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Abstract: Methamphetamine (METH) is a highly addictive drug abused by millions of users world-

wide, thus becoming a global health concern with limited management options. The inefficiency of 

existing treatment methods has driven research into understanding the mechanisms underlying 

METH-induced disorders and finding effective treatments. This study aims to understand the com-

plex interactions of the gastrointestinal–immune–nervous systems following an acute METH dose 

administration as one of the potential underlying molecular mechanisms concentrating on the im-

pact of METH abuse on gut permeability. Findings showed a decreased expression of tight junction 

proteins ZO-1 and EpCAm in intestinal tissue and the presence of FABP-1 in sera of METH treated 

mice suggests intestinal wall disruption. The increased presence of CD45+ immune cells in the in-

testinal wall further confirms gut wall inflammation/disruption. In the brain, the expression of in-

flammatory markers Ccl2, Cxcl1, IL-1β, TMEM119, and the presence of albumin were higher in 

METH mice compared to shams, suggesting METH-induced blood–brain barrier disruption. In the 

spleen, cellular and gene changes are also noted. In addition, mice treated with an acute dose of 

METH showed anxious behavior in dark and light, open field, and elevated maze tests compared 

to sham controls. The findings on METH-induced inflammation and anxiety may provide opportu-

nities to develop effective treatments for METH addiction in the future. 

Keywords: methamphetamine (METH); blood–brain barrier; leaky gut; inflammation; anxiety;  

gut–brain axis; gut–brain–immune axis 

 

1. Introduction 

Methamphetamine (METH) is a potent psychostimulant and sympathomimetic drug 

that drastically impacts the user’s body, causing severe neurological and physical conse-

quences. METH use results in increased alertness, heart rate, blood pressure, body tem-

perature, and loss of appetite [1,2]. Chronic METH use commonly leads to severe tooth 

decay, infection, weight loss, malnutrition, kidney and liver damage, respiratory issues, 

paranoia, violent behavior, psychosis, severe anxiety, and depression [3–5]. METH has a 
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long half-life of approximately 10 h in humans [6], and its stimulatory effects are followed 

by severe withdrawal, described as an intensely negative emotional state [7]. This often 

leads to the continued use and can cause a negative reinforcement cycle [8], which may 

lead to addiction [8]. Even when individuals stop taking METH, the symptoms may per-

sist for years [9–13]. 

Exposure to METH results in increased intestinal permeability and oxidative stress, 

inducing gastrointestinal inflammation and ischemia [14–16]. It has been reported that 

bowel ischemia can lead to occluded blood flow to the gut, resulting in the death of intes-

tinal tissue and, in severe cases, organ failure and death [17]. Additionally, disruption of 

gut wall integrity allows for the leakage of gut contents, including microbiota, toxins, and 

inflammatory cells, into the circulation [15,18]. Gut-derived components that escape into 

the circulatory system can travel to the central nervous system (CNS) and cross the blood–

brain barrier (BBB), inducing an inflammatory response within the brain [19]. These mech-

anisms may be the significant contributors to the anxiety and depression often noted in 

METH users. Neuro-inflammation triggers demyelination and death of dopaminergic and 

serotonergic neurons within the reward pathway, leading to anxiety and depression [20–

22]. 

Excessive adrenergic stimulation following METH exposure has been shown to exert 

neurocognitive effects [23]. However, recent evidence suggests that neuro-inflammatory 

processes can also play a significant role in developing neurological disorders in the pres-

ence of METH [24,25]. A correlation between METH administration and effects on the 

expression of tight junction proteins and oxidative stress markers contributing to BBB al-

terations was shown previously [19,26–28]. In addition, METH is associated with in-

creased intestinal permeability; a condition referred to as leaky gut. Therefore, the enteric 

microbial toxins and activated immune cells can leak from the permeable intestine into 

the bloodstream. Consequently, endotoxin components can be carried to the brain sys-

temically, causing inflammation and contributing to neuropsychiatric disorders [29–31]. 

This study aims to understand the complex interaction of the gastrointestinal, im-

mune, and nervous systems following an acute METH dose. The findings of this study 

explain the implications of developing neuropsychiatric disorders, including anxiety fol-

lowing METH administration. Anxiety is one of the major global health concerns, espe-

cially amongst the vulnerable group of people, including drug addicts. METH-induced 

anxiety can lead to suicidal thoughts and self-harm [32,33]. Currently, the only available 

treatment is via psychological therapy and rehabilitation [34]. However, this treatment 

often leads to drug relapse. The inefficiency of existing treatment methods has driven re-

search into understanding the mechanisms underlying METH-induced disorders and 

finding effective treatments [35]. Despite this immense existing knowledge, determining 

the link between intestinal permeability, BBB integrity, and anxiety development follow-

ing METH exposure can lead to the development of novel efficient, targeted treatments. 

2. Results and Discussion 

To determine the effects of a single acute dose of METH in mice compared to sham-

treated mice, behavioral studies, immunohistochemistry of gut and brain tissues, gene 

changes in brain tissues, cellular and gene changes in the spleen, and inflammation in the 

blood were analyzed. A summary of the experimental design is presented in Figure 1, 

together with a summary of the outcomes. 
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 Figure 1. Schematic summary of the experimental design and outcomes in the gut, brain, spleen and 

sera of mice following an acute dose of METH. 

2.1. METH Alters Intestinal Permeability 

It is widely acknowledged that METH abuse causes severe damage to the intestine 

[36,37]. However, the mechanisms underlying METH-induced increases in intestinal per-

meability and damage to the GI tract leading to neuropsychiatric disorders have not been 

studied. Therefore, we employed immunohistochemistry in intestinal tissues to under-

stand the influence of METH administration on tight junction proteins compared to sham-

treated groups. Figure 2 presents the expression of tight junction protein ZO-1 and Ep-

CAm in colon tissues for METH- and sham-treated mice. METH administration causes a 

significant reduction in the expression of tight junction proteins within the intestine. 

Reduced ZO-1 and EpCAm expression are indicative of tight junction disruption, 

which leads to increased intestinal permeability and indicates gastrointestinal inflamma-

tion [38]. Results of the current study correlate with Mahajan et al. [39] and Sajja et al. [28] 

findings and confirm that tight-junction proteins, including ZO-1, have an underlying in-

fluence on the destructive effects of METH. Furthermore, METH exposure also reduced 

the expression of the EpCAm. This protein is expressed in tight junctions and adherens 

junctions of the mouse intestine. It plays a role in cell-to-cell and cell-to-matrix 
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interactions, and in EpCAm knockout mice, there is evidence of impaired intestinal barrier 

function and dysfunctional ion transport [40]. EpCAm has been shown to disrupt the link 

between α-catenin and F-actin, resulting in reduced cadherin-mediated cell adhesion [41]. 

Damage to the intestinal barrier is associated with an increase in permeability between 

the external gut environment and the internal vasculature of the body, a phenomenon 

commonly known as leaky gut. Disruption of the gut wall integrity, damage to intestinal 

epithelial cells, and derangement of tight junctions lead to the leakage of microbial prod-

ucts, macromolecules, and microbiota from the intestinal lumen into the blood circulation, 

liver, spleen, and mesenteric lymph nodes, which in turn causes peripheral inflammation 

[18,42]. 

 

Figure 2. Acute METH exposure increases permeability within the colon. Colon cross-sections of 

sham-treated (A,A’,A’’,A’’’) and METH-treated (B,B’,B’’,B’’’) mice. (A,B) DAPI nuclei staining, 

(A’,B’) tight junction proteins labeled with anti- zonula occludents-1 (ZO-1) antibody, (A”,B’’) epi-

thelial cells labeled with anti-epithelial cell adhesion molecule (EpCAm) antibody, and (A’’’,B’’’) 

merged images of DAPI, ZO-1, and EpCAm. (C,C’) Secondary Antibody Control. To show the non-

specific binding of the secondary antibody, the primary antibody was omitted. Colon cross-sections; 

20 μm. Images captured at 40×, scale bar: 50 μm. (D) Significant differences between sham-treated 

and METH-treated mice in tight junction permeability, epithelial cells, and concentration of fatty 

acid-binding protein (FABP)-1 in serum are shown. Results are expressed as mean ± standard error 

of the mean (SEM), * p < 0.05, ** p < 0.01. 
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2.2. METH Increases Fatty Acid Binding Protein 1 in Blood 

Fatty acid binding protein 1 (FABP-1; also known as liver-type FABP) is highly ex-

pressed in the liver, and in the epithelial mucosal layer of small intestines. FABP is present 

in mature epithelial villi in the intestine and is released into the circulation from entero-

cytes upon damage to the mucosal epithelial layer [43]. Mice fed on a high-fat diet also 

show increased concentrations of FABP-1 in the circulation, and damage to the mucosal 

layer is hypothesized to be due to obesity [44]. The presence of gut-derived FABP-1 in the 

serum is indicative of increased gut-wall permeability [45]. It was shown that FABP-1 lev-

els in the serum for acute METH group were higher than in sham-treated mice (Figure 

2D). Therefore, results revealed that administration of METH causes intestinal mucosal 

layer damage, which leads to increased concentration of FABP-1 in the circulation. METH 

causes increased levels of norepinephrine release and thus causes vasodilation in blood 

vessels in the brain whilst vasoconstriction in the blood vessels going to the gut, causing 

constipation, bowel ischemia, and abdominal cramping [15]. Upon prolonged abuse, this 

vasoconstriction may cause damage to the intestinal cells, thus causing increased perme-

ability. 

2.3. METH Alters Cellular Immune Responses in the Colon 

The effects of METH exposure on gastrointestinal inflammation were assessed via 

immunohistochemistry on colon sections using the pan-leukocyte marker, anti-CD45 an-

tibody. At the same time, the DAPI (blue) highlights the nucleus of all cells. Colon tissues 

displayed a significant increase in the expression of CD45+ cells because of acute METH 

administration (Figure 3), indicating an inflammatory reaction within the gut. This study 

is one of the few to investigate the immune effects of acute METH exposure in the colon. 

