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Abstract

Methamphetamine (Meth) is an addictive psychostimulant abused worldwide. Ample evidence 

indicate that chronic abuse of Meth induces neurotoxicity via microglia-associated 

neuroinflammation and the activated microglia present in both Meth-administered animals and 

human abusers. The development of anti-neuroinflammation as a therapeutic strategy against Meth 

dependence promotes research to identify inflammatory pathways that are specifically tied to 

Meth-induced neurotoxicity. Currently, the exact mechanisms for Meth-induced microglia 

activation are largely unknown. NLRP3 is a well-studied cytosolic pattern recognition receptor 

(PRR), which promotes the assembly of the inflammasome in response to the danger-associated 

molecular patterns (DAMPs). It is our hypothesis that Meth activates NLRP3 inflammasome in 

microglia and promotes the processing and release of interleukin (IL)-1β, resulting in neurotoxic 

activity. To test this hypothesis, we studied the effects of Meth on IL-1β maturation and release 

from rat cortical microglial cultures. Incubation of microglia with physiologically relevant 

concentrations of Meth after lipopolysaccharide (LPS) priming produced an enhancement on 

IL-1β maturation and release. Meth treatment potentiated aggregation of inflammasome adaptor 

apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), induced 

activation of the IL-1β converting enzyme caspase-1 and produced lysosomal and mitochondrial 

impairment. Blockade of capase-1 activity, lysosomal cathepsin B activity or mitochondrial ROS 

production by their specific inhibitors reversed the effects of Meth, demonstrating an involvement 

of inflammasome in Meth-induced microglia activation. Taken together, our results suggest that 

Meth triggers microglial inflammasome activation in a manner dependent on both mitochondrial 

and lysosomal danger-signaling pathways.
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Introduction

Methamphetamine (Meth) is a highly addictive psychostimulant and the second most widely 

used illicit drug worldwide, after cannabis (Degenhardt et al., 2010). Neurotoxic effects of 

chronic Meth abuse are detected by neuroimaging and psychological tests (Sekine et al., 

2001; Chang et al., 2007). Chronic use of Meth leads to damage in dopaminergic and 

serotoninergic nerve terminals, which is associated with neuropsychiatric dysfunctions 

including deficits in episodic memory, decision making and mental illnesses like anxiety, 

depression, and psychosis (Scott et al., 2007; Glasner-Edwards et al., 2010). Ample evidence 

suggested that neuroinflammation played an important role in Meth-induced neurotoxicity 

(Loftis and Janowsky, 2014). Studies have shown that Meth-mediated neurotoxicity is 

associated with upregulation of pro-inflammatory cytokines and chemokines (Krasnova and 

Cadet, 2009; Loftis and Janowsky, 2014). It has been shown that Meth treatment upregulates 

the expression of interleukin (IL)-1β, tumor necrosis factor α (TNF-α) and CCL2 in several 

brain regions including the striatum and frontal cortex (Flora et al., 2002; Nakajima et al., 

2004; Kelly et al., 2012). As the resident immune cell in CNS system, microglia were found 

over-activated both in Meth-administrated animal models and human patient (Thomas et al., 

2004; Sekine et al., 2008). Because of the persistent neuroinflammation, the recovery often 

takes years (Qin et al., 2007; Gonzalez et al., 2014), Previous studies indicated that 

suppression of neuroinflammation significantly reduced the amount of self-administrated 

drug in mice and attenuated prime- and stress-induced relapse (Beardsley et al., 2010; Snider 

et al., 2013), suggesting that neuroinflammation be a promising target for Meth abuse. 

However, the mechanisms by which Meth initiates the resident proinflammatory cascade are 

still largely unknown.

As microglia are key cellular mediators in neuroinflammatory processes, many early events 

of neurodegeneration are accompanied by microglial activation (Perry et al., 2010). Thus, 

the roles of microglial activation in Meth-induced neurotoxicity have been intensively 

studied (LaVoie et al., 2004; Thomas et al., 2004; Sekine et al., 2008; Friend and Keefe, 

2013). Mounting studies demonstrated that blocking microglial activation effectively 

reduced the Meth-associated neuronal damage and drug-seeking behavior (Thomas and 

Kuhn, 2005b, a; Zhang et al., 2006; Hashimoto et al., 2007; Beardsley et al., 2010; 

Attarzadeh-Yazdi et al., 2014), supporting the central role of microglia in Meth-induced 

neuroinflammation. For this reason, the precise mechanisms by which Meth activates 

microglia are under investigation for many years. Early characterization of Meth-induced 

microglial activation has demonstrated that many direct pharmacological effects associated 

with Meth, such as inhibition of the dopamine transporter (DAT), increase release of 

dopamine (DA), and activation of D1 and/or D2 DA receptors, may not contribute to Meth-

induced microglial activation (Thomas et al., 2004). On the other hand, the time-course, 

dose-response and pharmacological profiles of Meth-induced microglial activation suggest 

that microglia are not merely a secondary response to Meth-induced dopaminergic terminal 

damage (LaVoie et al., 2004; Thomas et al., 2004). Taken together, the cellular target that 

mediated the Meth-induced activation of microglia is still not identified.
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It is well accepted that overactivated microglia produce and release proinflammatory 

cytokines, thus inducing collateral damage to neurons (Colton, 2009). Thus, the most 

prominent feature of neurotoxic microglia is their secretion of proinflammatory cytokines 

like IL-1β. In our study, we primarily focused on identification of receptor that promote 

production of the proinflammatory cytokine in response to Meth treatment. Previous study 

reported that Meth induces the release of damage-associated molecular patterns (DAMPs) 

such as high mobility group box-a (HMGB1) that indirectly targets the microglia to 

upregulate IL-1β expression (Colton, 2009). In a recent study focusing on inflammasome 

activation in Parkinson’s disease, the author discovered that after priming with LPS as first 

signal, the mitochondrial complex-1 inhibiting pesticide rotenone activated the 

inflammasome-induced IL-1β release and thus, promote the dopaminergic neurotoxicity 

(Sarkar et al., 2017). IL-1β is a well-recognized cytokine in the orchestration of CNS 

inflammation and is associated with elevated risk of drug dependence (Liu et al., 2009; Liu 

et al., 2011). On the one hand, alarming signals such as HMGB1 are suggested to play a 

priming role in neuronal stress-induced neuroinflammatory responses (Frank et al., 2015). 

On the other hand, chronic Meth abuser is more susceptible to various infections (Salamanca 

et al., 2014) and the potential disruptive effects of Meth on intestinal permeability are 

receiving more and more attention (Prakash et al., 2017). With the concurrent damage of 

BBB after Meth abuse, increased systematic level of endotoxins might get access to the 

brain (Northrop and Yamamoto, 2015). Taken together, the sensitization of proinflammatory 

responses by these endo- or exogenous danger signals are primarily achieved by priming the 

NLRP3 inflammasome for subsequent immune challenges (Weber et al., 2015). The 

inflammasome is a multiprotein complex consisting of NOD-like receptors (NLRs), 

apoptosis-associated speck-like protein containing a CARD (ASC) and Caspase-1 (Walsh et 

al., 2014). Unlike other cytokines, IL-1β production is controlled by NF-κB and 

inflammasomes at the transcriptional and post-translational levels, respectively. The first 

signal upregulates the expression of pro-IL-1β, and the second signal leads to inflammasome 

activation, further processing and promoting the maturation of IL-1β. The activation of the 

inflammasome must be primed with toll-like receptor (TLR) signaling, which not only keeps 

NLRs from degradation but also increases the expression of pro-IL-1β. Caspase-1 is the 

converting enzyme that cleaves pro-IL-1β into the final active form (Walsh et al., 2014). 

