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Abstract

Methamphetamine (METH) use, and misuse are associated with severe socioeconomic
consequences. METH users develop tolerance, lose control over drug taking behaviors, and suffer
frequent relapses even during treatment. The clinical course of METH use disorder is influenced
by multifactorial METH-induced effects on the central and peripheral nervous systems. Although
these METH-induced consequences are observed in humans of all ages, races, and sexes, sexual
dimorphism in these outcomes have been observed in both pre-clinical and clinical settings. In
this review, we have provided a detailed presentation of the sex differences reported in human and
animal studies. We have therefore presented data that identified the influences of sex on METH
pharmacokinetics, METH-induced changes in behaviors, cognitive processes, structural changes
in the brain, and the effects of the drug on neurotransmitter systems and molecular mechanisms.
Finally, we highlighted the potential significance of sex as a critical variable that should be
considered when planning the development of new pharmacotherapeutic approaches against MEH
use disorder in humans.
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1. Introduction

Methamphetamine (METH) belongs to a family of psychostimulants known as
amphetamine-type stimulants (ATS). These include amphetamine, methylenedioxy-N-
methylamphetamine (MDMA), and other designer amphetamines (UNODC, 2021). METH
use and misuse are highly prevalent and impact socioeconomic standards around the

world (UNODC, 2021; Zhao et al., 2021b). Despite the associated risks, the misuse

of METH has continued unabated (UNODC, 2021). In the United States of America
(USA), there is an annual METH use prevalence of 1% among males and 0.6% among
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females (NSDUH, 2019). Repeated METH misuse leads to loss of control over drug use,
compulsive use despite negative consequences, and multiple relapse episodes in humans
who meet diagnostic criteria for METH use disorder (MUD) (DSM-5, 2013). Multi-system
dysfunctions can accompany the misuse of METH even in those who may or may not have
met criteria for MUD (Jayanthi et al., 2021; Miller et al., 2021). These adverse consequences
may include loss of appetite, anxiety, depression, delusional ideations including full-blown
paranoia, tactile hallucinations, suicidal ideation, and successful suicides (Darke et al., 2019;
Glasner-Edwards et al., 2011; Lisa et al., 2019; Mahoney et al., 2010, 2008; Polcin et

al., 2012; Su et al., 2017). It is important to note that prolonged METH use can also be
associated with neurological and neurotoxic damage to the brain (Bae et al., 2006; Bonk
etal., 2020; Du et al., 2015; Hall et al., 2015; Kogachi et al., 2017; Nie et al., 2021;
NSDUH, 2019; Paknahad et al., 2021; Tobias et al., 2010). Studies conducted in various
animal models have provided some clues to the molecular and biochemical mechanisms
involved in METH-induced neurodegenerative changes in the brain (Jayanthi et al., 2021;
Miller et al., 2021). Nevertheless, there is evidence that METH might also cause its clinical
and other deleterious effects in a sex-dependent fashion (Daiwile et al., 2021, 2019). Further
clarification of these sex-relevant phenomena is pertinent in terms of the support in many
circles for discussions of therapeutic approaches that are sexually dimorphic (Gillies and
McArthur, 2010; Mauvais-Jarvis et al., 2021; Morris et al., 2003; Nicolas et al., 2022). In
addition to abnormalities in brain functions, METH has negative consequences on peripheral
organs. Those include METH-associated cardiovascular diseases that represent the second
leading causes of deaths following accidental overdoses. Of clinical importance is the

fact that METH-induced cardiovascular abnormalities become evident at younger ages in
comparison to their incidence in the general population (Kevil et al., 2019).

As part of our efforts to provide a neurobiological framework for sex differences in
responses to METH, we have conducted a few studies that have documented distinctive
behavioral and molecular responses to METH in male and female rats (Daiwile et al., 2021,
2019). We thus endeavored to write this review in order to provide an easily accessible
reference to the epidemiological, clinical, and biochemical data comparing the responses of
males and females to METH exposure.

2. Epidemiology of METH use and misuse

METH is the second most commonly used illegal drug after cannabis (Stoneberg et al.,
2018). In 2019, approximately 27 million individuals used ATS globally, a number that
represented 0.5% of the adult world population (UNODC, 2021). The highest frequency

of METH use was reported in North America with 2.3% of the population aged 15-64
using the drug. This was followed by Australia and New Zealand with 1.3%, and Asia with
0.5% of their populations, respectively (UNODC, 2021). METH is the most commonly used
ATS drug and contributes to 95% of all illegal ATS synthesized globally (UNODC, 2021).
Sadly, there was a seven-fold increase in the quantities of ATS seized in 2017 in comparison
to 2009, with 80% of total global seizures remaining concentrated in the United States,
Thailand, and Mexico (UNODC, 2021). Between the years 2015-2018 in the United States,
approximately 1.6 million adults aged above 18 used METH at least once in their lifetime.
The estimated rate of METH use was approximately 6.6 per 1000 individuals (Jones et
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al., 2020a; NSDUH, 2019). Importantly, 52.9% of the adults that used METH develop a
diagnosable MUD, with 27.3% users reporting that they used METH more than 200 days per
year (Jones et al., 2020a). This is disturbing from a public health perspective.

Sex differences have also been identified in epidemiological data referring to METH use. It
has been reported that the average annual METH use among men above 18 years was 8.7
per 1000 adults whereas, among women, it was 4.7 per 1000 adults (Jones et al., 2020a).
Male METH users had also taken METH for longer periods of time (14.9 years) than
females (10.6 years) (Salo et al., 2011) even though female METH users were more likely
to use METH as their first substance than males (Yen et al., 2005). In addition, women
who reported METH as their first drug of choice also suffered from heavier and greater
lifetime episodes of METH use than men (Hartwell et al., 2016; Rungnirundorn et al., 2017;
Su et al., 2017; Yimsaard et al., 2018). The differences in initial use may be related to

the fact that women who misuse METH were more likely to use the drug to lose weight
(Brecht et al., 2004; Kondo et al., 2021) or because they had suffered from childhood sexual
abuse before age of 15 (44%) compared to men (24%) (Brecht et al., 2004). More men
meet diagnostic criteria for MUD than women (Cservenka and Ray, 2017; Temmingh et
al., 2020). Moreover, recent data from Canadian Center on Substance Use and Addiction
(CCSA, 2020) indicated that the occurrence of lifetime METH use was 5.4% in males and
2.2% in females among individuals older than 15 years old. The prevalence of METH use
in school children (grades 7-12) was 1.6% in boys compared to 1% in girls (CCSA, 2020).
Boys also initiated METH use at an earlier age and were at a greater risk for developing
MUD than girls (Apidechkul et al., 2020; Saw et al., 2017). Furthermore, Cloak et al.
(2011) also identified a significant correlation between age and log cumulative lifetime
methamphetamine in males (r = 0.75; p < 0.001) but not in females (r =0.2; p = 0.3).

Data from treatment centers provided evidence that males admitted to residential drug
treatment programs showed earlier onset and early dependence in comparison to females
(age of onset: 17.7 vs 19.7; age for developing dependence: 20.4 vs 22.2, for males and
females, respectively) (Rungnirundorn et al., 2017). A very recent report from Australia has
shown that clinically endorsed psychological and social support services were more likely
availed by men, 73.3% in comparison to 26.3% women (Beck et al., 2021). It is, however,
interesting to note that, during adolescence, females had reported that METH was their
primary drug of choice (63.7%) compared with adolescent males (15%) (Rawson et al.,
2005) and are over-represented in receiving treatment for METH misuse (Gonzales et al.,
2008). The mode of METH intake was also found to vary across sexes, with males more
likely to use injections of the drug than females who prefer to snort it (Brecht et al., 2004;
Galloway et al., 2010). Large-scale epidemiological studies using populations from different
countries are needed to identify and clarify some of the relevant sex differences related to
initial METH use and the long-term consequences of METH misuse.

In men, the adjusted odd ratios for METH use were associated with lower education, lower
household incomes, no medical insurance, living in non-metro counties, and co-occurring
mental illness (Jones et al., 2020a). In women, METH use was associated with poorer
quality of life and mental health status (Gonzales et al., 2011; Lin et al., 2004; McKetin et
al., 2019). However, psychiatric problems and adverse consequences associated with METH
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use were more prominent in women compared to men (Simpson et al., 2016). Similarly,
problems related to jobs and family/social relationships were more severe in women than
men (Han et al., 2016; Hser et al., 2005; Lin et al., 2004). Higher rates of criminal behaviors
were reported in men who use METH than women (Brecht et al., 2004; Hser et al., 2005;
Lin et al., 2004; Nie et al., 2021; Simpson et al., 2016). These include young male METH
users (54%) who are more likely to have criminal records than females (28%) (Brecht et al.,
2004). In Sweden, data from driving under the influence of drugs showed predominance of
male METH users compared to females (Jones and Holmgren, 2012).

