were likely not due to a rightward shift in the
dose response curve in adolescents compared to adults. It appears that
when methamphetamine self-administration starts in adolescence,
neuroadaptations presumably occur more readily than in adults to
subsequently impact drug intake. For example, experimenter-injected
methamphetamine led to significantly increased dopamine receptor 2
(D2) levels in the insular cortex in adolescent but not in adult mice
(Cullity et al., 2021b).

These results are reminiscent of our previous findings that showed
adult mice with haplodeficiency of dcc function do not titrate meth-
amphetamine self-administeration with dose changes compared to their
wildtype littermates (Kim et al., 2013). Dcc is the rodent homologue to
human deleted in colorectal cancer (DCC) receptor for netrin-1, which is
a molecule critically involved in dopaminergic system maturation in the
mesocorticolimbic system (Flores, 2011; Manitt et al., 2011). Adult dcc
heterozygous mice display reduced dopamine release in the nucleus
accumbens (NAc) upon exposure to amphetamine (Flores, 2011). The
present results suggest that adolescent —methamphetamine
self-administration may have blunted NAc dopamine release as with
adult dcc het mice, to impair titration of methamphetamine intake.
Future studies should determine if methamphetamine exposure during
adolescence, but not adulthood, leads to a relative loss of dcc function to
alter dopamine release in the NAc.

Increased methamphetamine intake following the dose increase in
adolescence could also suggest a transition from goal-directed to habit-
like behavior. That is, adolescent methamphetamine self-administration
may lead to decreased sensitivity to changes in the value of metham-
phetamine, hence the rate of lever pressing is not adjusted. Consistent
with this idea, cocaine exposure during adolescence faciliated habitual
behavior in adulthood (DePoy et al., 2017). This notion is also supported
by the observation that adolescent rats respond more during signaled
unavailability of cocaine as well as food (Anker et al., 2011).

Consistent with Hankosky et al. (2018), age effects were dissociated
between FR1 vs progressive ratio schedule of self-administration, with
adult rats showing a higher breakpoint at 0.1 mg/kg/infusion. While it
contrasts with our escalation of intake results, a classic observation in
appetitive motivation literature is that an overeating individual may
consume large amounts of food only when it is convenient and not when
it is inconvenient (Nisbett, 1968). It would be interesting to assess
whether adolescents and adults differ in the motivation to obtain
non-drug rewards at different concentrations.

4.2. Increased lever pressing during lever extinction and cue-induced
reinstatement following adolescent methamphetamine self-administration

While adult and adolescent rats reduced their lever pressing during
lever extinction at a similar rate, an overall higher level of active and
inactive lever pressing was observed in adolescent rats during lever
extinction. Increased non-reinforced responding in adolescent rats is not
likely due to conditioned hyperactivity to the methamphetamine-taking
context, since we have previously demonstrated no age differences in
methamphetamine-related conditioned hyperactivity in adolescent and
adult mice (Cullity et al., 2021a). We also did not observe increased
lever pressing during lever extinction in adolescent rats in our previous
studies on cocaine self-administration (Guerin et al., 2021b; Zbukvic
et al., 2016). In the present study, rats self-administered methamphet-
amine over 20 days, whereas in Zbukvic et al. (2016),
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self-administration occurred over 12 days before lever extinction.
Therefore, it may be the case that a long drug taking history in adoles-
cence leads to heightened and indiscriminate lever pressing when the
drug is removed. Nevertheless, the age effect on non-reinforced lever
pressing disappeared by the last session of lever extinction.

Significantly, adolescents exhibited higher cue-induced reinstate-
ment of methamphetamine-seeking compared to adults after 2 days of
cue extinction, suggesting that cue extinction is less effective following
methamphetamine self-administration during adolescence compared to
adulthood. This is consistent with a previous observation of impaired
extinction of a cocaine-associated cue (Zbukvic et al., 2016). In addition,
adolescent rodents have been shown to develop conditioned place
preference to methamphetamine faster or stronger than adult rodents
(Cullity et al., 2021a; Zakharova et al., 2009). However, our findings
may not be due to the enhanced drug-cue association in adolescence,
because cue-induced reinstatement was comparable between adolescent
and adult rats that did not receive any cue extinction, which replicates
previous studies in cocaine self-administration (Schramm-Sapyta et al.,
2011; Wong and Marinelli, 2016). Rather, these findings highlight that
adolescents struggle to inhibit their responding to stimulant-associated
cues compared to adults, which has robustly been observed in condi-
tioned fear studies (Ganella et al., 2018; Kim et al., 2011; Zbukvic et al.,
2017). Interestingly, several previous studies using cocaine
self-administration reported reduced lever pressing during extinction
and cue-induced reinstatement (Anker and Carroll, 2010; Li and Frantz,
2009, Li and Frantz, 2017; Li et al., 2018). Such findings have not been
reported in methamphetamine self-administration, which suggests that
cocaine and methamphetamine are likely causing different neuro-
adaptations to result in difference in extinction-related behaviors. While
they are both psychostimulants, methamphetamine has stronger
neurotoxic and addictive properties than cocaine (Castro et al., 2000;
Fleckenstein et al., 2000; Yeh and De Souza, 1991), resulting in worse
neuropsychological outcomes (Hall et al., 2018). Even compared to
other amphetamines with highly similar structure (e.g., 3,4-methylene-
dioxymethamphetamine, “MDMA”), methamphetamine appears to be
more neurotoxic and rewarding (Fantegrossi et al., 2008; Goodwin et al.,
2009; Itzhak and Achat-Mendes, 2004; Xu et al., 2016). Future studies
should further assess adolescence and adult methamphetamine
self-adminsitration compared to other structural analogues, considering
its neurotoxicity and the fact that amphetamine-type stimulants are
among the most widely used illicit substances in the world, significantly
more than cocaine (Farrell et al., 2019; United Nations Office On Drugs
and Crime. 2021).