Multiple endogenous danger signals, including lysosome rupture, ROS activation, and low 

intracellular K+, may be required for this process (Walsh et al., 2014).

In the present study, we studied the primary effects of Meth on the production of 

proinflammatory cytokines on primary rat microglial cultures. Pathologically relevant 

concentrations of Meth fail to upregulate proinflammatory cytokines in mRNA levels but 

promote the maturation and release of IL-1β after LPS-induced pro-IL-1β increase. Thus, it 

is hypothesized that Meth potentiates IL-1β secretion and its activity by activating the 

inflammasome. Preventing this may preserve microglia and other nerve cells during early 

abstinence, which in turn should improve cognition and relieve withdrawal symptoms. The 

enhanced IL-1β maturation and secretion contributed to potentiated Meth-induced 

neurotoxicity, which suggests inflammasome as a potential target for future anti-

neuroinflammation therapeutic drug development. A part of results was presented in an 
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abstract form in the 21st Scientific Conference of the Society on NeuroImmune 

Pharmacology (SNIP) held in Miami, FL (April 22–25, 2015).

Materials and Methods

Chemicals

(+)-Methamphetamine (D-Meth), (−)-Methamphetamine (L-Meth) and LPS (from 

Escherichia coli 0111:B4) were purchased from Sigma-Aldrich (St. Louis, MO). Ac-YVAD-

CMK, CA-074Me, and Mito-TEMPO were obtained from Enzo Life Sciences (Farmingdale, 

NY). All chemicals, unless otherwise specified, were from Sigma-Aldrich.

Animals

Pregnant female Sprague-Dawley (SD) rats used for experiments were purchased from 

Charles River Laboratories (Wilmington, MA). Animals were housed at constant 

temperature (22°C) and relative humidity (50%) under a regular light-dark cycle (light on at 

7:00 AM and off at 5:00 PM) with free access to food and water. All animal use procedures 

were strictly reviewed by the Institutional Animal Care and Use Committee (IACUC) of the 

University of Nebraska Medical Center (IACUC No. 13-069-10-EP).

Isolation and culture of microglial and Neuronal cells

Microglia were prepared from the cerebral cortex of postnatal (0–1 day old) SD rats as 

described previously (Liu et al., 2012). Briefly, rat cortical tissues were dissected out in cold 

Hank’s Balanced Salt Solution (HBSS: Mediatech, Inc. Manassas, VA) and digested with 

0.25% trypsin and 200 kunitz units/ml DNase (Sigma-Aldrich, St. Louis, MO) in 37 °C for 

15 min (neuronal culture) or 30 min (microglial culture). The digested tissues were then 

suspended in cold HBSS and filtered through 100 μM and 40 μm pore cellular strainers (BD 

Bioscience, Durham, NC), respectively.

For the microglial culture, the isolated cells (25 × 106) were plated into T75 cm2 flasks in a 

high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine 

serum (FBS), 1x glutaMAX, 1% penicillin/streptomycin (Life Technologies, Grand Island, 

NY), and 300 ng/ml macrophage colony-stimulating factor (M-CSF) supplied by the 

Department of Pharmacology and Experimental Neuroscience, University of Nebraska 

Medical Center. After 10 days in culture, the flasks were gently shaked and detached cells 

were collected and seeded onto 35 mm2 (2.5×106 cells/dish) and 60 mm2 (7.5×106 cells/

dish) culture dishes, and 12 well (1×106/well) or 96 well plates (0.4×106/well) based on the 

experimental requirements with M-CSF free DMEM. The suspensory glial cells were 

removed 1 h after seeding by changing the culture media. The resultant cultures were 98–

100% microglia as determined by staining with anti-CD11b (Abcam, Cambridge, MA), a 

marker for microglia.

Primary cortical neurons were prepared from 19-day old embryonic rats. After physical 

dissociation, dissected cortical tissues were digested with 0.25% trypsin and DNase (200 

Kunitz) in 37 °C for 15 min and then, filtered through 100 and 40 μM pore cellular strainers. 

Isolates were seeded onto poly-D-lysine-coated coverslips (0.2×106 cells/well in a 12-well 
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plate) with plating medium (1% horse serum in neurobasal medium supplemented with 2% 

B27, 1% penicillin/streptomycin and 0.25% glutaMAX, all reagents from Life 

Technologies) for the first 6 h and exchange to culture medium for 10–14 days (plating 

medium without 1% horse serum and further supplemented with 20 μM 5-fluorouracil to 

reduce non-neuronal cell growth).

Quantitative PCR analysis

The mRNA level of microglial pro-inflammatory cytokines were examined. Microglia was 

incubated with indicated concentrations of Meth for 12 h, with or without co-administration 

of LPS (100 ng/ml). Total RNA from microglia was extracted with TRIzol (Ambion, 

Carlsbad, CA). Two micrograms of RNA were reverse transcribed into complementary DNA 

(cDNA) with the SuperScript IV First-Strand Synthesis System (Invitrogen, Carlsbad, CA). 

cDNAs were amplified and quantified with the SYBR Green PCR Master Mix system 

(Applied Biosystems, Warrington, UK) and results normalized to GAPDH internal controls. 

PCR primers used were listed as follows: forward NLRP3 was TGG TCA AGG AGC ATC 

CAA GCA; reverse NLRP3 was AAG TGT TCA TCC TCA GGC TCA AA; forward IL-1β 
GAC CTG TTC TTT GAG GCT GAC A; reverse IL-1β AGT CAA GGG CTT GGA AGC 

AA; forward TNFα CGC CAC CGG CAA GGA; reverse TNFα GAC ATT CCG GGA TCC 

AGT GA.

Western blotting

After priming with LPS for 6 h, the processing of pro-IL-1β and activation of capase-1 were 

analyzed after 12 h of Meth treatment. Microglia treated with a combination of Meth and 

LPS were lysed using RIPA buffer (Bio-Rad, Hercules, CA). Twenty microgram for total 

proteins was separated by 12% gel and transferred to nitrocellulose polyvinylidene 

difluoride (PVDF) membranes. The membranes were blocked with 3% BSA in tris-buffered 

saline (TBS) and incubated overnight at 4 °C with either mouse monoclonal antibody to 

IL-1β at a 1:500 dilution (R&D system, MN, USA), rabbit polyclonal antibody to caspase-1 

at a 1:200 dilution (Santa Cruz, Dallas, TX) or anti-mouse β-actin monoclonal antibody 

(1:5000, Sigma-Aldrich). Washing buffer was TBS with 0.2% Tween (TBS-T). The 

secondary antibody was horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse 

antibody (1:10000, Jackson ImmunoResearch Laboratories, PA). Labeled proteins were 

shown by the Pierce enhanced chemiluminescence (ECL) system (Thermo Fisher Scientific, 

Waltham, MA).

