
Locomotion changes in
methamphetamine and
amphetamine withdrawal: a
systematic review

Jaya Kumar1*, Isa Naina Mohamed2, Rashidi Mohamed3,
Azizah Ugusman1, Mustapha Muzaimi4, Wael Mohamed5,6,
Mohamad Fairuz Yahaya7, Seong Lin Teoh7,
Mohammad Rahim Kamaluddin8, Hafizah Abdul Hamid9,
Muhammad Zulfadli Mehat9 and Prem Kumar Shanmugam10

1Department of Physiology, Faculty of Medicine, Universiti KebangsaanMalaysia, Kuala Lumpur, Malaysia,
2Department of Pharmacology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Kuala Lumpur,
Malaysia, 3Department of Family Medicine, Faculty of Medicine, Universiti Kebangsaan Malaysia, Kuala
Lumpur, Malaysia, 4Department of Neurosciences, School of Medical Sciences, Universiti Sains Malaysia,
Kota Bharu, Malaysia, 5Basic Medical Science Department, Kulliyyah of Medicine, International Islamic
University Malaysia, Kuantan, Malaysia, 6Department of Clinical Pharmacology, Faculty of Medicine,
Menoufia University, Shebin El Kom, Egypt, 7Department of Anatomy, Faculty of Medicine, Universiti
Kebangsaan Malaysia, Cheras, Malaysia, 8The Centre for Research in Psychology and HumanWell-Being,
Faculty of Social Sciences and Humanities, The National University of Malaysia, Bangi, Malaysia,
9Department of Human Anatomy, Faculty of Medicine and Health Sciences, Universiti Putra Malaysia,
Selangor, Malaysia, 10Manchester Metropolitan University, Kota Kinabalu, Malaysia

Despite extensive preclinical research over the years, a significant gap remains
in our understanding of the specific effects of methamphetamine (METH) and
amphetamine (AMPH) withdrawal. Understanding these differences could be
pivotal to unveiling the unique pathophysiology underlying each stimulant. This
may facilitate the development of targeted and effective treatment strategies
tailored to the specific characteristics of each substance. Following PRISMA
guidelines, this systematic review was conducted to examine alterations in
spontaneous locomotor activity, specifically horizontal activity, in animals
experiencing withdrawal from extended and repeated administration of
AMPH or METH. Original articles were retrieved from four electronic
databases, supplemented by a review of the references cited in the
published papers. A total of thirty-one full-length articles (n = 31) were
incorporated in the analysis. The results indicated that six studies
documented a significant increase in horizontal activity among animals,
seven studies reported decreased locomotion, and eighteen studies
(8 AMPH; 10 METH) reported no significant alterations in the animals’
locomotor activity. Studies reporting heightened locomotion mainly
employed mice undergoing withdrawal from METH, studies reporting
diminished locomotion predominantly involved rats undergoing withdrawal
from AMPH, and studies reporting no significant changes in horizontal
activity employed both rats and mice (12 rats; 6 mice). Drug characteristics,
routes of administration, animal models, dosage regimens, duration, and
assessment timing seem to influence the observed outcomes. Despite more
than 50% of papers enlisted in this review indicate no significant changes in the

OPEN ACCESS

EDITED BY

George Panagis,
University of Crete, Greece

REVIEWED BY

Foteini Delis,
University of Ioannina, Greece
Johannes Petzold,
University Hospital Carl Gustav Carus, Germany

*CORRESPONDENCE

Jaya Kumar,
jayakumar@ukm.edu.my

RECEIVED 06 May 2024
ACCEPTED 26 June 2024
PUBLISHED 17 July 2024

CITATION

Kumar J, Naina Mohamed I, Mohamed R,
Ugusman A, Muzaimi M, Mohamed W,
Yahaya MF, Teoh SL, Kamaluddin MR,
Abdul Hamid H, Mehat MZ and Shanmugam PK
(2024), Locomotion changes in
methamphetamine and amphetamine
withdrawal: a systematic review.
Front. Pharmacol. 15:1428492.
doi: 10.3389/fphar.2024.1428492

COPYRIGHT

© 2024 Kumar, Naina Mohamed, Mohamed,
Ugusman, Muzaimi, Mohamed, Yahaya, Teoh,
Kamaluddin, Abdul Hamid, Mehat and
Shanmugam. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Systematic Review
PUBLISHED 17 July 2024
DOI 10.3389/fphar.2024.1428492

https://www.frontiersin.org/articles/10.3389/fphar.2024.1428492/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1428492/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1428492/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1428492/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1428492&domain=pdf&date_stamp=2024-07-17
mailto:jayakumar@ukm.edu.my
mailto:jayakumar@ukm.edu.my
https://doi.org/10.3389/fphar.2024.1428492
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1428492


locomotion during the stimulant withdrawal, the unique reactions of animals to
withdrawal from METH and AMPH reported by some underscore the need for a
more nuanced understanding of stimulant withdrawal.

KEYWORDS

methamphetamine, amphetamine, stimulant, locomotion, withdrawal, abstinence,
systematic review, addiction

1 Introduction

The global prevalence of psychostimulant use, specifically
methamphetamine (METH) and amphetamine (AMPH), has
been on the rise (Bach et al., 2023; Castaldelli-Maia et al., 2023).
Despite extensive exploration of different compounds and
substances, there remains a lack of approved therapeutic
agents for stimulant use disorder (Chan et al., 2019; Hazani
et al., 2022). Withdrawal from prolonged stimulant use in
humans is characterized by symptoms such as dysphoric
mood, fatigue, sleep disturbances, increased appetite, and
psychomotor changes (Zhao et al., 2021). In rodent studies,
various pre-treatment regimens have been employed to
replicate abstinence-related symptoms observed in humans,
including anhedonia, anxiety, depression, stereotyped
behavior, cognitive deficits, and psychomotor changes
(Robinson and Camp, 1987; González et al., 2014; Mouton
et al., 2016).

Alterations in movement serve as a sensitive indicator of the
neurochemical and behavioral changes associated with drug
dependence, revealing the positive and negative reinforcing
effects of drugs. Drugs of abuse, through elevation of
dopamine levels in the nucleus accumbens, mediate positive
reinforcing effects of drugs, which initiates drug-seeking
behavior. In contrary, negative reinforcement, creates a
strong urge in drug-dependent individuals continue to use
drugs to avoid drug withdrawal-associated adverse
experience. Several locomotor changes are commonly studied
in rodents within the context of drug dependence research, each
providing valuable insights into the direct impact of drugs and
withdrawal on the brain and behavior such as horizontal activity
(distance travelled), vertical activity (rearing), and movement
patterns (Iman et al., 2021). The alterations in locomotion
observed during withdrawal from repeated pre-treatment
with AMPH or METH can provide insights into various
aspects of neurobehavior, depending on the changes
observed. These changes may indicate behavioral
sensitization to repeated dosing of the drug (Nakagawa et al.,
2011), the presence of abstinence-related dysphoric symptoms
(Kitanaka et al., 2012), disruption of sensorimotor gating
(Richetto et al., 2013), heightened levels of stress or anxiety
(Bray et al., 2016), and reduction in dopaminergic function
(Kitanaka et al., 2008).

The goal of this systematic review was to examine current
research on alterations in spontaneous locomotor activity, with a
specific emphasis on horizontal activity in animals undergoing
withdrawal from extended repeated pre-treatments with
AMPH or METH.

2 Methods

2.1 Search strategy

The systematic review included data from four online databases
such as SCOPUS, Web of Science, PubMed, and Ovid MEDLINE
spanning from 1946 to December 2023, with the latest search
conducted on 1 December 2023. The basic search strategy
involved combining keywords as follows: (amphetamine OR
methamphetamine) AND (abstinence OR withdrawal) AND
(locomotion). Further studies were performed by reviewing the
references in the retrieved articles.

2.2 Inclusion criteria

All full-length research articles published in English that
investigated changes in animals’ spontaneous locomotor activity
during withdrawal from repeated administrations of AMPH or
METH were included.

2.3 Exclusion criteria

Case studies, case series, letters to editors, reviews, books,
human studies, cell culture studies, and conference abstracts were
excluded. Additionally, animal studies focusing on the acute or
chronic effects of METH or AMPH without examining the
withdrawal, or the impact of an acute AMPH or METH
challenge on locomotor sensitization, were excluded. Studies
that explored AMPH or METH withdrawal in animals without
comparing locomotor differences between control animals (or
baseline values) and withdrawn animals were also excluded.
Studies involving animals that underwent brain surgery (e.g.,
microinfusion of drugs, intracranial stimulation, and brain
lesions) were not considered. Furthermore, studies examining
METH or AMPH withdrawal in animals that had undergone
surgery or behavioral interventions (such as sleep deprivation,
fear conditioning, and encounters with intruders) prior to drug
pre-treatment were omitted. Studies administering other drugs
(such as cocaine, heroin, alcohol, and caffeine) before METH or
AMPH intake were also not included.

2.4 Study selection and article screening

Four authors (INM, RPMP, AU, and JK) independently
reviewed the articles obtained from the databases. Any
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discrepancies were resolved through discussion to achieve a
consensus. The article screening process comprised of three
stages. Initially, titles were used as the basis for rejecting articles
that did not meet selection criteria. Subsequently, the abstracts were
reviewed to eliminate studies unrelated to AMPH or METH
withdrawal and locomotion. Finally, a comprehensive
examination of the full text was conducted to exclude articles
that did not meet the inclusion criteria.

3 Results

Initially, 2,500 articles were identified across four online
databases: Ovid MEDLINE (1,734), SCOPUS (461), Web of
Science (148), and PubMed (157). Through title screening,
720 articles were identified (Ovid MEDLINE: 329, SCOPUS:
273, Web of Science: 62, PubMed: 56). After the removal of
duplicates, 481 articles remained. This was followed by a
rigorous review of the abstracts, methods, and results based on
the inclusion criteria, resulting in the rejection of 452 articles.
Ultimately, 28 original, full-length articles were included.
Additionally, upon reviewing the references of these articles, an
additional 3 articles were added, bringing the final count of
selected articles to 31 (Figure 1).

Of the 31 studies included in this systematic review, 16 used
METH (methamphetamine hydrochloride, (+)-methamphetamine,
and d-methamphetamine), whereas 15 investigated AMPH
(d-amphetamine sulfate, d-amphetamine), mostly dissolved in
normal saline. The drugs were mainly given via intraperitoneal

(24 studies), subcutaneous (4), and intravenous routes (1), mixed
with tap water when taken orally (1), or inhaled (1).

Eleven studies employed mice, mostly male (9 studies), female
only (1; Haidar et al., 2016), and both male and female (1; Henry
et al., 2013). Twenty studies employed rats, mostly male (17 studies),
female only (2; Paulson et al., 1991; Robinson and Camp, 1987), and
both male and female (1; Mouton et al., 2016). Various strains of
mice were used, including C57BL/6J (4 studies), BALB/c (1; Ghavimi
et al., 2022), NMRI (2; Haj-Mirzaian et al., 2018; Hosseini et al.,
2021), Rln KO, Rfxp3 KO mice (1; Haidar et al., 2016), CD1 (1;
Mandillo et al., 2003), gp120tg (1; Henry et al., 2013), and strain type
not stated (1; Roohbakhsh et al., 2021). Likewise, different strains of
rats were used, such as Wistar (12 studies), Sprague Dawley (5),
Holtzman (1; Paulson et al., 1991), FSL and FRL (1; Mouton et al.,
2016), and long Evans (1; Sharma et al., 2021).

The number of animals employed per group in the studies were
N = 4–6 (1 study), 5–6 (1), 6 (1), 6–7 (2), 7 (1), 7–8 (1), 6–8 (3), 8 (3),
8–9 (1), 7–10 (2), 8–14 (1), 9 (1), 10 (3), 11 (1), 12–13 (1), 11–14 (1),
19–22 (1), and not mentioned (6).

