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ABSTRACT 

 
 

METHAMPHETAMINE INDUCED IMMUNE DYSREGULATION 
By: Sydney Elizabeth Andrzejak 
Under the direction of: Peter Uchakin, PhD 
 
 

Methamphetamine (METH) use can induce and contribute to the development of 

neurodegenerative disorders. In this study, we evaluated the roles of specific cytokines in 

the pathology of acute and chronic methamphetamine usage in vitro and in vivo. An 

immortalized rat astrocyte CTX-TNA2 cell line was used for a model of immune cells in 

central nervous system. Cells were treated with methamphetamine hydrochloride, 

dopamine hydrochloride as a refence point, and lipopolysaccharides (LPS) as a model of 

immunogenic stimulant. Our in vivo experimental design utilized female NIH-swiss mice 

that underwent a seven-day treatment period. The control mice were administrated 0.9% 

saline, and our treated mice were administrated 12 mg/kg of (+)- methamphetamine 

through intraperitoneal injections. Cells and tissue specific gene expression of key signal 

transducers, cytokines, and their receptors were evaluated with qPCR. Systemic cytokine 

levels were evaluated with flow-cytometry. The results suggest that METH acts locally to 

the brain tissue to cause a shift toward inflammation by increasing cytokine, receptor and 

signal transducer of interleukin-6 (IL-6) and interleukin-17 (IL-17) pathways. While 

suppressing systemic cytokine production leading to an imbalance in Th-X paradigm. 
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CHAPTER 1 

 

HYPOTHESIS 

 

Chronic overexposure to methamphetamine often leads to both tissue or organ damage, 

which alters psycho-neuro-immune network, and in turn may affect the development of 

drug- seeking behavior. We hypothesized that chronic methamphetamine-induced 

imbalance in the Th clonal paradigm plays a significant role in the development of 

addiction.  

 

RESEARCH OBJECTIVES 
 

1. To analyze tissue specific gene expression of associated Th17 and Th regulatory 

“signature” cytokines, their receptors, and signal transducers in response to 

methamphetamine stimuli 

a. In vitro and in vivo 

2. To analyze systemic production of cytokines that regulate Th clonal polarization 

into Th17 and Th regulatory pathways upon exposure to methamphetamine 

stimuli 

a. In vivo 
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CHAPTER 2 

INTRODUCTION 

 

i. Pathology of Addiction 

The cost of drug dependence extends beyond the potential for loss of life. The 

financial burden of treatment tends to fall on the individual or those closest to him/her. If 

incarceration is required, the issue becomes economical and falls on the state. The 

Federal Bureau of Prison 2020 statistic reports deems forty-five percent of the United 

States inmate population is incarcerated for drug related offenses (Prisons 2020). Georgia 

alone spends $78.6 million dollars for drug related incarcerations, which is 1.6 times 

more that their budget for treatment services alluding to the costly consequences of 

substance abuse (Pearl 2018). Twenty percent of total drug reports in 2016 were for 

Methamphetamine, one of the highest reported drugs second to Cannabis (U.S. 

Department of Justice 2017).  

Methamphetamine is an abused central nervous system stimulant that influences 

reward pathways and leads to compulsive drug seeking behavior. It can easily cross the 

blood brain barrier where it can induce neurotransmitter norepinephrine, serotonin, and 

dopamine release.  Methamphetamine acts on dopamine transporters at the synapse to 

increase the amount of dopamine released in dopaminergic rich subdivisions in the 

striatum leading to prolonged stimulation (Kish 2008). The striatum is important 
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region in the brain for reward association, and habitual behavior formation. Additionally, 

METH can disturb monoamine oxidase activity obstructing the breakdown of dopamine 

at the synapse. Both the increase release of dopamine, and the reduced breakdown leads 

to prolonged stimulation and ultimately the desensitization of dopamine receptors. This 

may cause an increase of dosage or frequency of METH use to acquire the same euphoric 

experience (NCBI ; NIDA 2020) 

The effects of METH start and fade quickly. Often users have a binge and crash 

pattern where they are taking repeated doses for a couple of days before they “crash”. 

Experiments of intracranial self-administration provided acuity in dopaminergic 

transmission and reward motivated behavior. Rats with electrodes implanted in 

mesocorticolimbic pathway would go to great lengths to receive electrical stimulation 

which increased extracellular dopamine release (Lacagnina, Rivera, and Bilbo 2017). 

METH induced alterations of dopamine release at neuronal synapse leads to 

physiological changes, and in turn influences on behavior (Garrett and Holtzman 1996).  

Chronic exposure to METH can alter the brains dopaminergic system, leading to a 

decrease in coordination, verbal learning, and in severe cases areas of the brain associated 

with memory and learning are affected (Volkow et al. 2001; Wang et al. 2004). Studies 

have shown that frequent METH users have an increased risk for developing dopamine 

related disorders such as Parkinson’s disease due to the increased risk that METH use 

damages dopamine neurons (Curtin et al. 2015).  

Current literature suggest that METH suppresses the immune system. 

Immunosuppression may be a prime mechanism for the rapid progression from HIV to 
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AIDS seen in METH users (CDC 2007; Linda Chang et al. 2005; Salamanca et al. 2015). 