Immunocytochemistry

Immunocytochemistry was conducted to quantify ASC aggregation as a readout of 

inflammasome activation. Microglia were seeded on coverslips in a 12-well plate at a 

density of 0.5 × 106 cells per well. After priming with LPS (100 ng/ml), antagonists were 

applied 1 h before Meth treatment. The lysosomal disruption was assessed by the 

immunocytochemistry staining of the lysosomal enzyme (Cathepsin B) after 24 h of Meth 

treatment. The cells were fixed with 4% paraformaldehyde (PFA) for 20 min at room 

temperature. Then, the cells were blocked and permeabilized in PBS with 10% goat serum 

and 0.1% Triton X-100 for 30 min.

Xu et al. Page 5

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The primary antibodies used here including rabbit polyclonal antibody to ASC (Santa Cruz, 

CA, USA) and Cathepsin B (Sana Cruz, Dallas, TX) at 1:100 dilution. The microglia were 

identified by mouse monoclonal antibody CD11b in 1:500 dilution (Abcam, Cambridge, 

MA). The secondary antibodies used here were goat anti-rabbit Alexa 488 (1:1000) and 

Alexa 594 (1:1000) from ThermoFisher Scientific (Waltham, MA).

Fluorescent dye loading and imaging

Fluorescent probes against ROS production, namely MitoSOX Red and H2DCFDA, were 

loaded onto the microglia that were treated with Meth for an additional 6 h after priming 

with LPS. MitoSOX Red and 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein 

diacetate (CM-H2DCFDA) (Life Technologies, Eugene, OR) were deployed to examine the 

intracellular ROS production. CM-H2DCFDA enters cells passively, and the acetate groups 

of the probe were cleaved by intracellular esterase leading to better cellular retention. After 

oxidation by reactive oxygen intermediates generated in response to Meth, the non-

fluorescent H2DCFDA is converted to the highly fluorescent 2’,7’-dichlorofluorescein 

(DCF). The MitoSOX Red is a fluorogenic dye that is a highly selective indicator of ROS 

derived from mitochondrial in live cells. After treating with Meth for 6 h, the medium was 

removed and washed 3 times with pre-warmed PBS. The MitoSOX (2.5 μM) and CM-

H2DCFDA (5 μM) working solutions were freshly made with pre-warmed DMEM medium 

and incubated on treated microglia at 37 °C for 30 min. The cells were then fixed with ice-

cold 4% paraformaldehyde in PBS for 10 min and counterstained with DAPI. To quantify 

the results, the microglia were seeded onto a 96-well black plate in a density of 0.12 × 106/

well and the treatment procedure mentioned above was then repeated. After loading with 

MitoSOX or CM-H2DCFDA, the intensities of specific fluorescent signals were evaluated 

by the microplate reader.

To assess the disruption of the lysosomal integrity of after 24 h of Meth administration, the 

specific molecular probe (LysoTracker) was applied onto microglia. The microglia seeded in 

a 12-well plate with coverslip were loaded with 50 nM LysoTracker Red DND-99 (Life 

Technology, Eugene, OR) in pre-warmed DMEM for 30 min. Cells were then washed 3 

times and visualized by fluorescent microscopy.

TUNEL staining

Neuronal apoptosis was assessed by In Situ Cell Death Detection Kit, Fluorescein (Roche 

Applied Science, Indianapolis, IN). Microglia was first treated with LPS or PBS for 6 h and 

then washed with pre-warmed DMEM (3 times, 10 min each). Different concentrations of 

Meth were added for additional 12 h and supernatants were collected for subsequent 

neuronal treatment. The media from treated microglia were diluted 5 times by basal 

neuronal medium and were transferred to the cultured neuron for 24 h. After fixation (4% 

paraformaldehyde) and permeabilizing (0.1% Triton X-100), neurons were then processed 

for TUNEL staining for 1 h at 37 °C and mounted using ProLong Gold antifade reagent with 

DAPI (Molecular Probes, Eugene, OR).
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Cytokine analysis by ELISA

In the experiments measuring secretion of IL-1β, microglia were primed with LPS and then 

stimulated with indicated concentration of Meth. After first 6 h priming with LPS (100 ng/

ml), microglia were washed three times before further treatment of Meth. For detection of 

IL-1β release, the supernatant of Meth-treated microglia collected at 6 h, 12 h, and 24 h. The 

IL-1β in supernatants were detected using the IL-1β ELISA kit (R&D system, MN, USA). 

The experiments were performed following the manufacturer’s instructions. Briefly, the 

plates were coated with capture antibody overnight at room temperature and then, the 

filtered (0.2-μm strainer) BSA (0.1%) was used as the blocking reagent. The capture 

antibody-coated 96-well plate were incubated with collected supernatants for at least 2 h in 

room temperature. It followed by 2-h application of the detection antibody. Finally, the 

Streptavidin-HRP working solution was incubated for 20 min before substrate solution 

added to each well.

Measurement of nitric oxide (NO) production

The concentration of nitrite was measured by the Griess Reagent System according to the 

manufacturer’s instruction (Promega, Madison, WI). After treatment of LPS and Meth, 50 μl 

aliquots of supernatant were collected from each group. Equal amounts of sulfanilamide 

solution and NED solution were added with collected supernatants for 10 min and 30 min 

separately. The absorbance of the final samples was measured on a plate reader with filters 

at 520 nm and 540 nm.

Caspase-1 activity measurement

Caspase-1 activity was measured by its colorimetric assay kit (RayBiotech, Norcross, GA). 

The labeled YVAD-p-nitroanilide (pNA) is the substrate of enzyme caspase-1, which allows 

this assay to detect the change of caspase-1 activity after treatment. The performance was 

followed by the manufacturer’s instructions. After cleavage from YVAD by the caspase-1 

within cellular lysis of pretreated microglia, the light emission of chromophore pNA was 

quantified by a spectrophotometer at 405 nm.

Data analyses

All data are expressed as mean ± S.D. unless otherwise indicated. Statistical analyses were 

performed by one-way ANOVA followed by post hoc analysis (indicated in each figure 

legend) in OriginPro 8.5 (OriginLab, Northampton, MA). A minimum p-value of 0.05 was 

chosen as the significance level for all tests. The densities of target western blot bands were 

quantified by AlphaView (ProteinSimple, San Jose, CA) and standardized by β-actin band 

density. In the section using a specific fluorescent probe against lysosomes (LysoTracker 

Red DND-99), 9 fields under the fluorescent microscope were taken, and all cellular 

fluorescent intensities were quantified by Image J (Schneider et al., 2012). The intensities of 

all individual cells in each field were averaged and transformed to fold changes against a 

control group. As for the activity of caspase-1 and NO production assay, the arbitrary 

absorbance of treated groups was also displayed as fold change against the control group. To 

quantify the neuronal apoptosis induced by Meth, 6 different fields under 40x objective were 

captured for each treatment group. The percentage of apoptotic neurons was analyzed by the 
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number of TUNEL-positive cells normalized by the total DAPI signals. All experiments 

were performed in triplicate unless otherwise specified.