Data from emergency department (ED) admissions showed that the majority of individuals
admitted with urines positive for METH were males even though the heavier (odd ratio

2.6, p < 0.0001) users were female patients (Richards et al., 2020). Earlier studies had
documented increases in ED visits by male patients (44,008 in 2007-63,092 in 2011)
compared to females (23,942 in 2007-39,869 in 2011) (Mattson, 2013). Reports from EDs
in other parts of the world also documented higher admissions of males than females.
Specifically, Jones et al. (2019) from Australia and He et al. (2013) from China reported
higher METH-related hospitalizations of men than women. These data are consistent with
the conclusions reached by Jones et al. (2018) that males might experience more problematic
METH use and misuse that lead to ED visits and hospital admissions.

METH poisoning is also reported to show sexual dimorphism. For example, males
comprised 59.4% and females 40.6% of the reported METH poisoning cases (McFaull et
al., 2020). Interestingly, the number of female cases was higher among younger women
(10-19 years old) whereas more males aged 20 years and older were poisoned (McFaull

et al., 2020). Cumulative METH overdose deaths increased by 7.5 times in 2017 compared
to 2007 (NSDUH, 2019), with males (67.5%) experiencing more overdoses than females
(32.5%) (Bonk et al., 2020). Darke and his group reported that the majority of stroke

cases in Australia were in males (60.5%) compared to females (39.5%), with females being
significantly younger than males (36.6 vs.42.7 years) when they had suffered from strokes
(Darke et al., 2017h, 2018). They also reported that males had higher cardiovascular deaths
than females (Darke et al., 2017a). Fig. 1 presents the epidemiological summary of sex
differences in METH consumption and associated adverse health outcomes.

3. Genetic variabilities among METH users of different sexes

There is some evidence that genetic predispositions might play a role in the development
of and/or clinical course of MUD. Genome-wide association study (GWAS) showed
significant gender-specific correlations of various single nucleotide polymorphisms (SNPs)
with frequency of METH use (Heinzerling et al., 2016) (see Fig. 2 for details). In

males, significantly associated SNPs included those related to cAMP responsive element
binding protein 1 (CREB1, rs7591784 and rs2709386), methyltransferase 21 A, HSPA
lysine (METTL21A, rs2709386), cadherin 13 (rs11640875 and rs12922394), brain-derived
neurotrophic factor (BDNF, rs6265), and teneurin transmembrane protein 4 (TENM4,
rs12576775). In females, the prominent SNPs included those associated with WD repeat
domain 41 (WDRA41, rs163030), cholinergic receptor nicotinic alpha 5 subunit (CHRNAS5,
rs588765), and cadherin 13 (rs192599) (Heinzerling et al., 2016). In addition, the risk
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of METH misuse was associated with Glutathione S-transferase (GST) M1 and T1, with
frequencies of GSTML1 null genotype being significantly higher only for females (p = 0.02)
and, thus, potentially contributing to the vulnerability of METH dependence in female
subjects (Koizumi et al., 2004; Nakatome et al., 2009). However, there were no significant
sex differences in the GST T1 polymorphism among METH abusers (Nakatome et al.,
2009). Additionally, the SNP, rs2279020, in the gamma-aminobutyric acid receptor subunit
alpha-1 (GABRAL) gene was reported only in female METH users (Lin et al., 2003).
Kobayashi and colleagues also found that the SNP rs5751876 in the adenosine A2A receptor
gene (ADORAZ2A) and SNPs, rs1372520, rs3756063, and rs3756059 in the alpha-synuclein
gene, were associated with METH dependence and psychosis in only female METH users
(Kobayashi et al., 2004, 2010). The Val/Val genotype of BDNF appears to also show a
higher frequency in female METH users (Heinzerling and Shoptaw, 2012). Although these
observations had suggested that female METH users are more likely to exhibit a higher
number of SNPs than male users, there is also evidence that other SNPs might also be more
frequent in male METH users.

For example, early onset of METH use in men is associated with short allele (SS) genotype
in the serotonin transporter (SERT) linked polymorphic region within the promoter region of
SERT (Johnson et al., 2010). Analysis of genotypic and allelic distributions for monoamine
oxidase A (MAO-A), an important enzyme involved in DA oxidative metabolism, showed
polymorphisms at the promoter region (30 bp of u variable-number tandem repeat -VNTR)
in male METH users who suffer from persistent psychosis when compared to control
subjects or to male METH users who only manifested transient psychotic episodes.

In contrast, female METH users did not exhibit similar genetic markers. However, the
possibility that the low number of female participants (n = 29) compared to male participants
(n =97) enrolled in the study might have impacted these results (Nakamura et al., 2009).
The presence of major psychiatric disorders was also significantly associated with the
frequency of the SNP rs1630250 of the translin-associated factor X gene (TSNAX) in
METH-dependent males (Kishi et al., 2011). Similarly, SNP rs2234693 in the estrogen
receptor alpha gene (ESR1) was reported to be associated with METH-induced psychosis
only in male METH users (Kishi et al., 2009). Taken together, these results indicate that
substantial, but dissimilar, genetic factors might participate in some of the sexual dimorphic
presentations of humans who use or misuse METH (Fig. 2).

4. Sexual dimorphism in the clinical manifestations of METH use disorder

METH use disorder is a neuropsychiatric disorder that impacts both male and female users
negatively (Cservenka and Ray, 2017; Darke et al., 2011; DiMiceli et al., 2016; Han et al.,
2016; He et al., 2020; Lisa et al., 2019; Mayo et al., 2019; McKetin et al., 2011; Mihan et
al., 2018; Neumann et al., 2018; Polcin et al., 2012; Su et al., 2017; Zhao et al., 2021b).

In general, humans who carry a MUD diagnosis suffer from cognitive deficits that appear
to be related to METH-induced neuropathological abnormalities that include biochemical
and structural changes in the brain (Bae et al., 2006; Cadet and Bisagno, 2015; Cadet et
al., 2014; Chang et al., 2002; Cloak et al., 2011; Hall et al., 2015; Heinzerling et al., 2016;
Heinzerling and Shoptaw, 2012; Johnson et al., 2010; Kim et al., 2005; King et al., 2010g;
Kishi et al., 2011; Kogachi et al., 2017; Koizumi et al., 2004; Lin et al., 2003; Nakatome et
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al., 2009; Nie et al., 2021; O’Neill et al., 2014; Sung et al., 2013; Tang et al., 2019; Tobias
et al., 2010). Related to the theme of this review, however, METH-induced neuropsychiatric
complications have been reported to be more common in women than men (Lisa et al., 2019;
Mihan et al., 2018; Neumann et al., 2018) (see Fig. 3).

4.1. Sex differences in methamphetamine-induced behavioral and cognitive changes

Women have been reported to be more sensitive to METH-induced behavioral and subjective
effects of METH (Mayo et al., 2019). For example, METH administration produced

faster reaction times, increased subjective ratings of vigor, and greater sedation in women
compared to men (Mayo et al., 2019). It has also been reported that non-treatment seeking
female METH users exhibited greater impulsivity than males according to the BIS-11
(Barratt Impulsiveness Scale- a questionnaire designed to assess the personality/behavioral
construct of impulsiveness) (Cservenka and Ray, 2017). Nevertheless, the authors reported
a significant positive correlation between the total impulsivity score and number of years
of METH use only in male participants (Cservenka and Ray, 2017). In addition, Morales et
al. (2015) documented greater METH craving behavior in women than in men, identified
by a drug use survey where participants are instructed to select multiples of 10 between

0 (“not at all”) and 100 (“strongest ever”) that best corresponded with their craving for
METH in the last 24 h. Moreover, Zhao et al. (2021a) reported that females exhibited

more frequent withdrawal symptoms than males. METH withdrawal symptoms in females
were also accompanied by higher percentages of withdrawal-related hypersomnia (Females:
77.2% vs Males: 64.8%), fatigue (Females: 77.5% vs Males: 70.3%), and psychomotor
retardation (Females: 64.5% vs Males: 57.0%) (Rungnirundorn et al., 2017). Similarly,

Su et al. (2017) provided evidence that females suffer more anxiety-like symptoms than
males during acute METH withdrawal. In addition, a recent report by Duncan et al. (2021)
showed that females who smoke METH suffered severe anxiety. In contrast, Hartwell et al.
(2016) found a significant relationship between depression, anxiety symptoms, and METH
craving in men, but not in women. Of significant therapeutic interest, women METH users
reported greater severity of a number of psychiatric problems that included bulimia, panic,
and psychosis (Polcin et al., 2012), data consistent with a long-term follow-up of MUD
patients that had found a higher prevalence of bulimia nervosa in METH-dependent female
participants (Glasner-Edwards et al., 2011). Finally, female METH users have also reported
higher frequency of sleep problems (75.6% vs 52.4%) and poorer sleep quality than male
users (He et al., 2020).