METH usage allows the reactivation of latent viruses as well as increase the 

susceptibility of opportunistic infections (Martinez et al. 2009; Patel et al. 2013). It is 

proposed that METH usage renders adaptive immunity defenseless, although the 

mechanism us unknown (Salamanca et al. 2015). Currently the best treatment for METH 

addiction is cognitive behavior therapy (Salamanca et al. 2015; NIDA 2020). Although a 

novel monoclonal antibody and lipid-based vaccines are in early clinical trials to prevent 

METH and its metabolites from vulnerable areas in the brain (Hambuchen et al. 2014; 

Collins et al. 2014; Rüedi-Bettschen et al. 2013; Peterson et al. 2013). 

ii. Psychoneuroimmunology 

Psychoneuroimmunology (PNI) is the study of the interrelationship between the 

central nervous system (CNS), peripheral nervous system (PNS), endocrine system, and 

immune system. The complex interactions between PNI network, commonly coined 

“mind-body interactions” has been linked to cognitive thought and physiological 

functions (Tausk, Elenkov, and Moynihan 2008).  Immune system modulation has been 

associated with cognitive conditioning synonymous to Pavlov’s dogs; highlighting the 

relationship of CNS regulation to the immune system and vice versa (Ader 1974).   

Clinical evidence has linked the pathology of psychiatric disorders with altered 

immune system due its ability to regulate brain function at a cellular level. Studies have 

shown major depressive disorder symptomology correlating to “sickness behavior” in 

mice with increased proinflammatory cytokines (Jones and Thomsen 2013). Certain 

proinflammatory cytokines (TNFα, IL-6, and IL-1) have the ability to cross the blood 
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brain barrier, allowing cytokine interaction with neuronal circuits of the CNS and 

successive effects on neurotransmission, hormone secretion, neuroinflammation, and 

behavior (Jones and Thomsen 2013; Tausk, Elenkov, and Moynihan 2008).  

The immune system utilizes the Th1-Th2-Treg-Th17-Th22-Th9 paradigm to 

construct patterns of self-regulation (Figure 1). In healthy individuals the Tx paradigm is 

in a lucid equilibrium, however 

under stressed conditions the 

equilibrium becomes imbalanced, 

which has been noted to have 

proliferated effects of both 

cytokines and glucocorticosteroids. 

Glucocorticoids have a 

bidirectional effect on the immune 

system in which administered prior 

to stress it has been shown to 

suppress Th1-Th2-Th17 pathways. However, these endocrine mediators are typically 

released in vivo under a stress response, which is synergistic with initial immune 

response and leads to long term potentiation of an imbalanced and therefore 

dysfunctional immune response (Frank, Watkins, and Maier 2011). It has been proposed 

by this lab that adaptive immunity, specifically Th clones play a role in the development 

of addiction and that the imbalance of cytokines released by these Th clones may produce 

downstream signaling cascades that can dysregulate organs within the organism.  

 

Figure 1: Schematic of Th-1, Th-2, Th17, Treg 
pathways.  
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iii. Adaptive Immunity: Helper T cells 

We hypothesize that fundamental Th clone pathways facilitate substance seeking 

behavior via cytokine modulation between organ groups. Specifically, this project aims to 

look at the dichotomy between Th17 and Th-regulatory CD4+ cells within brain and 

spleen tissues under exposure to methamphetamine. Interlukin-17 (IL-17) producing 

Th17 cells are important in an organism’s role in host defense both against intracellular 

and extracellular pathogens, inflammation, and autoimmunity (Masuda 2014).  Naïve T- 

cells polarize to Th17 lineage by T-cell receptor stimulation that is strong enough to 

active pioneer transcription factors BATF and IRF4, thus increasing accessibility for 

Th17 transcription factors to access chromatin. Subsequently interluknin-6 (IL-6) acts in 

concert with Transforming growth factor- beta 1 (TGFβ-1) to induce the expression of 

retinoic orphan receptor (ROR)γt via a STAT3-dependent mechanism (Shin et al. 2020; 

Korn et al. 2007). Activated non-pathogenic Th17 CD4+ cells then release 

proinflammatory IL-17 and IL-22 cytokines. Th17 cells can become pathogenic if in 

conjunction to stimulation from IL-6 and TGFβ-1, if interlukin-23 (IL-23) is present a 

naïve helper T cells will polarize towards pathogenic Th17 tendencies. Additionally, if 

TGFβ-3 is in combination with IL-6 instead of TGFβ-1 Th17 CD4+ cells will be 

pathogenetic (Masuda 2014).  

Forkhead Box P3 (Foxp3) transcription factor expression is required for both the 

development and function of CD4+ T regulatory (natural T-reg) cells (Hori and 

Sakaguchi 2004). Foxp3 expression allows Th regulatory cells to have a potent 

immunosuppressive function through the expression of suppressive cytokines Interleukin-

10 (IL-10), and TGFβ-1 (Chen et al. 2003). (TGF)-β1 alone induces Foxp3 expression 
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via T- cell receptor stimulation, allowing the polarization of naïve T cells to anti-

inflammatory Th regulatory cells (Shin et al. 2020; Chen et al. 2003). Under highly 

proinflammatory conditions several factors, such as IL-6 can compete with Foxp3 and 

promote the instability of Th regulatory cells by mediating the binding of STAT3 to 

Foxp3 limiting Foxp3 expression (Shin et al. 2020).  

iv. Neuro-Immune (NI) Intercommunication 

Astrocytes and microglia are immunocompetent glial cells that patrol the central 

nervous system. They manage a variety of roles in respect to neuronal functions, such as 

neurotransmitter release, gene regulation, electrophysiology, dendritic morphology, 

synaptic connectivity, and cell viability. Substance abuse can activate astrocytes and 

microglia via signaling innate immune receptors leading to an impact on neuronal 

function. This can be accomplished by the release of cytokines and chemokines, but also 

potentially remodeling at the synapse firsthand (Lacagnina, Rivera, and Bilbo 2017). 