Of the reviewed studies, six studies (total n = 6; n = 5METH, n =
1 AMPH) reported a significant increase in the animals’ horizontal
activity (Piechota et al., 2012; Georgiou et al., 2016; Haidar et al.,
2016; Haj-Mirzaian et al., 2018; Rezaeian et al., 2020; Roohbakhsh
et al., 2021), seven studies (total n = 7; n = 6 AMPH, n = 1 METH)
reported significant decrease in locomotor activity (Robinson and
Camp, 1987; Paulson et al., 1991; Pulvirenti and Koob, 1993; Hsieh
et al., 2002; Russig et al., 2005; Che et al., 2013; Mouton et al., 2016)
and 18 studies (total n = 18; n = 8 AMPH, n = 11 METH) reported
no significant changes in the animals’ locomotion (Persico et al.,

FIGURE 1
A summary of the literature search, screening, and selection of studies following the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.
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1995; Cancela et al., 2001; Mandillo et al., 2003; Russig et al., 2005;
Peleg-Raibstein et al., 2006; Barr et al., 2010; Henry et al., 2013;
Koltunowska et al., 2013; González et al., 2014; Damghani et al.,
2016; Marszalek-Grabska et al., 2016; Beirami et al., 2017; Saeed
et al., 2018; Alavijeh et al., 2019; Yan et al., 2019; Hosseini et al., 2021;
Sharma et al., 2021; Ghavimi et al., 2022) (Table 1).

3.1 Hyperlocomotion during the abstinence

Studies reporting a significant increase in the animals’
locomotion during the withdrawal period mainly came from
mice as experimental subjects (5 studies) and to a lesser extent,
rats (1 study). In five out of six of these studies, METH was
administered, and most of these studies (5 studies) used the
intraperitoneal route as mode of drug administration, except
for one study in which animals inhaled the drug (Rezaeian
et al., 2020).

The drug administration period was ranging from 1 day
(10 mg/kg METH i. p, 4 times per day; Roohbakhsh et al., 2021),
5 days (5 mg/kg AMPH i. p; Haj-Mirzaian et al., 2018), 10 days
(2 mg/kg METH i. p; Georgiou et al., 2016; escalating dose
2–6 mg/kg METH i. p; Haidar et al., 2016), 12 days (escalating
dose 2–8 mg/kg METH i. p, twice daily; Piechota et al., 2012) to
14 days (inhaled: first week 5 mg/kg, second week 10 mg/kg;
Rezaeian et al., 2020) (Table 2).

Significant changes in the locomotion of drug withdrawn
animals were reported on withdrawal day 1 (Haj-Mirzaian et al.,
2018; Roohbakhsh et al., 2021), day 7 (Georgiou et al., 2016), day 9
(Haidar et al., 2016), day 12 (Piechota et al., 2012) and day 22
(Rezaeian et al., 2020). Three studies conducted the behavioral
assessment during the light phase of the day: Rezaeian et al.
(2020) used 0800–15.00, Georgiou et al. (2016) used 0800,
Haidar et al. (2016) used 0900–17.00, and 3 studies did not
specify the time. The duration of the behavioral assessment
varied from 5 (Haj-Mirzaian et al., 2018; Rezaeian et al., 2020),
10 (Roohbakhsh et al., 2021), 60 (Piechota et al., 2012; Haidar et al.,
2016), to 90 min (Georgiou et al., 2016).

Four of these studies assessed the distance travelled to measure
the animals’ horizontal activity (Georgiou et al., 2016; Haidar et al.,
2016; Haj-Mirzaian et al., 2018; Rezaeian et al., 2020) and the
remaining two assessed total square crossing (Roohbakhsh et al.,
2021) and beam crossing (Piechota et al., 2012) using behavioral
apparatus such as plexiglass box, open field box, locomotion
chamber, locomotor cell, wooden cage, and test cage with
photocells (Table 3).

The allocation of animals per group was ranging from to 4–6
(Piechota et al., 2012), 6 (Roohbakhsh et al., 2021), 6–8 (Haj-
Mirzaian et al., 2018), 8–14 (Haidar et al., 2016), 9 (Rezaeian
et al., 2020), and one study did not state the number (Georgiou
et al., 2016).

3.2 Hypolocomotion during the abstinence

In contrast to hyperlocomotion results, all studies reporting
hypolocomotion during the abstinence period employed rats as their
experimental subjects, males (4 studies) and females (3 studies). All

these studies administered AMPH, mostly via the intraperitoneal
route (5 studies), except for two studies that employed intravenous
(Pulvirenti and Koob, 1993) and subcutaneous modes (Mouton
et al., 2016).

Drug administration period ranged from 4 days (escalating dose
1–10 mg/kg i. p, thrice daily, except for day 4 where single high dose
was given; Russig et al., 2005), 10 days (intravenous self-
administration of 0.12 mg/kg per injection; Pulvirenti and Koob,
1993), 14 days (4 mg/kg i. p; Che et al., 2013, 5 mg/kg i. p; Hsieh
et al., 2002), 16 days (escalating dose 0.2–6 mg/kg s. c, twice daily;
Mouton et al., 2016) and 42 days (escalating dose 1–10 mg/kg i. p,
twice daily excluding the weekends; Paulson et al., 1991; Robinson
and Camp, 1987) (Table 4).

Significant changes in the horizontal activity of the animals
were reported on withdrawal days 1 (Russig et al., 2005), 2 and 4
(Pulvirenti and Koob, 1993) 3 (Hsieh et al., 2002), 6 (Mouton
et al., 2016), 8–12 (Robinson and Camp, 1987), 10–14 (Che et al.,
2013), and 23–28 (Paulson et al., 1991). Two studies conducted
the behavioral assessment during the light phase (Che et al., 2013;
Hsieh et al., 2002, 10.00–10.30) and three studies conducted
during the dark phase (5p.m.–8 a.m., Mouton et al., 2016;
Pulvirenti and Koob, 1993; Russig et al., 2005), and another
two during both light and dark phase (21.5 h, Paulson et al., 1991;
20 h; Robinson and Camp, 1987). The last two studies (Robinson
and Camp, 1987; Paulson et al., 1991) reported a significant
decrease in the horizontal activity of AMPH withdrawn rats
during the dark phase of the day. The animals’ behavior was
assessed for 5 min (Che et al., 2013; Mouton et al., 2016), 30 min
(Hsieh et al., 2002), 60 min (Russig et al., 2005), 180 min
(Pulvirenti and Koob, 1993), 20 h (Robinson and Camp,
1987), and 21.5 h (Paulson et al., 1991).

The parameters assessed were distance travelled (Che et al.,
2013; Mouton et al., 2016), photobeam interruption (Pulvirenti and
Koob, 1993), locomotor activity counts (Hsieh et al., 2002),
locomotor activity (Russig et al., 2005), crossovers (Paulson et al.,
1991), and activity counts (Robinson and Camp, 1987), using
behavioral apparatus such as the open field, wire cages, wooden
cabin stations, activity chamber, automated activity monitor, wire
hanging cages, and animal activity monitor (Table 5).

The number of animals employed per group was 6–7 (1 study),
6–8 (1), 7 (1), 8 (1), 11–14 (1), except for two studies that did not
specify the number of animals.

3.3 No significant changes in locomotion
during the abstinence

Studies that found no significant changes in the locomotion of
animals withdrawn from the drug mostly employed rats (12 studies)
and to a lesser extent, mice (6 studies). Eight studies administered
AMPH via the intraperitoneal route, ten studies administered
METH via subcutaneous (3 studies), intraperitoneal (6 studies)
and water (Alavijeh et al., 2019).

The drug administration period ranged from 4 days (escalating
dose 1–10 mg/kg AMPH i. p thrice daily; Peleg-Raibstein et al.,
2006), 5 days (2.5 or 5 mg/kg AMPH i. p; Mandillo et al., 2003),
6 days (escalating dose AMPH 1–5 mg/kg i. p, thrice daily and fixed
dosing 1.5 mg/kg intermittent, i. p; Russig et al., 2005), 7 days
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TABLE 1 Summary of included studies.

No References Druxg Findings

Hyperlocomotion during withdrawal

1 Rezaeian et al. (2020) METH Increased total distance travelled, increased distance travelled in the peripheral zone, decreased distance travelled in the
central zone

2 Georgiou et al. (2016) METH Increased total distance travelled, and rearing

3 Haidar et al. (2016) METH Increased total distance travelled by Rln3 WT on D9 of withdrawal

4 Roohbakhsh et al. (2021) METH Increased total square crossing and square crossing in centre of open field

5 Piechota et al. (2012) METH Increased beam crossing

6 Haj-Mirzaian et al. (2018) AMPH Increased total distance travelled, and number of rearings

Hypolocomotion during withdrawal

7 Mouton et al. (2016) METH Reduced total distance travelled on PostND35, but not on PostND60

8 Che et al. (2013) AMPH Withdrawal from 4mg/kg AMPH: Decreased distance travelled, time in the center, number of rearing, and frequency of
center entries
Withdrawal from 2 mg/kg AMPH: Decreased frequency of center entries only

9 Pulvirenti and Koob (1993) AMPH Reduced spontaneous locomotor activity

10 Russig et al. (2005) AMPH Group ESC-10: Reduced locomotor activity

11 Hsieh et al. (2002) AMPH Withdrawal D3: Reduced locomotor activity count

12 Paulson et al. (1991) AMPH Withdrawal day 2–3: Reduced locomotor activity (crossovers) on both day and night
Withdrawal day 4–7: Reduced locomotor activity at night

13 Robinson and Camp (1987) AMPH Reduced activity counts during night-time

No significant changes in locomotion

14 Henry et al. (2013) METH No changes in total distance travelled

15 Alavijeh et al. (2019) METH No changes in total distance travelled
Decreased time spent, crossings produced in the central area of the open field

16 Beirami et al. (2017) METH No difference in total number of beam breaks

17 Yan et al. (2019) METH No difference in total distance travelled

18 Gonzalez et al. (2014) METH No difference in total distance travelled

19 Sharma et al. (2021) METH No difference in total distance travelled

20 Ghavimi et al. (2022) METH No difference in total distance travelled

21 Hosseini et al. (2021) METH No difference in total distance travelled

22 Damghani et al. (2016) METH No difference in swimming velocity

23 Saeed et al. (2018) METH No difference in swimming speed

24 Russig et al. (2003) AMPH No difference in the baseline activity levels (breakpoints)

25 Persico et al. (1995) AMPH No difference in total distance travelled

26 Marszalek-Grabska et al. (2016) AMPH No difference in total distance travelled

27 Peleg-Raibstein et al. (2006) AMPH No difference in baseline locomotor activity (activity score)

28 Mandillo et al. (2003) AMPH No difference in locomotor activity, grooming, and leaning behaviors
Reduced rearing in 2.5 mg/kg AMPH withdrawal

29 Koltunowska et al. (2013) AMPH No difference in distance travelled

30 Cancela et al. (2001) AMPH No difference in total arm entries

31 Barr et al. (2010) AMPH No difference in total distance travelled
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(1 mg/kg METH i. p, Yan et al., 2019; 1 mg/kg METH s. c; González
et al., 2014; 10 mg/kg METH i. p; Saeed et al., 2018), 9 days (2 mg/kg
AMPH i. p, Cancela et al., 2001), 10 days (escalating dose
1–10 mg/kg METH i. p twice daily, Beirami et al., 2017;
10 mg/kg METH i. p; Sharma et al., 2021, 14 days (8 studies:
escalating dose 20 mg/L to 12 mg/kg METH mixed with water;
Alavijeh et al., 2019; 7.5 mg/kg AMPH twice daily; Persico et al.,
1995; 2 mg/kg AMPH i. p; Marszalek-Grabska et al., 2016; 2 mg/kg
METH i. p, twice daily; Ghavimi et al., 2022; 2 mg/kg METH i. p,
twice daily; Hosseini et al., 2021; 2 mg/kg METH s. c, twice daily;
Damghani et al., 2016; 2.5 mg/kg AMPH i. p; Koltunowska et al.,
2013; 2.5 mg/kg AMPH i. p; Barr et al., 2010, and 25 days (escalating
dose 14 days, 0.1–4 mg/kg s. c, thrice daily METH +11 days of
6 mg/kg METH, 4 times per day; Henry et al., 2013) (Table 6).