Several reports have shown that METH misuse caused more symptoms of major depression
and post-traumatic stress disorder (PTSD) in women than in men (Brecht et al., 2004;
DiMuiceli et al., 2016; Lisa et al., 2019; McKetin et al., 2011; Polcin et al., 2012).

Sexually dimorphic responses to the trier social stress test (TSST) in METH users might be
relevant to those observations because young female METH-dependent individuals exhibited
significantly higher cortisol levels that were associated with more psychiatric symptoms
(King et al., 2010b). Women also showed greater psychiatric composite score for depression
and anxiety (Glasner-Edwards et al., 2009; van der Plas et al., 2009; Yen and Chong,

2006; Zweben et al., 2004). Assessment of global distress that includes depression, anxiety,
obsessive compulsive, and phobia has also revealed that female users are at higher risks than
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male METH users (Darke et al., 2011). Of interest, a psychiatric diagnosis of depression
was more often co-morbid in women with METH use disorder (Kalechstein et al., 2000).
Female patients also suffer higher prevalence of suicidal ideation (Auten et al., 2012;
Glasner-Edwards et al., 2008; Hser et al., 2005; Kalechstein et al., 2000; Lin et al., 2004;
Zweben et al., 2004). Female METH users who attempted suicide were more likely to be
younger than male users (median: 35 vs.40, p < 0.01) (Marshall et al., 2011). Interestingly,
although female METH users experience higher suicidal ideation, males were more likely to
commit successful suicides (Darke et al., 2019). Female subjects during withdrawal reported
more olfactory and tactile hallucinations as well as paranoid delusions (Mahoney et al.,
2010, 2008). METH-induced cognitive disorders appear to also be more pronounced in
women than in men (Neumann et al., 2018). Specifically, women with MUD showed severe
impairments in decision-making (van der Plas et al., 2009), concentration, and learning and
memory (Han et al., 2016).

It is likely that the greater neurological and cognitive/emotional impairments observed in
women METH users might be secondary to the fact that females experience heavier and
greater lifetime episodes of METH use and also suffer more frequent relapses than men
(Hartwell et al., 2016; Morales et al., 2015; Richards et al., 2020; Rungnirundorn et al.,
2017; Su et al., 2017; Yimsaard et al., 2018). It is also not farfetched to suggest that
abnormalities in functional gene polymorphisms in genes such as BDNF, alpha-synuclein,
CHRNADS5, GSTM1, GABRAL, and ADORAZ2A that regulate synaptic plasticity and neuro-
adaptations in the brain might serve as important contributing factors for the observed
increased susceptibility to psychotic behaviors observed in female METH users.

4.2. Sex differences in therapeutic responses

There is still no FDA-approved medication for MUD even though it is very clear that this
neuropsychiatric disease can result in major adverse health outcomes including overdoses.
The accumulated data indicate that sex is important factor to consider when planning

any therapeutic interventions because of sexually dimorphic responses to METH. In what
follows, we discuss some issues that are relevant to responses to approaches to treatment of
individuals with MUD.

Some investigators have attempted to use several pharmacological agents to treat MUD.
These include aripiprazole, bupropion, mirtazapine, baclofen, gabapentin, topiramate,
rivastigmine, dextroamphetamine, methylphenidate, modafinil, naltrexone, ibudilast, and
N-acetylcysteine (Morley et al., 2017). However, only few studies are available to assess
sex-based responses to pharmacological treatment in MUD. Ray et al. (2015) assessed the
effects of naltrexone, an opioid antagonist that has been approved by FDA for the treatment
of alcohol and opioid dependence (Anton et al., 2006; Cornish et al., 1997; O’Malley et

al., 1992; Volpicelli et al., 1992). They found that naltrexone reduced cue-induced craving
and subjective responses to METH (Ray et al., 2015), with females reporting lower ‘like
drug effects’ and demonstrating a larger naltrexone effect than males. Topiramate, a carbonic
anhydrase inhibitor, that is reported to suppress craving for alcohol, nicotine, cocaine and
eating disorders (Johnson et al., 2005, 2003; Kampman et al., 2004; Leombruni et al.,
2009) was also reported to reduce METH dependence, more in male than in female METH
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users (Ma et al., 2013; Rezaei et al., 2016). A small clinical study with adolescent METH
users also reported that males did better in treatment with bupropion, a dual inhibitor of
norepinephrine and dopamine reuptake, than females (Heinzerling et al., 2013).

Lin et al. (2004) reported that Taiwanese women were more likely to seek treatment
frequently than men (Lin et al., 2004). Price et al. (2011) conducted a clinical study that
included several female METH users (N = 51), with the number of American female
METH users (75%) enrolled in drug treatment programs being significantly higher than
males. Meta-analysis data of METH-related treatment admissions from the year 2008-2017
indicated that females (19.2% in 2008 to 28.3% in 2017) were more likely to be admitted
than males (11.7% in 2008 to 20.9% in 2017) (Jones et al., 2020b). In addition, the

average duration of initial treatment episode was significantly longer for female METH
subjects (3.9 months) than for males (2.8 months) (Brecht et al., 2004). Importantly, women
appear more likely to respond to treatment than males (Brecht et al., 2006; Han et al.,
2016). Women are more likely to improve in post-treatment outcomes including family
relationships, medical and psychiatric problems, and drug use (Hser et al., 2005). Women
also exhibited reduced criminal activity (Brecht et al., 2006). On the other hand, intriguingly,
men METH users were better at securing jobs (Brecht et al., 2004; Hser et al., 2005). These
data support the notion of integrated treatment programs that include both pharmacological
and psychological modalities since these interventions appear to be very effective in female
METH users.

4.3. Sex differences in biochemical effects of METH use

A recent MRI study using abstinent METH users identified a time-dependent
downregulation in glutamatergic metabolism in multiple cortical regions (Tang et al., 2019).
The authors found, in addition, that there were decreases in glutamine levels in the left
inferior frontal cortex and left insula of female METH users but increases in the levels of
male METH users (Tang et al., 2019). In contrast, an older report by O’Neill et al. (2014)
observed decreases in glutamine levels in cortical (posterior cingulate, precuneus, and right
inferior frontal cortex) brain regions in both sexes, with females showing somewhat greater
magnitude of decreases (—7.2%) in the left inferior frontal cortex than males (-3.1%). It is
important to note that the sample size of control participants was higher (N = 45) in Tang’s
study, a fact that might have provided adequate statistical power for Tang and his colleagues
to detect significant sex differences in glutamine levels in the brain (Tang et al., 2019).

METH use is also associated with changes in cerebral glucose metabolism, phosphocreatine,
and total creatine levels (Cloak et al., 2011; Kim et al., 2005; Sung et al., 2013).

Using positron emission tomography, Kim et al. (2005) reported that male METH users
showed lower cerebral glucose metabolism in the frontal white matter. Sung et al.

(2013) used magnetic resonance spectroscopy (MRS) and reported sex differences in the
phosphocreatine levels of frontal gray matter, with large decreases in female METH users
(Sung et al., 2013). In contrast, total creatine levels were affected in the frontal white matter
of only male METH users, with these changes being significantly correlated with length of
drug use (Cloak et al., 2011). These data are summarized in Fig. 2.
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4.4. MUD, sex, and brain structural changes

Several imaging studies have investigated potential METH-induced changes in the volumes
of several brain regions. Some of these papers have reported sex differences in these METH-
induced abnormalities (see Fig. 3). For instance, a diffusion tensor imaging using METH
users had identified smaller volume of the frontal white matter in male METH users (Chung
et al., 2007). In contrast, Tobias et al. (2010) reported that smaller volume of frontal white
matter, genu of the corpus callosum, and mid-caudal superior corona radiata in female
METH users but showed lower volume only in right perforant path in male METH users.
The reason for these observed discrepancies in the frontal lobes of male and female METH
in these two studies is not clear. However, they might, partly, be due to the differences in

the intervals since last use of larger METH doses before the measurements were made.
Specifically, Chung et al. (2007) did their measurements after 4 weeks of abstinence and had
23:9 ratio of male to female participants whereas Tobias et al. (2010) did their measurements
after 7-13 days of abstinence and had more females (n = 13) than males (n = 10) in their
study. Other complicating factors such as different diets or medical illnesses in the various
populations under study at the two sites might have also influenced the results.

Nevertheless, consistent with the study by Chung et al. (2007), male METH users have

been reported to show greater severity of white matter signal hyperintensities than females
(Bae et al., 2006). A somewhat recent study using magnetic resonance imaging (MRI) has
also documented decreased hippocampal volume in female METH users who were abstinent
from the drug for nearly 6 months, but not in abstinent males (Du et al., 2015). Of interest
to this discussion, longitudinal data from Chinese drug addiction treatment agencies have
reported a significant positive correlation between the duration of abstinence and volumes
of cortical and hippocampal regions only in male METH users who were abstinent for

an average of 122 days (Nie et al., 2021). Disturbingly, these associations did not exist

in female METH users who had been abstinent for an average of 348 days (Nie et al.,

2021). The study of Kogachi et al. (2017) is specially revealing in that female, more than
male, METH users exhibited behavioral impulsivity which was associated with smaller right
superior frontal cortex and larger nucleus accumbens (NAc) volume.