Continual substance abuse altering synaptic plasticity may underline behavior response to 

drugs. 
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CHAPTER 3 

METHODOLOGY 

 

All of the experiments for this study took place in Mercer University School of 

Medicine’s laboratories. 

In Vitro Experiments  

CTX-TNA2 an immortalized rat astrocyte type 1 cell line obtained from 

American Type Culture Collection (ATCC) was used for this study. Cells were 

maintained using basic tissue culture techniques and Dulbecco’s Modified Eagle Medium 

(DMEM) with high glucose, L-glutamate, phenol red, 1% antibiotic antimycotic solution, 

and 10% fetal bovine serum. Cells were exposed to one of three treatment groups- Sigma 

Aldrich’s lipopolysaccharides from Escherichia coli (LPS), Sigma Aldrich’s dopamine 

hydrochloride (dopamine), or Sigma Aldrich’s (+) enantiomer of methamphetamine 

hydrochloride (METH) obtained from Dr. Horner’s laboratory.  

 CTX-TNA2 cells were seeded at a density of 5x106 cells/mL per 

DNA/RNA/Protein Extraction kit protocol (Geneaid) and monocultured for 24- or 48- 

hours in the presence of LPS (10 ug/mL), dopamine (1,5,10 uM), or METH (1,5,10 uM). 

LPS treatment solution was diluted to 10 ug/mL with DMEM and serves as a positive 

control for inflammation. Dopamine powder weighed to approximately 1.89 mg (189.64 

g/mol) and a 1uM, 5uM, and 10uM solution was made using sterile distilled and
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deionized water. Dopamine serves as a measuring point for METH’s activity due to 

METH’s mode of action on the dopamine transporter. METH was weighed to 

approximately 1.857 mg (185.69 g/mol) and a 1uM, 5uM, and 10uM solution was made 

with sterile 0.9% saline solution. LPS, dopamine, and METH solutions were made 

immediately before each experiment. Cells were harvested 24- or 48-hours post treatment 

with 0.05% Trypsin and EDTA. Supernatants were collected for flow cytometry 

following centrifugation at 800xg for 1 minute, while pellets were resuspended in cell 

lysate buffer (GeneAid, Shijr District, New Taipei, TWN) and subjugated to the same 

protocols and analyses (as detailed below) to determine gene expression of the studied 

markers. 

MTT Assay 

 CTX-TNA2 cells underwent MTT colorimetric analysis (Biotium, Fremont, CA) 

to assess cell viability based on metabolic activity. MTT assay is dependent on 

mitochondrial respiration and is based on the reduction of 3-[4,5-dimethylthiazole-2-yl]-

2,5-diphenyltetrazolium bromide to purple formazan crystals by succinate 

dehydrogenase. The amount of formazan crystals generated is proportional to the number 

of living cells in the sample. The formazan crystals are then solubilized, and the 

absorbance value is determined photometrically.  

In Vivo Experiments 

Animals 

Female Black-Swiss mice obtained from Charles Rivers were used for this 

experiment. All mice were aged seven months and weighed between 27-35 grams. Mice 
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were housed within a temperature-controlled room on a 14:10 hour light/dark cycle and 

given free access to food and water.  All animal care and experimental manipulations 

were approved by the Institutional Animal Care and Use Committee (IACUC) of Mercer 

University School of Medicine and were in accordance with the National Institutes of 

Health (NIH) Guide for the Care and Use of Laboratory Animals. Direct measures were 

taken to minimize any suffering that might’ve occurred during experimentation.  

 Mice underwent a seven-day treatment period by route of intraperitoneal (IP) 

injections. Control mice were administered 0.9% saline, and treated mice were 

administered 15 mg/kg of (+)- methamphetamine hydrochloride. An additional group of 

mice, known as our non-stressed mice, did not undergo a seven-day IP injection period 

and are used as a snapshot of a non-stressed immune system. This will allow us to 

differentiate any gene expression variations related to the stress of the seven-day 

treatment period itself. The non- stressed immune model is collected on day zero, or 

before the treatment period was started. On day two before the second dose is 

administered, the second collection, which is representative of acute use of METH. The 

remainder of the seven-day treatment regimen is carried out, and 24hr post injection 

seven our third and final collection is done, which is representative of chronic use of 

METH. 

After the completion of the treatment period, the animals were sacrificed and 

tissue and organs (blood, brain, spleen, liver, and heart) were harvested and transferred to 

-80°C for overnight storage. Frozen tissue samples were thawed on ice and homogenized 

on Seward Stomacher 80 tissue blender (Seward Ltd., West Sussex, UK), and washed in 

cell lysis buffer (GeneAid, Shijr District, New Taipei, TWN) and subjugated to the same 
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protocols and analyses (as detailed below) to determine gene expression of the studied 

markers.  