Locomotion was assessed at 1 h (Marszalek-Grabska et al.,
2016), 1, 6, 12, 24, 36, 54, and 168 h (Persico et al., 1995), day 1
(Koltunowska et al., 2013), day 1–3 (González et al., 2014), day 4
(Cancela et al., 2001; Sharma et al., 2021), day 7 (Henry et al.,
2013), day 10 (Ghavimi et al., 2022), day 10–14 (Saeed et al., 2018),
day 11 and day 17 (Beirami et al., 2017), day 12 (Hosseini et al.,
2021), day 14 (Damghani et al., 2016), day 21 (Alavijeh et al.,
2019), day 28 (Barr et al., 2010), day 30 (Russig et al., 2005), day 46,
53, and 60 (Yan et al., 2019), and day 75 (Peleg-Raibstein et al.,
2006). Three studies assessed behavior during the dark phase
(Russig et al., 2005; Peleg-Raibstein et al., 2006; Barr et al.,
2010), seven assessed behavior during the light phase (Mandillo
et al., 2003; Henry et al., 2013; González et al., 2014; Marszalek-
Grabska et al., 2016; Yan et al., 2019; Hosseini et al., 2021; Ghavimi
et al., 2022), and eight studies did not state the time of the
behavioral assessment (Schindler et al., 1994; Cancela et al.,
2001; Koltunowska et al., 2013; Damghani et al., 2016; Beirami
et al., 2017; Saeed et al., 2018; Alavijeh et al., 2019; Sharma et al.,
2021). Assessment of animal behavior was conducted for 5 min
(7 studies: Alavijeh et al., 2019; Barr et al., 2010; Beirami et al.,
2017; Cancela et al., 2001; Ghavimi et al., 2022; González et al.,
2014; Hosseini et al., 2021), 1 min (Damghani et al., 2016; Saeed
et al., 2018), 6 min (Mandillo et al., 2003), 10 min (Sharma et al.,
2021), 15 min (Koltunowska et al., 2013; Marszalek-Grabska et al.,
2016), 30 min (Schindler et al., 1994; Henry et al., 2013), 60 min
(Russig et al., 2005; Yan et al., 2019), and 18 h (Peleg-Raibstein
et al., 2006).

Behavioral parameters such as the distance travelled (11 studies:
Alavijeh et al., 2019; Barr et al., 2010; Ghavimi et al., 2022; González
et al., 2014; Henry et al., 2013; Hosseini et al., 2021; Koltunowska
et al., 2013; Marszalek-Grabska et al., 2016; Schindler et al., 1994;
Sharma et al., 2021; Yan et al., 2019), breakpoints (Russig et al.,
2005), total number of beam breaks (Beirami et al., 2017), activity
scores (Peleg-Raibstein et al., 2006), locomotor activity (Mandillo
et al., 2003), swimming velocity (Damghani et al., 2016; Saeed et al.,
2018), and total arm entries (Cancela et al., 2001) were measured
using behavioral apparatus such as compartment within wooden
cabinet, activity monitor, behavioral pattern monitor, open field
chamber, Porfex photocell apparatus, circular pool, and elevated
plus maze (Table 7).

The number of animals employed per group was 5–6 (1 study),
6–7 (1), 6–8 (1), 7–8 (1), 8 (2), 8–9 (1), 7–10 (2), 10 (3), 11 (1), 12–13
(1), 19–22 (1), and three studies did not mention the number of
animals allocated per group.T
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TABLE 5 Reduced locomotion during the withdrawal period: Behavioral assessment.

References Light/dark
phase

Duration of
assessment

Withdrawal
day

Behavioral
apparatus

Parameters used

Mouton et al. (2016) Dark 5 min D6 Animal activity monitor Distance travelled

Che et al. (2013) Light 5 min D10-14 Open field Distance travelled

Pulvirenti and Koob
(1993)

Dark 180 min D2, D4 Wire cages Photobeam interruption

Russig et al. (2005) Dark 60 min D1 Wooden cabins Locomotor activity

Hsieh et al. (2002) Light 30 min D3 Activity chamber Locomotor activity
counts

Paulson et al. (1991) Light & Dark 21.5 h D23-28 Automated activity monitor Crossovers

Robinson and Camp
(1987)

Light & Dark 20 h D8-12 Wire hanging cages Activity counts

TABLE 4 Reduced locomotion during the withdrawal period: Drug administration regimen.

References Strain/
Species

Gender Age Drug Duration of
drug
administration

Frequency of
administration

Dosage Mode of
administration

Animal/
group

Mouton et al.
(2016)

Rats FSL
and FRL

Female - METH 16 days 2 times ESC
0.2–6 mg/kg

s.c -

Che et al. (2013) Rat
Sprague
Dawley

Male - AMPH 14 days 1 time 4 mg/kg i.p 8

Pulvirenti and
Koob (1993)

Rat Wistar Male - AMPH 10 days - 0.12 mg/kg
per infusion
Intake:
5.9–9.6 mg/kg

i.v (self-
administration)

11–14

Russig et al. (2005) Rat Wistar Male - AMPH 4 days 3 times (D1-3) ESC
1–9 mg/kg
(D1-3); D4:
10 mg/kg (1X)

i.p -

Hsieh et al. (2002) Rat
Sprague
Dawley

Male - AMPH 14 days 1 time 5 mg/kg i.p 6–8

Paulson et al.
(1991)

Rat
Holtzmann

Female - AMPH 42 days Intermittent
(no weekend)

2 times ESC
1–10 mg/kg

i.p 6–7

Robinson and
Camp (1987)

Rat
Sprague
Dawley

Female - AMPH 42 days Intermittent
(no weekend)

2 times ESC
1–10 mg/kg

i.p 7

TABLE 3 Increased locomotion during the withdrawal period: Behavioral assessment.

References Light/dark
phase

Duration of
assessment (min)

Withdrawal
day

Behavioral
apparatus

Parameters
used

Rezaeian et al. (2020) Light 5 D22 Open field Distance travelled

Georgiou et al. (2016) Light 90 D7 Locomotion chamber Distance travelled

Haidar et al. (2016) Light 60 D9 Locomotor cell Distance travelled

Roohbakhsh et al. (2021) - 10 D1 Wooden cage Square crossing

Piechota et al. (2012) - 60 D12 Test cage with photocells Beam crossing

Haj-Mirzaian et al.
(2018)

- 5 D1 Open field Distance travelled

Frontiers in Pharmacology frontiersin.org07

Kumar et al. 10.3389/fphar.2024.1428492

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1428492


TABLE 6 No significant changes in locomotion during the withdrawal period: Drug administration regimen.

References Strain/
Species

Gender Age Drug Duration of drug
administration

Frequency of
administration

Dosage Mode of
administration

Animal/
group

Henry et al. (2013) Mice Gp120tg Male and
female

8–9 months
4 months

METH 25 days 3 times 0.1–4 mg/kg (11 days) +
6 mg/kg (4x/day)

s.c 12–13

Alavijeh et al. (2019) Rat Wistar Male - METH 14 days 1 time ESC 20 mh/L–12 mg/kg Drinking water 10

Beirami et al. (2017) Rat Wistar Male Adult METH 10 days 2 times ESC 1–10 mg/kg METH i.p 10

Yan et al. (2019) Mice
C57BL/6J

Male Adult METH 7 days 1 time 1 mg/kg i.p 10

Gonzalez et al. (2014) Mice
C57BL/6J

Male 2–3 months METH 7 days 1 time 1 mg/kg s.c 8–9

Sharma et al. (2021) Rats Long Evan Male 2 months METH 10 days 1 time 10 mg/kg i.p 8

Ghavimi et al. (2022) Mice BACB/c Male - METH 14 days 2 times 2 mg/kg i.p 6–7

Hosseini et al. (2021) Mice NMRI Male - METH 14 days 2 times 2 mg/kg i.p 6–8

Damghani et al. (2016) Rat Wistar Male Adult METH 14 days 2 times 2 mg/kg s.c 7–8

Saeed et al. (2018) Rat Wistar Male - METH 7 days 1 time 10 mg/kg i.p -

Russig et al. (2003) Rat Wistar Male - AMPH 6 days 3 times
1 time

ESC 1–5 mg/kg
1.5 mg/kg Intermittent

i.p 8

Persico et al. (1995) Rat Sprague
Dawley

Male - AMPH 14 days 1 time 7.5 mg/kg i.p 5–6

Marszalek-Grabska et al.
(2016)

Rat Wistar Male - AMPH 14 days 1 time 2 mg/kg i.p -

Peleg-Raibstein et al.
(2006)

Rat Wistar Male - AMPH 4 days 3 times ESC 1–10 mg/kg i.p -

Mandillo et al. (2003) Mice CD1 Male 7–9 weeks AMPH 5 days 1 time 2.5 mg/kg i.p 7–10

Koltunowska et al. (2013) Rat Wistar Male Adult AMPH 14 days 1 time 2.5 mg/kg i.p 7–10

Cancela et al. (2001) Rat Wistar Male - AMPH 9 days 1 time 2 mg/kg i.p 11

Barr et al. (2010) Rat Sprague
Dawley

Male Adult AMPH 14 days 1 time 2.5 mg/kg i.p 19–22
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3.4 Hypolocomotion versus no changes in
locomotion during the abstinence: rats

Studies reporting reduced locomotion employed a longer dosing
period ranging from 4 to 42 days (Robinson and Camp, 1987;
Paulson et al., 1991; Pulvirenti and Koob, 1993; Russig et al., 2005;
Hsieh et al., 2002; Che et al., 2013; Mouton et al., 2016), while those
reporting no significant changes had shorter durations, typically
between 4 and 14 days (Persico et al., 1995; Cancela et al., 2001;
Russig et al., 2003; Peleg-Raibstein et al., 2006; Barr et al., 2010;
Koltunowska et al., 2013; Damghani et al., 2016; Marszalek-Grabska
et al., 2016; Beirami et al., 2017; Saeed et al., 2018; Alavijeh et al.,
2019; Sharma et al., 2021).

The predominant route of administration for both groups was
intraperitoneal. Regarding dosages, the studies reporting reduced
locomotion mostly utilized escalating dosages (ranging from 1 to
10 mg/kg in 4 studies, 4 days–42 days, 2–3-time injection per day,
Mouton et al., 2016; Russig et al., 2005; Paulson et al., 1991;
Robinson and Camp, 1987), while fixed dosage regimens typically
fell within the range of 4–5 mg/kg (once daily for 14 days, Che et al.,
2013; Hsieh et al., 2002).

In contrast, among studies reporting no significant changes, four
studies employed escalating dosing regimen (ranging from 1 to

12 mg/kg, Alavijeh et al., 2019; Beirami et al., 2017; Russig et al.,
2003; Peleg-Raibstein et al., 2006), and fixed dosages were mostly
within the range of 2–2.5 mg/kg administered once daily (Cancela
et al., 2001; Barr et al., 2010; Koltunowska et al., 2013; Damghani
et al., 2016; Marszalek-Grabska et al., 2016).

The cumulative doses of studies reporting AMPH withdrawal
induced hypolocomotion was within the range of 55–356 mg/kg
(Robinson and Camp, 1987; Paulson et al., 1991; Pulvirenti and
Koob, 1993; Russig et al., 2005; Hsieh et al., 2002; Che et al., 2013),
whereas for those reporting no profound changes in the locomotion
was 18–210 mg/kg (Persico et al., 1995; Cancela et al., 2001; Russig
et al., 2003; Peleg-Raibstein et al., 2006; Barr et al., 2010;
Koltunowska et al., 2013; Marszalek-Grabska et al., 2016).