Results

Transcriptional analysis of proinflammatory cytokines after Meth treatment

To investigate if proinflammatory cytokines were upregulated in isolated microglia treated 

with Meth, we analyzed the production and secretion of IL-1β and TNFα by qPCR and 

ELISA. After Meth treatment at different concentrations, the expression levels of 

proinflammatory cytokines (IL-1β and TNFα) exhibited no significant change at 

transcriptional levels (Fig. 1A, D). In parallel, the secreted IL-1β in collected supernatants 

collected from Meth-treated microglia (both in dextrorotary and levorotatory form) was 

undetectable while it was upregulated in supernatants of the LPS-treated group (Table I). To 

evaluate the effects of Meth on pre-existing inflammation, the transcriptional levels of 

proinflammatory cytokines in LPS- and Meth-treated microglia were analyzed. The results 

showed that Meth treatment did not further upregulate the production of IL-1β and TNFα 
after LPS stimulation (Fig. 1B, E). As our study primarily focuses on the inflammasome-

induced IL-1β signaling pathway, we next examined IL-1β production at different time 

points. As shown in Fig. 1C, the effect of Meth potentiation on LPS-induced IL-1β 
production was marginal significant (p=0.07) at 6 h, but not at 12 and 24 h. These results 

indicate that Meth, treated alone or combined with LPS stimulation, did not alter the 

production of proinflammatory cytokines.

Meth enhancement of processing and release of IL-1β

IL-1β processing and release are regulated by the inflammasome signaling. It is well-

documented that full activation of the inflammasome requires the first priming signal to 

upregulate their major components and the primary substrate. As shown in Fig. 1A, Meth 

appears not function as the first signal for inflammasome activation. Thus, Meth may work 

as the second signal for inflammasome activation and stimulate the processing and release of 

IL-1β. Therefore, we examined the maturation of IL-1β indicated by the increase of its 

smaller-sized activation form and its subsequent release in Meth-treated microglia. After 

priming with LPS (classical first signal for inflammasome activation) for 6 h, the secretion 

of IL-1β was significantly potentiated along with increasing concentrations of Meth (Fig. 

2A). To determine whether this potentiation is receptor-mediated, a levorotary form of Meth 

(L-Meth) was introduced into experiments as a comparison. The potentiation effects of the 

dextrorotary form of Meth (D-Meth) started at the concentration of 6 μM and peaked at 50 

μM for a 2.6-fold increase after priming with 100 ng/ml LPS (Fig. 2A). Unlike D-Meth, the 

L-Meth is less potent, with significant increase of IL-1β release only detected in 50 and 150 

μM of Meth administration and peaking at 50 μM for the 1.5-fold increase (Fig. 2B). 

However, both enantiomers showed a dose-dependent manner of potentiation on LPS-

induced IL-1β release (Figs. 2A and B). To better characterize the potentiation effect of 

Meth on LPS-induced IL-1β release, the time course experiment of D-Meth was performed 

to determine the best time point for subsequent studies. As shown in Fig. 2C, the maximal 

effect (2.1-fold increase compared to the LPS group) of D-Meth was reached at 12 h. Thus, 

this time point was selected for the investigation on Meth-induced inflammasome activation. 
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The following studies on IL-1β maturation also confirmed that Meth promotes the cleavage 

of pro-IL-1β into its smaller-sized activation form in a dose-dependent manner (Fig 2D). 

While the production of pro-IL-1β was not significantly changed after 12 h treatment of 

Meth, the 17-kD form of IL-1β was significantly increased. Consistent with the ELISA 

results, Meth promoted the processing of IL-1β at 6 μM and reached the maximal effect at 

50 μM (1.7-fold increase compared to control). These results demonstrated that the 

processing and release of IL-1β were promoted by Meth after priming with LPS, which 

indicates a possible role of inflammasome activation in Meth-induced potentiation.

Meth activation of inflammasome

The inflammasome, a molecular platform, is comprised of the sensing molecule NLRP3, the 

adaptor ASC protein, and the executive enzyme caspase-1. The primary direct evidence 

against inflammasome activation is oligomerization of the ASC protein and auto-cleavage 

activation of caspase-1. To investigate whether Meth promotion of IL-1β maturation by 

activation of the inflammasome, we examined the processing of pro-caspase-1 by western 

blot and the visualized oligomerization of ASC by immunofluorescent staining. Also, the 

caspase-1 inhibitor was introduced to prove that the Meth-induced IL-1β activation was 

specifically mediated by caspase-1 activation. The functional mature form of caspase-1 (10-

kD band in Fig. 3A) was significantly upregulated with Meth treatment while the expression 

levels of pro-caspase-1 exhibited no change (Fig. 3A). The functional cleaved form of 

caspase-1 was significantly increased with 20 μM Meth treatment and reached 1.8-fold 

increase with 50 μM Meth. Likewise, the colorimetric assay showed a significant increase in 

caspase-1 activity in a similar pattern (Fig. 3C). As a pivotal component of the 

inflammasome, ASC proteins aggregate after NLRP3 activation to help assemble the 

inflammasome platform. In our experiments, the ASC protein formed aggregates that appear 

as “speck”-like spots near the nuclear periphery, indicating inflammasome formation after 

Meth treatment (marked by arrows in Fig. 3D). No ASC aggregation was detected in either 

the control or LPS groups and ASC accumulated only after treatment with Meth. The 

number of ASC aggregates also reached its highest level in the 50 μM Meth-treated group. 

Consistent with the results of IL-1β processing, the maturation of IL-1β and caspase-1 did 

not increase further at the highest concentration of Meth (150 μM). Thus, Meth (50 μM) was 

employed for the subsequent studies. To ensure that the Meth-induced IL-1β maturation is 

specifically mediated by inflammasome activation, the selective caspase-1 inhibitor Ac-

YVAD-CMK at 10 μM (Walker et al., 1994; Garcia-Calvo et al., 1998) was applied 1 h 

before Meth treatment. As shown in Fig 3B, the pretreatment of caspase-1 inhibitor 

significantly reduced the Meth-induced processing of IL-1β while the expression levels of 

pro-IL-1β unchanged. These results demonstrated that Meth-induced inflammasome 

activation by aggregation of the ASC protein and specific activation of caspase-1.

Identification of danger signaling-associated molecular pathways leading to Meth-induced 
inflammasome activation

The NLRP3 inflammasome activation may occur through multiple cellular danger signaling 

pathways including the induction of ROS, lysosomal disruption and cathepsin B release, 

potassium efflux, and calcium mobilization. Accumulating evidence suggests that Meth 

application could activate the mitochondrial ROS production and disrupt the normal 
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lysosomal function (Cubells et al., 1994; Wu et al., 2007; Tian et al., 2009; Potula et al., 

2010; Shiba et al., 2011; Funakoshi-Hirose et al., 2013; Mashayekhi et al., 2014). To 

identify the inflammasome-related upstream molecular events induced by Meth, specific 

inhibitors against mitochondrial ROS and lysosomal pathways were tested to examine if 

Meth induces IL-1β release via specific signaling pathways. After pretreatment of glial cells 

with specific inhibitors, immunofluorescent staining of the ASC protein and measurement of 

secreted IL-1β were performed on Meth-treated microglia. As shown in Fig. 4A, the 

cathepsin B inhibitor CA-074Me at 10 μM (Hill et al., 1994) totally reversed the Meth-

induced ASC protein oligomerization (Fig. 4 A). However, aggregation of the ASC protein 

was only partially blocked with pretreatment of the mitochondrial ROS inhibitor Mito-

TEMPO at 100 μM (Liang et al., 2009) (Fig. 4 A). To ensure the specificity of these 

inhibitors, the dose-dependent response bar graphs on Meth-induced IL-1β release were 

generated (Fig. 4B). To test if Meth potentiaton of IL-1β release through upregulation of 

major components of the inflammasome, we examined the transcriptional levels of NLRP3 

after application of LPS and Meth. LPS, as the classical first signal, successfully upregulated 

the expression of NLRP3, while Meth had no significant effects on alteration of the NLRP3 

production (Fig. 4C).