Analysis of the immune reactivity 

Cell culture supernatant and plasma concentrations of inflammation 

cytokines in all experiments were quantified using flow cytometry with custom bead-

based multiplex immunoassay (Legendplex™) which allows simultaneous evaluation of 

13 analytes in a 12.5ul plasma sample (Biolegend, San Diego, CA).   

CD4+ signal transducers, cytokines, and cytokine receptors gene expression  

Total RNA and protein were extracted from harvested tissues or cells were 

collected using DNA/RNA/Protein Extraction Kit (GeneAid, Shijr District, New Taipei, 

TWN). The quantity and quality of the RNA concentration was determined by 

spectrophotometry based in the A260/A280 ratio using a 

7200 NanoDrop Spectrophotometer.    

High capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, 

CA) was used for the first-strand cDNA synthesis. The calculated amount of RNA used 

for this kit was calculated for the max load of 40ng cDNA per each reaction. The cDNA 

was used for subsequent quantitative PCR amplification. The amount of expressed 

mRNA for signal transducers, cytokines, and their receptors were analyzed using 

GreenFast qPCR Blue Mix HR (AzuraView , Raynham, MA) that employs SYBR Green 

chemistry for the quantification of mRNA level. All reactions were multiplexed with the 

housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), beta-actin (b-

actin), and beta-glucuronidase (GUSb). All primers were sequenced by Eurofins 
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Scientific (Luxembourg).  Data was expressed as threshold cycle (ct) values – the number 

of cycles at which log PCR cross a calculated threshold line for consequent determination 

of difference in ct values (Δ ct) between ct values of target and household genes 

(Δ ct=ct[target gene]-ct[household gene]). 

Statistical Analysis 

Results are presented as mean ± standard deviation. Statistical analysis was 

performed using One- and Two-way Analysis of Variance ANOVA or ANOVA with 

post hoc Holm-Sidak, or Tukey Test. Test were used to analyze group dependent 

differences in the studied parameter.  
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CHAPTER 4 

RESULTS 

 

In Vivo Data 

o Dose dependent effects of Methamphetamine on gene expression of the Th clonal 
paradigm in brain and spleen tissues. 
 

In the brain tissue treatment of both saline and METH elicit a significant 

upregulation of dopamine transporter (DAT) gene expression. With chronic METH 

having over a 10-fold upregulation of DAT expression (Figure 2.A). While in the spleen 

tissue acute saline has nearly a 6-fold upregulation of DAT gene expression, compared to 

chronic METH which has only a 3-fold upregulation of DAT gene expression (Figure 

2.B).
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In brain tissues both acute (24 hours after single injection) and chronic (24 hours 

after 7-day treatment) METH treatment significantly upregulated gene expression of IL-6 

(10-fold), and its receptor IL-6R (5-fold) compared to control (Figure 3.A). Significant 

increase in gene expression of STAT3 was observed following chronic METH treatment 

only. Somewhat similar changes were observed in gene expression of another pro-

inflammatory cytokine IL-17A. Significant increase in gene expression of this cytokine, 

its ‘signature’ signal transducer RORc, but not its receptor (IL-17Ra) was observed in 

brain tissues following acute and chronic METH treatment (Figure 3.B). Suggesting that 
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inflammatory cytokines IL-6 and IL-17A are being upregulated with both acute and 

chronic METH treatment.  

Anti-inflammatory pathways associated with Th-X paradigm in brain tissue had 

dysregulation within the cytokine production pathway. Gene expression of anti-

inflammatory cytokine TGFβ-1 was significantly downregulated compared to control in 

response to acute and chronic injections of saline and METH (Figure 3.D). In contrast, 

gene expression of its receptor TGFβ-1R1 and its ‘signature’ signal transducer SMAD2 

was significantly elevated in both acute and chronic treatments of saline and METH. 

Anti-inflammatory cytokine IL-10 had a significant upregulation of gene expression 

following acute and chronic METH treatment (Figure 3.C). Additionally, it’s ‘signature’ 

signal transducer Foxp3 had 10-fold upregulation in gene expression with acute and 

chronic METH treatment. However chronic METH treatment downregulated its receptor 

IL-10Ra 2-fold. Suggesting a cytokine production pathway dysregulation within TGFβ-1 

and IL-10. 

In spleen tissues chronic saline injections significantly downregulated 

proinflammatory cytokine IL-6 gene expression (2-fold) (Figure4.A). However, its 

‘signature’ signal transducer STAT3 was upregulated with chronic saline treatment (7-

fold) and chronic METH treatment (4-fold). Gene expression of another proinflammatory 

cytokine IL-17A in the spleen demonstrated a 4-fold increase with acute saline treatment 

and 2-fold increase with chronic saline treatment. Its receptor IL-17Ra was significantly 

upregulated in acute saline treatment (7-fold), but downregulated 2-fold in both acute and 

chronic METH treatment (Figure 4.B). In contrast, RORc the ‘signature’ signal  
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transducer for IL-17A has noteworthy upregulation of gene expression in both acute and 

chronic saline and METH treatments. Alluding that Th-17 pathway upregulation with 

saline treatment in the spleen is due to the stress of the injection period and not the 

METH.  

