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ARTICLE INFO ABSTRACT

Keywords: Methamphetamine (METH) is a stimulant of the central nervous system (CNS) that causes behavioral changes in
Cytokines users. METH is slowly cleared from brain tissue and its chronic use is neurotoxic. METH also alters the cellular
Inflammation and chemical components of inflammation. However, little is known about the effect of a single intravenous dose
Macrophages of METH followed by bacterial lipopolysaccharide (LPS) injection on cellular infiltration and cytokine release in
x::?:;;ﬁ;:tamme brain tissue. Using a murine model of acute METH administration and flow cytometry, we found that combi-

nation of METH and LPS stimulate the infiltration of macrophages (F4/80 % cells) and neutrophils (Ly-6G* cells)
into the CNS. Histological sections of the brainstem of METH-treated and LPS-challenged C57BL/6 mice de-
monstrated considerable leukocyte infiltration relative to untreated, LPS, and METH groups. Moreover, rodents
treated with LPS alone or combined with METH showed elevated levels of pro-inflammatory cytokines mRNA in
brain tissue. Our observations are important because recognizing neuroinflammatory changes after acute METH

administration might help us to understand METH-induced neurotoxicity in users.

1. Introduction

Methamphetamine (METH) is an extremely addictive illicit drug
that acts as a powerful central nervous system (CNS) stimulant and its
abuse is a rising public health concern worldwide [1]. In 2015, a survey
by the United States (US) Department of Health and Human Services
revealed that about 897,000 people aged 12 or older were current users
of METH [2]. The same year, nearly 6000 people died from stimulant
use, mostly METH, a 255% increase from 2005, according to the US
Centers for Disease Control and Prevention [3]. The 2017 World Drug
Report by the United Nations Office on Drugs and Crime published that
the prevalence of the use of METH and other amphetamines was ap-
proximately 37 million people worldwide [4]. In the US, 11% of deaths
associated with drug overdose are attributed to METH and other sti-
mulants [3].

Intravenous METH injection is a common route of abuse, allowing
the user to feel the euphoric effects within minutes due to the release of
dopamine [5]. METH abuse is neurotoxic due to its slow clearance [6]
and can cause hyperthermia or increased brain temperatures, which can
cause aberrant neural function such as irregular neurotransmitter

release and oxidative stress [7]. Brain hyperthermia can also cause an
increase in the permeability of the blood-brain barrier leading to brain
edema that induces brain cell injury or death [8]. METH also acts on
immune cells, diminishing the effector functions of monocytes, natural
killer cells, dendritic cells, macrophages, and neutrophils [9-11]. For
example, METH impairs leukocyte migration, phagocytosis, and mi-
crobicidal activity [12]. Furthermore, METH use is associated with an
increased risk of contracting infectious diseases including HIV, Hepa-
titis C, cutaneous bacterial infections, and sexually transmitted diseases
[1,13].

In this study, we investigated the effect of acute METH adminis-
tration on the inflammatory response in murine brain tissue after an-
tigenic challenge. We selected lipopolysaccharide (LPS), a component
of the cell wall of gram-negative bacteria, for these studies because
which is a T-cell independent antigen that can induce a strong immune
response in rodents. Our data demonstrate that combination of acute
METH and LPS injection stimulates cellular infiltration into the CNS of
mice. While LPS treatment alone was responsible for increased levels of
pro-inflammatory cytokines in brain tissue. Our observations are im-
portant because the identification of neuroinflammatory changes in the
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brain after acute METH exposure may shed light on the mechanisms of
METH-induced neurotoxicity.

2. Materials and methods
2.1. Mouse model of acute METH administration

To simulate an acute usage of METH, C57BL/6 mice (n = 5 per
group; age 6-8 weeks; male and female; Charles Rivers) were injected
through the tail vein with a 100 mL suspension of phosphate buffer
saline (PBS; untreated negative control), 5 mg/kg METH (Sigma), 5 mg/
kg LPS (Sigma), or combination of METH and LPS (METH + LPS). Four
hours after injections, animals were euthanized using CO,, their brains
excised using aseptic techniques, and the tissue used to determine
cellular infiltration, immunohistochemistry, and gene expression stu-
dies. We selected this time point (4 h) because we were interested in
understanding early inflammatory responses to a single injection of
METH, LPS, or combination.