The colon is an essential part of the large intestine, which serves powerful functions, in-

cluding absorption of water, electrolytes, remaining nutrients, and movement of feces to-

wards the rectum for elimination [46–48]. An inflamed colon is associated with many dis-

orders, particularly ulcerative colitis, an inflammatory bowel disorder characterized by 

inflammation and ulcers within the innermost lining of the digestive tract [49]. 
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Figure 3. Acute METH exposure induces an inflammatory response within the colon. Colon cross-

sections of sham-treated (A,A’,A’’) and METH-treated (B,B’,B’’) mice. (A,B) DAPI nuclei, (A’,B’) 

immune cells labeled with pan-leukocyte anti-CD45 antibody, (A’’,B’’) merged images of DAPI and 

CD45. (C) The primary antibody was omitted to show the non-specific binding of the secondary 

antibody. Colon cross-sections; 20 μm. Images captured at 40×, scale bar: 50 μm. (D) A significant 

difference between sham- and METH-treated mice in CD45 expression is noted. Results are ex-

pressed as mean ± standard error of the mean (SEM), * p < 0.05. 

2.4. METH Increases BBB Permeability 

The BBB is a highly selective interface that protects the brain from many of the 

constituents of the peripheral circulation. It allows the passage of gases, water, and lipid-

soluble molecules (including METH) from the CNS in a healthy state, yet, it prevents 

unwanted molecules such as toxins, circulating immune cells, and bacteria [50]. METH 

increases BBB permeability, inducing damage by altering the structure of proteins 

involved in BBB stability [51]. METH alters BBB permeability via dysregulation of the 

tight junction proteins, including occludin and ZO proteins [39,52]. In vitro studies using 

a single dose of METH (1μM) on endothelial monocultures showed increased permeabil-

ity within less than 1 h [27]. Moreover, a previous study by Matines et al. (2011) reported 

that a single dose of METH (30 mg/kg) in mice leads to a peak plasma concentration after 

about 1 h [53]. Administration of METH at such concentrations in rodents consistently 

leads to BBB breakdown. In mice brain, significant accumulation of plasma proteins 

(albumin or IgG) was observed after several hours [54]. In a similar study by Bowyer et 

al. (2008), findings showed that administration of a single dose of METH (40 mg/kg) in 

mice induced BBB changes for 1.5 h to 3 days [55]. In our study we used a single dose of 

METH (30 mg/kg), which induced increased BBB permeability evidenced by the presence 

of gut-derived albumin in the brain tissue. 

Albumin is a large protein and does not cross the BBB, and its presence in the brain 

is a commonly accepted indicator of disruption to the BBB [56]. Immunohistochemistry 

analysis of brain hippocampus tissues showed an increase in albumin expression in 
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METH-mice compared to sham-treated controls (Figure 4). Findings are consistent with 

previous reports demonstrating an association between METH exposure and increased 

permeability of the BBB in brain regions, including the hippocampus [53,57,58]. Damage 

to the BBB can permit an influx of bacteria, pro-inflammatory mediators, and peripheral 

immune cells directly from the circulation. 

 

Figure 4. Acute METH exposure induces BBB permeability and inflammatory responses within the 

brain. Brain cross-sections of sham-treated (A,A’,A’’,A’’’) and METH-treated (B,B’,B’’,B’’’) mice. 

(A,B) DAPI nuclei, (A’,B’) immune cells labeled with pan-leukocyte marker, anti-CD45 antibody, 

(A’’,B’’) gut-derived albumin labeled with an anti-albumin antibody and, (A’’’,B’’’) merged images 

of DAPI, CD45, and albumin. (C,C’) Secondary Antibody Control. The primary antibody was omit-

ted to show the non-specific binding of the secondary antibody. Brain sagittal section level 10–15 

using 15 μm intervals. Images captured at 40×, scale bar: 50 μm. (D) A significant difference between 

acute sham-treated and METH-treated mice in CD45 and albumin expression is shown. Results are 

expressed as mean ± standard error of the mean (SEM), **** p < 0.001. 

2.5. METH Causes Gliosis 

The anti-glial fibrillary acidic protein (GFAP) antibody was used to label astrocytes, and 

an anti-TMEM119 antibody was used to detect microglial cells. GFAP is an intermediate fila-

ment protein expressed by astrocytes, and its upregulation is used to determine astrogliosis 

within the CNS. No significant differences in GFAP expression were noted between the sham-

treated and the METH-treated groups, as the astrocytes did not appear to change due to an 

acute METH dose. However, there was a significant increase in the expression of TMEM119 
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protein in the brain hippocampus of METH-treated mice. TMEM119 (a type-1 transmembrane 

protein) is a marker expressed explicitly by microglial cells, and its upregulation can indicate 

microgliosis and inflammation in the brain (Figure 5). Our results showed no significant in-

crease in GFAP expression 3 h after METH administration. This finding is opposite to previ-

ously reported results for in vitro studies of rat fetal mesencephalic cell lines where METH 

increased GFAP expression, which was inhibited by benzamide, an inhibitor of ADP-ribosyl-

ation [59]. These differences might be because of differences between in vivo and in vitro mod-

els. Furthermore, Rats treated with 10 mg/kg of METH and microglia assessed 2 h and 3 days 

post-administration showed gene transcription changes (cyclo-oxygenase 2, prostaglandin E2, 

glutamine uptake, and nuclear factor eryhroid 2-related factor 2) in the rat striatum and pre-

frontal cortex at 2 h and not 3 days [60]. However, in human brain tissues from METH users 

who died from intoxication, GFAP, and S100B expression were not significantly increased, 

although expression of hGLUT5 was significantly increased [61]. Our studies show that a sin-

gle dose of METH alters the expression of TMEM119, a marker for microglial cells and inflam-

mation. 

 

Figure 5. Acute METH exposure induces gliosis within the brain. Brain hippocampus cross-sections of 

sham-treated (A,A’,A’’,A’’’) and METH-treated (B,B’,B’’,B’’’) mice. (A,B) DAPI nuclei staining, (A’,B’) 

astrocytes labeled with anti-GFAP antibody, (A’’,B’’) microglial cells labeled with anti-TMEM119 anti-

body, and (A’’’,B’’’) merged images of DAPI, GFAP and TMEM119. Coronal sections; 20 μm; bregma 

−1.82 mm. Images captured at 40×, scale bar: 50 μm. (C,C’) Secondary Antibody Control. (D) Statistical 

analysis of Fluorescence (Arb. Units). No significant differences were noted between the sham- and 

METH-treated mice in GFAP. Significant differences were shown between sham- and METH-treated 

mice in TMEM 119. Results are expressed as mean ± standard error of the mean (SEM), **** p < 0.001. 
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2.6. METH Administration Changes Gene Expression in the Mid-Brain 

Reverse transcription-qualitative polymerase chain reaction (RT-qPCR) was used to 

determine the expression of pro-inflammatory cytokines (IL-1β, TNFα, and IL-6), chemo-

kines (Cxcl1 and Cxcl5), and glial cell markers (GFAP, Iba-1, and S100b) in the brain sam-

ple. In the brain, significant increases were noted at the mRNA expression levels of Ccl-2 

(p < 0.005), IL-1β (p < 0.01), TNF (p < 0.05) and Cxcl1 (p < 0.05) in the METH-treated group 

compared to the sham group (Figure 6). In addition, a significant increase in Ccl-2 (MCP-

1) and IL-1β expression were also noted in the hippocampus (Figure 7). IL-6 (inflamma-

tory marker), Cxcl5 (chemokine receptor), GFAP (astrocytes), S100b (microglial cells), and 

lba-1 (microglial cells) mRNA expression were not detectable in either the brain or hippo-

campus following METH administration. In contrast with some reports, increased 

transcription of the pro-inflammatory cytokines IL-6 has been shown [62]. Nevertheless, 

it is clear from previous observations that METH effects in the brain are region/time/dose-

dependent. The previous study showed that an acute high dose of METH (30 mg/kg) 

induces an early increase in the expression levels of IL-6 mRNA in the hippocampus, 

frontal cortex, and striatum, and TNFα mRNA only in the hippocampus and frontal cortex 

[62]. Furthermore, a similar study evaluated the effect of a single doses of METH (0.5, 1, 

2, and 4 mg/kg) 2 h apart in rat model [63]. Findings revealed that METH had a dose-

dependent stimulatory effect on locomotor activity over the 8 h. A significant increase in 

dopamine concentration was reported in the frontal cortex with the highest dose of METH 

2 h after the dose administration [63]. This effect was dose- and region-specific, as no 

significant changes was reported for lower doses, nor was a significant change reported 

for other brain regions. 

Several studies have shown that glial cells (including microglia and astrocytes) 

participate in METH-induced neuroinflammation in the brain [64,65]. Microglial cells are 

the resident innate immune cells of the CNS. In a resting state, microglial cells 

continuously assess the environment for damage, the presence of foreign bodies, 

including pathogens, and markers of inflammation, including DAMPs [65,66]. Once 

activated, microglia play an integral role in the direct response to injury through their 

function in the innate immune system. They do this in several ways, including the release 

of pro-inflammatory cytokines, cytotoxic substances, and phagocytosis. Initially, the pro-

inflammatory state assumed by microglial cells was assumed to be a consequence of the 

neurotoxicity and neuronal damage caused by METH administration. However, more 

recently it has been speculated that the reactive microglia may contribute to the complex 

mechanism of neuronal damage following METH exposure by producing pro-

inflammatory mediators. Although a significant increase was not observed in the classical 

microglial marker Iba-1 or astrocyte markers S100b and GFAP, increased expression of 

the pro-inflammatory cytokines, including IL-1β, is a recognized sequel following glial 

activation, further implicating glial cells in the neuroinflammation caused by METH. It is 

noteworthy that changes in proliferation or migration of glial cells into areas of damage, 

also associated with the activation process, are not expected to be detectable using RT-

qPCR. 

Furthermore, Ccl-2 and IL-1β are recognized as essential mediators of neuro-

inflammation and have identified roles in trafficking to the brain. Ccl2 is a chemokine that 

shows chemotactic activity for monocytes and Cxcl1 for neutrophils. In addition, a chemo-

attractant for neutrophils in the brain is consistent with increased recruitment and 

leukocyte infiltration of CNS in response to METH. 
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Figure 6. Acute METH exposure induces expression of pro-inflammatory markers in the mid-brain. 

Pro-inflammatory, chemokine, and glial cell markers expression in the brain. Expression of pro-

inflammatory cytokines (IL-1β, TNFα, and IL-6), chemokines (Cxcl1, Ccl2, and Cxcl5), and glial cell 

markers (GFAP, Iba-1, and S100b) were determined by real-time polymerase chain reaction (RT-

PCR) in brain samples for sham- and METH-treated mice. Values are folding increase ± standard 

error of the mean (SEM) concerning the mean of controls, *** p < 0.005, ** p < 0.01, * p < 0.05. 