Production of mitochondrial ROS after Meth treatment

Mitochondria are a major source of inflammasome-activating ROS (Zhou et al., 2011). To 

investigate if Meth-induced ROS formation primarily locates at the mitochondria, a 

molecular probe that distinguishes the source of ROS was employed. After loading with the 

specific molecular probe, the fluorescent microscope was used to take images, and the 

microplate reader was used to quantify the results. As a total endogenous ROS indicator, 

H2DCFDA fluorescent intensities increased after LPS stimulation. Meth application further 

activated the endogenous ROS system evidenced by elevated H2DCFDA fluorescence in a 

dose-dependent manner (Fig. 5A and C). Consistently, the mitochondria-specific probe 

Mito-SOX also indicated a further increase of mitochondrial ROS after Meth treatment (Fig. 

5B and E). The accumulated red signals indicating mitochondrial ROS are primarily 

localized in the cytosol but not in the nucleus as marked by DAPI, suggesting that the probes 

target the mitochondria. The peak effect of Meth on total ROS formation reach a 1.7-fold 

increase compared with the LPS group. Matching this magnitude, the Meth-induced 

generation of mitochondrial ROS peaks at 1.6-fold compared to the LPS group. In addition 

to ROS, reactive nitrogen species (RNS) are also found mediating the Meth-induced 

neurotoxicity (Quinton and Yamamoto, 2006). To test if the activation of RNS is also 

incorporated into the Meth-induced cellular stress system, the nitrites secreted in the 

supernatants of Meth-treated microglia were measured and quantified as shown in Fig. 5D. 

There is no significant change of the nitrite level after Meth treatment.

Permeabilization of lysosomal membrane in Meth-treated microglia

Another inflammasome-related pathway identified is the Meth-induced cathepsin B release. 

To further investigate the mechanism of lysosome disruption and subsequent content release 

after Meth application, lysosomal membrane permeabilization (LMP) was assessed in this 

cellular model. The assessment of lysosomal integrity was achieved by measuring the 

retention rate of LysoTracker and detecting the intracellular distribution of lysosomal 
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protease cathepsin B. LysoTracker-labeled lysosome in the control group revealed a 

cytoplasmic punctuate structure, but with increasing concentrations of Meth, fluorescence 

intensity and the number of punctuates apparently decreased (Fig. 6A). LPS administration 

significantly increased the signals of LysoTracker while additional treatment of Meth 

reduced the signals in a dose-dependent manner (Fig. 6A). Another sign of LMP is the 

translocation of soluble lysosomal protease from the lysosomal lumen to the cytosol. 

Immunofluorescence staining revealed a redistribution pattern of cathepsin B after Meth 

application, marked by the loss of punctuating shape and diffusion of stain throughout the 

cellular cytosol (Fig. 6B). However, as the cellular marker of the lysosome, the fluorescent 

intensities of lysosomal-associated membrane protein 1 (LAMP-1) did not change with 

Meth treatment (Fig. 6B).

Enhancement of LPS-induced microglial neurotoxic activity by Meth treatment

Previous results have demonstrated that Meth could potentiate LPS-induced IL-1β release by 

activation of the inflammasome. The microglia-neuron co-culture system was used to 

determine whether Meth application potentiated LPS-induced neurotoxicity. After Meth 

treatment on LPS-primed microglia, the collected supernatants were used in experiments for 

examining neurotoxicity. To detect neuronal apoptosis, TUNEL staining was performed 12 h 

after complete removal of neuronal culture medium and replaced with the microglia culture 

medium at a dilution ratio of 1:5. Because previous studies indicate that Meth alone could 

induce neuronal apoptosis, we included the group of Meth alone as a comparison (Jayanthi 

et al., 2004). The percentage of TUNEL-positive cells was significantly increased after Meth 

treatment (Fig. 7A). Although the administration of LPS (100ng/ml) and Meth (50 μM to 

150 μM) each alone also increased the percentage of the apoptotic neurons, application of 

LPS and Meth in combination further significantly potentiated the proapoptotic effects (Fig. 

7A). There was 1.8-fold increase compared to LPS alone and 1.5-fold increase compared to 

Meth alone. Pre-treatments of cultured microglia with inhibitors against caspase-1 activity 

(YVAD), cathepsin B (CA-074Me), and mitochondrial ROS (Mito-TEMPO) each alone 

significantly reduced the percentage of apoptotic neurons in comparison to the LPS + Meth 

50 μM group (Fig. 7B), once again supporting Meth activation of inflammasome even 

though the inhibitors did not totally reverse the Meth-associated apoptotic effects.

Discussion

Although neuroinflammatory responses marked by microgliosis and astrogliosis have been 

observed in Meth abusers (Sekine et al., 2008; Robson et al., 2014), the mechanisms by 

which Meth directly contributes to the initiation and progression of the microglia-mediated 

neuroinflammation remains unclear. As a strong addictive psychostimulant, Meth abuse 

induces not only a strong euphoric effect leading to addiction but also affects innate and 

adaptive immunity, thereby causing neurotoxic activity (Loftis and Janowsky, 2014). In this 

study, we evaluated effects of Meth on proinflammatory cytokine production in microglial 

cells. The results showed that Meth activated endogenous danger signal pathways, 

promoting inflammasome-mediated IL-1β maturation and secretion. Meth caused microglial 

lysosome disruption and ptomoted mitochondrial ROS production, both of which activate 

the inflammasome-induced IL-1β maturation and secretion at post-translational level. 
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Blockage of Meth-associated inflammasome upstream danger signals by specific inhibitors, 

CA-074Me or Mito-TEMPO, significantly inhibited inflammasome activation and IL-1β 
secretion. These results suggest that Meth potentiates the microglia-induced neurotoxicity by 

increasing the production and release of inflammasome-mediated IL-1β.

To reflect the conditions in human subjects, the concentrations of Meth used in this study 

were based on the biodistribution (BD) profiles from previous studies (Melega et al., 2007). 

The Meth levels in the circulating blood of abusers were 2.0 μM on an average, with the 

highest of 11.1 μM (Melega et al., 2007). The Meth levels in the brain of abusers can be 

further estimated according to the tissue-to-serum ratio of Meth in animals, with an average 

of 9.7 for brain distribution (Riviere et al., 2000). According to this distribution ratio, the 

dose range of Meth was 6–150 μM. Thus, the Meth concentrations used in this study were 

within the aforementioned range.