When comparing studies employing escalating doses, those
indicating AMPH-induced hypolocomotion assessed behavior
during withdrawal days 1–28 (Robinson and Camp, 1987;
Paulson et al., 1991; Pulvirenti and Koob, 1993; Hsieh et al.,
2002; Che et al., 2013 Che et al., 2013). Conversely, studies
revealing no significant changes in locomotion examined
behavior on withdrawal 1 h to D75 (Persico et al., 1995; Cancela
et al., 2001; Russig et al., 2003; Peleg-Raibstein et al., 2006; Barr et al.,
2010; Koltunowska et al., 2013; Marszalek-Grabska et al., 2016)
(Table 8).

TABLE 7 No significant changes in locomotion during the withdrawal period: Behavioral assessment.

References Light/dark
phase

Duration of
assessment

Withdrawal day Behavioral
apparatus

Parameters used

Henry et al. (2013) Light 30 min D7 Behavioral pattern monitor Distance travelled

Alavijeh et al. (2019) - 5 min D21 Open field Distance travelled

Beirami et al. (2017) - 5 min D11-17 Open field Total number of beam
breaks

Yan et al. (2019) Light 60 min D46, 53, 60 Open field Distance travelled

Gonzalez et al. (2014) Light 5 min D1-3 Open field Distance travelled

Sharma et al. (2021) - 10 min D4 Open field Distance travelled

Ghavimi et al. (2022) Light 5 min D10 Open field Distance travelled

Hosseini et al. (2021) Light 5 min D12 Open field Distance travelled

Damghani et al. (2016) - 1 min D14 Circular pool Swim velocity

Saeed et al. (2018) - 1 min D10-14 Circular pool Swim speed

Russig et al. (2003) Dark 60 min D30 Wooden cabinet Breakpoint

Persico et al. (1995) - 30 min 1, 6, 12, 24, 36, 54, 168 h Activity monitor Distance travelled

Marszalek-Grabska et al.
(2016)

Light 15 min 1 h Porfex photocell apparatus Distance travelled

Peleg-Raibstein et al. (2006) Dark 18 h D75 Automated behaviour
apparatus

Activity scores

Mandillo et al. (2003) Light 6 min D1 Open field Locomotor activity

Koltunowska et al. (2013) - 15 min D1 Photocell apparatus Distance travelled

Cancela et al. (2001) - 5 min D4 Elevated plus maze Total arm entries

Barr et al. (2010) Dark 5 min D28 Elevated plus maze Distance travelled
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3.5 Hyperlocomotion versus no changes in
locomotion during the abstinence: mice

Both sets of studies encompassed various strains or genotypes of
mice, including gp120tg, C57BL/6J, BALB/c, NMRI, CD1, and
BALB/c, C57BL/6J, and Rln3KO (Georgiou et al., 2016; Haidar

et al., 2016; Roohbakhsh et al., 2021; Piechota et al., 2012; A Haj-
Mirzaian et al., 2018; Henry et al., 2013; Yan et al., 2019; Gonzalez
et al., 2014; Ghavimi et al., 2022; Hosseini et al., 2021; Mandillo
et al., 2003).

Studies reporting hyperlocomotion following METH
withdrawal had dosing regimens lasting from 1 to 12 days

TABLE 8 Hypolocomotion versus no changes in movement: rats.

References Strain/
Species

Gender Drug Duration of
drug
administration

Frequency of
administration

Dosage Light/
dark
phase

Withdrawal
day

Hypolocomotion during withdrawal

Mouton et al. (2016) Rats FSL
and FRL

Female METH 16 days 2 times ESC 0.2–6 mg/kg Dark D6

Che et al. (2013) Rat Sprague
Dawley

Male AMPH 14 days 1 time 4 mg/kg Light D10-14

Pulvirenti and Koob
(1993)

Rat Wistar Male AMPH 10 days - 0.12 mg/kg per
infusion
Intake:
5.9–9.6 mg/kg

Dark D2, D4

Russig et al. (2005) Rat Wistar Male AMPH 4 days 3 times (D1-3) ESC 1–9 mg/kg
(D1-3); D4:
10 mg/kg (1X)

Dark D1

Hsieh et al. (2002) Rat Sprague
Dawley

Male AMPH 14 days 1 time 5 mg/kg Light D3

Paulson et al. (1991) Rat
Holtzmann

Female AMPH 42 days Intermittent (no
weekend)

2 times ESC 1–10 mg/kg Light &
Dark

D23-28

Robinson and Camp
(1987)

Rat Sprague
Dawley

Female AMPH 42 days Intermittent (no
weekend)

2 times ESC 1–10 mg/kg Light &
Dark

D8-12

No significant changes in locomotion during withdrawal

Alavijeh et al. (2019) Rat Wistar Male METH 14 days 1 time ESC 20 mh/
L–12 mg/kg

- D21

Beirami et al. (2017) Rat Wistar Male METH 10 days 2 times ESC 1–10 mg/kg
METH

- D11-17

Sharma et al. (2021) Rats Long
Evan

Male METH 10 days 1 time 10 mg/kg - D4

Damghani et al.
(2016)

Rat Wistar Male METH 14 days 2 times 2 mg/kg - D14

Saeed et al. (2018) Rat Wistar Male METH 7 days 1 time 10 mg/kg - D10-14

Russig et al. (2003) Rat Wistar Male AMPH 6 days 3 times
1 time

ESC 1–5 mg/kg
1.5 mg/kg
Intermittent

Dark D30

Persico et al. (1995) Rat Sprague
Dawley

Male AMPH 14 days 1 time 7.5 mg/kg - 1, 6, 12, 24, 36, 54,
168 h

Marszalek-Grabska
et al. (2016)

Rat Wistar Male AMPH 14 days 1 time 2 mg/kg Light 1 h

Peleg-Raibstein et al.
(2006)

Rat Wistar Male AMPH 4 days 3 times ESC 1–10 mg/kg Dark D75

Koltunowska et al.
(2013)

Rat Wistar Male AMPH 14 days 1 time 2.5 mg/kg - D1

Cancela et al. (2001) Rat Wistar Male AMPH 9 days 1 time 2 mg/kg - D4

Barr et al. (2010) Rat Sprague
Dawley

Male AMPH 14 days 1 time 2.5 mg/kg Dark D28
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(Piechota et al., 2012; Georgiou et al., 2016; Haidar et al., 2016;
Roohbakhsh et al., 2021). Among these, two studies utilized
escalating dosages (2–8 mg/kg, Haidar et al., 2016; Piechota
et al., 2012), and fixed dosages were within the range of
2–10 mg/kg (Georgiou et al., 2016; Roohbakhsh et al., 2021).

In studies reporting no significant changes in locomotion
following METH withdrawal, the dosing regimen lasted longer,
spanning from 7 days to 25 days (Henry et al., 2013; Gonzalez
et al., 2014; Yan et al., 2019; Hosseini et al., 2021; Ghavimi et al.,
2022). One study employed an escalating dose (ranging from 0.1 to
4 mg/kg, Henry et al., 2013), while fixed dosages typically ranged
within 1–2 mg/kg (Gonzalez et al., 2014; Yan et al., 2019; Hosseini
et al., 2021; Ghavimi et al., 2022).

Both sets of studies primarily assessed the animals’ behavior
during the light phase. Studies reporting no significant changes
during METH withdrawal assessed locomotion from day 1 to day 60
(Mandillo et al., 2003; Henry et al., 2013; Gonzalez et al., 2014; Yan
et al., 2019; Hosseini et al., 2021; Ghavimi et al., 2022), while studies
reporting hyperlocomotion assessed locomotion specifically from
day 1 to day 12 during the abstinence period (Piechota et al., 2012;
Georgiou et al., 2016; Haidar et al., 2016; Roohbakhsh et al., 2021).

Two studies investigated locomotion during abstinence from
AMPH in mice. Haj-Mirzaian et al. (2018) found hyperlocomotion
in NMRI mice after 5 days of 5 mg/kg AMPH administrations.

However, Mandillo et al. (2003) reported no significant changes in
locomotion following AMPH withdrawal. This discrepancy might
be due to the lower AMPH dose used by Mandillo et al. (2.5 mg/kg)
compared to Haj-Mirzaian et al. Additionally, Mandillo et al. used a
different mouse strain (CD1) than Haj-Mirzaian et al. (NMRI)
(Table 9).

4 Discussion

In our systematic review, we observed that mice, primarily those
withdrawn from repeated METH administrations, displayed
increased horizontal activity compared to control animals. On the
other hand, rats withdrawn from repeated AMPH administrations
exhibited reduced horizontal activity. This contradiction might be at
least partly due to the time of day when locomotor activity was
measured. As rodents are nocturnal creatures, being more active
during the dark phase, the observed decrease in activity among rats
could be due to their higher baseline activity during that phase. In line
with this, in Forced Swim Test (FST), rats displayed less escape-
oriented behavior, had lower levels of stress markers and lesser
serotonin turnover in amygdala and frontal cortex when tested at
night compared to day time. The results suggest that rats might be
better able to cope with the stress of the test during dark phase

TABLE 9 Hyperlocomotion versus no changes in locomotion: mice.

References Strain/
Species

Gender Drug Duration of
drug
Administration

Frequency of
administration

Dosage Light/
dark
phase

Withdrawal

Hyperlocomotion

Georgiou et al
(2016)

Mice
C57BL/6J

Male METH 10 days 1 time 2 mg/kg Light D7

Haidar et al (2016) Mice Rln3KO Female METH 10 days 1 time ESC 2–6 mg/kg Light D9

Roohbakhsh et al.
(2021)

Mice Male METH 1 day 4 times
2 h interval

10 mg/kg - D1

Piechota et al.
(2012)

Mice
C57BL/6J

Male METH 12 days 2 times ESC 2–8 mg/kg - D12

Haj-Mirzaian et al.
(2018)

Mice NMRI Male AMPH 5 days 1 time 5 mg/kg - D1

No significant changes in locomotion

Henry et al. (2013) Mice
Gp120tg

Male and
female

METH 25 days 3 times 0.1–4 mg/kg
(11 days)
+6 mg/kg
(4x/day)

Light D7

Yan et al (2019) Mice
C57BL/6J

Male METH 7 days 1 time 1 mg/kg Light D46, 53, 60

Gonzalez et al.
(2014)

Mice
C57BL/6J

Male METH 7 days 1 time 1 mg/kg Light D1-3

Ghavimi et al.
(2022)

Mice BACB/c Male METH 14 days 2 times 2 mg/kg Light D10

Hosseini et al.
(2021)

Mice NMRI Male METH 14 days 2 times 2 mg/kg Light D12

Mandillo et al.
(2003)

Mice CD1 Male AMPH 5 days 1 time 2.5 mg/kg Light D1
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compared to the day (Kelliher et al., 2000). Alternatively, a notable
decrease in dopamine levels has been documented during the dark
phase of AMPH withdrawal. This decrease might lead to reduced
spontaneous movement, particularly during the night-time, without
impacting spontaneous activity or dopamine turnover during daylight
hours (Crippens et al., 1993). In addition, the increase in activity
among mice might also be influenced by their lower baseline activity
during the light phase. Furthermore, assessment duration also could
have influenced the activity level. We found that studies reporting
hyperlocomotion had an average assessment time of 38.3 min, while
those reporting hypolocomotion had an average assessment time of
460.83 min. During longer assessment durations, animals might
become accustomed to the study environment, resulting in
decreased exploration or movement. However, it is also important
to take note of the individual differences in animals responding to
environmental stimuli. For instance, Klejbor et al. (2013) found that
switching from light to dark increased activity in highly reactive (HR)
rats but had no effect on low reactive (LR) rats. The finding highlights
inherent differences in activity level among rodents during light/dark
phase, depending on their natural tendency to explore or habituate.
Moreover, studies usingmice have reported an increase in locomotion
in the open field (Valentinuzzi et al., 2000). Whereas, when observed
in EPM, there was no significant effect of light/dark cycle
manipulation on the locomotor activity of mice (Clénet, et al.,
2006). The findings suggest that light influences activity level in
some behavioural apparatus, such as open field, but not necessarily
others. Therefore, multiple factors including the time-of-day
assessment conducted, duration of assessment and type of
behavioral apparatus used can contribute to the observed
discrepancies in the activity level during the abstinence period.