Contrast to brain data, the spleen has upregulation of anti-inflammatory cytokine 

TGFβ-1 (Figure 4.D) in both acute and chronic treatments of saline and METH. Although 

it’s associated receptor TGFβ-1R1 is notably upregulated in acute(3-fold) and chronic(5-

fold) saline and chronic METH (5-fold). SMAD2 the ‘signature’ signal transducer is 

marginally synonymous to the control in acute and chronic treatments of saline and 
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METH. Anti-inflammatory cytokine IL-10, its receptor IL-10Ra, and ‘signature’ signal 

transducer Foxp3 show substantial upregulation of gene expression with acute saline 

treatment, while METH treatments were marginally low in expression (Figure 4.C). 

Again this data suggest that the spleen isn’t changing gene expression influenced by 

METH use itself, but rather the stress of injection periods. 

o Dose dependent effects of Methamphetamine on gene expression of the Th clonal 
paradigm in systemic cytokine production. 

 

 

Plasma was  collected from animals and quantified using flow cytometry with 

custom bead-based multiplex immunoassay. This allows simultaneous evaluation of 13 

cytokines associated with Th1, Th2, Th17, and Th regulatory pathways. The targets 

depicted here are the analytes that had statistical significance. Statistics were calculated 

against the control and within treatments on both the absolute and normalized data. 
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Which demonstrated the same significance, therefore the graphs depicted as the percent 

difference. In general it is depicted that METH decreases systemic inflammatory cytokine 

Interleukin-1alpha (IL-1a) production (Figure 5.A). Interferon gamma(IFNg), Tumor 

necrosis factor alpha (TNFa), and Monocyte Chemoattractant Protein 1 (MCP-1)  graphs 

have similar trends with saline and METH treatments (Figure 5.B,C,D). Interferon 

gamma and Tumor necrosis factor alpha cytokines are associated with Th1, thus 

suggesting that the stress of handling and treatment is affecting cell mediated immunity. 

Interleukin-6 (IL-6) cytokine production is slighlty evevated in acute saline treatment, 

while chronic saline, acute METH, and chronic METH have a similar decrease if IL-6 

systemically comapred to the controls (Figure 5.E). Systemically METH decreases 

systemic inflammatory cytokine production of IL-1a and IL-6. All and all there is not 

much of a systemic immune response with METH use, but rather METH influences an 

immune response localized in the brain tissue. 

In Vitro Data 

o Dose dependent effects of Methamphetamine on gene expression of the Th- 
colonal paradigm with CTX-TNA2 Rat Astrocytes cell line.  

Dopamine transport (DAT) gene expression continually decreases following LPS 

treatment from 24- to 48- hours (Figure 6.A). 1uM of dopamine upregulated DAT 

expression nearly 15-fold following 24 hours of treatment and decreased 12-fold after 48 

hours. Similarly, 10uM dopamine treatment upregulated DAT gene expression 3-fold 

after 24 hours, it too downregulated DAT expression following 48 hours (Figure 6.B).  

While 1uM and 10uM METH treatment is enough to statistically upregulate DAT gene 

expression after 24 hours of treatment, 1uM METH was not sufficient enough to 
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stimulate DAT gene expression following 48 hours. In contrast, 10uM METH treatment 

was able to increase in fold difference of DAT gene expression compared to its 24-

hourmark (Figure 6.C). To conclude 1uM dopamine at 24 hr simulated DAT gene 

expression the most, but 10uM METH treatment was able to increase in fold difference 

of DAT expression for a longer time period than Dopamine alone. 

 

In CTX-TNA2 Astrocyte cell lines 24- and 48- hour exposure to LPS significantly 

upregulated gene expression of proinflammatory cytokine IL-6 but downregulated the 

expression of its receptor IL-6R, and ‘signature’ signal transducer STAT3 in both 24- and 

48-hour treatment periods (Figure 7.A). METH 1uM and 10uM treatment stimulated a 2-

fold upregulation of IL-6 gene expression after 24 hours, but downregulated gene 

expression after 48 hours. IL-6R gene expression after 1uM METH treatment at 24 hours 
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was marginally close to the control, while 10uM METH after 24hours had a slight 

upregulation of expression (Figure 7.C). At 48 hours IL-6R gene expression was  

 

 

significantly downregulated in both 1uM and 10uM METH treatment. IL-6 associated 

signal transducer STAT3 is slightly upregulated at 24 hours for both 1uM and 10uM 

METH treatment, while it is downregulated at both concentrations after 48 hours. 1uM 

and 10uM dopamine has increasing gene expression of IL-6 with both increasing 

concentration and increasing time (Figure 7.B). While its receptor IL-6R has upregulated 

gene expression for 1uM dopamine treatment at 24 hours, and 2-fold downregulation of 

gene expression for both 1uM and 10uM of dopamine after 48 hours of treatment. 

STAT3 expression follows the same trend as IL-6R, but less of a downregulation for both 
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dopamine treatment after 48 hours. Our in vitro studies depict that it’s Dopamine not 

METH that stimulates gene expression of IL-6 in CTX cell lines and does not affect gene 

expression of its receptor IL-6R or signal transducer STAT3. High concentration and 

long exposure to Dopamine is associated with high gene expression of IL-6, which is 

comparable to stimulus with LPS.  