It must be emphasized that sex related differences are often a neglected variable in research
and treatment approaches to patients who meet diagnostic criteria for MUD. These studies
need to include appropriate number of female subjects in order to determine the impact of
sex on clinical outcomes. It is nevertheless reassuring that more investigators are becoming
more aware that the patterns of METH use are different between male and female subjects
and that the drug also can have substantially different consequences between males and
females. These types of clinical studies that include equal representation of male and female
subjects continue to document specific sex-differences in the clinical manifestations and
complication of METH use disorder.

5. MUD and sex-associated cardiovascular differences

Several investigators have written about the cardiovascular effects of METH in human users.
They found evidence for increased risk of hypertension, myocardial complications, and
strokes. There are a few reports of sex differences in these complications. For example, the
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relative risk of drug-induce pulmonary arterial hypertension (PAH) was higher in female
METH users (Zamanian et al., 2018). Zhao et al. (2018) reported similar observations of
METH-associated PAH in female METH users. In contrast, male users were found to suffer
from a higher prevalence of METH-associated cardiomyopathy (Darke et al., 2017a; Zhao et
al., 2018). Male users also suffer more from METH-induced hypertension, severe stenasis,
myocyte hypertrophy, and interstitial fibrosis (Brecht et al., 2004; Darke et al., 2017a; Mayo
et al., 2013). A retrospective study also found that males had more severe reduction in
ejection fraction whereas female users exhibited worst left ventricular systolic dysfunction
(Neeki et al., 2016).

A recent study that analyzed the baseline characteristics of patients with METH-associated
cardiomyopathy and heart failure (from 2008 to 2018) found significant race- and gender-
based differences (Zhao et al., 2021b). The authors reported steeper increases in heart
failures in Black males (12.48-fold increase, slope 10.12, p < 0.001), followed by White
males (6.35-fold increase, slope 3.7, p < 0.001), and Hispanic males (6.35-fold increase,
slope 2.0, p< 0.001) in comparison to female users. In addition, Black females showed
significant increases in hospitalization due to heart failures (8.1-fold increase, slope 2.51,
p < 0.001) whereas White and Hispanic females did not show any significant increases
(Zhao et al., 2021b). The etiological factors involved in these differences along racial groups
are not known but probably involved specific known social determinants of cardiovascular
risks among populations of African descent in the United States (Guha et al., 2021). The
sex differences might be attributable to higher blood levels of cholesterol and triglycerides
observed in male METH users compared to female METH users (He et al., 2013).

6. Animal models of methamphetamine use disorder

In a quest to identify the critical underlying biochemical substrates for MUD, several
investigators have developed various models of this psychiatric diathesis in animals.

The following sections describe different approaches that include consequences of

the administration of various doses of METH administered by investigators, including
conditioned place preference (CPP) procedure, and self-administration (SA) models wherein
male and female animals were compared.

6.1. Sexdifferences in METH pharmacokinetics

METH pharmacokinetics have been studied under various conditions by several groups of
investigators (Berquist et al., 2020; Hendrickson et al., 2008; Milesi-Halle et al., 2015;
Rambousek et al., 2014). Milesi-Halle et al. (2005) reported on sex- and dose-differences
in the pharmacokinetics of METH and amphetamine (AMPH) in male and female Sprague-
Dawley rats after administering 1.0 and 3.0 mg/kg METH doses. The authors found
significant sex-dependent changes in METH pharmacokinetics, with female rats making
less AMPH than males. They found, in addition, that the area under the serum METH
concentration-time curve (AUC) increased proportionately in males with increasing METH
doses. In contrast, females showed significantly much higher increases in the AUC with
the higher dose. There were no differences in half-life of METH between the sexes.
Interestingly, renal clearance after the 1 mg dose was higher in females than males, with
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a higher percentage of unchanged METH in the urines of female rats. There were no
differences at the higher dose. Interestingly, the AMPH/METH molar ratio after 1.0 mg/
kg METH was significantly lower in females when compared to males, thus indicating
formation of lower amount of the metabolite AMPH in females. In both sexes, urinary
elimination of METH and its metabolite AMPH was achieved within less than 10 h after
administration of both doses of METH (Milesi-Halle et al., 2005). Similarly, another study
that used of a single dose of either 1 or 5 mg/kg of METH also found that plasma METH
concentrations reached higher levels in female than male Wistar rats (Rambousek et al.,
2014).

Using a drug injection pattern to mimic METH administration during a self-administration
(SA) paradigm, it was found that both male and female rats achieved stable serum
concentration of METH within 20 min, with these remaining constant up to 120 min
(Milesi-Halle et al., 2015). In addition, the authors reported that half-time was similarly

in both sexes but a somewhat higher concentration of METH in females at 120 min after
METH administration. The AUC was also higher in females. Moreover, the authors reported
that the volume of distribution and METH clearance were somewhat lower for females than
males. Some of these sex differences in METH pharmacokinetics might account with some
behavioral and molecular consequences of METH administration.

6.2. Sexual dimorphism in METH-induced behavioral effect

6.2.1. Locomotor behaviors and condition place preference—Most of the early
literature on METH-induced behaviors had focuses on locomotor activity (Kitanaka et al.,
2005; Wagstaff et al., 1994). In addition, some groups of investigators have compared
METH-induced behavioral activity between male and female rodents. For example, female
rats that received a single dose (1.0 mg/kg and 3.0 mg/kg) (Hensleigh and Pritchard,

2014; Milesi-Halle et al., 2007; Pritchard et al., 2012), or escalating doses of METH
(0.1-3.0 mg/kg) (Ramos et al., 2020; Schindler et al., 2002) exhibited greater locomotion
and stereotypic behavior than males. In addition, females exhibited enhanced drug-induced
locomotor activity for a longer period of time of drug withdrawal than male rats (Ramos

et al., 2020). Similarly, female mice showed greater locomotor activity after an acute
injection of METH (0.1 mg/kg, 1.0 mg/kg and 4.0 mg/kg) (Chesworth et al., 2021; Cullity
etal., 2021; Ohia-Nwoko et al., 2017). In contrast to observations made in rats and mice,
prairie voles injected with 0.2 mg/kg METH showed greater locomotor activity in males in
comparison to female voles (Perry et al., 2019). Together, these data suggest species-specific
responses to the drug.

The effects of METH on anxiety-like behaviors have also been investigated. Chesworth
et al. (2021) used an open-field behavioral test paradigm and observed lower anxiety-like
behaviors in female mice. Unexpectedly, early life stress caused by maternal separation
led to heightened METH-induced locomotor activity in male rats, but not in female rats
(Hensleigh and Pritchard, 2014). Using forced swim test, Joca et al. (2014) found higher
depression-like behavior in adolescent METH exposed male mice, but not in female mice.

The effects of METH on CPP have long been investigated (Nagai et al., 2005; Thiriet et al.,
2011) although most of these studies have been in male rodents. Nevertheless, there have
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been some reports comparing the effects of METH on CPP in male and female animals.
Hensleigh and Pritchard (2014) found no sex-dependent changes in METH-induced CPP.
However, a more recent report using a dose of METH (1 mg/kg) similar to the one used
by Hensleigh and Pritchard (2014) was able to document sex differences, with female rats
showing higher vulnerability to METH-induced CPP than male rats (Yates et al., 2021).
The discrepancy observed between the two reports might be due to differences in the
experimental paradigm. Hensleigh and Pritchard (2014) had introduced early- life stress
during post-natal day 2-8 and tested for CPP in adulthood.

6.2.2. Drug self-administration—Among numerous animal studies, the SA model is
thought to better mimic some of the characteristics of substance use disorders (Everitt et al.,
2018; Muller, 2018; Sanchis-Segura and Spanagel, 2006). The SA model has also been used
extensively to investigate behavioral, biochemical, and molecular consequences of exposure
to METH in a contingent fashion (Altshuler et al., 2020; Cadet, 2019). That model has also
been used to detect potential sex differences in behavioral and molecular outcomes.