The distinct effects of METH and AMPH withdrawal on animal
locomotion is intriguing, with METH-withdrawn animals commonly
displaying hyperlocomotion and AMPH-withdrawn animals
exhibiting reduced locomotor activity. METH and AMPH interact
with the dopamine transporter (DAT), a key target for
psychostimulants. DAT plays a crucial role in clearing synaptic
dopamine, affecting the strength and duration of dopaminergic
signalling. Both AMPH and METH act as substrates for DAT,
competitively hindering dopamine uptake (Hall et al., 2008).
METH, reported to be a more potent and longer-lasting stimulant
than AMPH at similar doses (National Institute on Drug Abuse,
2006), exhibits three times greater inhibition of dopamine uptake in
synaptosomes compared to AMPH (Rothman et al., 2001). Moreover,
in cells expressing DAT, METH more effectively triggers dopamine
release than AMPH (Eshleman et al., 1994). However, contradictory
findings exist (John and Jones, 2007), alongside reports indicating no
discernible differences in the effects of these two stimulants (Johnson
et al., 1998). In the presence of salient stimuli, METH demonstrates
greater potency in increasing overall locomotor activity compared to
AMPH. However, in the absence of such stimuli, their potency
appears comparable (Hall et al., 2008). During abstinence, METH’s
absence might lead to a more pronounced decrease in extracellular
dopamine levels. Consequently, hyperlocomotion may emerge as an
attempt to compensate for and restore depleted dopamine signalling, a
response more noticeable with METH. However, previous studies
have suggested that AMPH induces greater locomotor activity
compared to METH by further stimulating activity through
glutamate (GLU) release in the nucleus accumbens upon acute

dosing (Shoblock et al., 2003). Repeated METH administration also
has been associated with a hyperglutamatergic state involving the
metabotropic glutamate receptor subtype 5 (mGlu5) in the striatum
(Szumlinski et al., 2017). In addition, pharmacological antagonism of
mGlu5 reduces METH-induced locomotor hyperactivity (Wright
et al., 2016). Currently, the differences in the effects of repeated
METH and AMPH administrations on glutamatergic activity are
not clear.

While studies comparing the effects of AMPH andMETH in the
past have primarily been conducted within the same species of
rodents, this systematic review revealed differential effects between
rats and mice. The vesicular monoamine transporter 2 (VMAT2), a
presynaptic protein crucial for the packaging and subsequent release
of dopamine and other monoamines. Notably, rat striatal vesicles
exhibit a higher abundance of VMAT2 protein compared to mouse
vesicles (Staal et al., 2000). This highlights potential species-specific
differences in dopamine regulation. Studies employing targeted
manipulation of VMAT2 gene expression levels have revealed
altered animals’ sensitivity to psychostimulants (Wang et al.,
1997; König et al., 2020). Adult mice with reduced VMAT2 gene
level expressed 25% lesser striatal dopamine content, and 40% of
reduced extracellular dopamine level compared to wild type mice
(Wang et al., 1997). Upon acute administration of cocaine or
AMPH, mice with reduced VMAT2 expression displayed
significantly higher locomotion compared to wild type mice
(Wang et al., 1997; König et al., 2020). Whereas, during repeated
cocaine administration, these mice showed no increase in
locomotion on D8 of the treatment compared to the drug-
induced enhanced locomotion seen on D1 (Wang et al., 1997),
suggests a complex shift in sensitivity with continued drug exposure.
In addition, studies have demonstrated that VMAT2 confers
neuroprotection against METH toxicity in mice overexpressing
VMAT2 (Lohr et al., 2015). This is particularly relevant in light
of the observation that repeated administrations of high doses of
METH lead to a decrease in VMAT2 and dopamine protein levels
within the striatum (Eyerman and Yamamoto, 2007). Therefore, it is
likely that the observed discrepancies in the locomotor activity may
also arise from a combined effect of differential expression of
VMAT2 towards the sensitivity and toxicity of METH or AMPH.

The route of administration, in addition to potency, has been
shown to modulate behavioral responses to METH and AMPH.
Based on the data presented in this review, pre-treatment with
intraperitoneal METH generally increased locomotor activity
during the abstinence period compared to the subcutaneous
route. The administration of varying doses of METH, promoting
locomotion (0.3 and 1 mg/kg) and stereotypy (3 mg/kg) via
intraperitoneal and subcutaneous routes in Sprague Dawley (SD)
rats resulted in distinctive outcomes. The highest total locomotor
activity occurred notably after intraperitoneal administration at the
highest dose (3 mg/kg). Conversely, the most pronounced
stereotypy was observed following the highest subcutaneous dose.
Furthermore, subcutaneous METH exhibited prolonged locomotor
effects compared to the intraperitoneal route, despite no difference
in the elimination half-life of METH between the routes.
Subcutaneous administration led to a higher area under the curve
for METH exposure, indicative of a slower absorption rate and
sustained release. This route also displayed elevated peak
concentrations of both METH and its metabolite (AMPH)
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compared to intraperitoneal administration (Gentry et al., 2004).
Previous reports have consistently associated heightened stereotypy
with higher subcutaneous METH doses, for instance profound oral
stereotypy following 4.42 mg/kg subcutaneous doses of METH
(Segal and Kuchenski, 1997). Stereotypy involves behaviors such
as ambulation, inactive rearing, head bobbing, continuous biting or
licking, circling, and continuous sniffing. As stereotypy intensifies,
locomotor activity diminishes. The inverse relationship between
locomotor activity and stereotypy suggests a potential explanation
for reduced or no significant changes at high METH doses. The
absorption of subcutaneous METH into the bloodstream occurs at a
slower rate than the intraperitoneal route, resulting in a 100%
bioavailability and prolonged drug effects. Conversely,
intraperitoneal METH absorbs more rapidly but encounters
hepatic first-pass metabolism, restricting the absorbed dose (with
a bioavailability of 58%) (Gentry et al., 2004). Intraperitoneal METH
administration modifies the concentration-time profile of METH
and AMPH through hepatic first-pass metabolism (Sakai et al.,
1983). This metabolic alteration, favoring increased AMPH
formation, appears to reduce overall exposure to METH, thereby
shifting the response from stereotypy to heightened locomotor
effects (Gentry et al., 2004). This could possibly elucidate the
heightened distance travelled by mice pre-treated
intraperitoneally with METH compared to subcutaneous route.

Variations in animal strains, genotypes, gender, and age can
influence the observed behavioral alterations during drug
withdrawal. For example, studies indicate that C57BL/6J mice
display heightened locomotor activity to AMPH (Zocchi et al.,
1997; Ralph et al., 2001) and increased mesoaccumbens
dopamine release compared to other mouse strains (Zocchi et al.,
1997). Evaluation of striatal dopamine and metabolite levels in adult
male Spontaneously Hypertensive Rats (SHR), Wistar Kyoto (WK),
and SD rats showed no notable differences in baseline dopamine,
homovanillic acid (HVA), and 5-HIAA (hydroxyindoleacetic acid)
levels. However, WK rats exhibited lower baseline 3,4-
Dihydroxyphenylacetic acid (DOPAC) levels compared to SD,
hinting at potential alterations in dopamine turnover within this
strain. Following an acute injection of AMPH (2 mg/kg, i. p),
significant changes in DA, DOPAC, HVA, and 5-HIAA levels
were observed across all strains, indicating a uniform response to
the stimulant’s immediate effects (Ferguson et al., 2003). AMPH
administration did not impact mean adjusted delay in any of these
strains (Wooters and Bardo, 2011). Additionally, compared to WK,
SD rats displayed reduced 50-kHz ultrasonic vocalization following
acute AMPH administration (Manduca et al., 2014), suggesting the
possibility of distinct AMPH withdrawal profiles across different
strains of rats.

When exposed to METH, both adult and adolescent C57BL/6J
mice exhibited dopamine losses in the striatum, while adolescent
DBA/2 and 129S6SvEv mice showed different responses compared
to their adult counterparts (Good et al., 2011). Compared to C57BL/
6J mice, dd mice exhibited heightened susceptibility to repeated
METH administration despite both strains displaying increased
ambulatory activity in response to the drug. In dd mice,
reductions in both 3H-spiperone binding sites (associated with
D2 receptors) and 3H-WB4101 binding sites (associated with the
dopamine transporter) were observed in the striatum, cortex, and
hippocampus. Conversely, C57BL/6J mice exhibited reduced

binding sites only for 3H-WB4101 in these regions, indicating
strain-specific variations in METH-induced neurochemical
changes (Hayashi et al., 1987). These variations may link the
differential effects of METH in these strains to distinct regional
sensitivities to the drug. BALB/c mice demonstrated higher levels of
homovanillic acid (HVA) and HVA/dopamine turnover in the
striatum and frontal cortex following acute METH dosing
(8 mg/kg, s. c), indicating increased dopamine release and
potential neurotoxicity, suggesting heightened sensitivity to
METH’s adverse effects compared to C57BL/6J mice (Halladay
et al., 2003). However, another study reported conflicting results,
indicating that C57BL/6J mice experienced more pronounced
dopamine depletion than BALB/c mice, with serotonin depletion
occurring solely in male BALB/c mice compared to C57BL/6J mice.
Additionally, male C57BL/6J mice exhibited greater dopamine
depletion than females, while BALB/c mice did not show sex-
based differences following METH treatment (Yu and Liao,
2000). These findings suggest sex-strain disparities in
susceptibility to METH-induced effects. While dopamine is
central to the reinforcing effects of AMPH, withdrawal symptoms
are influenced by other brain regions and neurotransmitters such as
serotonin and glutamate. Investigating how different strains
experience changes in these and other neuromodulators could
provide valuable understanding of their involvement in
stimulant-induced increased sensitivity to movement during
periods of abstinence.

Drug administration is stressful, especially with increased
injections, as seen in studies using escalating schedules. This
heightened injection stress in animals may lead to cross-
sensitization, potentially resulting in more pronounced locomotor
reactions (Russig et al., 2005). Our systematic review’s findings
suggest that in studies reporting AMPH-withdrawal induced
hypolocomotion, rats generally received a higher total number of
injections compared to AMPH-withdrawn rats showing no
significant changes in horizontal activity. Conversely, in mice,
METH-withdrawn animals with increased locomotion
(intraperitoneal route: 4–24) received fewer injections overall
compared to METH-withdrawn animals displaying no significant
changes in locomotion (intraperitoneal: 7–28, subcutaneous
(1 study): 86). These observations indicate insufficient evidence
to conclusively link injection stress with stimulant-induced
changes in rodents’ horizontal activity during abstinence.

It is crucial to acknowledge that different animal strains or
genotypes may respond variably to stress, influencing the behavioral
outcomes (O’Mahony et al., 2010; Marchette et al., 2018). Based on
the current body of literature, it seems that rats may be more
vulnerable to withdrawal stress, potentially accounting for
observed differences in locomotion during AMPH withdrawal.
Several studies consistently show heightened anxiety-like behavior
(Vuong et al., 2010; Tu et al., 2014) and increased activity in the HPA
axis (Bray et al., 2016) during AMPHwithdrawal in rats. Conversely,
findings related to withdrawal stress in mice are less robust. There
are even reports stating that withdrawal from repeated AMPH pre-
treatment did not alter anxiety-like behavior in mice (Fukushiro
et al., 2011). Consistent with this, several studies suggest that mice
may exhibit greater resilience to stress-induced anxiety. For
instance, exposure to single prolonged stress failed to induce
anxiety-like behavior in mice (You et al., 2021), and adult mice
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do not seem to experience lasting effects following chronic stress
(Barnum et al., 2012). Furthermore, mice have been noted to display
reduced anxiety-like behavior in the elevated plus maze, potentially
attributed to elevated neuropeptide Y levels in the amygdala,
indicating a potential resistance to stress-induced anxiety
(Nguyen et al., 2009). While not entirely impervious to stress,
mice may showcase enhanced adaptability and flexibility in
unfamiliar environments.