 
Another anti-inflammatory cytokine TGFβ-1, its receptor TGFβ-1R1, and its 

‘signature’ signal transducer SMAD is slightly upregulated following 24 hours of LPS 

treatment (Figure 8.A). In contrast TGFβ-1, TGFβ-1R1, and SMAD gene expression is 

downregulated after 48 hours of LPS treatment. 1uM and 10uM of METH treatment 

follows a similar trend to LPS, gene expression of TGFβ-1, its receptor and signal 

transducer is upregulated after 24 hours of treatment, but generally downregulated after 
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48 hours (Figure 8.C). CTX-TNA2 cells produce a limited gene expression of TGFβ-1 

cytokine pathway in response to METH. Data does not have physiological difference but 

rather statistical significance with repetition. While gene expression of TGFβ-1 with 

dopamine treatment at 1uM and 10uM concentrations after 24 hours is relative to the 

media group, when 48 hours of exposure has passed TGFβ-1 expression is downregulated 

(Figure 8.B). It’s receptor TGFβ-1R1 is slightly upregulated in gene expression following 

both concentrations of dopamine at 24 hours, and significantly increases after 48 hours 

with 1uM dopamine having greater than 3-fold upregulation and 10uM dopamine having 

2-fold upregulation.  The opposite trend can be seen with signal transducer SMAD and 

dopamine treatment. As concentration and time increase, expression of SMAD decreases 

in gene expression. Data is suggestive of an imbalance within the TGFβ-1 pathway.  
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Anti-inflammatory cytokine IL-10 has a 1.5-fold upregulation in gene expression 

after 24 hours of LPS treatment in CTX-TNA2 Astrocytes, while it is downregulated 

following prolonged exposure of 48 hours (Figure 9.A). Its receptor IL-10Ra has 

progressive downregulation of gene expression following LPS treatment. It’s ‘signature 

cytokine Foxp3 has reduced downregulation of gene expression following 24- 48 hours 

of LPS exposure. IL-10 gene expression is downregulated in both 1uM and 10uM of 

METH at both 24- and 48-hour time points (Figure 9.C). 1uM of METH at 24 hours has a 

slight upregulation of IL-10Ra expression and is significant when you compare it to 

10uM METH treatment at 24 hours which is slightly downregulated. Both 1uM and 

10uM METH exposure had statistically similar downregulation of IL-10Ra expression 

after 48 hours of treatment. Signal transducer Foxp3 expression following 1uM and 

10uM METH treatment of 24 hours had similar downregulation of gene expression. This 

is starkly in contrast to 1uM and 10uM METH exposure after 48 hours of treatment 

which was nearly a 4-fold upregulation of Foxp3 gene expression. Dopamine 1uM 

treatment following 24 hours has a greater than 2-fold upregulation of gene expression of 

IL-10, while it decreased with increasing concentrations of dopamine (10uM) following 

24 hours (Figure 9.B). IL-10 gene expression following 1uM and 10uM dopamine after 

48hours was slightly downregulated. The signal transducer Foxp3 has similar expression 

as the control following 24 hours of 1uM dopamine treatment, while 10uM dopamine had 

a slight upregulation. CTX-TNA2 cells following 48 hours of dopamine treatment 

jumped to nearly a 13-fold increase of Foxp3 gene expression. It appears that dopamine 

more than METH upregulated signal transducer Foxp3 with prolonged stimulation. 

However, there is a downregulation of IL-10 cytokine production alluding to a decrease 
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in anti-inflammatory mechanisms.  Dopamine effects not only the interaction between 

Th-regulatory and Th17 pathways, but also the cytokines production pathway causing an 

inadequate effect of gene expression between cytokine and receptor.  

o MTT Proliferation Assay for CTX-TNA2 cells treated with LPS, Dopamine, and 

METH. 

CTX-TNA2 cells underwent MTT analysis to assess cell viability based on metabolic 

activity. METH (Figure 10.A) and Dopamine (Figure 10.B) react to proliferation and 

viability of the cell in the same method. 1uM METH had similar proliferation as LPS 

treatment. Statistical analysis vis a Students T-test depict that metabolic activity of the 

CTX-TNA2 cells were significantly suppressed by both 5uM (p<0.001) and 10uM 

(p<0.001) doses of METH compared to control cultures. Dopamine affects the metabolic 

activity of CTX-TNA2 cells in a similar pattern to LPS and METH with 1uM and 5uM of 

dopamine being statistically significant. 
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CHAPTER 5 

DISCUSSION 

 

 The basis of this study was to deduce a mechanism by which methamphetamine 

modulates the immune system on systemic and tissue specific levels. Interactions 

evaluated include Th-X paradigm differentiation, tissue specific gene expression, and 

circulating cytokine levels to determine if crosstalk between spleen and brain tissues was 

present. This study is novel in evaluating Th17, and TGFβ-1 pathways with 

methamphetamine use. Cytokine IL-17A cannot cross the blood brain barrier (BBB), 

however it can be released from residential macrophages which can excrete IL-17A in 

response to METH exposure (Waisman, Hauptmann, and Regen 2015; Corraliza 2014).  