6.22.1. METH Intake. In terms of sex dependent behavioral differences, Roth and
Carroll (2004) had initially reported that female rats self-administered more METH than
males. Other investigators including Reichel et al. (2012) and Takashima et al. (2018),

also reported that female rats self-administered more METH and also escalated their drug
intake faster than their male counterparts. Subsequent work from Reichel’s group found that,
when male and female rats were trained on a behavioral-economic (BE) paradigm (multiple
days at each fixed ratio-FR1, 3, 10, 32 and 100), female rats would take more METH
compared to males (Cox et al., 2017). Importantly, these phenomena appear to be age- and
dose-dependent because adult male and female Sprague-Dawley rats, trained with different
doses of METH SA (0.02, 0.05, or 0.08 mg/kg/inf) from adolescent to adulthood, were more
likely to take METH and showed greater motivation to acquire the drug than adolescent rats
(Hankosky et al., 2018a). In addition, adult female rats reached acquisition criteria faster
than male rats at the higher dose of METH (0.08 mg/kg/inf.) (Hankosky et al., 2018a). Using
a similar dose of METH (0.08 mg/kg/inf), Ruda-Kucerova et al. (2015) reported that male
rats exhibited higher METH intake during the last 5 days of SA than females. These findings
are consistent with the report from our group showing that male Long-Evans rats showed
more escalation of their METH intake during the first 9 days of METH SA (Daiwile et al.,
2019; Job et al., 2020) and greater METH intake than female rats (Daiwile et al., 2019).
Venniro et al. (2017) also observed steeper escalation of METH SA in males compared to
females. Adolescent male Wistar rats were also reported to take more METH infusions (0.05
mg/kg METH dose) than adolescent females (Zlebnik et al., 2021). In contrast, Westbrook
et al. (2020) reported steeper escalation of METH SA in females compared to males.
Importantly, unlike our study (Daiwile et al., 2019), Venniro et al. (2017) and Westbrook

et al. (2020) did not observe any sex differences in total METH intake. Other studies had
also failed to observe sex differences in total METH intake (Bernheim et al., 2017; Cordie
and McFadden, 2019; Everett et al., 2020; Johansen and McFadden, 2017; Pena-Bravo et
al., 2019; Pittenger et al., 2021; Westbrook and Gulley, 2020). It is interesting to note that,
although Everett et al. (2020) did not find sex differences in METH intake, they did find that
female rats exhibited higher locomotor hyperactivity than males. Similarly, voluntary oral

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daiwile et al.

Page 13

exposure of METH showed no sex differences in METH intake, but female METH exposed
mice showed increased locomotor activity compared to male mice (Avila et al., 2021).
Finally, a recent study investigating potential sex differences in baboons (Foltin, 2018) is

of special interest because studies of nonhuman primates are rather rare. In that study, the
author investigated the reinforcing efficacy of vaporized methamphetamine HCI (0.3 mg/kg)
in animals with minimal prior exposure to drugs. He used 8 adult male and 7 adult female
baboons in the study. The animals received 0.05 ml of 95% ethyl alcohol containing 0.3
mg/kg methamphetamine in a vaporized form completing 2 puffs. Males could earn 10 and
females could earn 20 aerosol deliveries. The author reported that methamphetamine aerosol
delivery maintained lower rates of puffing behavior in females than males.

6.2.2.2. METH seeking, relapse, and reinstatement.: One of the biggest hurdles in

the treatment of patients who suffer from MUD is the high rate of relapses to drug

taking behaviors while attending treatment programs (Altshuler et al., 2020). Importantly,
sex differences in relapse to METH seeking have been documented in animal models.

For example, Reichel et al. (2012), Cox et al. (2013), Cordie and McFadden (2019),

and Westbrook and Gulley (2020) have provided data consistently showing that female

rats exhibited more cue-induced METH seeking behaviors than males after METH prime
injection. Another more recent report by Pittenger et al. (2021) also showed more robust
effects of METH-primed reinstatement in females rats compared to males after 12 days of
abstinence. These phenomena may be dependent on the length of access to METH during
SA experiments because reported more cue-induced METH seeking in female than male rats
when the animals had 2 h access but not after 6 h of access to METH (Everett et al., 2020).
Other groups that have used long access have also observed no sex differences in METH
seeking (Bernheim et al., 2017; Daiwile et al., 2019; Venniro et al., 2017). Nevertheless,
Ruda-Kucerova et al. (2015) did find evidence for more relapse propensity in females after
6 h of access to METH. The sex differences or lack thereof reported by the various groups
may be related to the time after SA withdrawal during which drug seeking behaviors are
conducted because Zlebnik et al. (2021) found that female rats had more METH-associated
active lever responses on withdrawal day 2 while male rats showed more responses on
withdrawal days 4 and 6.

As discussed above, clinical studies have reported that female METH users appear to suffer
from severe neuropsychiatric complications (Lisa et al., 2019; Mihan et al., 2018; Neumann
et al., 2018), whereas some pre-clinical animal models appear to offer equivocal results.
These issues are probably related to the fact that it is not possible to recreate the complexity
of human conditions in rodents and, even, in non-human primates. Furthermore, differences
in experimental procedures that include METH dose, length of drug exposure and different
strains/species of animals can substantially influence observations. These differences are
detailed in Tables 1 and 2. Animal models that better mimic human situations are indeed
necessary.

6.3. Sexual differences in pharmacological interventions

Several targets for drug development have investigated as potential treatment for MUD
in animal models. These drugs are known to modulate the functions of dopaminergic,
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serotonergic, glutamatergic, opioid and endocannabinoid systems, among others. For
example, systemic administration of the neuropeptide, oxytocin, has been shown to reduce
METH self-administration in female, but not in male rats (Cox et al., 2013), without there
being any differential sex effects observed in oxytocin-induced reduced METH seeking
behavior (Bernheim et al., 2017; Cox et al., 2017). Chronic oxytocin treatment (15 days of 1
mg/kg i.p. injection) during 30 days of withdrawal from METH self-administration (6 h/day)
attenuated incubation and METH-primed reinstatement in both sexes (Everett et al., 2020).
Interestingly, Bernheim et al. (2017) have suggested that the attenuating effects of oxytocin
on METH-seeking behavior may be dependent on regulation of presynaptic glutamatergic
signaling because reinstatement of lever pressing to METH-associated cues was observed
after administration of LY 341495, metabotropic glutamate receptor (mGIluR2/3) antagonist
in both male and female rats. The glutamate ionotropic receptor NMDA type subunit

2B (GIuN2B) selective antagonist, Ro 63-1908, also completely blocked the conditioned
rewarding effects of METH in male, but not female rats (Yates et al., 2021). Whereas
administration of Ro 25-6981, another GIuN2B selective antagonist, did not exhibit any

sex differences in reducing METH seeking behavior (Westbrook and Gulley, 2020). In
addition to the role of oxytocin in blocking METH SA, some investigators have reported that
hypocretin receptors (HCRTR) antagonists can also attenuate drug-seeking behavior (James
etal., 2017). However, there do not seem to be any sex differences in the reduction of
METH reinstatement (Zlebnik et al., 2021).

6.4. Sexual dimorphism in METH-induced biochemical consequences

6.4.1. Neurotoxic METH doses—Dysregulation of brain dopamine (DA) systems are
known to play important roles in mediating various aspects of the behavioral responses

to rewarding drugs (Keiflin and Janak, 2015; Wise and Jordan, 2021) including METH
(Bhimani et al., 2021; Xi et al., 2009). However, although there have been reports on sex
differences on the effects of METH, fewer studies have tried to document potentially similar
differences on the biochemical effects of METH in the brain. For example, striatal dopamine
(DA) depletion was also more prominent in male mice exposed to a binge dosing pattern
of METH injections (four injections 10 mg/kg) (Wagner et al., 1993). In addition, Dluzen
et al. (2011) observed that METH-induced depletion in the levels of dopamine transporter
(DAT), DA, and DA metabolites were more pronounced in males compared to female

mice (Dluzen et al., 2011). Another study conducted by Bourque et al. (2012) showed

that an injection of METH (40 mg/kg) to CD-1 mice caused sex-dependent differences

in the course of the METH-induced decreases in striatal DA levels. The authors found

that METH caused similar decreases in DA levels in male (-82%) and female (-=71%)
mice in animals euthanized 1 day post-the METH injection. However, male mice (—79%)
showed much greater decreases in DA levels than females (—44%) at 3 days after the
METH injection (Bourque et al., 2012). Somewhat similar effects were obtained for 3, 4-
dihydroxyphenylacetic acid (DOPAC), in that DOPAC values had normalized in the female
mice at day 3 after initial METH-induced decreases at 30 min and 1 day after METH. In
contrast, DOPAC levels remained significantly decreased at all time points after the METH
injection in male mice (Bourque et al., 2012). The authors also reported that the METH
injection also caused significant and similar decreases in DAT binding in the medial aspect
of the dorsal striatum in both sexes when measured at one day after METH. However, the
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decreases were exacerbated in the males at day 3 whereas the females showed a marked
improvement in DAT binding at that time point (Bourque et al., 2012).