5 Conclusion

Based on the findings from studies involving mice and rats
included in this review, genetic diversity and species difference
can significantly impact METH and AMPH withdrawal
responses. However, a majority (more than 50%) of the
reviewed studies reported no significant difference in the
animals’ locomotion during the abstinence period. Several
factors might contribute to this, such as heterogeneity in study
designs and differences in withdrawal time point of assessments.
Despite the insignificant results, understanding the potential for
species-specific responses remains crucial as this can help
researchers design their studies accordingly. Based on the
reviewed studies, the findings suggest METH withdrawal
primarily leads to hyperlocomotion, while withdrawal from
AMPH appears to induce hypolocomotion. Translating these
preclinical findings to human population is vital in
understanding how prolonged METH or AMPH use leads to
physical dependence during the abstinence period. Exploring the
potential differences in the mechanism of action of METH and
AMPH could ultimately lead to development of more targeted
therapy strategies in substance use disorder.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

JK: Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Writing–original draft. IN:

Conceptualization, Methodology, Project administration,
Supervision, Validation, Writing–review and editing. RM:
Methodology, Project administration, Supervision, Validation,
Writing–review and editing. AU: Methodology, Project
administration, Supervision, Validation, Writing–review and
editing. MM: Formal Analysis, Supervision, Validation,
Writing–review and editing. WM: Formal Analysis, Supervision,
Validation, Writing–review and editing. MY: Methodology, Project
administration, Supervision, Validation, Writing–review and
editing. ST: Methodology, Project administration, Supervision,
Validation, Writing–review and editing. MK: Project
administration, Validation, Writing–review and editing, Hafizah
Abdul Hamid: Project administration, Validation, Writing–review
and editing. MM: Project administration, Validation,
Writing–review and editing. PS: Project administration,
Validation, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by the Ministry of Higher Education (MOHE),
Malaysia through Fundamental Research Grant Scheme (FRGS/1/
2020/SKK0/UKM/02/3).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Alavijeh, M. M., Vaezi, G., Khaksari, M., and Hojati, V. (2019). Berberine
hydrochloride attenuates voluntary methamphetamine consumption and anxiety-like
behaviors via modulation of oxytocin receptors in methamphetamine addicted rats.
Physiol. Behav. 206, 157–165. doi:10.1016/J.PHYSBEH.2019.03.024

Bach, P., Ti, L., Hayashi, K., Cui, Z., Milloy, M.-J., and Fairbairn, N. (2023). Trends in
cocaine and crystal methamphetamine injection over time in a Canadian setting
between 2008 and 2018. J. Subst. Use Addict. Treat. 151, 208982. doi:10.1016/J.
JOSAT.2023.208982

Barnum, C. J., Pace, T. W. W., Hu, F., Neigh, G. N., and Tansey, M. G. (2012).
Psychological stress in adolescent and adult mice increases neuroinflammation and
attenuates the response to LPS challenge. J. Neuroinflammation 9, 9–15. doi:10.1186/
1742-2094-9-9

Barr, J. L., Renner, K. J., and Forster, G. L. (2010). Withdrawal from chronic
amphetamine produces persistent anxiety-like behavior but temporally-limited
reductions in monoamines and neurogenesis in the adult rat dentate gyrus.
Neuropharmacology 59, 395–405. doi:10.1016/J.NEUROPHARM.2010.05.011

Beirami, E., Oryan, S., Seyedhosseini Tamijani, S. M., Ahmadiani, A., and Dargahi, L.
(2017). Intranasal insulin treatment alleviates methamphetamine induced anxiety-like
behavior and neuroinflammation.Neurosci. Lett. 660, 122–129. doi:10.1016/J.NEULET.
2017.09.026

Bray, B., Scholl, J. L., Tu, W., Watt, M. J., Renner, K. J., and Forster, G. L. (2016).
Amphetamine withdrawal differentially affects hippocampal and peripheral
corticosterone levels in response to stress. Brain Res. 1644, 278–287. doi:10.1016/J.
BRAINRES.2016.05.030

Frontiers in Pharmacology frontiersin.org14

Kumar et al. 10.3389/fphar.2024.1428492

https://doi.org/10.1016/J.PHYSBEH.2019.03.024
https://doi.org/10.1016/J.JOSAT.2023.208982
https://doi.org/10.1016/J.JOSAT.2023.208982
https://doi.org/10.1186/1742-2094-9-9
https://doi.org/10.1186/1742-2094-9-9
https://doi.org/10.1016/J.NEUROPHARM.2010.05.011
https://doi.org/10.1016/J.NEULET.2017.09.026
https://doi.org/10.1016/J.NEULET.2017.09.026
https://doi.org/10.1016/J.BRAINRES.2016.05.030
https://doi.org/10.1016/J.BRAINRES.2016.05.030
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1428492


Cancela, L. M., Basso, A. M., Martijena, I. D., Capriles, N. R., and Molina, V. A.
(2001). A dopaminergic mechanism is involved in the ‘anxiogenic-like’ response
induced by chronic amphetamine treatment: a behavioral and neurochemical study.
Brain Res. 909, 179–186. doi:10.1016/S0006-8993(01)02680-4

Castaldelli-Maia, J. M., Wang, Y. P., Brunoni, A. R., Faro, A., Guimarães, R. A.,
Lucchetti, G., et al. (2023). Burden of disease due to amphetamines, cannabis, cocaine,
and opioid use disorders in South America, 1990–2019: a systematic analysis of the
Global Burden of Disease Study 2019. Lancet Psychiatry 10, 85–97. doi:10.1016/S2215-
0366(22)00339-X

Chan, B., Freeman, M., Kondo, K., Ayers, C., Montgomery, J., Paynter, R., et al.
(2019). Pharmacotherapy for methamphetamine/amphetamine use disorder—a
systematic review and meta-analysis. Addiction 114, 2122–2136. doi:10.1111/ADD.
14755

Che, Y., Cui, Y. H., Tan, H., Andreazza, A. C., Young, L. T., and Wang, J. F. (2013).
Abstinence from repeated amphetamine treatment induces depressive-like behaviors
and oxidative damage in rat brain. Psychopharmacol. Berl. 227, 605–614. doi:10.1007/
s00213-013-2993-0

Clénet, F., Bouyon, E., Hascoët, M., and Bourin, M. (2006). Light/dark cycle
manipulation influences mice behaviour in the elevated plus maze. Behav. Brain
Res. 166 (1), 140–149. doi:10.1016/j.bbr.2005.07.018

Crippens, D., Camp, D. M., and Robinson, T. E. (1993). Basal extracellular dopamine
in the nucleus accumbens during amphetamine withdrawal: a ‘no net flux’microdialysis
study. Neurosci. Lett. 164, 145–148. doi:10.1016/0304-3940(93)90878-O

Damghani, F., Bigdeli, I., Miladi-Gorji, H., and Fadaei, A. (2016). Swimming exercise
attenuates psychological dependence and voluntary methamphetamine consumption in
methamphetamine withdrawn rats. Iran. J. Basic Med. Sci. 19, 594–600. doi:10.22038/
IJBMS.2016.7126

Eshleman, A. J., Henningsen, R. A., Neve, K. A., and Janowsky, A. (1994). Release of
dopamine via the human transporter. Mol. Pharmacol. 45, 312–316.

Eyerman, D. J., and Yamamoto, B. K. (2007). A rapid oxidation and persistent
decrease in the vesicular monoamine transporter 2 after methamphetamine.
J. Neurochem. 103, 1219–1227. doi:10.1111/J.1471-4159.2007.04837.X

Ferguson, S. A., Gough, B. J., and Cada, A. M. (2003). In vivo basal and amphetamine-
induced striatal dopamine and metabolite levels are similar in the spontaneously
hypertensive, Wistar–Kyoto and Sprague–Dawley male rats. Physiol. Behav. 80,
109–114. doi:10.1016/S0031-9384(03)00214-2

Fukushiro, D. F., Mári-Kawamoto, E., Aramini, T. C. F., Saito, L. P., Costa, J. M.,
Josino, F. S., et al. (2011). Withdrawal from repeated treatment with amphetamine
reduces novelty-seeking behavior and enhances environmental habituation in mice.
Pharmacol. Biochem. Behav. 100, 180–184. doi:10.1016/J.PBB.2011.08.015

Gentry, W. B., Ghafoor, A. U., Wessinger, W. D., Laurenzana, E. M., Hendrickson, H.
P., and Owens, S. M. (2004). (+)-Methamphetamine-induced spontaneous behavior in
rats depends on route of (+) METH administration. Pharmacol. Biochem. Behav. 79,
751–760. doi:10.1016/J.PBB.2004.10.006

Georgiou, P., Zanos, P., Garcia-Carmona, J. A., Hourani, S., Kitchen, I., Laorden, M.
L., et al. (2016). Methamphetamine abstinence induces changes in μ-opioid receptor,
oxytocin and CRF systems: association with an anxiogenic phenotype.
Neuropharmacology 105, 520–532. doi:10.1016/J.NEUROPHARM.2016.02.012

Ghavimi, H., Bayani Ershadi, A. S., Dastvar, S., and Hosseini, M. J. (2022). The effects
of minocycline in improving of methamphetamine withdrawal syndrome in male mice.
Drug Chem. Toxicol. 45, 2319–2327. doi:10.1080/01480545.2021.1942484

González, B., Raineri, M., Cadet, J. L., García-Rill, E., Urbano, F. J., and Bisagno, V.
(2014). Modafinil improves methamphetamine-induced object recognition deficits and
restores prefrontal cortex ERK signaling in mice. Neuropharmacology 87, 188–197.
doi:10.1016/J.NEUROPHARM.2014.02.002

Good, R. L., Liang, L. P., Patel, M., and Radcliffe, R. A. (2011). Mouse strain- and age-
dependent effects of binge methamphetamine on dopaminergic signaling.
Neurotoxicology 32, 751–759. doi:10.1016/J.NEURO.2011.07.005

Haidar, M., Lam, M., Chua, B. E., Smith, C. M., and Gundlach, A. L. (2016).
Sensitivity to chronic methamphetamine administration and withdrawal in mice with
relaxin-3/RXFP3 deficiency. Neurochem. Res. 41, 481–491. doi:10.1007/s11064-015-
1621-2

Haj-Mirzaian, A., Amiri, S., Amini-Khoei, H., Haj-Mirzaian, A., Hashemiaghdam, A.,
Ramezanzadeh, K., et al. (2018). Involvement of NO/NMDA-R pathway in the
behavioral despair induced by amphetamine withdrawal. Brain Res. Bull. 139,
81–90. doi:10.1016/J.BRAINRESBULL.2018.02.001

Hall, D. A., Stanis, J. J., Marquez Avila, H., and Gulley, J. M. (2008). A comparison of
amphetamine- and methamphetamine-induced locomotor activity in rats: evidence for
qualitative differences in behavior. Psychopharmacol. Berl. 195, 469–478. doi:10.1007/
s00213-007-0923-8

Halladay, A. K., Kusnecov, A., Michna, L., Kita, T., Hara, C., and Wagner, G. C.
(2003). Relationship between methamphetamine-induced dopamine release,
hyperthermia, self-injurious behaviour and long term dopamine depletion in BALB/
c and C57bl/6 mice. Pharmacol. Toxicol. 93, 33–41. doi:10.1034/J.1600-0773.2003.
930105.X

Hayashi, T., Hirabayashi, M., and Tadokoro, S. (1987). Strain differences in the
reverse tolerance to methamphetamine and changes in catecholaminergic neurons in
mice. Jpn. J. Pharmacol. 44, 259–267. doi:10.1254/JJP.44.259

Hazani, H.M., NainaMohamed, I., Muzaimi, M., Mohamed,W., Yahaya, M. F., Teoh,
S. L., et al. (2022). Goofballing of opioid and methamphetamine: the science behind the
deadly cocktail. Front. Pharmacol. 13, 859563. doi:10.3389/fphar.2022.859563