Proinflammatory cytokines are important mediators of microglia-induced neurotoxicity in 

many neurodegenerative disorders (Lull and Block, 2010). To examine Meth effects on the 

transcription of proinflammatory cytokines, the mRNA levels of IL-1β and TNFα were 

detected after Meth administration at different concentrations and time courses. LPS was 

used as a positive control to rule out the possibility of microglial anergy. When tested alone, 

Meth had no significant effects on the alteration of mRNA levels of IL-1β and TNFα in 

cultured rat microglia. These results were, on the one hand, consistent with a previous study 

that failed to detect any Meth-induced direct proinflammatory responses in the cultured 

microglia. However, it was, on the other hand, inconsistent with the in vivo results that up-

regulated proinflammatory signals were observed after Meth administration (Frank et al., 

2016). The possible explanations for the discrepancy are that Meth promotes the alarming 

signals released from neurons, resulting in upregulation of proinflammatory signaling in 

microglia. The increased infection susceptibility and the altered BBB structure after Meth 

treatment further complicated the situation. Combined with our results, Meth administration 

may potentiate the existing inflammation by the unknown mechanism.

For this reason, we performed experiments to investigate whether Meth treatment could 

enhance the pre-existing inflammatory stimulation in cultured microglia. Our results showed 

that Meth treatment enhanced the LPS-induced IL-1β secretion in both dose- and time-

dependent manners, although the transcriptional levels of TNFα and IL-1β were not 

significant potentiated. This dissociation between the transcriptional induction and release 

strongly suggests an involvement of a post-translational regulatory mechanism (Lopez-

Castejon and Brough, 2011). The IL-1β is released as a proprotein (pro-IL-1β) that needs to 

be proteolytically processed into its active form. In microglia, the processing of pro-IL-1β is 

mediated by the NLRP3 inflammasome at the post-translational level (Walsh et al., 2014). 

The inflammasome is a multiprotein complex, which serves as a caspase-1 activation 

platform. Active caspase-1 is the cleaving enzyme for processing pro-IL-1β into its mature, 

biologically active forms. Typically, two independent signals are required to fully activate 

the NLRP3 inflammasome (Hanamsagar et al., 2012). The first signal is to upregulate the 

major substrate (pro-IL-1β) and essential components (NLRP3) required for inflammasome 

activation. Because pro-IL-1β and NLRP3 are not constitutively expressed in microglia, 

additional factors are needed for transcriptional induction (Dostert et al., 2008; Halle et al., 
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2008). Although our goal is to investigate the role of the inflammasome-mediated 

proinflammatory signal in Meth-potentiation of HIV-associated neurotoxicity, little is known 

about HIV-1 protein as the first signal for the inflammasome activation. LPS is typically 

used as the first priming signal on microglia for inflammasome studies (Halle et al., 2008; 

Shi et al., 2012; Sarkar et al., 2017). The process of the LPS-primed NLRP3 inflammasome 

is well characterized and involved with the transcriptional induction (pro-IL-1β and NLRP3 

induction) and multiple posttranslational events (extracellular signal regulated kinase 1 

phosphorylation, proteasome inhibition, and NLRP3 deubiquitination) (Juliana et al., 2012; 

Ghonime et al., 2014). Based on these reasons, LPS was chosen as the stimulating factor in 

this study to mimic the priming stimulation of neuronal DAMPs or of the HIV proteins in 

the virus-bearing brain.

Currently, the role of Meth on inflammasome activation is not fully depicted. To investigate 

whether the inflammasome is the molecular target that responds to Meth stimuli, we 

systematically studied the inflammasome activation as a common downstream receptor locus 

for convergence of signals from multiple danger-associated pathways. The inflammasome 

consists of NLRP3 (sensor receptor), ASC (bridge protein), and caspase-1 (IL-1β converting 

enzyme) and can be activated in response to various upstream cellular danger-associated 

signals. As the primary mediator for pro-IL-1β maturation, NLRP3 inflammasome 

activation is always accompanied by processing of pro-IL-1β, cleavage of caspase-1 and 

ASC protein aggregation (Hanamsagar et al., 2012). After sequential stimulation with LPS 

and Meth, IL-1β and caspase-1 were cleaved to their activated forms, as illustrated by their 

lower molecular weights. The levels of aggregated ASC proteins were also elevated in 

response to co-application of LPS and Meth. These rsults are in an agreement with the 

classical cellular pattern of inflammasome activation, in which principal components 

redistribute from dispersed to clustered and further promote restoration of caspase-1 enzyme 

activity after the cross-cleavage process (Hanamsagar et al., 2012). As expected, the activity 

of caspase-1 was elevated along with increased concentration of Meth, and inhibition of 

caspase-1 totally reversed the enhancement of LPS-induced IL-1β processing and release. It 

worth noting that the Ac-YVAD-cmk also has some activity against caspase-4 and 5, which 

are all belong to the same family of inflammatory caspases with caspase-1 (the group I 

caspases). It has been well-recognized as a potent inflammasome inhibitor, and hence to 

exert anti-inflammatory and anti-pyroptotic effects (Van Opdenbosch et al., 2014). These 

results suggest a specific role of inflammasome activation in Meth potentiation of LPS-

induced IL-1β processing and release.

Our results showed that Meth alone did not upregulate pro-IL-1β. This suggests that Meth 

may serve as a second signal for inflammasome activation. However, the target(s) for Meth-

induced inflammasome activation is (are) still unclear. To address this question, the 

levorotatory form of Meth (L-Meth) was introduced. Meth is well-known to bind with 

plasma and vesicular monoamine transporters. In contrast, L-Meth has a much lower binding 

affinity with these monoamine transporters and thus is also less potent than the 

dextrorotatory form of Meth (Melega et al., 1999). Our ELISA results demonstrated that, 

without the LPS priming signal, none of the enantiomeric forms of Meth could induce the 

detectable IL-1β release. However, treatment of Meth (both D- and L- forms) after 

introduction of the priming signal LPS indeed significantly promoted the secretion of IL-1β 

Xu et al. Page 13

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in a dose-dependent manner. Thus, monoamine transporters are very unlikely to be the 

candidate receptors that mediate the potentiation effect of Meth. Due to the limited 

information on the differential binding affinity of the two enantiomers on other Meth-target 

receptors such as sigma-1 and trace amine-associated receptor 1, it is still difficult to draw a 

contour on the targets by which both Meth and LPS act on.