Extinction circuitry for fear and reward cues overlap in the infra-
limbic and prelimbic cortex (Peters et al., 2009), which undergoes
dramatic structural and neurochemical alterations during adolescence
as part of natural maturation (Gogtay et al., 2004; Kim et al., 2017). For
example, D1 and D2 have specific maturational patterns in the pre-
frontal cortex (Bjerke et al., 2022, 2025; Cullity et al., 2019; Tarazi and
Baldessarini, 2000; Weickert et al., 2007). Intra-infralimbic cortex
infusion of a D2 agonist before cocaine-cue extinction in adolescent rats
diminished cue induced reinstatement the next day, suggesting D2
signaling in the infralimbic cortex is involved in cue extinction during
adolescence (Zbukvic et al., 2016). It remains to be seen whether D2
signalling is similarly involved in extinction of
methamphetamine-associated cue in adolescence, and how the devel-
opment of mesocorticolimbic dopamine circuitry affects
methamphetamine-related behaviors. Prelimbic cortex may be particu-
larly important in the modulation of instrumental behavior by acquisi-
tion context (Green and Bouton, 2021). Every phase of the present study
occurred in the same context, hence the instrumental inhibition to
methamphetamine-associated cue may have been impaired in adoles-
cents due to delayed maturation of the prelimic cortex (Zbukvic and
Kim, 2018).

Notably, by the time of reinstatement test, the adolescents groups
were aged P61-P72, which is the end of adolescence in rats (Madsen and
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Kim, 2016).This means the majority of rats in this study were adults at
reinstatement. Therefore, it appears that the age differences in
cue-induced reinstatement observed is due to methamphetamine expo-
sure during adolescence rather than the age at reinstatement.

4.3. Limitations and conclusions

The present study focusses on male rats and does not assess female
rats. While methamphetamine use is more prevalent in males compared
to females (Lewis et al., 2021; United Nations Office On Drugs and
Crime. 2021), there is also evidence of females reporting higher meth-
amphetamine craving and mood disturbances, which may accelerate
their transition from recreational use to addiction more quickly than
males (Dluzen and Liu, 2008; Towers et al., 2023). Within adult rats,
females have been shown to acquire methamphetamine
self-administration on a progressive ratio schedule of reinforcement
faster than males (Frantz et al., 2006; Roth and Carroll, 2004). In
adolescent and adult mice, females are less likely than males to form a
conditioned aversion or preference to a context paired with metham-
phetamine (Cullity et al., 2021a, 2021b). In contrast, no sex differences
in adolescent and adult rats were observed in methamphetamine
self-administration using nosepokes except at 0.08 mg/kg/infusion dose
(Hankosky et al., 2018b; Hankosky et al., 2018a), although the same
paradigm with an extended access (6 hrs) led to females taking more
methamphetamine (Westbrook et al., 2020). Taken together, these
findings suggest that females may be less likely to form instrumental and
Pavlovian associations with methamphetamine but are more motivated
to obtain methamphetamine and transition into escalated intake when
access is increased. Future studies should assess whether the age effects
observed in the present study generalize to females.

In addition, non-drug rewards were not assessed in the present study.
Previous studies showed that adolecents are not hypersensitive to re-
wards such a saccharin compared to adults, and that age effects in sac-
cahrin self-administration appear to be highly dissociated with
methamphetamine self-adminstration (Hankosky et al., 2018b;
Hankosky et al., 2018a).

The present study also only employsed FR1 schedule of reinforce-
ment for the acquisition and maintenance of self-administration, which
means the interpretation of the present findings cannot be generalized to
other schedules of reinforcement. While it is possible that higher
schedules of reinforcement may result it a more stable rate of respond-
ing, others have shown more variability with high schedules in adoles-
cent and adult rats in methamphetamine self-administration (Hankosky
et al., 2018a). In addition, FR1 schedule is a highly translational rein-
forcement schedule in humans, who are more likely to experience varied
dose of methamphetamine rather than a complete absence of rein-
forcement with drug-taking actions (Australian Institute of Health and
Welfare, 2015).

The behavioral differences unveiled in this study directly model
increased substance use propensity and poorer treatment outcomes in
human adolescents (Anthony and Petronis, 1995; Kessler et al., 2007;
Spear, 2016). Adolescent escalation of methamphetamine intake at
higher doses is particularly relevant, because the purity of metham-
phetamine is increasing worldwide (United Nations Office On Drugs and
Crime, 2016). In addition, adolescents may be more susceptible to
neuroadaptations from methamphetamine exposure, which may change
how we view neurotoxic effects of methamphetamine on the adolescent
and adult brain (Luikinga et al., 2018). Taken together, the present study
provides a rodent model of adolescent vulnerability to methamphet-
amine use that can lead to outcomes with high translational potential.
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