 The in vivo experimental design analyzed gene expression of specific signal 

transducers and non-specific cytokines in the spleen and brain of female NIH Swiss mice 

treated with either acute (one intraperitoneal injection of either 15mg/kg METH or 0.9% 

saline) or chronic (seven intraperitoneal injections of either 15mg/kg METH or 0.9% 

saline). Samples were processed as described in the methodology section. In the brain 

significant increase in gene expression of pro-inflammatory pathways was observed in 

both acute and chronic treated METH mice. Interleukin-6 gene expression in both acute 

and chronic METH treatment had a 20- fold increase compared to control and saline 

groups, and slight (5.65-fold) increase in the gene expression of STAT3 with chronic 

METH treatment in brain tissues. IL-6 is a non-specific cytokine that increases
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inflammation, and aids in shifting Th clonal paradigm towards inflammatory Th17 

pathologies. Increased expression of IL-6 in mice brains after METH exposure is 

consistent with current literature (Gonçalves et al. 2008; Kohno et al. 2018; Martinez et 

al. 2009), although our project is novel in exploring the IL-6 production pathway and 

looking at its receptor IL-6R, and signal transducer STAT3 gene expression. IL-6 knock 

out mice protected brain astrocytes from neuroinflammation suggesting that pro-

inflammatory IL-6 is a key player in the neurodegeneration of brain cells (Ladenheim et 

al. 2000).  Expression of Th17 pathway in the brain was upregulated with acute and 

chronic METH treatment. Cytokine Interleukin-17 (20.1 and 19.58 folds) increased gene 

expression with acute and chronic METH treatment respectively. It’s signature signal 

transducer RORc (7.4 and 3.05 folds), but not its receptor IL-17Ra was upregulated in 

gene expression following acute and chronic METH treatments. Th17 pathways can be 

non-pathogenic or pathogenic depending on the environment. When a T cell is exposed to 

IL-6 and TGFβ-1 the cell is polarized towards non-pathogenic Th17 clone. Where pro-

inflammatory cytokines IL-17, IL-21, and IL-22 are secreted. There are two ways that 

Th17 can become pathogenic. First, in conjunction to IL-6 and TGFβ-1 stimuli if IL-23 is 

present and naïve helper T cells polarize towards pathogenic Th17 clone. Secondly, if 

TGFβ-3 is in combination with IL-6 instead of TGFβ-1 Th17 will also become 

pathogenic. The increased gene expression of cytokine IL-17 and signal transducer RORc 

in brain tissue suggest that inflammatory pathways are favored. However, without 

significant increase in its receptor IL-17Ra, we cannot confirm that Th17 inflammation 

pathways are being initiated in the brain. 
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 It appears, that anti-inflammatory pathways associated with Th-X paradigm in 

brain tissue had dysregulation within the cytokine production pathway. TGFβ-1 was 

downregulated similarly with acute and chronic METH and saline treatments while its 

receptor (TGFβ-1R1) and signal transducer SMAD was upregulated similarly to acute 

and chronic METH and saline treatments. TGFβ-1 gene expression with METH use was 

not in the literature but was shown to be involved the pathogenic pathology of Th17 cells 

associated with IL-6, and IL-23. Since TGFβ-1 gene expression is not increased it is 

likely that this is not a neuroinflammatory pathway associated with neuronal damage 

associated with METH use. We observed that IL-10 (7.06 and 4.9 folds) and its signal 

transducer Foxp3 (12.2 and 10.7 folds), but not its receptor IL-10Ra were upregulated 

with acute and chronic METH treatments. Anti-inflammatory pathways typically are a 

secondary response to inflammation. Nearly a double fold increase of inflammatory 

pathways compared to anti-inflammatory IL-10 pathways suggests that the increased 

gene expression of Th-regulatory (IL-10 pathway) may be in response to the increased 

inflammation and may serve as a neuroprotective mechanism.  

 In contrast to brain data, the spleen tissue proinflammatory cytokine IL-6, and its 

receptor (IL-6R) had gene expression in the spleen similar to the control. While it’s 

signal transducer STAT3 is upregulated in chronic saline and METH treatments (6.2 and 

4.3-fold). This is in contrast to literature where splenic, lung, and liver gene expression of 

IL-6 was increased after methamphetamine exposure (34). Since both chronic saline and 

METH treatment led to increase in STAT3 expression, it may be that the stress of 

handling and the treatment process/protocol may be affecting animals and not the 

treatment itself. Cytokine IL-17, its receptor IL-17Ra, and signal transducer RORc are 
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generally upregulated in both acute and chronic saline treatments. While acute and 

chronic METH treatments hardly effect cytokine IL-17, downregulate its receptor (0.5 

folds), and upregulate its signal transducer RORc (2.4 and 5.57 folds). Again, suggesting 

that splenic gene expression may be a result from stress then METH. Spleen tissue has an 

upregulation of anti-inflammatory cytokine IL-10, its receptor IL-10Ra, and ‘signature’ 

signal transducer Foxp3 with acute saline treatment, while METH treatments were 

marginally low in expression, and TFGb1, its receptor, and signal transducer SMAD 

share a pattern with treatment periods. Acute saline and METH treatment and chronic 

saline and METH treatment have similar expressions. Since gene expression is similar 

based on timing (weather acute or chronic) and not based on treatment itself, this also 

conveys that METH is not affecting gene expression of these markers in the spleen 

directly.  