2.2. Ethics statement

All animal studies were conducted according to the experimental
practices and standards approved by the Institutional Animal Care and
Use Committee at the NYIT College of Osteopathic Medicine (NYIT
COM) (Protocol #: 2016-LRM-01).

2.3. Rationale for METH doses used in mice

The concentrations of METH used in the experiments are physio-
logically relevant. Controlled studies have indicated that a single
260 mg dose peaks at a level of 7.5uM [14]. Thus, a single dose of
260 mg would be expected to produce 7.5 to 28.8 uM blood METH le-
vels. Therefore, we selected 5mg/kg/day to perform our in vivo ex-
periments [10,12,15,16]. Additionally, the dose of METH utilized to
perform these experiments is within the range dose (4 to 8 mg/kg/day)
used in a recent study investigating the effects of chronic METH ad-
ministration on brain structure and function in rodents [17].

2.4. Flow cytometry analysis

For flow cytometry staining, primary cells were isolated from 0.1 g
of excised and homogenized brain tissue in 1 mL PBS from 5 mice
treated with PBS, LPS, METH, and METH + LPS as described above; the
cells were washed and then stained with fluorescence-labeled anti-
bodies. Anti-F4/80 (macrophages; dilution: 1:1000; Invitrogen) or Ly-
6G (neutrophils; dilution: 1:1000; Leinco Technologies)-FITC and their
corresponding isotype controls were purchased (Becton Dickinson).
Samples were processed on a BD Accuri C6 flow cytometer and were
analyzed using the FCS express software version 4.

2.5. Histology

After METH administration, each mouse was euthanized and vas-
cularly perfused with 4% paraformaldehyde (PFA) and 10% sucrose
solutions in PBS (pH 7.4). Then, brains were excised and fixed in 4%
PFA for 24 h. Brainstem tissues were processed, embedded in paraffin,
and 4 pm sagittal sections were fixed to glass slides. The tissues were
then stained for either neutrophils or macrophages using Ly-6G anti-
body (dilution: 1:1000; Leinco Technologies) or F4/80 antibody (dilu-
tion: 1:1000; Invitrogen), respectively. Slides were visualized using an
Olympus BX41 inverted microscope (Olympus) and images were ac-
quired with an Olympus DP70 camera using Olympus DP Controller
software version 3. Quantitative measurements of individual image
intensities in the histological analyses for Ly-6G* and F4/80% cells
were performed using ImageJ software (National Institutes of Health).

International Immunopharmacology 75 (2019) 105751

2.6. RNA extraction and cDNA synthesis

For RNA extraction, brain tissue was flash frozen in liquid nitrogen
then pulverized using a glass tissue grinder (Wheaton). TRIzol reagent
(Thermofisher) was added to resulting tissue particulate and RNA ex-
traction was performed using the Purelink RNA Mini Kit
(Thermofisher), following the manufacturer's instructions. To remove
any genomic DNA carryover, the samples were treated with DNase I
(Qiagen) for 30 min at 37 °C, followed by heat inactivation for 5 min at
65 °C. Then, 1 g of total RNA was used to synthesize cDNA with the
Bio-Rad iScript reverse transcriptase kit (Bio-Rad), following the man-
ufacturer's instructions. The control reaction was set up using all
components of the reaction mixture but without the reverse tran-
scriptase enzyme (i.e., no reverse transcriptase).