Int. J. Mol. Sci. 2022, 23, 11224 11 of 25 
 

 

 

Figure 7. Pro-inflammatory, chemokine, and glial cell markers expression in the hippocampus. Ex-

pression of pro-inflammatory cytokines (IL-1β, TNFα, and IL-6), chemokines (Cxcl1, Ccl2, and 

Cxcl5), and glial cell markers (GFAP, Iba-1, and S100b) determined by real-time polymerase chain 

reaction (RT-PCR) in the hippocampus of sham- and METH-treated mice. Values are folding in-

crease ± standard error of the mean (SEM) with respect to the mean of controls, *** p < 0.005, * p < 

0.05. 

2.7. METH Alters Cellular Immune Responses and Genes in the Spleen 

Flow cytometry analysis was used to determine the effects of acute METH admin-

istration on splenic immune cell populations. METH exposure caused transient immuno-

suppression characterized by a decrease in the spleen’s proportion of granulocytes, NK, 

and CD4+ T cells at time t = 3 h (Figure 8A); at time t = 24 h the cell populations were back 

to baseline levels, hence transient effect. The effects of METH on the spleen are mainly 

unknown. The spleen acts as a significant reservoir of immune cells that can be mobilized 

into the circulation and recruited to the sites of injury and inflammation under chemokine 

gradients. Splenic-derived immune cells have been shown to contribute to, and possibly 

exacerbate, neuroinflammation in several brain injuries, including stroke [67] and head 

trauma [68–70]. In the case of stroke, it has been shown that splenic neutrophils are 

recruited within 24 h, and these cells play an essential role in BBB destabilization by 

releasing MMP-9, which in turn allows more leukocyte infiltration increasing 

neuroinflammation [71]. A decrease in cell populations does not necessarily reflect 

immunosuppression but might instead be a product of mobilization to other parts of the 

body. Consistent with previous reports, acute METH caused a transient reduction in the 
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proportion of granulocytes, NK cells, and T-cells in the spleen [72]. Whether this reflects 

altered trafficking from the spleen in response to METH-induced peripheral inflammation 

or reflects aspects of immunosuppression is not clear. 

 

Figure 8. Cellular and gene changes in the spleen. (A) Percentage of splenocyte cells (granulocytes, 

macrophage, natural killer (NK) cells, B cells, helper T (Th) cells, and cytotoxic T (Tc) cells), at time 

= 3 h following METH administration. Figures show % total splenocyte cells ± standard error of the 

mean (SEM) with respect to the mean of shams, ** p < 0.01, * p < 0.05. (B) RT2 Profiler PCR gene array 

showing upregulated (red) and downregulated (blue) fold-change mRNA gene expression in the 

spleen of the sham- and METH-treated groups. 

Using RT2 Profiler PCR gene arrays showed that Ccl-2 (MCP-1), Cxcl1, Cxcl5 and 

TNF mRNA were expressed at significantly lower levels following METH administra-
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tion (Figure 8B). Downregulation of Ccl-2 and TNF was also confirmed by RT-qPCR us-

ing individual cDNAs (not shown). It is assumed that this downregulation is the product 

of pro-inflammatory cytokine TNFα and NF-κβ activation, which is elevated in the brain 

by METH [73,74]. The upregulation of cell adhesion molecule gene expression has been 

observed in the brain of METH abusers, which plays a neuroprotective role in improving 

the tightness of the BBB [75]. The results of the array also showed up-regulation of IL10 

and Aicda genes (Figure 8B). 

2.8. METH Causes Behavioral Changes 

Animal models are valuable and standard methods for studying human diseases 

[76]. Spontaneous activity in rodents is frequently used to study the neurobiology of anx-

iety [77] and major depressive disorder [78,79]. For this purpose, several test models have 

been developed [80], including open field test (OFT), light and dark test (LDT) and ele-

vated maze test (EMT) for anxiety[81]. 

Herein, three established behavioral tests, including LDT, OFT, and EMT, were per-

formed to assess anxiety levels following METH vs. sham administration (Figure 9). The 

LDT is an anxiety-like behavior test that places mice into a conflict situation between their 

drive to explore new unknown areas and their aversion to being in brightly illuminated 

open spaces [82]. The open-field test combines stress factors such as separation from the 

other mice and fear of the large unprotected bright surface. Therefore, it is appropriate to 

investigate anxiety and behavior toward new unknown environment and observe general 

locomotor behavior [83]. The EMT is designed to observe the state of anxiety in rodents 

by using a plus-shaped maze that combines the natural antipathy of mice towards open 

elevated environments with their instinct to discover new environment [84]. These tests 

provided parameters related to general movements, exploratory and locomotor behavior 

that were employed to estimate the level of anxiety in mice following METH administra-

tion or sham treatment. 

The LDT was performed as the first test. LDT is based on the natural aversion of mice 

to the open and bright spaces compared to dark spaces and their spontaneous exploratory 

behavior in response to mild stressors, such as novel environment and light. Figure 9A 

shows the movement of mice in the lightbox 3 h following administration of an acute dose 

of METH and sham. The METH-treated mice demonstrated significantly lower activity in 

the light box (0.7 ± 0.2 m) compared to the sham group (2.1 ± 0.3 m). Results reveal that 

the METH-treated group spent less time (2.1 ± 0.2 min) in the dark box compared to the 

sham group (5.2 ± 0.4 min). According to the data obtained in LDT, the time spent in the 

lightbox for METH treated group was more than the sham-treated group. Additionally, 

METH-treated groups had less movement (distance travel) in the lightbox compared to 

the sham group. Moreover, the number of transitions between the two compartments of 

the light/dark box was significantly decreased for the METH treated group compared to 

the sham group. 

OFT was employed as the second behavioral study to evaluate the level of anxiety of 

treated mice. Figure 9B shows the travel distance map for METH and Sham treated 

groups. Results show that the METH treated group spent more time near the corner (4.1 

± 0.2 min) compared to the sham-treated group (2.9 ± 0.1 min). Furthermore, the METH 

treated group spent less time (0.1 ± 0.1) in the middle of the box compared to the Sham 

group (1.3 ± 0.2 min). In addition, other parameters like immobility (freezing), average 

speed, and the total distance showed significant differences between METH and Sham 

treated groups. The reduction of time spent in the center and the increased time spent in 

the corner is strongly associated with higher anxiety levels, as the mice fear open and 

unprotected areas [85]. Anxious mice avoid the center and open area and spend more time 

in the corners, which gives them more shelter [86]. The METH-treated animals showed a 

decrease in total distance travelled and a reduction in exploratory and locomotor behavior 

(as indicated by the transitions between the different areas in the open field), indicating a 

higher level of anxiety [85]. 
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Figure 9. Acute METH exposure induces anxiety. (A) Anxiety test, light, and dark test (LDT) results 

include exploration map in the lightbox, Travel distance in the lightbox (m), Light/dark boxes tran-

sitions, and time spent in the dark box; (B) Anxiety test, open field test (OFT) results including ex-

ploration map in the arena, Travel distance in the arena (m), time spent in corners and center, tran-

sition in corners and center, and immobility (grooming) period; (C) Anxiety test, elevated maze test 

(EMT) results including time spent in open and closed arms, and transition between open and closed 

arms. Results are expressed as mean ± standard error of the mean (SEM). * p < 0.05, ** p < 0.01,  

*** 0.001 < p < 0.01, **** p < 0.001. 

The EMT was performed as the third behavioral study to evaluate the level of anxiety 

for each group. Results show that the METH-treated group spent more time (2.7 ± 1.1 min) 

in the closed arms compared to sham-treated (2.1 ± 0.6 min) and less time (1.2 ± 0.5 min) 
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in the open arms compared to the sham-treated group (2.4 ± 0.1 min) (Figure 9C). In ad-

dition, the number of the entrance to closed arms was significantly lower for the METH-

treated group (5 ± 0.5) compared to the sham-treated group (14 ± 3, p ≤ 0.05). Moreover, 

the entries/transitions into open and closed arms were lower for the METH-treated group 

indicated also decrease of locomotor activity. High anxiety levels have been associated 

with an increase in time spent in the closed arms of the elevated maze and a decrease in 

the number of entries into either of the open/closed arms. This result may be due to indif-

ferences to surroundings and decreased exploratory behavior and general movement [87]. 

Therefore, METH-treated animals have a higher level of anxiety than the sham-treated 

group. 

3. Materials and Methods 

3.1. Animals 

All experimental procedures and animal care were approved by the Victoria Univer-

sity Animal Experimentation Ethics Committee and carried out following the guidelines 

of the National Health and Medical Research Council Australian Code of Practice for the 

Care of Animals for Scientific Purposes. Female C57BL/6 mice aged 8 weeks (18–22 g) 

purchased from the Animal Resource Centre (Perth, Australia) were used for the experi-

ments. Mice had free access to food and water and were kept under a 12 h light/dark cycle 

in a well-ventilated room at an approximate temperature of 22 °C. Mice acclimatized for 

a minimum of 5 days prior to the commencement of experiments. 

3.2. Treatment Protocols 

Mice were randomly assigned to either METH- or sham-treatment groups. Metham-

phetamine hydrochloride (>98%, National Measurement Institute, Lindfield, NSW, Aus-

tralia) (30 mg/kg body weight) was diluted in injectable sterile saline. All working solu-

tions were prepared separately based on animal body weight to ensure that all animals 

received the same dose and 0.1 mL was administered via a single intraperitoneal injection. 

This study followed the simple practice guide for dose conversion between animals and 

humans [88] to calculate the METH dose similar to the drug levels in human users. Previ-

ous studies showed a single dose of METH induced neurotoxicity in rodents [89]. The 

intraperitoneal injection was chosen due to the ability to control the dosage amount accu-

rately, and the administration is systemic, so the METH will reach the blood with com-

plete bioavailability. A previous study by Harris et al. showed the elimination half-life of 

METH for intravenous and intranasal were 11.4 and 10.7 h, respectively [6]. In a similar 

study, Hendrickson et al. showed that the route of administration did not significantly 

affect these pharmacokinetic parameters of METH [90]. Sham-control mice received a sin-

gle injection of 0.1 mL 0.9% sodium chloride solution. The maximum injection volume did 

not exceed 200 μL per injection for all mice. A single dose of METH injection corresponds 

to acute-METH administration protocol. 