 We observed that, systemically METH decreases systemic inflammatory cytokine 

level. Interferon gamma and TNFa (Figure 5.C) have similar trends with saline and 

METH treatments. Both of these cytokines are associated with Th1, thus suggesting that 

the stress of handling and treatment is affecting cell mediated immunity. All and all not 

much of a systemic immune response with METH use is shown, but rather METH 

influences an immune response localized in the brain tissue. Prior research denotes 

decreased IL-6 systemic cytokine production, which is consistent with our results, but is 

different in regard to IL-10 systemic cytokine production. IL-10 had no statistical 

significance, while some literature suggest it is systemically increased causing 

immunosuppression (Tomita et al. 2011; Loftis et al. 2011). Considering short half-life of 
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the cytokines on circulation, such contradiction can be attributed to the differences in the 

study protocol, such as timeline of sample collection. 

 The in vitro experimental design was limited because we looked at just an 

astrocyte cell line and not all the other cells of the brain tissue. Therefore, not all targets 

analyzed in the in vivo model were able to be detected in our cell model. Interleukin-6 

was one of the only pro-inflammatory cytokines that CTX-TNA cells were able to 

express. Our observation that 24- and 48- hours exposure to LPS significantly 

upregulated gene expression of proinflammatory cytokine IL-6, is consistent with prior 

literature (Ladenheim et al. 2000; Shah et al. 2012). This was as expected since LPS was 

our inflammation control. Gene expression of IL-6 with dopamine treatment was 

comparable to LPS which is a strong inducer of a pro-inflammatory response, suggesting 

that it may be the increased release of dopamine, not METH that increased inflammation. 

METH induced expression of the IL-6 cytokine had no notable changes in its gene 

expression. IL-6R (receptor) gene expression was downregulated for all treatment groups. 

It could be that CTX cells do not express IL-6 receptor and produce free interleukin 6, 

which may stimulate another immunocompetent cell leading to damage of neurons.  

Cytokine TGFβ-1 can be associated with both anti-inflammatory and pro-

inflammatory pathways. Treatment of LPS has gene expression marginally close to the 

media group. We observed that dopamine treatment statistically significantly stimulates 

gene expression of the TGFβ-1R1 at 48 hours post stimulation without notable effect on 

its ligand (cytokine TGFβ-1), and signal transducer SMAD, while METH treatment had 

TGFβ-1, its receptor and signal transducer gene expression relatively close to control 

media group. This data suggests imbalance inside TGFβ-1 pathway, leads to a change in 
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balance between Th regulatory and Th17 pathways. Th regulatory pathway associated 

with cytokine IL-10, its receptor IL-10Ra, and signal transducer Foxp3 have expression 

close to control media group when treated with LPS. Dopamine at its minimal 

concentration (1uM) slightly but significantly effects T regulatory pathway by increasing 

gene expression of IL-10, and its receptor at 24 hours. Also, we see a dramatic 

upregulation in gene expression of signal transducer FoxP3 at 48 hours. Data suggests, 

that lower doses of Dopamine are more potent on ani-inflammatory Th-regulatory 

pathways compared to higher doses we used in our studies; due to its possible toxicity to 

the chosen cell-line. METH treatment of CTX-TNA2 cells demonstrates gene expression 

close to the control media cultures for cytokine IL-10, its ligand IL-10Ra, and signal 

transducer Foxp3 production. METH treatment after 48 hours at 1uM and 10uM 

concentrations led to upregulation of Foxp3 gene expression (3.2 and 3.88 folds) 

similarly to the treatment with dopamine. Collected data cumulatively suggests that 

dopamine not METH creates changes in the production of pro- and anti- inflammatory 

cytokines in CTX-TNA2 astrocytic cell line, which leads to an imbalance between Th 

paradigm and an imbalance within cytokine production pathways. 
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CHAPTER 6 

CONCLUSIONS 

 

 To conclude, the current study suggests tissue-dependent dissociation in the 

immune response to methamphetamine. Specifically, there is an upregulation of gene 

expression in the brain of IL-6, IL-6R, STAT3, IL-17, and RORc following acute and 

chronic METH treatment, while there is a downregulation of cytokine and receptor in 

spleen tissue. It seems that the spleen tissue gene expression of chosen cytokines responds 

to the stress of handing and the treatment process rather than METH itself. CTX-TNA2 rat 

astrocytes are not directly affected by METH treatment itself. There is an upregulation of 

pro-inflammatory cytokine IL-6, and downregulation of anti-inflammatory pathways with 

both METH and Dopamine treatments. These trends correspond to in vivo brain tissue 

results. Appearing that direct stimulation of dopaminergic pathways in CTX-TNA2 cells 

may lead to inter-pathway distortion between Th-regulatory and Th-17 cells.  

Dysregulations between Helper T-cell paradigm may be due to an imbalance with each 

individual cytokine production pathway.  
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CHAPTER 7 

FUTURE DIRECTIONS 

 

 The results from these experiments show potential avenues for evaluation of 

methamphetamine-induced immune modulation. Gene analysis of selected cytokines 

associated with Th-X pathways demonstrated insight to the immune systems role with 

methamphetamine use and subsequently neuronal damage. To further this study, it would 

be beneficial to determine if pro-inflammatory gene products are being produced, and if 

they are of pathogenic nature. Furthermore, the analysis of specific cytokine knockout 

mice, as well as use of specific anti-cytokine/receptor antibodies will aid in the 

determination if the Th-17 pathway influence neuronal damage and the predisposition of 

neurologic deficits.  
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