Henry, B. L., Geyer, M. A., Buell, M., Perry, W., Young, J. W., Minassian, A., et al.
(2013). Behavioral effects of chronic methamphetamine treatment in HIV-1
gp120 transgenic mice. Behav. Brain Res. 236, 210–220. doi:10.1016/J.BBR.2012.08.037

Hosseini, M. J., Sadat-Mahaleh, S. A., and Ghavimi, H. (2021). Selegiline alleviates the
depressive-like behaviors of methamphetamine withdrawal syndrome through
modulating mitochondrial function and energy hemostasis. Pharm. Sci. 28, 251–259.
doi:10.34172/PS.2021.53

Hsieh, H. C., Li, H. Y., Lin, M. Y., Chiou, Y. F., Lin, S. Y., Wong, C. H., et al. (2002).
Spatial and temporal profile of haloperidol-induced immediate-early gene expression
and phosphoCREB binding in the dorsal and ventral striatum of amphetamine-
sensitized rats. Synapse 45, 230–244. doi:10.1002/SYN.10099

Iman, I. N., Yusof, N. A. M., Talib, U. N., Ahmad, N. A. Z., Norazit, A., Kumar, J., et al.
(2021). The IntelliCage system: a review of its utility as a novel behavioral platform for a
rodent model of substance use disorder. Front. Behav. Neurosci. 15, 683780. doi:10.
3389/fnbeh.2021.683780

John, C. E., and Jones, S. R. (2007). Voltammetric characterization of the effect of
monoamine uptake inhibitors and releasers on dopamine and serotonin uptake in
mouse caudate-putamen and substantia nigra slices. Neuropharmacology 52,
1596–1605. doi:10.1016/J.NEUROPHARM.2007.03.004

Johnson, R. A., Eshleman, A. J., Meyers, T., Neve, K. A., and Janowsky, A. (1998). [3H]
substrate-and cell-specific effects of uptake inhibitors on human dopamine and
serotonin transporter-mediated efflux. Synapse 30 (1), 97–106. doi:10.1002/(SICI)
1098-2396(199809)30:1<97::AID-SYN12>3.0.CO;2-M
Kelliher, P., Connor, T. J., Harkin, A., Sanchez, C., Kelly, J. P., and Leonard, B. E.

(2000). Varying responses to the rat forced-swim test under diurnal and nocturnal
conditions. Physiology Behav. 69 (4-5), 531–539. doi:10.1016/s0031-9384(00)00213-4

Kitanaka, J., Kitanaka, N., and Takemura, M. (2008). Neurochemical consequences of
dysphoric state during amphetamine withdrawal in animal models: a review.
Neurochemical research 33, 204–219. doi:10.1007/s11064-007-9409-7

Kitanaka, N., Kitanaka, J., Hall, F. S., Uhl, G. R., Watabe, K., Kubo, H., et al. (2012). A
single administration of methamphetamine to mice early in the light period decreases
running wheel activity observed during the dark period. Brain Res. 1429, 155–163.
doi:10.1016/J.BRAINRES.2011.10.037

Klejbor, I., Ludkiewicz, B., and Turlejski, K. (2013). Effect of light-dark changes on the
locomotor activity in open field in adult rats and opossums. Folia Morphol. 72 (4),
300–305. doi:10.5603/fm.2013.0050

Koltunowska, D., Gibula-Bruzda, E., and Kotlinska, J. H. (2013). The influence of
ionotropic and metabotropic glutamate receptor ligands on anxiety-like effect of
amphetamine withdrawal in rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 45,
242–249. doi:10.1016/J.PNPBP.2013.04.013

König, N., Bimpisidis, Z., Dumas, S., and Wallén-Mackenzie, Å. (2020). Selective
knockout of the vesicular monoamine transporter 2 (Vmat2) gene in Calbindin2/
Calretinin-positive neurons results in profound changes in behavior and response to
drugs of abuse. Front. Behav. Neurosci. 14, 578443. doi:10.3389/fnbeh.2020.578443

Lohr, K. M., Stout, K. A., Dunn, A. R., Wang, M., Salahpour, A., Guillot, T. S., et al.
(2015). Increased vesicular monoamine transporter 2 (VMAT2; Slc18a2) protects
against methamphetamine toxicity. ACS Chem. Neurosci. 6, 790–799. doi:10.1021/
acschemneuro.5b00010

Mandillo, S., Rinaldi, A., Oliverio, A., andMele, A. (2003). Repeated administration of
phencyclidine, amphetamine and MK-801 selectively impairs spatial learning in mice: a
possible model of psychotomimetic drug-induced cognitive deficits. Behav. Pharmacol.
14 (7), 533–544. doi:10.1097/00008877-200311000-00006

Manduca, A., Campolongo, P., Palmery, M., Vanderschuren, L. J. M. J., Cuomo, V.,
and Trezza, V. (2014). Social play behavior, ultrasonic vocalizations and their
modulation by morphine and amphetamine in Wistar and Sprague-Dawley rats.
Psychopharmacol. Berl. 231, 1661–1673. doi:10.1007/s00213-013-3337-9

Marchette, R. C. N., Bicca, M. A., Santos, E.C. da S., and de Lima, T. C. M. (2018).
Distinctive stress sensitivity and anxiety-like behavior in female mice: strain differences
matter. Neurobiol. Stress 9, 55–63. doi:10.1016/J.YNSTR.2018.08.002

Marszalek-Grabska, M., Gibula-Bruzda, E., Jenda, M., Gawel, K., and Kotlinska, J. H.
(2016). Memantine improves memory impairment and depressive-like behavior
induced by amphetamine withdrawal in rats. Brain Res. 1642, 389–396. doi:10.1016/
J.BRAINRES.2016.04.026

Mouton, M., Harvey, B. H., Cockeran, M., and Brink, C. B. (2016). The long-term
effects of methamphetamine exposure during pre-adolescence on depressive-like
behaviour in a genetic animal model of depression. Metab. Brain Dis. 31, 63–74.
doi:10.1007/s11011-015-9765-y

Nakagawa, T., Suzuki, Y., Nagayasu, K., Kitaichi, M., Shirakawa, H., and Kaneko, S.
(2011). Repeated exposure to methamphetamine, cocaine or morphine induces

Frontiers in Pharmacology frontiersin.org15

Kumar et al. 10.3389/fphar.2024.1428492

https://doi.org/10.1016/S0006-8993(01)02680-4
https://doi.org/10.1016/S2215-0366(22)00339-X
https://doi.org/10.1016/S2215-0366(22)00339-X
https://doi.org/10.1111/ADD.14755
https://doi.org/10.1111/ADD.14755
https://doi.org/10.1007/s00213-013-2993-0
https://doi.org/10.1007/s00213-013-2993-0
https://doi.org/10.1016/j.bbr.2005.07.018
https://doi.org/10.1016/0304-3940(93)90878-O
https://doi.org/10.22038/IJBMS.2016.7126
https://doi.org/10.22038/IJBMS.2016.7126
https://doi.org/10.1111/J.1471-4159.2007.04837.X
https://doi.org/10.1016/S0031-9384(03)00214-2
https://doi.org/10.1016/J.PBB.2011.08.015
https://doi.org/10.1016/J.PBB.2004.10.006
https://doi.org/10.1016/J.NEUROPHARM.2016.02.012
https://doi.org/10.1080/01480545.2021.1942484
https://doi.org/10.1016/J.NEUROPHARM.2014.02.002
https://doi.org/10.1016/J.NEURO.2011.07.005
https://doi.org/10.1007/s11064-015-1621-2
https://doi.org/10.1007/s11064-015-1621-2
https://doi.org/10.1016/J.BRAINRESBULL.2018.02.001
https://doi.org/10.1007/s00213-007-0923-8
https://doi.org/10.1007/s00213-007-0923-8
https://doi.org/10.1034/J.1600-0773.2003.930105.X
https://doi.org/10.1034/J.1600-0773.2003.930105.X
https://doi.org/10.1254/JJP.44.259
https://doi.org/10.3389/fphar.2022.859563
https://doi.org/10.1016/J.BBR.2012.08.037
https://doi.org/10.34172/PS.2021.53
https://doi.org/10.1002/SYN.10099
https://doi.org/10.3389/fnbeh.2021.683780
https://doi.org/10.3389/fnbeh.2021.683780
https://doi.org/10.1016/J.NEUROPHARM.2007.03.004
https://doi.org/10.1002/(SICI)1098-2396(199809)30:1<97::AID-SYN12>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1098-2396(199809)30:1<97::AID-SYN12>3.0.CO;2-M
https://doi.org/10.1016/s0031-9384(00)00213-4
https://doi.org/10.1007/s11064-007-9409-7
https://doi.org/10.1016/J.BRAINRES.2011.10.037
https://doi.org/10.5603/fm.2013.0050
https://doi.org/10.1016/J.PNPBP.2013.04.013
https://doi.org/10.3389/fnbeh.2020.578443
https://doi.org/10.1021/acschemneuro.5b00010
https://doi.org/10.1021/acschemneuro.5b00010
https://doi.org/10.1097/00008877-200311000-00006
https://doi.org/10.1007/s00213-013-3337-9
https://doi.org/10.1016/J.YNSTR.2018.08.002
https://doi.org/10.1016/J.BRAINRES.2016.04.026
https://doi.org/10.1016/J.BRAINRES.2016.04.026
https://doi.org/10.1007/s11011-015-9765-y
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1428492


augmentation of dopamine release in rat mesocorticolimbic slice Co-cultures. PLoS One
6, e24865. doi:10.1371/JOURNAL.PONE.0024865

Nguyen, N. K., Sartori, S. B., Herzog, H., Tasan, R., Sperk, G., and Singewald, N.
(2009). Effect of neuropeptide Y Y2 receptor deletion on emotional stress-induced
neuronal activation in mice. Synapse 63, 236–246. doi:10.1002/SYN.20597

O’Mahony, C. M., Sweeney, F. F., Daly, E., Dinan, T. G., and Cryan, J. F. (2010).
Restraint stress-induced brain activation patterns in two strains of mice differing in
their anxiety behaviour. Behav. Brain Res. 213, 148–154. doi:10.1016/J.BBR.2010.04.038

Paulson, P. E., Camp, D. M., and Robinson, T. E. (1991). Time course of transient
behavioral depression and persistent behavioral sensitization in relation to regional
brain monoamine concentrations during amphetamine withdrawal in rats.
Psychopharmacol. Berl. 103, 480–492. doi:10.1007/BF02244248

Peleg-Raibstein, D., Sydekum, E., Russig, H., and Feldon, J. (2006). Withdrawal from
repeated amphetamine administration leads to disruption of prepulse inhibition but not
to disruption of latent inhibition. J. Neural Transm. 113, 1323–1336. doi:10.1007/
s00702-005-0390-5

Persico, A. M., Schindler, C. W., Zaczek, R., Brannock, M. T., and Uhl, G. R. (1995).
Brain transcription factor gene expression, neurotransmitter levels, and novelty
response behaviors: alterations during rat amphetamine withdrawal and following
chronic injection stress. Synapse 19, 212–227. doi:10.1002/SYN.890190309

Piechota, M., Korostynski, M., Sikora, M., Golda, S., Dzbek, J., and Przewlocki, R.
(2012). Common transcriptional effects in the mouse striatum following chronic
treatment with heroin and methamphetamine. Genes. Brain Behav. 11, 404–414.
doi:10.1111/J.1601-183X.2012.00777.X

Pulvirenti, L., and Koob, G. F. (1993). Lisuride reduces psychomotor retardation
during withdrawal from chronic intravenous amphetamine self-administration in rats.
Neuropsychopharmacology 8 (3 8), 213–218. doi:10.1038/npp.1993.23

Ralph, R. J., Paulus, M. P., and Geyer, M. A. (2001). Strain-specific effects of
amphetamine on prepulse inhibition and patterns of locomotor behavior in mice.
J. Pharmacol. Exp. Ther. 298, 148–155.