Bourque and his colleagues (2012) also attempted to identify potential sex differences of
the effects of toxic METH doses (40 mg/kg) on the levels of the vesicular monoamine
transporter 2 (VMAT2). The authors measured VMAT?2 binding in the substantia nigra and
in the medial and lateral aspects of the dorsal striatum in mice. In female mice, METH
caused comparable and significant decreases in VMAT binding in both the medial and
lateral aspects of the dorsal striatum in animals euthanized at both 1 and 3 days after

the injection of METH. However, significant decreases were observed only on day 3 in
male mice in medial striatum and at day 1 and 3 in the lateral region. In contrast to

the data in the dorsal striatum, there were significant METH-induced decreases in the
substantia nigra of male mice, but not in the females, at 3 days after the drug (Bourque et
al., 2012). METH may also influence other neurotransmitters in a sex-dependent fashion.
McFadden and Vieira-Brock (2016) injected 4 injections of METH (7.5 mg/kg) given at

2 h intervals in one day and reported a significant loss of serotonin (5-HT) content in

the olfactory bulb of female Sprague-Dawley but not male rats. The authors found no sex-
dependent effects in other brain regions including the hippocampus and the frontal cortex.
Interestingly, using similar METH dosing regimen Joca et al. (2014) had reported that late
adolescent male, but not female, C57BL/6 J mice injected with METH (2 days of 4 x

7.5 mg/kg MA administered in 2 h intervals) showed decrease in the number of vasopressin-
immunoreactive neurons in the paraventricular nucleus compared to sex-matched saline-
treated controls.

Toxic doses of METH have been shown to impact several proteins related to cell death
pathways including B-cell lymphoma 2 (Bcl2), glial fibrillary acidic protein (GFAP), and
some trophic factors including insulin growth factor binding proteins (Cadet et al., 2001 ,
2002, 2007; Jayanthi et al., 2021). However, these studies were conducted in male rodents.
Thus, Bourque and co-investigators (2011 and 2012) measured the effects of a toxic dose of
METH (40 mg/kg) on several proteins in female and male mice. They found that insulin-like
growth factor 1 receptor (IGF-1R) was reduced in females whereas G protein-coupled
estrogen receptor 1 (GPER1) and Bcl-2 were increased in males (Bourque et al., 2011).
They also reported METH-associated increase in AKT phosphorylation only in female
mice one day after the drug injection (Bourque et al., 2012). They also detected increased
glycogen synthase kinase 3beta (GSK3p) phosphorylation in female, but not in male, mice
at 1 and 3 days after the METH injections (Bourque et al., 2012). Female mice also showed
increased protein levels of extracellular signal-regulated kinases (ERK) 1 and 2 measured
at 30 min after METH exposure when compared to control animals. However, such effects
were not seen in male mice (Bourque et al., 2012). There were, however, no sex-dependent
differences in METH-induced changes in GFAP expression. Taken together, these results
suggest that METH may exert sex- and region-dependent toxic effects in the brain.

6.4.2. Acute and chronic METH dosing—Non-toxic dose of METH also showed
sexual dimorphism in dopaminergic and serotonergic system. Where, Hirata et al. (1996)
had reported that acute injections of METH (2.5 and 5.0 mg/kg) showed greater decreases
(48% and 73%, respectively) in striatal DA transporters in male compared to female
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mice (25% and 63%, respectively). Interestingly, Klambatsen et al. (2019) reported that
injection of METH (4 x5 mg/kg) caused no decreases in DAT protein levels in adult male
Sprague-Dawley rats but small decreases in female rats. More recently, Sepulveda et al.
(2021) reported that escalating METH doses given over a period of three weeks resulted
in significant decreases in serotonin 1 A receptor (5-HT1A) receptor binding in the dorsal
raphe nucleus of only male mice. They found, in addition, that METH caused decreases

in the synthesizing enzyme, tryptophan hydroxylase (TPH), in the dorsal raphe, with these
decreases showing no sex effects.

Immediately early genes and proteins are thought to participate in the regulation of the long-
term behavioral effects of rewarding drugs including opioid and psychostimulant substances
(Bisagno and Cadet, 2019; Cadet, 2021; Lardner et al., 2021). It was therefore of interest to
test whether these were affected by METH in a sexually dimorphic fashion. Jacobskind et
al. (2018) administered repeated injections of METH (5 mg/kg) once daily for 10 days and
reported that male, but not female, mice showed decreased levels of c-Fos in the bed nucleus
of the stria terminalis (BNST). Klambatsen et al. (2019) reported that injections of rats with
a binge METH regimen (4 x4 mg/kg, every 2 h) caused significant increases in FosB protein
levels in both dorsal and ventral striatum only in males but not in females.

Stress-related proteins have also been implicated in the effects of psychostimulants including
METH (Jayanthi et al., 2017; Martin et al., 2012; Sharpe et al., 2021). Some investigators
have therefore sought to test the possibility that the effects of METH on these stress-related
substances might be influenced by the sexes of groups of animals. For example, Zuloaga

et al. (2014) injected male and female C57BL6j mice with METH (1 mg/kg) or saline for
comparison of plasma corticosterone. They found a prolonged elevation in corticosterone
levels in female compared to male mice. They also found that METH increased the number
of c-Fos /glucocorticoid receptor dual-labeled cells to a greater extent in males than females
in the cingulate and hippocampal CA3 regions (Zuloaga et al., 2014). In a follow-up study,
Jacobskind et al. (2018) injected mice with METH (5 mg/kg) or saline for 10 consecutive
days. After ten days of withdrawal, mice were again injected with METH (5 mg/kg) or
saline. Chronic METH failed to alter corticosterone responses to the last METH dose that
caused greater corticosterone responses in females in comparison to male mice (Jacobskind
etal., 2018).

6.4.3. METH Self-administration—Sex differences and METH-associated molecular
and biochemical changes have been investigated by measuring mRNA and protein
expression levels in various brain regions. Daiwile et al. (2019) used METH SA in male
and female Long Evans rats and measured the expression of several neuropeptides after a
month of withdrawal from the SA experiment. They found that the basal mRNA levels of
dynorphin (Pdyn), corticotrophin-releasing hormone receptor 2 (Crhr2), hypocretin/orexin
receptors 1 and 2 (Hcrtr1 and Hcrtr2), and vasopressin receptor 1a (Avprla) higher in

the nucleus accumbens (NAc) of drug naive female rats. In contrast, drug naive male rats
showed higher basal vasopressin (Avp) NAc mRNA expression. Interestingly, METH caused
significant increases in Pdynand Crhr2levels only in the NAc of male rats. There were also
significant correlations between the NAc levels of Herirl, Hertr2, Crhr2, and vasopressin
receptor 1b (Avprib) mRNAs and cue-induced METH seeking behavior only in female
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rats (Daiwile et al., 2019). A subsequent study by Daiwile et al. (2021) measured similar
neuropeptide mRNAs in the prefrontal cortex and hippocampus. The authors reported that
female rats exhibited higher basal mRNA expression of cortical Pdyn, Hertr1, Hertr2, Crhr2,
corticotrophin-releasing hormone receptor 1 (Crfir1), and opioid receptor kappa 1 (OprkZ) as
well as hippocampal Pdynand HcrtrI mRNA levels. In contrast, male rats displayed higher
basal levels of hippocampal corticotrophin-releasing hormone (Crh)and CrirI mRNAs.
Female, but not male, rats exhibited METH-induced decreases in Pdyn expression in the
prefrontal cortex while both sexes showed decreases in Padyn in the hippocampus. Moreover,
only males showed METH-associated decreased in proenkephalin (Penk) mRNA levels in
the prefrontal cortex whereas only females exhibited METH-induced decreases in Penk
MRNA levels in the hippocampus. Of further interest is that METH SA was also associated
with changes in the expression of kappa 1 (OprkI), opioid receptor delta (Oprd), and opioid
receptor mu (OprmI) receptors in both the prefrontal cortex (PFC) and the hippocampus. In
the PFC, there were METH-induced decreases in both male and female rats whereas Oprk1
MRNA levels were decreased in the females but increased in males. PFC OprmI mRNA
levels were decreased only in the females without there being any changes in the males.
METH SA was associated with increased expression of hippocampal Cr/and Crfirl in both
sexes but of CrirZonly in female rats. In the HIP, METH SA was associated with increased
Oprdl mRNA levels in female rats but no changes in male rats. Moreover, OprkI mRNA
levels were decreased in both male and female rats. METH SA had no effect of Oprm1

in the HIP of either sex (Daiwile et al., 2021). Voluntary oral METH administered female
mice exhibited increased OprkZ and decreased memory protein marker, protein kinase M
zeta (PKMQ), in the hippocampus (Avila et al., 2021). Taken together, these observations
suggest that sexual dimorphism in METH SA-induced changes in gene expression may be
secondary to sex-dependent differences in the basal levels of certain genes and proteins that
might impact behavioral responses after repeated exposure to an identical substance (Cadet,
2021) or might be regulated to an identical transcription factor (Lardner et al., 2021).