Although it has been proven that the potentiation of Meth on LPS-induced IL-1β processing 

and release is mediated by the inflammasome, the mechanism is still unknown. Typically, it 

could be achieved by upregulation of the main components of the inflammasome or by the 

activation of upstream danger signaling pathways. However, our results showed that Meth 

had no significant effects on the levels of NLRP3 expression and the production of pro-

caspase-1, indicating that Meth does not regulate the production of inflammasome 

components. As Meth has been reported to induce cell damage and distress, particularly in 

mitochondria- and lysosome-related pathways (Cubells et al., 1994; Potula et al., 2010; Nara 

et al., 2012) and the primary cellular targets for Meth in peripheral immune cells are 

mitochondrial ROS activation and lysosome disruption, which are well-accepted upstream 

pathways for inflammasome activation (Hanamsagar et al., 2012), we hypothesized that 

Meth treatment may trigger endogenous stress signals in microglia leading to Meth-induced 

inflammasome activation. To test the hypothesis, we used specific pharmacological 

inhibitors to dissect the Meth-associated danger signaling pathways. Application of the 

specific inhibitors targeting the mitochondrial ROS and lysosomal protease cathepsin B 

significantly blocked the Meth-induced inflammasome activation in a dose-dependent 

manner, demonstrating that Meth activates the inflammasome through the above two 

signaling pathways. However, it is worth pointing out that the blocking effect of the specific 

inhibitors may also be mediated by an off-target action. However, more experiments on these 

two subcellular pathways are need because RNA interference and cathepsin-B−/− cell lines 

failed to replicate CA-074Me effects in another study (Newman et al., 2009).

Further studies were performed with specific molecular probe and immunofluorescent 

staining to prove that the lysosomal disruption is specific to the effect of Meth potentiation. 

Compared to the low fluorescence levels in the control and the LPS alone groups, there was 

a dose-dependent increase in both total ROS and mitochondrial ROS signals after treatment 

with different concentrations of Meth. Because the mitochondrial ROS system also belongs 

to the total ROS system, the increased proportion of mitochondrial ROS was prallel with the 

change of total ROS, suggesting that the mitochondria is the primary source of Meth-

induced ROS production. Previous studies indicate that incubation of microglia with a high 

concentration (1 μg/ml, 12 h) of LPS could induce mitochondrial ROS activation (Park et al., 

2015). However, the concentration of LPS we used here is much lower (100 ng/ml, 6 h), and 

a washout step was carried out before addition of Meth. This may explain why we did not 

observe the elevation of mitochondrial ROS signal in the LPS treatment group.

Besides, we further evaluated the Meth-induced lysosomal membrane permeabilization 

(LMP) via lysosomotropic fluorochrome (LysoTracker) that accumulate inside acidic 

organelles. Both the reduced fluorescence intensity of LysoTracker and the diffuse 

distribution pattern of cathepsin B were detected in Meth-treated microglia, which are signs 

of lysosomal dysfunction. The decreased LysoTacker fluorescence is not entirely specific for 
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LMP, which may also reflect an increase in lysosomal pH (Boya et al., 2003). However, the 

loss of pH gradient does not result in the translocation of cathepsin B. Therefore, our results 

of the reduction of LysoTracker fluorescence intensity were very likely an indicator of LMP 

but not merely the loss of pH gradient. LAMP-1 is a glycoprotein constituent of the 

lysosomal membrane that is constitutively expressed to resist hydrolase digestion 

(Eskelinen, 2006). We did not observe a noticeable reduction of the LAMP-1 specific signal 

after Meth administration. The constant expression of LAMP-1 signal suggests that Meth 

does not completely collapse the lysosome, which is an inhibition signal for the 

inflammasome (Katsnelson et al., 2016). It needs to be emphorsized that the degree of 

lysosome impairment is also a key element for determining the ultimate result. Recent 

evidence indicates that while partial lysosome rupture may lead to inflammasome activation, 

complete lysosome rupture is a route to necrosis but not to the inflammasome (Guicciardi 

and Gores, 2013). The uncoupling of cathepsin B and LAMP-1 signal indicates a low-level 

disruption of lysosomal membrane, but not an extensive rupture. Based on these reports, the 

lysosomal disruption may be another candidate mechanism for Meth-induced inflammasome 

activation.

Although our results indicate that both pathways mentioned above may play a role in Meth-

induced inflammasome activation, it is still unknown whether Meth pretreatment directly 

activates these pathways. Some studies suggest there is a convergence point merged from 

multiple danger signaling pathways that directly activates the NLRP3 (Tschopp and 

Schroder, 2010; Munoz-Planillo et al., 2013). However, recent evidence indicates a 

complicated interplay between mitochondria and lysosomes in initial NLRP3 activation 

(Heid et al., 2013b) which is supported by another study showing the interaction between 

disruption of the mitochondria and the lysosome followed by NLRP3 inflammasome 

activation, suggesting that release of mitochondrial ROS might precede and cause lysosomal 

membrane permeabilization (Heid et al., 2013a). Therefore, the possibility of lysosomal 

damage as the subsequent result of Meth-induced mitochondrial ROS cannot be entirely 

ruled out.

It is still not clear whether there are specific receptors expressed on lysosomes or 

mitochondria that directly interact with Meth at physiological concentrations. Increasing 

evidence demonstrates that the NLRP3 inflammasome assembles at the ER-mitochondrial 

interface (Misawa et al., 2013), suggesting a possible direct interaction of mitochondria and 

newly formed inflammasome. As lysosomal membrane permeability is also regulated by 

ROS production (Boya and Kroemer, 2008), the Meth-induced inflammasome activation is 

likely governed by mitochondrial disruption, which is followed by lysosomal damage. 

Nevertheless, further studies are necessary to investigate whether a receptor for Meth 

presents on mitochondria while the lysosome functions as a downstream signal.

Finally, the effect of Meth potentiation of LPS-induced neurotoxicity is also examined. 

Previous results have demonstrated that LPS significantly activates the microglia in a dose-

dependent manner and induces a potent neurotoxic effect (Houdek et al., 2014). In our in 
vitro neuroinflammation model, LPS was applied before Meth treatment to mimic pre-

existing inflammatory stimulation. After priming with LPS, the supernatants of Meth-treated 

microglia significantly increased the percentage of apoptotic neurons compared to LPS 
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alone. Without the priming signal of LPS, Meth also induced apoptosis of neurons at high 

concentration, but with much less potent effect. We found that inhibition of Meth-induced 

inflammasome activation by specific inhibitors reduced number apoptotic neurons, 

indicating that preventing inflammasome activation could be a potential strategy against 

Meth-induced neurotoxicity.

It is worth pointing out that this study was primarily focused on the Meth-induced 

inflammasome activation in microglia and its subsequent potentiation effect on 

neurotoxicity. Whether IL-1β was necessary or sufficient for microglial neurotoxicity 

induced by LPS and Meth remains to be determined. Currently, we have no direct evidence 

to conclude the Meth-potentiated neurotoxicity is solely mediated by the over-released 

mature form of IL-1β in supernatants. As IL-1β, on the one hand, has been shown to be 

neurotoxic by others (Ye et al., 2013; Brough et al., 2015; Stojakovic et al., 2017), and the 

released active IL-1β in response to Meth-induced inflammasome activation, on the other 

hand, may also have a positive feedback on microglial inflammatory responses, which could 

promote the release of IL-1β and/or other neurotoxic factors and confound the neurotoxic 

effects observed in this study.

Taken together, our results provide a novel insight into Meth influence on the resident 

immune system within the CNS and a potential explanation of why Meth abusers suffer a 

more aggressive progression of many other neuroinflammatory-associated 

neurodegenerative disorders than non-users (Rippeth et al., 2004; Callaghan et al., 2012). 