3.3. Behavioral Assessment 

Three established behavioral tests, including LDT, OFT, and EMT, were performed 

to assess anxiety levels following METH- or sham- exposure. The behavioral studies were 

performed after three hours of treatment administration. Mice were acclimatized in their 

cages in the procedure room for 1 h before commencing behavioral studies. All tests were 

conducted in the same order due to the consistency of the experimental design. The ex-

perimental time for all animals was identical, exactly 3 h after METH administration. 

3.3.1. Light and Dark Test (LDT) 

This model of anxiety was based on the previously described method by Misslin et 

al. (1989) [91]. The chamber was made of polyvinyl chloride covered with plexiglass. The 

lightbox (28 × 20 × 20 cm) is larger than the dark box (15 × 20 × 20 cm). These boxes are 
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attached on one side with a cut-out at the bottom (5 × 5 cm) and a sliding door with which 

the channel can be opened and closed. The light intensity in the center of the illuminated 

box was 900 lux, while the interior area of the dark box was utterly dark [83]. At the be-

ginning of the experiment, a mouse was placed in the illuminated box. Then, the sliding 

door was removed after five seconds, and the mouse could explore freely between the 

chambers. A bird’s eye view camera captured the entire test session, and the following 

parameters during a 10 min period were analyzed automatically by an in-housed-devel-

oped software: (a) travel distance; (b) light/dark boxes transition, and (c) time spent in the 

dark box. Although the test-induced anxiety may contaminate these parameters, they 

were recorded to measure general motor activity in the same context as the anxiety eval-

uation. The results were expressed as a mean of total traveled distance in the lightbox, 

mean total number of light/dark box transitions, and mean time spent in the dark box. The 

software automatically generated a tracking map based on the mouse travel road map in 

the lightbox. The travel map was used for quantitative comparisons between treatment 

groups. 

3.3.2. Open-Field Test (OFT) 

The test employed a square box of white matt polyvinyl chloride with internal di-

mensions of 72 × 72 cm and 33 cm height of walls [92]. The open box was illuminated with 

approximately 900 lux during the experiment. At the start of each test, the mouse was 

placed in the middle of the box and allowed to explore the box over the test period. A 

bird’s eye view camera captured the entire test session, and the following parameters dur-

ing a 5 min period were analyzed automatically by an in-house-developed software: (a) 

travel distance; (b) Time spent in corners and center (Software was programmed to mon-

itor 24 × 24 cm center of the arena), (c) Transition in corners and center and (d) Immobility 

(grooming) period. The results were expressed as mean total travel distance in the box, 

meaning a total number of center and corners transition, mean time spent in the corner 

and centers, and meantime of immobility (grooming) period. The software automatically 

generated a tracking map based on the mouse travel road map in the box. The travel map 

was used for quantitative comparison between treatment groups. 

3.3.3. Elevated-Maze Test (EMT) 

The maze was elevated to a height of 45 cm with two enclosed (5 × 30 cm) and two 

open arms (5 × 30 cm), arranged so that the arms of the same type were opposite each 

other, connected by an open central area (5 × 5 cm). To prevent mice from falling off, a rim 

(0.5 cm high) surrounded the perimeter of the open arms [93]. The light intensity on the 

central platform was 900 lux. At the beginning of the study, each mouse was placed on 

the middle platform of the cross, facing one of the open arms, and allowed to explore the 

cross over the test period. A bird’s eye view camera captured the entire test session, and 

the following parameters during a 5 min period were analyzed automatically by an in-

housed-developed software: (a) time spent in arms and center and (b) transition between 

arms. The results were expressed as the mean time spent in arms and center and the mean 

total number of transitions between the corner and centers. 

3.4. Blood and Tissue Collection 

Following the behavior studies, mice were euthanized for tissue collection immedi-

ately with an administration of 200 μL pentobarbital (80 mg/kg body weight). First, the 

cardiac puncture technique was used to collect blood from the heart. Then, distal colon 

tissues were collected, opened along the mesenteric border, and pinned flat with the mu-

cosa facing upwards onto a Krebs solution-filled Sylgard-lined Petri dish. The tissue was 

fixed overnight at 4 °C with Zamboni’s fixative (2% formaldehyde containing 0.2% satu-

rated picric acid). The next day the tissues were washed with dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich, Macquarie Park, NSW, Australia) (3 × 10 min) followed by PBS (3 × 10 
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min). After washing, tissues were embedded in optimal cutting temperature compound 

(OCT-compound, Tissue-Tek, St, Torrance, CA, USA) and frozen using liquid-nitrogen 

and 2-methyl butane (Sigma-Aldrich, Australia) and stored in a −80 °C freezer as in our 

previous studies described [94]. In addition, the brain perfusion fixation technique was 

employed on brain tissue to remove blood proteins that can interact with antibodies in the 

ex vivo studies. 

3.5. Immunohistocemistry 

3.5.1. Gut Tissue 

Immunohistochemistry (IHC) was used to evaluate changes in immune cell infiltra-

tion and gut permeability. Therefore, the expression of the immune cells, labeled with a 

pan-leukocyte marker (anti-CD45), tight junction proteins, labeled with a zonula occlud-

ents-1 marker (anti-ZO-1), and epithelial cells, labeled with an epithelial cell adhesion 

molecule marker (anti-EpCAm) in colon tissues were studied following METH- and 

sham-administration. Tissues were cut into 20 μm sections using a Leica CM1950 cryostat 

(Leica Biosystem, Nussloch, Germany), adhered to slides, and allowed to rest for 30 min 

at room temperature before processing. The slides were treated with 10 % (v:v) normal 

donkey serum (Merck Millipore, Darmstadt, Germany) and incubated for one hour at 

room temperature. Sections were labeled with EpCAM (Rabbit, 1:750, Abcam, Cambridge, 

UK), ZO-1 (Rat, 1:500, Invitrogen, Waltham, MA, USA), and CD45 (Rat, 1:500, Abcam, 

UK) antibodies overnight at room temperature. Slides were washed and labeled with sec-

ondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA) for 2 h at room tem-

perature. Finally, 4′,6′-diamino-2-phenylindole dihydrochloride (DAPI; blue) was used to 

highlight the nucleus of all cells. All tissues were mounted on glass slides with a fluores-

cent mounting medium (DAKO, North Sydney, NSW, Australia). 

3.5.2. Mid-Brain Tissue 

IHC was used to evaluate the BBB permeability changes in the brain’s hippocampus 

region in sham vs. METH-treated groups. Immune cells were labeled with the pan-leuko-

cyte marker (anti-CD45), gut-derived albumin was labeled with an anti-albumin anti-

body, astrocytes were labeled with an anti-glial fibrillary acidic protein (GFAP) antibody, 

and microglial cells were labeled with anti-TMEM119 antibody. Brain samples were cryo-

sectioned towards sagittal (level 10–15 using 15 μm intervals) and coronal regions of the 

hippocampus (bregma −1.46 mm to −2.30 mm using 20 μm thickness). Tissues were 

mounted on glass slides for IHC and histological techniques. Prepared slides were treated 

with Zambonis’ fixative (2% formaldehyde and 0.2% saturated picric acid) for 105 min at 

room temperature. Specimens were subjected to a 1× PBS wash for 10 min followed by 10 

min incubation with hydrogen peroxide to block endogenous peroxidase activity. Heat-

Induced epitope retrieval (HIER) was used to expose epitope biding sites to ensure se-

lected antibody conjugation. Slides were submerged in 1 L of 0.01 M of sodium citrate for 

20 min and maintained at 85 °C, followed by a cooling period for a further 20 min before 

removing from the buffer. Following HIER, samples were washed in 1× PBS+ Triton-X 

(0.1%, 1×PBS-T) 3 times for 10 min. They were incubated with 10% normal donkey serum 

(NDS) (Merck Millipore, Australia) at room temperature for 1 h prior to labeling with 

primary antibodies. Primary antibodies (GFAP; goat, 1:1000; TMEM119; rabbit, 1:1000; 

Albumin; rabbit, 1:500; CD45, rat, 1:1000) were applied to each slide in 200 μL PBS-T (2% 

NDS), saturating the sections overnight at room temperature. Sections were washed in 1× 

PBS-T (3 × 10 min) and incubated with fluorophore-conjugated secondary antibodies 

(Abcam). All specimens were labeled with DAPI to label cell nuclei before mounting onto 

glass slides with DAKO. 

Images were captured using a Nikon Eclipse Ti laser scanning microscope (Nikon, 

Tokyo, Japan). Three-dimensional images were captured at 40× magnification so that eight 

random images covered a total area of 0.4 mm2. Images were analyzed using ImageJ (the 
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original ImageJ/ ImageJ 1.x). Images were converted from RGB to 8-bit, after which the 

auto threshold method of Max Entropy was applied to all images. Once the threshold was 

set for each image, the number of pixels of positive staining per field of view (FOV) was 

counted using the Analyze Particles function by the original ImageJ/ImageJ 1.x. 

3.6. Fatty Acid Binding Protein-1 Assay 

The small intestine is responsible for the assimilation of dietary lipid as well as the 

reuptake of bile acids via the enterohepatic circulation. Differentiated enterocytes of the 

intestine express high levels of two gut-derived Fatty Acid Binding Proteins (FABPs): 

FABP1/LFABP and IFABP/FABP2. The distal small intestine expresses a third member of 

the FABP family, ileal bile acid-binding protein (ILBP; FABP6) [95]. The presence of gut-

derived FABP in the serum is considered indicative of increased gut-wall permeability 

[45]. FABP-1 levels in the serum were measured in METH- and sham-treatment groups 

using Quantikine ELISA (mouse/ rat FABP1/LFABP) (R&D Systems, in vitro Technolo-

gies, Noble Park North Victoria, Australia). 

3.7. RNA Isolation 

Tissues (spleen, brain (the brain tissue after removing prefrontal cortex (PFC) area, 

cerebellum, and brainstem), and hippocampus) were snap-frozen and stored at −80°C for 

gene expression analysis. Total RNA was extracted using TRIzol™ (Invitrogen) and puri-

fied using RNeasy® Mini kit (Qiagen, Chadstone, VIC, Australia), including DNase treat-

ment. Initial homogenization of the tissue was performed using TissueLyser (Qiagen). The 

integrity of the total RNA samples was assessed on an Agilent 2100 Bioanalyzer (Agilent 

Biotechnologies, Santa Clara, CA, USA) with an RNA 6000 Nano Kit (Agilent Biotechnol-

ogies, Santa Clara, California, USA), wherein an RNA Integrity Number (RIN) of more 

than 8.5 was set as the prerequisite for subsequent gene expression analysis. The concen-

tration of individual RNA samples was measured using a Qubit RNA BR Assay (Invitro-

gen, Massachusetts, USA). The purity of the RNA was determined by measuring the 

260/280 and 260/230 ratios using Denovix DS-11 Spectrophotometer (Gene Target Solu-

tions, Sydney, Australia). 