2.7. Real-time polymerase chain reaction (RT-PCR)

The primers used for RT-PCR analysis were as follows: Sequences of
primers were as follows: IL-1a (forward, 5-CGCTTGAGTCGGCAAAGA
AATC’3’; reverse, 5-GTGCAAGTCTCATGAAGTGAGC-3"), IL-13 (for-
ward, 5-TGCCACCTTTTGACAGTGATG-3’; reverse, 5-ATGAGTGATAC
TGCCTGCCTG-3'), IL-6 (forward, 5-GAGAGGAGACTTCACAGAGGAT
ACC-3’; reverse, 5-GAATTGCCATTGCACAACTCTTTTC-3’), KC (for-
ward, 5-GGCGCCTATCGCCAATGAG-3’; reverse, 5-GTGTGGCTATGA
CTTCGGTTTG-3’), MIP-2 (forward, 5-TGAACAAAGGCAAGGCTAA
CTG-3%; reverse, 5-GTGTGGCTATGACTTCGGTTTG-3’), and TNF-a
(forward, 5-GCCTCTTCTCATTCCTGCTTG-3’; reverse, 5-CTGATGAGA
GGGAGGCCATT-3"). The efficiency of each primer was tested by using a
10-fold serial dilution of the cDNA mixture, and only primers with ef-
ficiencies between 95% and 105% were used for the analysis. The ex-
pression of genes was determined by quantitative PCR using iQ SYBR
Green Supermix (Bio-Rad). Two different control reactions were in-
cluded in the analysis, i.e., a no-template control and a no reverse
transcriptase control. We used actin rRNA as the reference gene (for-
ward, 5-CAGCTCGTGTCGTGAGATGT-3’; reverse, 5-CGTAAGGGCCA
TGATGACTT-3"). Relative expression was determined using the cycle
threshold (AACT) method on a Mastercycler RealPlex2 system
(Eppendorf). Reactions were set up using 300 nM primers and 5 pL of
the cDNA template (diluted 1:10). The cycling conditions used were as
follows: 55 °C for 30 min and then 40 amplification cycles of 95 °C for
155, 55 °C for 30 s, and 72 °C for 30 s. The samples were cooled to 55 °C,
and a melting curve for temperatures between 55 °C and 95 °C, with
0.5 °C increments, was recorded. All reactions were carried out in tri-
plicate. Target gene expression was measured using expression relative
to that of the actin reference gene. Data analysis was carried out using
Mastercycler ep realplex software version 2.0 (Eppendorf).

2.8. Statistical analysis

All data were subjected to statistical analysis using GraphPad Prism
7.0 (GraphPad Software). P values for multiple comparisons were cal-
culated by analysis of variance (ANOVA) and were adjusted by use of
the Tukey post-hoc analysis. P values of < 0.05 were considered sig-
nificantly.

3. Results

3.1. Combination of METH and LPS enhances leukocyte infiltration to the
brain

We assessed the infiltration of leukocytes into the brain of C57BL/6
mice after acute METH administration and LPS challenge using flow
cytometry (Figs. 1 and 2). We did not observe any cellular differences in
mice treated with PBS, LPS or METH alone. However, brain tissue of
METH + LPS-treated animals resulted in significant infiltration of
neutrophils (Ly-6G*; P < 0.001, untreated, METH, and LPS)
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Fig. 1. Combination of METH and LPS challenge increase neutrophil infiltration to the brain. (A) Representative plots of Ly-6G ™ cells in brain tissue excised from
untreated, LPS, METH and METH + LPS-injected C57BL/6 mice were analyzed by flow cytometry. Each plot was generated after 0.1 g of tissue was analyzed. (B)
Counts of neutrophils (Ly-6G+) per 0.1 g of brain tissue of C57BL/6 mice (n = 5) 4 h post-METH and LPS administration are shown. Bars indicate the average number
of Ly-6G™* cells (each circle represents 0.1 g of brain tissue homogenates per mouse; n = 5) for each experimental condition, and error bars indicate standard
deviation (STDEV). (C) Representative Ly-6G stained sections of brainstem tissue excised from untreated, LPS, METH and METH + LPS-injected animals are shown
(scale bar, 500 um; 40 X magnification) with brown staining (black arrows) indicating cellular infiltration. (D) The relative intensity of Ly-6G™* cells was quantified
using NIH ImageJ software. Bars indicate the average relative intensity (arbitrary units, a. u.; each circle represents a random area of the field; n = 10) for each
experimental condition, and error bars indicate STDEV. For B and D, symbols (*, ¢, and vy) indicate P value significance (P < 0.001) calculated using analysis of
variance (ANOVA) and adjusted by use of the Tukey post-hoc analysis. *, ¢, and y indicate significantly higher Ly-6G " cell infiltration than in the untreated, LPS, and
METH-treated groups, respectively. These experiments were performed twice and similar results were obtained. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