Because LPS is a broad pro-inflammatory stimulus, the mechanisms underlying Meth 

potentiation on IL-1β production via inflammasome activation may have implications for the 

co-morbidity of other Meth-associated neurological conditions, such as Meth exacerbation 

of HIV-associated neurocognitive disorders. Since neuroinflammation itself contributes to 

many behavioral changes and cognitive impairment (Zerrate et al., 2007; Lee et al., 2008; 

Wager-Smith and Markou, 2011), uncovering an association of Meth abuse and 

enhancement of pre-existing neuroinflammation could help prevent exacerbation of disease 

progression. Thus, therapeutic strategies targeting neuroinflammation could be a promising 

approach for Meth dependency, which is currently under investigation in a Phase 2 clinical 

trial (IBUD Ph II NCT01860807).
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Fig. 1. 
Meth treatment did not upregulate production of proinflammatory cytokines. The 

transcriptional levels of IL-1β and TNFα were analyzed by qPCR after treatment of Meth on 

isolated microglia. Effects of different concentrations of Meth were measured with (B, E) or 

without (A, D) priming signal (100 ng/ml LPS). The potentiation effects of Meth (50 μM) on 

LPS (100 ng/ml) was also measured at different time points (C).
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Fig. 2. 
Meth treatment potentiated LPS-induced IL-1β processing and release. Microglia were 

pretreated 6 h with LPS (100 ng/ml) and then incubated 12 h with different concentrations of 

D-Meth (A) or L-Meth (B). Alternatively, after 6 h pretreatment of LPS, cells were 

incubated with Meth (50 μM) for indicated times (C). The supernatants were collected, and 

concentrations of secreted IL-1β were measured by ELISA. The optimized time point (12 h) 

and concentration (50 μM) of Meth treatment were applied on cultured microglia. The 

production and processing of IL-1β were detected by western blot (D). After standardized 

with β-actin, the densitometry of bands was analyzed and quantified, as shown in bar graphs 

(D). * p < .05, ** p < .01, *** p < .001 vs LPS;
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Fig. 3. 
Meth treatment induced inflammasome activation in a dose-dependent manner. The cleavage 

and activation of caspase-1 were measured by western blot and quantified by colorimetric 

assay. The cultured microglia were primed with LPS 100 ng/ml for 6 h and treated with 

different concentrations of Meth for another 12 h. To evaluate the magnitude difference of 

the precursor and cleavage form of caspase-1, the densitometry of 45 kD pro-caspase-1 and 

10 kD caspase-1 were quantified separately, which are shown in associated bar graphs (A). 

The enzyme activity of caspase-1 after incubation of Meth was measured by caspase-1 

colorimetric assay (C). After 6 h priming of LPS, the caspase-1 inhibitor Ac-YVAD-cmk (10 

μM) was applied 1 h before Meth treatment and the processing of IL-1β was measured after 

another 12 h of Meth (50 μM) treatment (B). As another indicator of inflammasome 

activation, the change of distribution of ASC protein was visualized by immunofluorescent 

microscope (D). The formation of ASC oligomers was detected in the cytoplasm and marked 

by red arrows (D). Blue: DAPI; Green: CD11b; Red: ASC. * p < .05, ** p < .01, *** p < .

001 vs LPS. # p < .05, ### p < .001 vs Ctrl. $ $ p < .01 vs LPS + Meth 50 μM. Scale bar, 100 

μm.
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Fig. 4. 
Meth-induced inflammasome activation was inhibited by lysosomal and mitochondrial ROS-

specific inhibitors. Punctate ASC immunoreactivity was detected in the cytoplasm of Meth 

(18 μM) treated microglia (A). Microglia pretreated with lysosomal cathepsin B inhibitor 

(CA-074Me 10 μM) and mitochondrial ROS inhibitor (Mito-TEMPO 100 μM) exhibited 

minimal ASC immunoreactivity (A). Blue: DAPI; Green: CD11b; Red: ASC. Isolated 

microglia were pretreated with different concentrations of inhibitors before LPS and Meth 

application; the secreted IL-1β were quantified by ELISA (B). The transcriptional level of 

NLRP3 was measured by qPCR on Meth-treated microglia with or without priming signal 

(C). *** p < .001 vs LPS; # p < .05, ## p < .01, ### p < .001 vs LPS + Meth 50 μM. Scale 

bar, 50 μm.
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Fig. 5. 
Meth treatment induce Mitochondrial ROS generation but not NO production. The total 

ROS and mitochondrial ROS are detected by specific fluorescent molecular probe. The 

change of the fluorescent intensity was visualized by microscope and quantified by the 

microplate reader. Isolated microglia were primed with LPS 6 h and then incubated with 

indicated concentrations of Meth. Fluorescent images of DCFDA green signals (A) and 

MitoSOX Red signals (B) were taken in microglia after 12 h of Meth treatment. The 

quantitative analyses of DCFDA and MitoSOX signals were exhibited in (C) and (E). NO 

productions in harvested supernatants were measured using Griess reagent system (D). * p 
< .05, ** p < .01, *** p < .001 vs Ctrl. # p < .05, ## p < .01, ### p < .001 vs LPS. Scale bar, 

100 μm.
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Fig. 6. 
Meth treatment disrupts the lysosomal integrity. Lysosomal integrity was measured by 

LysoTracker (Red). The fluorescent intensity was quantified and exhibited in (A). 

Colocalization of cathepsin B and lamp-1 was assessed by fluorescent microscopy (B). *** 

p < .001 vs Ctrl; ### p < .001 vs LPS. Panel A, scale bar, 100 μm. Panel B, scale bar, 50 μm.
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Fig. 7. 
Meth treatment potentiated LPS induced neurotoxicity and blocked by inflammasome 

inhibitors. Neuronal apoptosis was analyzed by combined TUNEL/DAPI staining, and 

quantification of apoptotic neurons was performed by normalization of TUNEL-positive 

cells to a total number of DAPI-positive cells. The apoptosis induced by incubation with 

supernatants of cultured microglia treated with indicated concentrations of Meth. The 

increased apoptotic neurons were visualized by green TUNEL-positive signals that were 

notably observed in LPS + Meth treatment group (A). The percentage of apoptotic neurons 

were counted and statistically analyzed. The quantified results were exhibited in the bar 

graph of panel A. The blockage effect of inflammasome inhibitors on Meth-induced 

neuronal apoptosis were examined and quantified in panel B. After priming with LPS for 

Xu et al. Page 28

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



first 6 h, the inhibitors were applied 1 h before additional Meth treatment. The collected 

supernatant was transferred to cultured neuron and TUNEL-staining were performed. * p < .

05, ** p < .01, *** p < .001 vs Ctrl. # p < .05, ## p < .01, ### p < .001 vs LPS. && p < .01, 
&&& p < .001 vs LPS + Meth 50 μM. Scale bar, 100 μm.
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Table I.

Meth treatment did not induce proinflammatory cytokines release. Microglia were not primed with LPS and 

supernatants were collected after treatment of D-Meth or L-Meth. The concentrations of IL-1β were measured 

by ELISA.

Control LPS(100ng/ml) 6 μm 18 μm 50 μm 150 μm

D-Meth N.D. 1014.3 ± 211.1 N.D. N.D. N.D. N.D.

L-Meth N.D. 1014.3 ± 211.1 N.D. N.D. N.D. N.D.
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