3.8. RT2 Profiler PCR Gene Arrays 

The RT2 Profiler PCR array Mouse Cancer Inflammation and Immunity Crosstalk (Qi-

agen) was used to determine the expression of selected immune and inflammation-related 

genes in the spleen. This gene array was chosen as it includes a selection of inflammatory 

and immune-related genes. Reverse transcription was carried out with the RT2 First 

Strand kit (Qiagen, Chadstone, VIC, Australia) using 0.5 μg pooled RNA as a template. 

PCR was performed in a Biorad CFX96 thermal cycler using the recommended PCR cy-

cling conditions, followed by melt curve analysis to verify PCR specificity. Data analysis 

was performed using Bio-rad CFX Maestro™ software, version 1.1, normalizing expres-

sion to the mean of five reference genes (Gapdh; B2m; Actb; Gusb and Hsp90ab1). Fold 

change was determined using the delta-delta CT method [96]. The arrays were performed 

in duplicate, and specific genes showing an expression difference of ≥2-fold relative to 

control were selected for validation using gene-specific RT-qPCR. Low genes expressed 

at levels near the detection limits (Ct > 35) and genes without a unique melting point were 

not considered further. 

3.9. RT-PCR 

RT-PCR was used to determine the expression of pro-inflammatory cytokines (IL-1β, 

TNFα, and IL-6), chemokines (Cxcl1 and Cxcl5), and glial cell markers (GFAP, Iba-1, and 

S100b) in the mouse brain (Hippocampus and brain (the brain tissue after removing pre-

frontal cortex (PFC) area, cerebellum, and brainstem). RT-PCR was performed with cDNA 

reverse transcribed from DNase-treated RNA (1 μg) using SuperScript IV VILO Master 
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Mix (Life Technologies, ThermoFisher, Melbourne, Australia). PCR was performed using 

SsoAdvanced™ SYBR Green Supermix (Bio-Rad, CA, USA) with pre-designed primer 

pairs from Integrated DNA Technologies (IDT, Coralville, IA, USA). All primer sets were 

intron spanning. PCR reactions included a minimum of two technical replicates for each 

biological replicate. Data analysis was performed using CFX™ Maestro (Bio-Rad), version 

1.1). Normalized relative quantities (NRQ) were determined using the formula 2−delta−Ct, 

where delta-Ct represents the difference between the METH- and sham-treated groups, 

normalized to the mean of stable reference genes (hippocampus Actin, Gus, Gapdh; mid- 

brain Gapdh, Gus). Data are presented as fold-change, compared to non-treated controls. 

3.10. Statistical Analysis 

Analyses were performed using Graph Pad Prism (Graph Pad Software Inc., San Di-

ego, CA, USA) software and applied Student’s unpaired two-tailed t-test or ANOVA to 

compare data between multiple groups. Statistical analysis of RT-PCR significance was 

determined using an unpaired, two-tailed t-test on log2 transformed normalized relative 

expression (NRQ) values. All data are presented as mean ± standard error of the mean 

(SEM). 

4. Conclusions and Future Directions 

METH is a member of the amphetamine class of drugs, a group of highly addictive 

synthetic psychoactive stimulants that cause neurotoxic effects in the CNS [97]. In recent 

years, METH use has increased dramatically, becoming a serious public health problem 

worldwide [98–101]. Currently available treatments for METH addiction and its neuro-

psychiatric disorders are inadequate and associated with many side effects. The ineffi-

ciency of the existing treatments requires the development of novel, more effective thera-

pies for METH addiction, which is a growing public health concern. The inefficiency of 

existing treatment methods has driven research into understanding the mechanisms un-

derlying METH-induced disorders and finding effective treatments. One of the potential 

underlying molecular mechanisms focusses on the impact of METH abuse on gut perme-

ability. METH causes rapid and sustained release of stress mediator, norepinephrine, 

which results in arterial vasoconstriction leading to increased heart rate and hypertension. 

Similar effects can also be seen in the mesenteric vessels leading to acute intestinal ische-

mia [14,102]. In METH users, the most common effects of gastrointestinal (GI) vasocon-

striction and bowel ischemia include abdominal or stomach cramping, constipation, diar-

rhoea, and tissue dehydration. In some cases, loss of blood flow to GI muscles leads to 

severe, potentially fatal GI problems such as paralytic ileus [103]. Potential consequences 

of paralytic ileus include severe infection, tissue death (gangrene), formation of holes in 

the intestinal wall and serious disruptions in the levels of electrolytes. In severe cases 

bowel infarction can lead to development of septic shock with multiple organ failure [102]. 

Bowel ischemia associates with increased intestinal permeability. Several findings suggest 

that dysfunction of intestinal mucosal barrier leading to increased epithelial permeability 

and systemic inflammation which plays an important role in the pathophysiology of de-

pression, cognitive decline, anxiety, chronic fatigue, and eating and sleep disorders. All of 

these are present in METH users. However, the link between METH-induced increase in 

intestinal permeability and damage to the GI tract leading to systemic immune response 

and neuropsychiatric disorders has not been elucidated. This study aimed to understand 

the complex interactions of the gastrointestinal-immune-nervous systems following an 

acute METH dose administration. 

The findings of this study showed that the expression of tight junction proteins ZO-

1 and EpCAm in intestinal tissue has significantly decreased after single dose of METH 

administration. Moreover, the presence of FABP-1 in sera of METH treated mice suggests 

intestinal wall disruption. The increase in expression of CD45+ immune cells in the intes-

tinal wall further confirms gut wall inflammation/disruption. Several findings suggest 

that dysfunction of intestinal mucosal barrier leading to increased epithelial permeability 
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and systemic inflammation which plays an important role in the pathophysiology of de-

pression, cognitive decline, anxiety, chronic fatigue, and eating and sleep disorders. In 

addition, findings revealed that in the brain, the expression of inflammatory markers Ccl2, 

Cxcl1, IL-1β, TMEM119, and the presence of albumin were higher in METH mice com-

pared to shams, suggesting METH-induced blood–brain barrier disruption. METH de-

creases BBB structural proteins and increases BBB permeability to various molecules and 

gut-derived endotoxins into the brain. In this study presence of gut-derived albumin was 

used to confirm increases in the BBB permeability. However, the levels of neurofilament 

light protein (NFL), a cytoskeletal polypeptide of the axon, and chitinase 3-like 1 (CHI3L1, 

also known as YKL40 or gp39), a glycoprotein secreted by activated glia in the CNS, could 

be considered to confirm BBB leakage in future studies. Moreover, findings showed the 

cellular and gene changes in the spleen 3 h after METH administration, indicating reduced 

immune cell populations in the spleen. This might be due to the migration of immune 

cells from the spleen to the gut and induction of peripheral inflammation in response to a 

single acute METH dose administration. Finally, the behavioural study results indicate 

that the mice treated with an acute dose of METH showed anxious behavior compared to 

sham controls. 

It is well-established that METH can lead to various neuropsychiatric issues, includ-

ing cognitive decline, anxiety, depression, violent behavior, and psychosis. However, the 

complex mechanisms underpinning these effects are not yet fully understood. Due to its 

lipophilic nature and structural similarity to dopamine, METH quickly penetrates the 

CNS exerting a range of pharmacological effects directly on the nerve cells and neuro-

transmitter function. METH also exerts significant pro-inflammatory effects [72,104–107]. 

This study determined the cellular and molecular changes in the gut, brain, and spleen 

concurrently to elucidate further the neuro-immune interactions that might predispose the 

development of METH-induced mental health issues. Moreover, METH-induced altera-

tions in the gut microbiome increase intestinal permeability, and intestinal inflammation 

may be correlated with the observed CNS alterations leading to METH-induced anxiety 

and depression. Therefore, further study is required to evaluate the association of METH-

induced anxiety and depression and gut microbiota or its metabolites. 

In conclusion, we demonstrated that a single dose of METH induces complex inter-

actions of the gastrointestinal-immune-nervous systems. Understanding the mechanisms 

underlying METH-induced inflammation and anxiety might provide an opportunity to 

develop an effective treatment for METH addiction in the future. The findings of this 

study suggest several potential therapeutic pathways that might lead to designing an ef-

ficient treatment against METH-induced anxiety and depression. These options include 

but are not limited to (i) targeting leaky gut to prevent entrance of endotoxins to the blood 

circulation and brain, (ii) reducing BBB disruption, (iii) immunomodulation to prevent 

inflammation. Studies are under way in our laboratory to understand the mechanisms 

involving METH-induced disorders and design an effective treatment against METH ad-

diction [35]. 

Author Contributions: Conceptualization, K.N., K.T. and V.A.; methodology, M.D., A.H., M.M., 

N.R. and P.S.; software, M.D.; validation, M.D.P., S.F.; formal analysis, M.D.; investigation, M.D., 

A.H., N.R. and R.T.F.; resources, K.N. and V.A.; data curation, S.F.; writing—original draft prepa-

ration, M.D., S.F. and V.A.; writing—review and editing, V.A., K.N., K.T., M.M., M.L.M., S.F. and 

M.D.P.; visualization, M.D.; supervision, K.N and V.A.; project administration, K.N. and V.A. All 

authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: All procedures were carried out following the Australian 

Code of Practice for the Care of Animals for Scientific Purposes and were formally approved by the 

Victoria University Animal Experiment Ethics Committee (18/005). 

Informed Consent Statement: Not applicable. 



Int. J. Mol. Sci. 2022, 23, 11224 21 of 25 
 

 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Acknowledgments: The authors would like to thank Graeme Wise and Angelina Wise, whose gen-

erous philanthropic support for the research study. The authors would also like to thank the Immu-

nology and Translational Research Group and the Intestinal Neuropathy Group for their ongoing 

discussions. The Institute for Health and Sport, Victoria University Australia, also appreciate their 

support. M.D., A.H., and N.R. were supported by Victoria University Postgraduate Scholarships. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Papageorgiou, M.; Raza, A.; Fraser, S.; Nurgali, K.; Apostolopoulos, V. Methamphetamine and its immune-modulating effects. 