(Fig. 1A-B) and macrophages (F4/80"; P < 0.001, untreated, METH,
and LPS) (Fig. 2A-B). Immunohistochemistry analyses of the brainstem
also revealed notable inflammatory differences between METH + LPS-
treated mice and animals of the other groups (Figs. 1C-D and 2C-D).
The images of tissue sections of brains excised from METH + LPS-
treated animals displayed considerable infiltration (black arrows;
brown staining) of neutrophils (Fig. 1C) and macrophages (Fig. 2C),
therefore, validating the flow cytometry analyses. Moreover, the in-
tensity of leukocyte infiltration was quantified and demonstrated that
rodents treated with METH + LPS exhibited significant infiltration of
neutrophils (Fig. 1D) and macrophages (Fig. 2D) relative to the un-
treated (P < 0.001), LPS (P < 0.001), and METH (P < 0.001)
groups. Together, we concluded that acute METH injection and LPS
challenge enhances infiltration of phagocytic cells into the CNS.

3.2. LPS stimulates pro-inflammatory cytokines production in vivo

We investigated the role of METH, LPS, or combination on the gene
expression of pro-inflammatory cytokines in the brain (Fig. 3). Using

RT-PCR, we quantified the mRNA expression levels of the pro-in-
flammatory cytokines, IL-1a, IL-13, IL-6, KC, MIP-2, and TNF-a, in
brain tissue 4h after METH administration and LPS challenge. Our
findings showed significant expression levels of IL-1a, IL-1f, IL-6, KC,
MIP-2, and TNF-a in cerebral tissue of LPS-challenged animals com-
pared to the untreated and METH-treated groups (P < 0.05). Given
that the expression of cytokine genes in mice treated with METH + LPS
were similar (IL-1a, IL-6, KC, TNF-a) or evinced a similar trend (IL-1f,
MIP-2) than those of animals treated with LPS and METH-treated mice
had low levels of pro-inflammatory cytokines expression, we concluded
that LPS not METH was responsible for stimulating cytokine production
in vivo.

4. Discussion

METH is a worldwide healthcare burden causing detrimental effects
on the brain of users due to its slow clearance from the CNS [6]. We
investigated the role of METH and LPS challenge on neuroinflammation
in vivo after acute administration. Our findings show that an acute
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Fig. 2. Combination of METH and LPS challenge increase macrophage infiltration to the brain. (A) Representative plots of F4/80™ cells in brain tissue excised from
untreated, LPS, METH and METH + LPS-injected C57BL/6 mice were analyzed by flow cytometry. Each plot was generated after 0.1 g of tissue was analyzed. (B)
Counts of macrophages (F4/80") per 0.1 g of brain tissue of C57BL/6 mice (n = 5) 4h post-METH and LPS administration are shown. Bars indicate the average
number of F4/80 7 cells (each circle represents 0.1 g of brain tissue homogenates per mouse; n = 5) for each experimental condition, and error bars indicate STDEV.
(C) Representative F4/80 stained sections of brainstem tissue excised from untreated, LPS, METH and METH + LPS-injected animals are shown (scale bar, 500 pm;
40 X magnification) with brown staining (black arrows) indicating cellular infiltration. (D) The relative intensity of F4/80* cells was quantified using NIH ImageJ
software. Bars indicate the average relative intensity (a. u.; each circle represents a random area of the field; n = 10) for each experimental condition, and error bars
indicate STDEV. For B and D, symbols (*, ¢, and v) indicate P value significance (P < 0.001) calculated using ANOVA and adjusted by use of the Tukey post-hoc
analysis. *, ¢, and y indicate significantly higher F4/80* cell infiltration than in the untreated, LPS, and METH-treated groups, respectively. These experiments were
performed twice and similar results were obtained. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