Rezaeian, L., Kalalian-Moghaddam, H., Mohseni, F., Khaksari, M., and Rafaiee, R.
(2020). Effects of berberine hydrochloride on methamphetamine-induced anxiety
behaviors and relapse in rats. Iran. J. Basic Med. Sci. 23, 1480–1488. doi:10.22038/
IJBMS.2020.47285.10884

Richetto, J., Feldon, J., Riva, M. A., and Meyer, U. (2013). Comparison of the long-
term consequences of withdrawal from repeated amphetamine exposure in adolescence
and adulthood on information processing and locomotor sensitization in mice. Eur.
Neuropsychopharmacol. 23, 160–170. doi:10.1016/J.EURONEURO.2012.04.005

Robinson, T. E., and Camp, D. M. (1987). Long-lasting effects of escalating doses of
d-amphetamine on brain monoamines, amphetamine-induced stereotyped behavior
and spontaneous nocturnal locomotion. Pharmacol. Biochem. Behav. 26, 821–827.
doi:10.1016/0091-3057(87)90616-2

Roohbakhsh, A., Moshiri, M., Salehi Kakhki, A., Iranshahy, M., Amin, F., and Etemad,
L. (2021). Thymoquinone abrogates methamphetamine-induced striatal neurotoxicity
and hyperlocomotor activity in mice. Res. Pharm. Sci. 16, 391–399. doi:10.4103/1735-
5362.319577

Rothman, R. B., Baumann, M. H., Dersch, C. M., Romero, D. V., Rice, K. C., Carroll, F.
I., et al. (2001). Amphetamine-type central nervous system stimulants release
norepinephrine more potently than they release dopamine and serotonin. Synapse
39 (1), 32–41. doi:10.1002/1098-2396(20010101)39:1<32::AID-SYN5>3.0.CO;2-3
Russig, H., Murphy, C. A., and Feldon, J. (2005). Behavioural consequences of

withdrawal from three different administration schedules of amphetamine. Behav.
Brain Res. 165, 26–35. doi:10.1016/J.BBR.2005.06.042

Russig, H., Pezze, M. A., Nanz-Bahr, N. I., Pryce, C. R., Feldon, J., and Murphy, C. A.
(2003). Amphetamine withdrawal does not produce a depressive-like state in rats as
measured by three behavioral tests. Behav. Pharmacol. 14 (1), 1–18. doi:10.1097/
00008877-200302000-00001

Saeed, M., Ghadiri, A., Hadizadeh, F., Attaranzadeh, A., Alavi, M. S., and Etemad, L.
(2018). Cinnamaldehyde improves methamphetamine-induced spatial learning and
memory deficits and restores ERK signaling in the rat prefrontal cortex. Iran. J. Basic
Med. Sci. 21, 1316–1321. doi:10.22038/IJBMS.2018.35368.8427

Sakai, T., Niwaguchi, T., Kimura, R., and Murata, T. (1983). Distribution and
excretion of methamphetamine and its metabolites in rats II. Time-course of
concentration in blood and distribution after multiple oral administration.
Xenobiotica 13, 715–724. doi:10.3109/00498258309052233

Schindler, C. W., Persico, A. M., Uhl, G. R., and Goldberg, S. R. (1994). Behavioral
assessment of high-dose amphetamine withdrawal: importance of training and
testing conditions. Pharmacol. Biochem. Behav. 49, 41–46. doi:10.1016/0091-
3057(94)90454-5

Segal, D. S., and Kuczenski, R. (1997). Repeated binge exposures to amphetamine and
methamphetamine: behavioral and neurochemical characterization. J. Pharmacol.
Exp. Ther. 282 (2), 561–573.

Sharma, A., Bazylianska, V., and Moszczynska, A. (2021). Parkin-deficient rats are
resistant to neurotoxicity of chronic high-dose methamphetamine. Exp. Neurol. 345,
113811. doi:10.1016/J.EXPNEUROL.2021.113811

Shoblock, J. R., Sullivan, E. B., Maisonneuve, I. M., and Glick, S. D. (2003).
Neurochemical and behavioral differences between d-methamphetamine and
d-amphetamine in rats. Psychopharmacol. Berl. 165, 359–369. doi:10.1007/s00213-
002-1288-7

Staal, R. G. W., Hogan, K. A., Liang, C.-L., German, D. C., and Sonsalla, P. K. (2000).
In vitro studies of striatal vesicles containing the vesicular monoamine transporter
(VMAT2): rat versus mouse differences in sequestration of 1-methyl-4-
phenylpyridinium. Journal of Pharmacology and Experimental Therapeutics 293 (2),
329–335.

Szumlinski, K. K., Lominac, K. D., Campbell, R. R., Cohen, M., Fultz, E. K., Brown,
C. N., et al. (2017). Methamphetamine addiction vulnerability: the glutamate, the
bad, and the ugly. Biol. psychiatry 81 (11), 959–970. doi:10.1016/j.biopsych.2016.
10.005

Tu, W., Cook, A., Scholl, J. L., Mears, M., Watt, M. J., Renner, K. J., et al. (2014).
Serotonin in the ventral hippocampus modulates anxiety-like behavior during
amphetamine withdrawal. Neuroscience 281, 35–43. doi:10.1016/J.NEUROSCIENCE.
2014.09.019

Valentinuzzi, V. S., Buxton, O. M., Chang, A.-M., Scarbrough, K., Ferrari, E. A. M.,
Takahashi, J. S., et al. (2000). Locomotor response to an open field during C57BL/6J
active and inactive phases: differences dependent on conditions of illumination.
Physiology Behav. 69 (3), 269–275. doi:10.1016/s0031-9384(00)00219-5

Vuong, S. M., Oliver, H. A., Scholl, J. L., Oliver, K. M., and Forster, G. L. (2010).
Increased anxiety-like behavior of rats during amphetamine withdrawal is reversed by
CRF2 receptor antagonism. Behav. Brain Res. 208, 278–281. doi:10.1016/J.BBR.2009.
11.036

Wang, Y.-M., Gainetdinov, R. R., Fumagalli, F., Xu, F., Jones, S. R., Bock, C. B., et al.
(1997). Knockout of the vesicular monoamine transporter 2 gene results in neonatal
death and supersensitivity to cocaine and amphetamine. Neuron 19 (6), 1285–1296.
doi:10.1016/s0896-6273(00)80419-5

Wooters, T. E., and Bardo, M. T. (2011). Methylphenidate and fluphenazine, but not
amphetamine, differentially affect impulsive choice in Spontaneously Hypertensive,
Wistar–Kyoto and Sprague–Dawley rats. Brain Res. 1396, 45–53. doi:10.1016/J.
BRAINRES.2011.04.040

Wright, S. R., Zanos, P., Georgiou, P., Yoo, J.-H., Ledent, C., Hourani, S. M., et al.
(2016). A critical role of striatal A2AR–mGlu5R interactions in modulating the
psychomotor and drug-seeking effects of methamphetamine. Addict. Biol. 21 (4),
811–825. doi:10.1111/adb.12259

Yan, P., Xu, D., Ji, Y., Yin, F., Cui, J., Su, R., et al. (2019). LiCl pretreatment ameliorates
adolescent methamphetamine exposure-induced long-term alterations in behavior and
hippocampal ultrastructure in adulthood in mice. Int. J. Neuropsychopharmacol. 22,
303–316. doi:10.1093/IJNP/PYZ001

You, W. J., He, Y., Liu, W. Z., Zhu, Y. G., Hu, P., Pan, B. X., et al. (2021). Exposure to
single prolonged stress fails to induce anxiety-like behavior in mice. Stress Brain 1 (1),
145–159. doi:10.26599/sab.2020.9060001

Yu, L., and Liao, P. C. (2000). Sexual differences and estrous cycle in
methamphetamine-induced dopamine and serotonin depletions in the striatum of
mice. J. Neural Transm. 107, 419–427. doi:10.1007/s007020070084

Zhao, J., Kral, A. H., Simpson, K. A., Ceasar, R. C., Wenger, L. D., Kirkpatrick, M.,
et al. (2021). Factors associated with methamphetamine withdrawal symptoms among
people who inject drugs. Drug Alcohol Depend. 223, 108702. doi:10.1016/J.
DRUGALCDEP.2021.108702

Zocchi, A., Orsini, C., Cabib, S., and Puglisi-Allegra, S. (1997). Parallel strain-
dependent effect of amphetamine on locomotor activity and dopamine release in
the nucleus accumbens: an in vivo study inmice.Neuroscience 82, 521–528. doi:10.1016/
S0306-4522(97)00276-5

Frontiers in Pharmacology frontiersin.org16

Kumar et al. 10.3389/fphar.2024.1428492

https://doi.org/10.1371/JOURNAL.PONE.0024865
https://doi.org/10.1002/SYN.20597
https://doi.org/10.1016/J.BBR.2010.04.038
https://doi.org/10.1007/BF02244248
https://doi.org/10.1007/s00702-005-0390-5
https://doi.org/10.1007/s00702-005-0390-5
https://doi.org/10.1002/SYN.890190309
https://doi.org/10.1111/J.1601-183X.2012.00777.X
https://doi.org/10.1038/npp.1993.23
https://doi.org/10.22038/IJBMS.2020.47285.10884
https://doi.org/10.22038/IJBMS.2020.47285.10884
https://doi.org/10.1016/J.EURONEURO.2012.04.005
https://doi.org/10.1016/0091-3057(87)90616-2
https://doi.org/10.4103/1735-5362.319577
https://doi.org/10.4103/1735-5362.319577
https://doi.org/10.1002/1098-2396(20010101)39:1<32::AID-SYN5>3.0.CO;2-3
https://doi.org/10.1016/J.BBR.2005.06.042
https://doi.org/10.1097/00008877-200302000-00001
https://doi.org/10.1097/00008877-200302000-00001
https://doi.org/10.22038/IJBMS.2018.35368.8427
https://doi.org/10.3109/00498258309052233
https://doi.org/10.1016/0091-3057(94)90454-5
https://doi.org/10.1016/0091-3057(94)90454-5
https://doi.org/10.1016/J.EXPNEUROL.2021.113811
https://doi.org/10.1007/s00213-002-1288-7
https://doi.org/10.1007/s00213-002-1288-7
https://doi.org/10.1016/j.biopsych.2016.10.005
https://doi.org/10.1016/j.biopsych.2016.10.005
https://doi.org/10.1016/J.NEUROSCIENCE.2014.09.019
https://doi.org/10.1016/J.NEUROSCIENCE.2014.09.019
https://doi.org/10.1016/s0031-9384(00)00219-5
https://doi.org/10.1016/J.BBR.2009.11.036
https://doi.org/10.1016/J.BBR.2009.11.036
https://doi.org/10.1016/s0896-6273(00)80419-5
https://doi.org/10.1016/J.BRAINRES.2011.04.040
https://doi.org/10.1016/J.BRAINRES.2011.04.040
https://doi.org/10.1111/adb.12259
https://doi.org/10.1093/IJNP/PYZ001
https://doi.org/10.26599/sab.2020.9060001
https://doi.org/10.1007/s007020070084
https://doi.org/10.1016/J.DRUGALCDEP.2021.108702
https://doi.org/10.1016/J.DRUGALCDEP.2021.108702
https://doi.org/10.1016/S0306-4522(97)00276-5
https://doi.org/10.1016/S0306-4522(97)00276-5
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1428492

	Locomotion changes in methamphetamine and amphetamine withdrawal: a systematic review
	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Inclusion criteria
	2.3 Exclusion criteria
	2.4 Study selection and article screening

	3 Results
	3.1 Hyperlocomotion during the abstinence
	3.2 Hypolocomotion during the abstinence
	3.3 No significant changes in locomotion during the abstinence
	3.4 Hypolocomotion versus no changes in locomotion during the abstinence: rats
	3.5 Hyperlocomotion versus no changes in locomotion during the abstinence: mice

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