Maturitas 2019, 121, 13–21. 

2. Hossain, M.K.; Hassanzadeganroudsari, M.; Kypreos, E.; Feehan, J.; Apostolopoulos, V. Immune to addiction: How 

immunotherapies can be used to combat methamphetamine addiction. Expert Rev. Vaccines 2021, 20, 707–715. 

3. Kevil, C.G.; Goeders, N.E.; Woolard, M.D.; Bhuiyan, M.S.; Dominic, P.; Kolluru, G.K.; Arnold, C.L.; Traylor, J.G.; Orr, A.W. 

Methamphetamine Use and Cardiovascular Disease. Arter. Thromb. Vasc. Biol. 2019, 39, 1739–1746. 

https://doi.org/10.1161/ATVBAHA.119.312461. 

4. Chiang, M.; Lombardi, D.; Du, J.; Makrum, U.; Sitthichai, R.; Harrington, A.; Shukair, N.; Zhao, M.; Fan, X. Methamphetamine-

associated psychosis: Clinical presentation, biological basis, and treatment options. Hum. Psychopharmacol. Clin. Exp. 2019, 34, 

e2710. 

5. Glasner-Edwards, S.; Mooney, L.J. Methamphetamine psychosis: Epidemiology and management. CNS Drugs 2014, 28, 1115–

1126. https://doi.org/10.1007/s40263-014-0209-8. 

6. Harris, D.S.; Boxenbaum, H.; Everhart, E.T.; Sequeira, G.; Mendelson, J.E.; Jones, R.T. The bioavailability of intranasal and 

smoked methamphetamine. Clin. Pharmacol. Ther. 2003, 74, 475–486. https://doi.org/10.1016/j.clpt.2003.08.002. 

7. Spalding, F. Methamphetamine: The Dangers of Crystal Meth; The Rosen Publishing Group, Inc.: New York, NY, USA, 2006. 

8. May, A.C.; Aupperle, R.L.; Stewart, J.L. Dark Times: The Role of Negative Reinforcement in Methamphetamine Addiction. 

Front. Psychiatry 2020, 11, 114. https://doi.org/10.3389/fpsyt.2020.00114. 

9. Kirkpatrick, M.G.; Haney, M.; Vosburg, S.K.; Comer, S.D.; Foltin, R.W.; Hart, C.L. Methamphetamine self-administration by 

humans subjected to abrupt shift and sleep schedule changes. Psychopharmacology 2009, 203, 771–780. 

https://doi.org/10.1007/s00213-008-1423-1. 

10. Mendelson, J.; Rawson, R.; Newton, T.; Galloway, G.; de Wit, H.; Dewey, S.L.; Hart, C.L.; Epstein, D.H. Treatment of 

methamphetamine dependence. Mayo Clin. Proc. 2008, 83, 369–370. https://doi.org/10.4065/83.3.369-a. 

11. Perez, A.Y.; Kirkpatrick, M.G.; Gunderson, E.W.; Marrone, G.; Silver, R.; Foltin, R.W.; Hart, C.L. Residual effects of intranasal 

methamphetamine on sleep, mood, and performance. Drug Alcohol Depend. 2008, 94, 258–262. 

https://doi.org/10.1016/j.drugalcdep.2007.10.011. 

12. Shaner, J.W.; Kimmes, N.; Saini, T.; Edwards, P. “Meth mouth”: Rampant caries in methamphetamine abusers. AIDS Patient 

Care STDs 2006, 20, 146–150. https://doi.org/10.1089/apc.2006.20.146. 

13. Williams, N.; Covington, J.S., 3rd. Methamphetamine and meth mouth: An overview. J. Tenn. Dent. Assoc. 2006, 86, 32–35. 

14. Herr, R.D.; Caravati, E.M. Acute transient ischemic colitis after oral methamphetamine ingestion. Am. J. Emerg. Med. 1991, 9, 

406–409. https://doi.org/10.1016/0735-6757(91)90073-s. 

15. Prakash, M.D.; Tangalakis, K.; Antonipillai, J.; Stojanovska, L.; Nurgali, K.; Apostolopoulos, V. Methamphetamine: Effects on 

the brain, gut and immune system. Pharmacol. Res. 2017, 120, 60–67. 

16. Persons, A.L.; Bradaric, B.D.; Dodiya, H.B.; Ohene-Nyako, M.; Forsyth, C.B.; Keshavarzian, A.; Shaikh, M.; Napier, T.C. Colon 

dysregulation in methamphetamine self-administering HIV-1 transgenic rats. PLoS ONE 2018, 13, e0190078. 

https://doi.org/10.1371/journal.pone.0190078. 

17. Amini, A.; Nagalli, S. Bowel Ischemia. In StatPearls; StatPearls Publishing: St. Petersburg, FL, USA, 2020. 

18. Suzuki, T. Regulation of intestinal epithelial permeability by tight junctions. Cell. Mol. Life Sci. CMLS 2013, 70, 631–659. 

https://doi.org/10.1007/s00018-012-1070-x. 

19. Northrop, N.A.; Yamamoto, B.K. Methamphetamine effects on blood-brain barrier structure and function. Front. osci. 2015, 9, 

69. https://doi.org/10.3389/fnins.2015.00069. 

20. Rusyniak, D.E. Neurologic manifestations of chronic methamphetamine abuse. Neurol. Clin. 2011, 29, 641–655. 

https://doi.org/10.1016/j.ncl.2011.05.004. 

21. Kempuraj, D.; Thangavel, R.; Selvakumar, G.P.; Zaheer, S.; Ahmed, M.E.; Raikwar, S.P.; Zahoor, H.; Saeed, D.; Natteru, P.A.; 

Iyer, S.; et al. Brain and Peripheral Atypical Inflammatory Mediators Potentiate Neuroinflammation and Neurodegeneration. 

Front. Cell. Neurosci. 2017, 11, 216. 

22. Kwon, H.S.; Koh, S.-H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl. 

Neurodegener. 2020, 9, 42. 



Int. J. Mol. Sci. 2022, 23, 11224 22 of 25 
 

 

23. Berridge, C.W. Neural substrates of psychostimulant-induced arousal. Neuropsychopharmacol. Off. Publ. Am. Coll. 

Neuropsychopharmacol. 2006, 31, 2332–2340. https://doi.org/10.1038/sj.npp.1301159. 

24. Bachiller, S.; Jiménez-Ferrer, I.; Paulus, A.; Yang, Y.; Swanberg, M.; Deierborg, T.; Boza-Serrano, A. Microglia in Neurological 

Diseases: A Road Map to Brain-Disease Dependent-Inflammatory Response. Front. Cell. Neurosci. 2018, 12, 488. 

25. Skaper, S.D.; Facci, L.; Zusso, M.; Giusti, P. An Inflammation-Centric View of Neurological Disease: Beyond the Neuron. Front. 

Cell. Neurosci. 2018, 12, 72. https://doi.org/10.3389/fncel.2018.00072. 

26. Sharma, H.S.; Sjöquist, P.O.; Ali, S.F. Drugs of abuse-induced hyperthermia, blood-brain barrier dysfunction and neurotoxicity: 

Neuroprotective effects of a new antioxidant compound H-290/51. Curr. Pharm. Des. 2007, 13, 1903–1923. 

https://doi.org/10.2174/138161207780858375. 

27. Martins, T.; Burgoyne, T.; Kenny, B.A.; Hudson, N.; Futter, C.E.; Ambrosio, A.F.; Silva, A.P.; Greenwood, J.; Turowski, P. 

Methamphetamine-induced nitric oxide promotes vesicular transport in blood-brain barrier endothelial cells. 

Neuropharmacology 2013, 65, 74–82. https://doi.org/10.1016/j.neuropharm.2012.08.021. 

28. Sajja, R.K.; Rahman, S.; Cucullo, L. Drugs of abuse and blood-brain barrier endothelial dysfunction: A focus on the role of 

oxidative stress. J. Cereb. Blood Flow Metab. 2016, 36, 539–554. 

29. Kelly, J.R.; Kennedy, P.J.; Cryan, J.F.; Dinan, T.G.; Clarke, G.; Hyland, N.P. Breaking down the barriers: The gut microbiome, 

intestinal permeability and stress-related psychiatric disorders. Front. Cell. Neurosci. 2015, 9, 392. 

https://doi.org/10.3389/fncel.2015.00392. 

30. Clapp, M.; Aurora, N.; Herrera, L.; Bhatia, M.; Wilen, E.; Wakefield, S. Gut microbiota’s effect on mental health: The gut-brain 

axis. Clin. Pract. 2017, 7, 987–987. https://doi.org/10.4081/cp.2017.987. 

31. Ma, Q.; Xing, C.; Long, W.; Wang, H.Y.; Liu, Q.; Wang, R.-F. Impact of microbiota on central nervous system and neurological 

diseases: The gut-brain axis. J. Neuroinflamm. 2019, 16, 53. 

32. Glasner-Edwards, S.; Marinelli-Casey, P.; Hillhouse, M.; Ang, A.; Mooney, L.J.; Rawson, R. Depression among 

methamphetamine users: Association with outcomes from the Methamphetamine Treatment Project at 3-year follow-up. J. Nerv. 

Ment. Dis. 2009, 197, 225–231. https://doi.org/10.1097/NMD.0b013e31819db6fe. 

33. Darke, S.; Kaye, S.; Duflou, J.; Lappin, J. Completed suicide among methamphetamine users: A national study. Suicide Life-

Threat. Behav. 2019, 49, 328–337. 

34. Hossain, M.K.; Hassanzadeganroudsari, M.; Nurgali, K.; Apostolopoulos, V. Vaccine development against methamphetamine 

drug addiction. Expert Rev. Vaccines 2020, 19, 1105–1114. https://doi.org/10.1080/14760584.2020.1857738. 

35. Kamal Hossain, M.; Davidson, M.; Feehan, J.; Deraos, G.; Nurgali, K.; Matsoukas, J.; Apostolopoulos, V. Development and 

characterization of a novel conjugated methamphetamine vaccine. Vaccine 2022, 40, 5882–5891. 

https://doi.org/10.1016/j.vaccine.2022.08.043. 

36. Zhao, J.; Shen, S.; Dai, Y.; Chen, F.; Wang, K. Methamphetamine Induces Intestinal Inflammatory Injury via Nod-Like Receptor 

3 Protein (NLRP3) Inflammasome Overexpression In Vitro and In Vivo. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2019, 25, 

8515–8526. https://doi.org/10.12659/msm.920190. 