Potential sex differences in protein expression in the brains of rats have also been examined.
For example, METH-primed reinstatement was reported to be associated with greater c-
Fos immunoreactivity in the cortical, striatum, and in the amygdala brain of female rats
compared to males (Pittenger et al., 2021). In contrast, METH also increased hippocampal
BDNF protein levels only in male rats (Johansen and McFadden, 2017). McFadden et al.
(2018) wrote that METH decreased serotonin transporter (SERT or 5-HTT) protein levels
in the infralimbic cortex of only males. Additionally, only adult male rats showed METH
SA-induced higher co-localization of 5-hydroxytryptamine 2 C receptor (5-HT2CR) with
parvalbumin interneurons in the orbitofrontal cortex (Hankosky et al., 2018b).

7. Conclusions

METH use disorder and associated health hazards impact both sexes prominently. In this
review, we have highlighted the clinical literature that included both sexes in patient cohorts
and addressed the sexual dimorphism associated with MUD. The clinical data clearly show
that more men use METH (Jones et al., 2020a) and experience more problems that lead to
ED admissions and higher cardiovascular deaths than women (Darke et al., 2017a, 2018).
However, women who report METH as their first drug of choice suffer from a faster timeline
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of progression to dependence diathesis (Hartwell et al., 2016; Rungnirundorn et al., 2017; Su
etal., 2017; Yimsaard et al., 2018) and from more neuropsychiatric complications than men
(Lisa et al., 2019; Mihan et al., 2018; Neumann et al., 2018). Nevertheless, women appear

to respond to treatment better than men (Brecht et al., 2006; Han et al., 2016). Overall,

the cited clinical literature serves as evidence to direct funding agencies and researchers in
the field to mandate the inclusion of both sexes in the same study for direct comparison.
Data obtained from these studies will serve to better inform the development of treatment
interventions.

In pre-clinical studies related to substance use disorder, the issue of sex as a biological
variant is frequently over-looked even though funding agencies have made many requests
that these issues be addressed. Herein, we have presented the collective data that report
sex-specific differential outcomes associated with METH use in animal models. We have
also provided the readers with convincing evidence that male and female animals respond
differently to METH with regards to patterns of behavior, responses of neurotransmitter
systems, and brain structural abnormalities. In addition, we have included the effects of
various doses and conditions of METH on sex differences in behavioral and biochemical
mechanisms. We conclude, therefore, that the animal data described in this review can serve
as a bridge towards elucidating neurobiological mechanisms that might underlie distinct
phenotypic behaviors observed in males and females in clinical settings.
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Social factors

Onset driven from
desire to work more

Low education, low
household incomes,
no medical insurance,
living in non-metro
counties, co-occurring
mental illness

Percentage with
childhood sexual
abuse before age of
15 is around 24%

Fig. 1.

) 4

\ 4

Incidence and health outcomes

Increased criminal behaviors
Juvenile criminal record: 54%

Juvenile criminal record: 28%

Driving under the influence of drug

METH poisoning cases: 59.4%

Juveniles have heavier and greater
lifetime episodes

Increased risk of MUD
Increased ED admissions
Increased juvenile treatment center
admissions

METH poisoning cases: 40.6%

) 4

Mortality

Overdose deaths: 67.5%

Overdose deaths: 32.5%

Onset driven from
desire to lose weight
and get more energy

Poor quality of life,
problems related to
jobs, family and social
relationships, poor
mental health status

Percentage with
childhood sexual
abuse before age of
15 is around 44%

Sex differences in the epidemiology and outcomes of METH use in human populations.
This figure provides an illustrative summary of observations from clinical studies that
reported sexual dimorphism in METH use and health outcomes. METH consumption, health
outcomes, and overdose deaths are reported to be worse in males than in females. Risk for
development of METH use disorder during drug misuse and associated criminal behaviors
were also more prominent in males than females.
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GENETICS
Significantly associated SNPs

= WDRA41, rs163030

= CHRNADS5, rs588765

= CDH13, rs192599

= BDNF, Val/Val genotype

= GABA alphai subunit,
rs2279020

= ADORA2A, rs5751876

= alpha-synuclein, rs1372520,
rs3756063, and rs3756059

= Increased GSTM1 null

genotype

BIOCHEMICAL

= Decreased glutamine in left
inferior frontal cortex and left
insula

= Decreased phosphocreatine in
frontal grey matter

Genetic and biochemical factors associated with METH use disorder. Genetic predilections
to METH use disorder vary between males and females. Repeated exposure to the

drug is associated with different biochemical outcomes. The figure illustrates sex-specific
biochemical responses in glutamine, creatine, blood cholesterol and triglycerides levels.
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= Increased severity index of white
matter signal

= Positive correlation between
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of cortical and hippocampus
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Cognitive and psychiatric
signs and symptoms

= ADHD diagnosis: 14%

= Increased impulsivity

= Increased Anxiety, Depression,
Obsessive compulsive symptoms,

= Phobia

= Severe impairments in decision-
making, learning and memory,

7N
. Female

Structural

= Decreased volume of white matter
(6 mm above the AC-PC plane),
genu of corpus callosum and mid-
caudal superior corona radiata

= Decreased hippocampal volume
during abstinence

= Increased behavioral sensitivity

= Decreased right superior frontal
cortex

= Increased NAc volume.

Sexual dimorphism in cognitive processes and structural pathologies in METH users. This
figure summarizes cognitive, psychiatric, and structural differences reported between male
and female METH users. Some of adverse psychiatric consequences were more prominent

in women than men.
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Table 1

Sex differences in animal models of investigator-administered METH.

Page 34

Source Experimental Paradigm Result Ref.
Swiss Webster METH dose: 4 injections of 10 mg/kg, s.c. separated by 2 hr | striatal DA in males. Wagner et al.
mice intervals. (1993)
Heterozygous, METH dose: 4 injections of 2.5 or 5.0 mg/kg, i.p, at 2 hr Greater | in striatal DA uptake in ~ Hirata et al.
homozygous intervals. males. (1996)
SOD-transgenic Reversal of | of DA uptake
& Wild type in METH exposed transgenic
mice females.
Sprague-Dawley  METH dose: Escalating METH doses, 0.1, 0.3, 1 & 3.0 mg/kg, ™ locomotion activity in females. Schindler et al.
rats i.p. for 4 days separated by 2 days (2002)
L ocomotor activity: Habituation using 30 min/day for 10 days,
with saline injection & locomotor activity in chamber. Then rats
received escalating doses of METH and were tested for locomotor
activity for 30 min for 4 days, separated by 2 days.
Sprague-Dawley  METH dose: 1.0 and 3.0 mg/kg, s.c. 1 percentage of METH Milesi- Hallé et
rats Phar macokinetic experiment: Pretreatment with a single metabolite (amphetamine) in al. (2005)
injection of METH (1.0 mg/kg, s.c) day 1. On days 3 and 6, urine of females (1.0 mg/kg).
respectively, rats received METH (1.0 and 3.0 mg/kg. i.v) ina 15
s bolus.
Sprague-Dawley ~ METH dose: A single injection of METH (1.0 mg/kg, s.c.). 1 locomotion and stereotypic Milesi-Hallé et
rats Locomotor activity: Habituation using 6 hr/day for 4 days. On behavior in females. al. (2007)
day 1, rats received saline. Then, rats received METH every 3
days for a total of 19 days.
CD-1 mice METH dose: One injection of 20 mg/kg, i.p. or Two injections of T DA levels in female striatum Bourque et al.
20 mg/kg, i.p using a 2 hr interval. (20 mg/kg dose). (2011)
T depletion in the levels of DAT,
DA and its metabolites in male
striatum.
T BLC2 in male striatum.
T VMAT?2 in female striatum.
I DAT binding in substantia nigra
& VMAT?2 in striatum of male.
| expression of IGF-1R &
GPERL1 in female striatum.
L in AKT (40 mg/kg) & GSK3p
(20 mg/kg) in male striatum.
CD-1 mice METH dose: One injection of 40 mg/kg, i.p. Brain was isolated Greater ¥ in male striatal DA Bourque et al.

Long Evansrats

Long Evansrats

30 min, 1 day and 3 days post METH injection.

METH dose: A single injection of METH (1.0 or 3.0 mg/kg, s.c.)
L ocomotor activity: Habituation to room for 30 min, followed
by habituation to activity chamber for 30 min. Then, a saline
Injection was given to test baseline behavior for 30 min. Finally,
rat received METH and tested for locomotor activity for 2 hr.

METH dose: A single injection of METH (1.0 mg/kg, s.c.)
Early life stress: Pups separated from mother for 180 min/day
from PND 2-8.

CPP paradigm: Habituation for 30 min on each day before CPP.
CPP testing 30 min for 10 days; chamber habituation day 1, days
2-9 conditioning, day 10 preference test. Saline injections on
days 2, 4, 6, and 8, METH injections on days 3, 5, 7, and 9. On
day 10, rats were tested for CPP without METH.

levels than females at day 3.

| striatal DOPAC levels in male
all days. Greater { in male striatal
DAT binding than females at day

3.