METH exposure and LPS challenge increase the infiltration of neu-
trophils and macrophages within the mouse brain. METH disrupts the
blood brain barrier resulting in increased permeability and enabling the
migration of monocytes [18]. The presence of leukocytes in the brain
can have serious clinical implications resulting in neurotoxicity due to
abundant release of reactive oxygen species (ROS) and inflammatory
mediators. For example, METH-treated macrophages can be toxic to
neurons by stimulating the release of nitric oxide and pro-inflammatory
cytokines [19]. In this regard, we found high levels of TNF-a which has
a direct effect on the expression of inducible nitric oxide synthase, the
enzyme that catalyzes the production of nitric oxide through oxidation
of l-arginine on the cytosolic side of the phagosome membrane [20].
Similarly, neurodegeneration of the substantia nigra involves the in-
filtration of macrophage/microglia cells [21]. Additionally, neutrophils
moving across a layer of cerebrovascular endothelium can produce
ROS, secrete proteases, and de-condensed DNA, promoting neurotoxi-
city [22]. We observed increased levels of KC and MIP-2 mRNA in brain
tissue of METH + LPS-treated mice [23] and these cytokines stimulate
neutrophil infiltration and support this hypothesis.

Since LPS combined with METH are required for phagocytic cell
infiltration into brain tissue, this observation suggests that METH users
that acquire a gram-negative bacterial infection may be particularly
susceptible to leukocyte-induced neurotoxicity. This is especially of
interest for future studies because METH injection is also associated
with the introduction of bacteria into the skin, specifically if the user
fails to clean injection sites or shares drug paraphernalia [24]. Fur-
thermore, METH use causes formication, a sensation of something
crawling on the body or under the skin, which can lead to skin-picking
behavior and skin breakdown allowing infection by microorganisms
[25].

We found that LPS, not METH, stimulates the production of pro-
inflammatory cytokines after acute administration of the drug.
Subcutaneous injection of LPS attenuates METH-induced striatal pro-
duction of pro-inflammatory cytokines [26]. Although many studies
support METH-induced dysregulation of pro-inflammatory cytokines in
the CNS [26-28], it is conceivable that in our studies there was not
sufficient time required for this substance of abuse to modulate the
production of these immune mediators. Even though Gongalves et al.
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Fig. 3. Change in IL-1a (A), IL-1f3 (B), IL-6 (C), KC (D), MIP-2 (E), and TNF-a (F) gene expression in C57BL/6 mice brain 4 h post-METH injection. Relative expression
was normalized to the housekeeping gene actin. Bars signify the average for each experimental condition (n = 5), and error bars indicate STDEV. Symbols (*, ¢, v)
denote P-value significance (P < 0.05) calculated using ANOVA and adjusted by use of the Tukey post-hoc analysis. *, ¢, y represents significant increase in gene
expression compared to the untreated, METH, or METH + LPS groups, respectively. These experiments were performed twice and similar results were obtained.

demonstrated that acute intraperitoneal administration of METH en-
hances production of IL-6 and TNF-a mRNA but not IL-L1f in the
hippocampus, striatum, and frontal cortex in a time-lapse of 2h [29], it
is difficult to compare their study with ours given that the routes of
METH administration used were different. Additionally, the dis-
crepancies between both studies are amplified by the fact that they used
older C57BL/6 mice (32 weeks), animals were treated with a single
dose of METH six times higher than ours, and LPS was not used in
combination with METH.

In conclusion, we demonstrated that acute METH and LPS in-
travenous administration increase the infiltration of macrophages and
neutrophils into the brain of rodents. METH did not alter pro-in-
flammatory cytokine mRNA expression in the CNS. This short report
provides insight into the regulatory activity of METH and LPS on the
inflammatory response in brain tissue, which may have significant
clinical implications in METH users.
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