37. Attaran, H. Fatal Small Intestinal Ischemia Due to Methamphetamine Intoxication: Report of a Case With Autopsy Results. Acta 

Med. Iran. 2017, 55, 344–347. 

38. Tornavaca, O.; Chia, M.; Dufton, N.; Almagro, L.O.; Conway, D.E.; Randi, A.M.; Schwartz, M.A.; Matter, K.; Balda, M.S. ZO-1 

controls endothelial adherens junctions, cell-cell tension, angiogenesis, and barrier formation. J. Cell Biol. 2015, 208, 821–838. 

https://doi.org/10.1083/jcb.201404140. 

39. Mahajan, S.D.; Aalinkeel, R.; Sykes, D.E.; Reynolds, J.L.; Bindukumar, B.; Adal, A.; Qi, M.; Toh, J.; Xu, G.; Prasad, P.N.; et al. 

Methamphetamine alters blood brain barrier permeability via the modulation of tight junction expression: Implication for HIV-

1 neuropathogenesis in the context of drug abuse. Brain Res. 2008, 1203, 133–148. https://doi.org/10.1016/j.brainres.2008.01.093. 

40. Kozan, P.A.; McGeough, M.D.; Peña, C.A.; Mueller, J.L.; Barrett, K.E.; Marchelletta, R.R.; Sivagnanam, M. Mutation of EpCAM 

leads to intestinal barrier and ion transport dysfunction. J. Mol. Med. 2015, 93, 535–545. 

41. Trzpis, M.; McLaughlin, P.M.J.; de Leij, L.M.F.H.; Harmsen, M.C. Epithelial cell adhesion molecule: More than a carcinoma 

marker and adhesion molecule. Am. J. Pathol. 2007, 171, 386–395. https://doi.org/10.2353/ajpath.2007.070152. 

42. Straub, R.H.; Schradin, C. Chronic inflammatory systemic diseases: An evolutionary trade-off between acutely beneficial but 

chronically harmful programs. Evol. Med. Public Health 2016, 2016, 37–51. 

43. Pelsers, M.M.A.L.; Namiot, Z.; Kisielewski, W.; Namiot, A.; Januszkiewicz, M.; Hermens, W.T.; Glatz, J.F.C. Intestinal-type and 

liver-type fatty acid-binding protein in the intestine. Tissue distribution and clinical utility. Clin. Biochem. 2003, 36, 529–535. 

44. Lau, E.; Marques, C.; Pestana, D.; Santoalha, M.; Carvalho, D.; Freitas, P.; Calhau, C. The role of I-FABP as a biomarker of 

intestinal barrier dysfunction driven by gut microbiota changes in obesity. Nutr. Metab. 2016, 13, 31. 

45. Celi, P.; Verlhac, V.; Pérez Calvo, E.; Schmeisser, J.; Kluenter, A.-M. Biomarkers of gastrointestinal functionality in animal 

nutrition and health. Anim. Feed. Sci. Technol. 2019, 250, 9–31. 

46. Sulaiman, S.; Marciani, L. MRI of the Colon in the Pharmaceutical Field: The Future before us. Pharmaceutics 2019, 11, 416. 

https://doi.org/10.3390/pharmaceutics11040146. 

47. Precup, G.; Vodnar, D.C. Gut Prevotella as a possible biomarker of diet and its eubiotic versus dysbiotic roles: A comprehensive 

literature review. Br. J. Nutr. 2019, 122, 131–140. https://doi.org/10.1017/s0007114519000680. 

48. Azzouz, L.L.; Sharma, S. Physiology, large intestine. In StatPearls; StatPearls Publishing: 2019. 



Int. J. Mol. Sci. 2022, 23, 11224 23 of 25 
 

 

49. Silverberg, M.S.; Satsangi, J.; Ahmad, T.; Arnott, I.D.R.; Bernstein, C.N.; Brant, S.R.; Caprilli, R.; Colombel, J.-F.; Gasche, C.; 

Geboes, K.; et al. Toward an Integrated Clinical, Molecular and Serological Classification of Inflammatory Bowel Disease: 

Report of a Working Party of the 2005 Montreal World Congress of Gastroenterology. Can. J. Gastroenterol. 2005, 19, 269076. 

https://doi.org/10.1155/2005/269076. 

50. Daneman, R.; Prat, A. The blood–brain barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. 

51. Park, M.; Kim, H.-J.; Lim, B.; Wylegala, A.; Toborek, M. Methamphetamine-induced Occludin Endocytosis Is Mediated by the 

Arp2/3 Complex-regulated Actin Rearrangement*♦. J. Biol. Chem. 2013, 288, 33324–33334. 

52. Ramirez, S.H.; Potula, R.; Fan, S.; Eidem, T.; Papugani, A.; Reichenbach, N.; Dykstra, H.; Weksler, B.B.; Romero, I.A.; Couraud, 

P.O.; et al. Methamphetamine disrupts blood-brain barrier function by induction of oxidative stress in brain endothelial cells. J. 

Cereb. Blood Flow Metab. 2009, 29, 1933–1945. https://doi.org/10.1038/jcbfm.2009.112. 

53. Martins, T.; Baptista, S.; Gonçalves, J.; Leal, E.; Milhazes, N.; Borges, F.; Ribeiro, C.F.; Quintela, O.; Lendoiro, E.; López-

Rivadulla, M.; et al. Methamphetamine transiently increases the blood-brain barrier permeability in the hippocampus: Role of 

tight junction proteins and matrix metalloproteinase-9. Brain Res. 2011, 1411, 28–40. 

https://doi.org/10.1016/j.brainres.2011.07.013. 

54. Turowski, P.; Kenny, B.A. The blood-brain barrier and methamphetamine: Open sesame? Front. Neurosci. 2015, 9, 156. 

https://doi.org/10.3389/fnins.2015.00156. 

55. Bowyer, J.F.; Robinson, B.; Ali, S.; Schmued, L.C. Neurotoxic-related changes in tyrosine hydroxylase, microglia, myelin, and 

the blood-brain barrier in the caudate-putamen from acute methamphetamine exposure. Synapse 2008, 62, 193–204. 

https://doi.org/10.1002/syn.20478. 

56. Saunders, N.R.; Dziegielewska, K.M.; Møllgård, K.; Habgood, M.D. Markers for blood-brain barrier integrity: How appropriate 

is Evans blue in the twenty-first century and what are the alternatives? Front. Neurosci. 2015, 9, 385. 

57. Bowyer, J.F.; Ali, S. High doses of methamphetamine that cause disruption of the blood-brain barrier in limbic regions produce 

extensive neuronal degeneration in mouse hippocampus. Synapse 2006, 60, 521–532. 

58. Frausto, R.F.; Chung, D.D.; Boere, P.M.; Swamy, V.S.; Duong, H.N.V.; Kao, L.; Azimov, R.; Zhang, W.; Carrigan, L.; Wong, D. 

ZEB1 insufficiency causes corneal endothelial cell state transition and altered cellular processing. PLoS ONE 2019, 14, e0218279. 

59. Sheng, P.; Cerruti, C.; Cadet, J.L. Methamphetamine (METH) causes reactive gliosis in vitro: Attenuation by the ADP-

ribosylation (ADPR) inhibitor, benzamide. Life Sci. 1994, 55, Pl51-4. https://doi.org/10.1016/0024-3205(94)00887-6. 

60. Kays, J.S.; Yamamoto, B.K. Evaluation of Microglia/Macrophage Cells from Rat Striatum and Prefrontal Cortex Reveals 

Differential Expression of Inflammatory-Related mRNA after Methamphetamine. Brain Sci. 2019, 9, 340. 

https://doi.org/10.3390/brainsci9120340. 

61. Kitamura, O.; Takeichi, T.; Wang, E.L.; Tokunaga, I.; Ishigami, A.; Kubo, S. Microglial and astrocytic changes in the striatum of 

methamphetamine abusers. Leg. Med. 2010, 12, 57–62. https://doi.org/10.1016/j.legalmed.2009.11.001. 

62. Gonçalves, J.; Martins, T.; Ferreira, R.; Milhazes, N.; Borges, F.; Ribeiro, C.F.; Malva, J.O.; Macedo, T.R.; Silva, A.P. 

Methamphetamine-Induced Early Increase of IL-6 and TNF-α mRNA Expression in the Mouse Brain. Ann. N. Y. Acad. Sci. 2008, 

1139, 103–111. 

63. Moreira da Silva Santos, A.; Kelly, J.P.; Doyle, K.M. Dose-Dependent Effects of Binge-Like Methamphetamine Dosing on 

Dopamine and Neurotrophin Levels in Rat Brain. Neuropsychobiology 2017, 75, 63–71. https://doi.org/10.1159/000480513. 

64. Dang, J.; Tiwari, S.K.; Agrawal, K.; Hui, H.; Qin, Y.; Rana, T.M. Glial cell diversity and methamphetamine-induced 

neuroinflammation in human cerebral organoids. Mol. Psychiatry 2021, 26,1194–1207. 

65. Castellano, P.; Nwagbo, C.; Martinez, L.R.; Eugenin, E.A. Methamphetamine compromises gap junctional communication in 

astrocytes and neurons. J. Neurochem. 2016, 137, 561–575. 

66. Yu, S.; Zhu, L.; Shen, Q.; Bai, X.; Di, X. Recent advances in methamphetamine neurotoxicity mechanisms and its molecular 

pathophysiology. Behav. Neurol. 2015, 2015, 103969. 

67. Wang, Z.; He, D.; Zeng, Y.Y.; Zhu, L.; Yang, C.; Lu, Y.J.; Huang, J.Q.; Cheng, X.Y.; Huang, X.H.; Tan, X.J. The spleen may be an 

important target of stem cell therapy for stroke. J. Neuroinflamm. 2019, 16, 20. https://doi.org/10.1186/s12974-019-1400-0. 

68. Xiong, Y.; Mahmood, A.; Chopp, M. Current understanding of neuroinflammation after traumatic brain injury and cell-based 

therapeutic opportunities. Chin. J. Traumatol. 2018, 21, 137–151. 

69. DiSabato, D.J.; Quan, N.; Godbout, J.P. Neuroinflammation: The devil is in the details. J. Neurochem. 2016, 139, 136–153. 

70. Kim, E.; Yang, J.; Beltran, C.D.; Cho, S. Role of spleen-derived monocytes/macrophages in acute ischemic brain injury. J. Cereb. 