I VMAT? binding in male
substantia nigra at day 3.

* AKT phosphorylation in female
striatum at day 1.

1 phosphorylation of GSK@ in
female striatum at day 1 & 3.

T ERK 1 and 2 in female striatum
at 30 min

1 locomotion activity in females.

Both sexes responded similar in
conditioned place preference.

1 locomotion and stereotypic
behavior in females.

Early life stress * METH-induced
locomotor activity in male rats.
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Pritchard et al.
(2012)

Hensleigh and
Pritchard
(2014)
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Source Experimental Paradigm Result Ref.
C57BL/6 I mice  METH dose: 4 injections x 7.5 mg/kg, s.c on PDN 30 and 31, 2 1 depression-like behavior in Joca et al.
hr intervals. adolescent males. (2014)

Wistar rats

C57BL/6 J mice

Sprague-Dawley
rats

BALB/c mice

C57BL/6 J mice.

Sprague-Dawley
rats

Prairievole
(Microtus
ochrogaster)

Sprague-Dawley
rats

Heterozygous
Nrgl 111
transgenic and
control wild
type-like mice.

Open field: 10 min on PDN 41 & 62.

Novel object recognition: Habituation for 2 days (PND 42-43 &
63-64), followed by 2 trials over 2 days (PND 44-45 & 65-66)
for 10 min (5 min interval between trials 1 & 2; 24 hr interval
between trials 2 & 3).

Social Interaction: 5 min on PND 46 & 67.

Porsolt forced swim test: 5 min on PND 47 & 68.

Morriswater maze: 2 sessions/day: each session is for three 60 s
trials with a 10-15 min interval.

METH dose: A single injection of 1 mg/kg or 5 mg/kg, s.c.
Phar macokinetic experiment: a single injection of METH (1
mg/kg or 5 mg/kg, s.c), followed by euthanization of rats at
various time points post-injection.

METH dose: A single injection of 1 mg/kg, i.p. Blood collected
after 30, 70, or 120 min after injection. Rats were perfused 2 hr
after the injection.

METH dose: 4 injections x 7.5 mg/Kkg, i.p, 2 h intervals. Rats
were euthanized 8 days after METH exposure.

METH dose: A single injection of 1 mg/kg or 4 mg/kg, s.c.

L ocomotor activity: Habituation for 60 min/day for 3 days.
Then, a saline injection followed by a test for basal locomotor
activity for 30 min. Mice were then injected with METH and
locomotor activity was measured for 90 min

METH dose: Repeated injections of 5 mg/kg, i.p for 10
consecutive days. Tissues were collected 21 days after the last
injection.

Open-field test:

5 min on day 12.

Light/dark box test: 5 min on day 14.

Elevated plus maze: 5 min on day 16.

METH dose: 4 injections of 4 mg/kg, s.c.

Novel object recognition: Habituation, 10 min for 3 day (After 3
days of METH injections). After that, 5 min to explore the object
(7 days after METH injection); one hour later, rats were again
placed into the same chambers for object recognition for 5 min

METH dose: A single dose of 0.2 mg/kg or 2.0 mg/kg, s.c.
Open field: Habituation to the test room for 10 min, followed by
a METH injection and open field test for 10 min 2nd test 48 h
after 1st test. 3rd test after 30 min of 2nd test.

Alloparental behavior: 24 hr after 3rd open field test, Prairie
voles were tested for alloparental behaviors (entry into pup
chambers) for 10 min

METH dose: Escalating doses of 0.1, 0.32, 1.0, 3.2 mg/kg, i.p.,
after 15 min interval, once weekly for 6 weeks.

L ocomotor activity: Habituation for 30 min. Rats then received
a saline injection 15 min before injections of escalating doses of
METH or SKF 82958 (vehicle, 0.01, 0.032, 0.1, 0.32, 1.0, 3.2
mg/kg) every 15 min intervals. Rats were tested once weekly for
6 weeks.

METH dose: 1, 1.5, 2 or 3 mg/kg, s.c., four testing days using
Latin-Square design.

CPP paradigm: Habituation on day 1 for 30 min. Mice were
given METH (2 mg/kg, s.c) and tested for CPP for 30 min for 2-4
days.

Open field: Habituation for 30 min. Mice were then placed in
field arena for 30 min. This was followed by METH injections
(1, 1.5 or 2 mg/kg, s.c) in Latin-Square design to test open field
behaviors for 60 min

Prepulseinhibition: Habituation for 5-10 min/day for 3 days +
background noise of 70 dB. On the test day, mice were injected
with a single dose of METH (2 or 3 mg/kg) and tested for
Prepulse inhibition for 30 min

| vasopressin in PVN in
adolescent males.

1 plasma (1 mg/kg & 5 mg/kg) &
brain (1 mg/kg) level of METH in
female rats.

1 glucocorticoid receptor in the
hippocampus in males.

1 plasma corticosterone in
females.

I 5-HT content in olfactory bulb
of female rats.

* locomotion behavior in
females.

1 plasma corticosterone in
females.

1 striatal DAT levels in males.
" FosB in dSTR and NAc
of males. Impaired object
recognition memory in males.

* locomotor activity in males.
Males took longer time to enter
the pup chamber.

Females attacked the pups.

1 locomotion activity in females.
Female displayed

1 locomotion activity even

after for 4-5 weeks of METH
abstinence.

1 locomotion behavior in female.
| anxiety-like behavior in female.
1 negative impact of METH

on prepulse inhibition in NRG1
mutant male.

Mutant female | sensitive

to METH-induced locomotion
METH-induced disruption of
sensorimotor gating in female.
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Rambousek et
al. (2014)

Zuloaga et. al.
(2014)

McFadden and
Vieira-Brock
(2016).

Ohia-Nwoko et
al. (2017)

Jacobskind et.
al. (2018)

Klambatsen et
al. (2019)

Perry et al.
(2019)

Ramos et al.
(2020)

Chesworth et
al. (2021)
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Source Experimental Paradigm Result Ref.

METH dose: A single dose (0.1 mg/kg, i.p.) CPP paradigm: 1 locomotion behavior in female.
SwissMice Habituation on day 1 for 30 min. On days 2 and 5, mice were Cullity et al.

injected with saline in the morning followed by a CPP test. In (2021)

the afternoon, mice were injected with METH (0.1 mg/kg, i.p.) or

saline and tested for CPP for 30 min
Wildtype METH dose: 1 mg/kg for 1st week, 2 mg/kg for 2nd week & 4 I 5-HT1A receptor binding in Sepulveda et
C57BI/6 & mg/kg for 3rd week for 5 days/week. dorsal raphe nucleus of male. al. (2021)
BDNF T 5-HT transporter binding in
heterozygous dorsal raphe nucleus of female.
mice. | tryptophan hydroxylase 2 in

dorsal raphe nucleus of male.

Sprague-Dawley  METH dose: A single injection (1.0 mg/kg, s.c.) Female showed 1 vulnerability to  Yates et al.
rats CPP paradigm: Pretest for 15 min on 1st day of each CPP test. METH-induced CPP. (2021)

CPP test for 30 min for 8 days, with rats being injected with Ro 631908 (3.0 mg/kg) blocked

METH and saline on alternate days. acquisition of METH CPP in

Acquisition of METH CPP: Test on 9th day for 30 min after rats ~ male rats.
were given Ro 63-1908 (0, 1.0, or 3.0 mg/kg; s.c.).

Expression METH CPP: Test on 9th day for 30 min after rats

were given Ro 63-1908 (0, 1.0, 3.0 or 10.0 mg/kg; s.c.).

Abbreviation: METH, Methamphetamine; PND, Postnatal day; CPP, Conditioned place preference; dB, decibels; s.c., Subcutaneous; i.p.,
Intraperitoneal; i.v., Intravenous; hr, Hours; min, Minutes; sec, Seconds; mg/kg, milligram per kilogram; 1, significantly increased; |, significantly
decreased; PVN, Paraventricular nucleus of the hypothalamus; dSTR, Dorsal striatum; NAc, Nucleus accumbens; SOD, Superoxide dismutase;
Nrgl, Neuregulin 1; BDNF, Brain-derived neurotrophic factor; DA, Dopamine; DAT, Dopamine transporter; BCL2, B-cell lymphoma 2; VMAT2,
Vesicular monoamine transporter 2; IGF-1R, Insulin-like growth factor type 1 receptor; GPER1, G protein-coupled estrogen receptor 1; 5-HT,
Serotonin/5-hydroxytryptamine; FosB, FBJ murine osteosarcoma viral oncogene homolog B; 5-HT1A, Serotonin 1A receptor; SKF 82958, D1
receptor agonist; Ro 631908, N-methyl-D-aspartate (NMDA) antagonist, ERK; extracellular signal-regulated kinases.
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