Blood Flow Metab. 2014, 34, 1411–1419. 

71. Jickling, G.C.; Liu, D.; Ander, B.P.; Stamova, B.; Zhan, X.; Sharp, F.R. Targeting neutrophils in ischemic stroke: Translational 

insights from experimental studies. J. Cereb. Blood Flow Metab. 2015, 35, 888–901. https://doi.org/10.1038/jcbfm.2015.45. 

72. Harms, R.; Morsey, B.; Boyer, C.W.; Fox, H.S.; Sarvetnick, N. Methamphetamine administration targets multiple immune 

subsets and induces phenotypic alterations suggestive of immunosuppression. PLoS ONE 2012, 7, e49897. 

https://doi.org/10.1371/journal.pone.0049897. 

73. Gires, O.; Kieu, C.; Fix, P.; Schmitt, B.; Munz, M.; Wollenberg, B.; Zeidler, R. Tumor necrosis factor alpha negatively regulates 

the expression of the carcinoma-associated antigen epithelial cell adhesion molecule. Cancer 2001, 92, 620–628. 

74. Nakajima, A.; Yamada, K.; Nagai, T.; Uchiyama, T.; Miyamoto, Y.; Mamiya, T.; He, J.; Nitta, A.; Mizuno, M.; Tran, M.H.; et al. 

Role of Tumor Necrosis Factor-α in Methamphetamine-Induced Drug Dependence and Neurotoxicity. J. Neurosci. 2004, 24, 

2212–2225. https://doi.org/10.1523/jneurosci.4847-03.2004. 



Int. J. Mol. Sci. 2022, 23, 11224 24 of 25 
 

 

75. Parikh, N.U.; Aalinkeel, R.; Reynolds, J.L.; Nair, B.B.; Sykes, D.E.; Mammen, M.J.; Schwartz, S.A.; Mahajan, S.D. Galectin-1 

suppresses methamphetamine induced neuroinflammation in human brain microvascular endothelial cells: Neuroprotective 

role in maintaining blood brain barrier integrity. Brain Res. 2015, 1624, 175–187. https://doi.org/10.1016/j.brainres.2015.07.033. 

76. Kara, N.; Stukalin, Y.; Einat, H. Revisiting the validity of the mouse forced swim test: Systematic review and meta-analysis of 

the effects of prototypic antidepressants. Neurosci. Biobehav. Rev. 2018, 84, 1–11. 

77. Tanaka, S.; Young, J.W.; Halberstadt, A.L.; Masten, V.L.; Geyer, M.A. Four factors underlying mouse behavior in an open field. 

Behav. Brain Res. 2012, 233, 55–61. 

78. Molendijk, M.L.; de Kloet, E.R. Immobility in the forced swim test is adaptive and does not reflect depression. 

Psychoneuroendocrinology 2015, 62, 389–391. 

79. Burghardt, G.M. Insights found in century-old writings on animal behaviour and some cautions for today. Anim. Behav. 2020, 

164, 241–249. 

80. Santos, N.; Beck, A.; Fontbonne, A. A review of maternal behaviour in dogs and potential areas for further research. J. Small 

Anim. Pract. 2020, 61, 85–92. 

81. Belovicova, K.; Bogi, E.; Csatlosova, K.; Dubovicky, M. Animal tests for anxiety-like and depression-like behavior in rats. 

Interdiscip. Toxicol. 2017, 10, 40–43. 

82. Arrant, A.E.; Schramm-Sapyta, N.L.; Kuhn, C.M. Use of the light/dark test for anxiety in adult and adolescent male rats. Behav. 

Brain Res. 2013, 256, 119–127. https://doi.org/10.1016/j.bbr.2013.05.035. 

83. Bailey, K.R.; Crawley, J.N. Anxiety-Related Behaviors in Mice. In Methods of Behavior Analysis in Neuroscience, 2nd ed.; 

Buccafusco, J.J., Ed.; CRC Press/Taylor & Francis Group: Boca Raton, FL, USA, 2009. 

84. Komada, M.; Takao, K.; Miyakawa, T. Elevated plus maze for mice. JoVE J. Vis. Exp. 2008, 22, e1088. 

85. Sestakova, N.; Puzserova, A.; Kluknavsky, M.; Bernatova, I. Determination of motor activity and anxiety-related behaviour in 

rodents: Methodological aspects and role of nitric oxide. Interdiscip. Toxicol. 2013, 6, 126–135. https://doi.org/10.2478/intox-2013-

0020. 

86. Seibenhener, M.L.; Wooten, M.C. Use of the open field maze to measure locomotor and anxiety-like behavior in mice. JoVE J. 

Vis. Exp. 2015, 96, e52434. 

87. Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents. Nat. Protoc. 2007, 2, 

322–328. https://doi.org/10.1038/nprot.2007.44. 

88. Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–

31. https://doi.org/10.4103/0976-0105.177703. 

89. Fukumura, M.; Cappon, G.D.; Pu, C.; Broening, H.W.; Vorhees, C.V. A single dose model of methamphetamine-induced 

neurotoxicity in rats: Effects on neostriatal monoamines and glial fibrillary acidic protein. Brain Res. 1998, 806, 1–7. 

https://doi.org/. 

90. Hendrickson, H.P.; Hardwick, W.C.; McMillan, D.E.; Owens, S.M. Bioavailability of (+)-methamphetamine in the pigeon 

following an intramuscular dose. Pharm. Biochem. Behav. 2008, 90, 382–386. https://doi.org/10.1016/j.pbb.2008.03.012. 

91. Misslin, R.; Belzung, C.; Vogel, E. Behavioural validation of a light/dark choice procedure for testing anti-anxiety agents. Behav. 

Processes 1989, 18, 119–132. 

92. Nku, C.; Oghale, G.; Ajiwhen, I. Locomotor Behaviour and Anxiety in the Open Field and Light/Dark Box in CD1 Mice Treated 

with Aspirin, Cataflam and Ethanolic Extract of Cannabis sativa. Br. J. Med. Med. Res. 2015, 6, 563–572. 

https://doi.org/10.9734/bjmmr/2015/15032. 

93. Brown, R.E.; Corey, S.C.; Moore, A.K. Differences in measures of exploration and fear in MHC-congenic C57BL/6J and B6-H-

2K mice. Behav. Genet. 1999, 29, 263–271. 

94. Jayathilake, A.G.; Hassanzadeganroudsari, M.; Jovanovska, V.; Luwor, R.B.; Nurgali, K.; Su, X.Q. The comparative anti-cancer 

effects of krill oil and oxaliplatin in an orthotopic mouse model of colorectal cancer. Nutr. Metab. 2022, 19, 12. 

https://doi.org/10.1186/s12986-022-00646-8. 

95. Vassileva, G.; Huwyler, L.; Poirier, K.; Agellon, L.B.; Toth, M.J. The intestinal fatty acid binding protein is not essential for 

dietary fat absorption in mice. FASEB J. 2000, 14, 2040–2046. 

96. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods 2001, 25, 402–408. https://doi.org/10.1006/meth.2001.1262. 

97. Schep, L.J.; Slaughter, R.J.; Beasley, D.M.G. The clinical toxicology of metamfetamine. Clin. Toxicol. 2010, 48, 675–694. 

https://doi.org/10.3109/15563650.2010.516752. 

98. Rommel, N.; Rohleder, N.H.; Wagenpfeil, S.; Haertel-Petri, R.; Kesting, M.R. Evaluation of methamphetamine-associated 

socioeconomic status and addictive behaviors, and their impact on oral health. Addict. Behav. 2015, 50, 182–187. 

https://doi.org/10.1016/j.addbeh.2015.06.040. 

99. Salamanca, S.A.; Sorrentino, E.E.; Nosanchuk, J.D.; Martinez, L.R. Impact of methamphetamine on infection and immunity. 

Front. Neurosci. 2014, 8, 445. https://doi.org/10.3389/fnins.2014.00445. 

100. Ellis, M.S.; Kasper, Z.A.; Cicero, T.J. Twin epidemics: The surging rise of methamphetamine use in chronic opioid users. Drug 

Alcohol Depend. 2018, 193, 14–20. 

101. Hossain, M.K.; Hassanzadeganroudsari, M.; Apostolopoulos, V. Why METH users are at high risk of fatality due to COVID-19 

infection? Expert Rev. Vaccines 2020, 19, 1101–1103. https://doi.org/10.1080/14760584.2020.1858059. 



Int. J. Mol. Sci. 2022, 23, 11224 25 of 25 
 

 

102. Brannan, T.A.; Soundararajan, S.; Houghton, B.L. Methamphetamine-associated shock with intestinal infarction. Medscape Gen. 

Med. 2004, 6, 6. 

103. Carlson, T.L.; Plackett, T.P.; Gagliano, R.A., Jr.; Smith, R.R. Methamphetamine-induced paralytic ileus. Hawai'i J. Med. Public 

Health 2012, 71, 44. 

104. Saito, M.; Terada, M.; Kawata, T.; Ito, H.; Shigematsu, N.; Kromkhun, P.; Yokosuka, M.; Saito, T.R. Effects of single or repeated 

administrations of methamphetamine on immune response in mice. Exp. Anim. 2008, 57, 35–43. 

https://doi.org/10.1538/expanim.57.35. 

105. Martinez, L.R.; Mihu, M.R.; Gacser, A.; Santambrogio, L.; Nosanchuk, J.D. Methamphetamine enhances histoplasmosis by 

immunosuppression of the host. J. Infect. Dis. 2009, 200, 131–141. https://doi.org/10.1086/599328. 

106. Potula, R.; Hawkins, B.J.; Cenna, J.M.; Fan, S.; Dykstra, H.; Ramirez, S.H.; Morsey, B.; Brodie, M.R.; Persidsky, Y. 

Methamphetamine causes mitrochondrial oxidative damage in human T lymphocytes leading to functional impairment. J. 

Immunol. 2010, 185, 2867–2876. https://doi.org/10.4049/jimmunol.0903691. 

107. Tallóczy, Z.; Martinez, J.; Joset, D.; Ray, Y.; Gácser, A.; Toussi, S.; Mizushima, N.; Nosanchuk, J.D.; Goldstein, H.; Loike, J.; et al. 

Methamphetamine inhibits antigen processing, presentation, and phagocytosis. PLoS Pathog. 2008, 4, e28. 

https://doi.org/10.1371/journal.ppat.0040028. 

 


