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Abstract: Interaction of programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) plays a 
critical role in regulating the delicate balance between protective immunity and tolerance. Human neuroimmune 
cells express very low or undetectable levels of PD-1/PD-L1 in normal physiological condition.We seek to examine if 
exposure of these cells to drug of abuse such as methamphetamine (METH) alters the profile of PD-1/PD-L1 levels, 
thereby dampens the innate immune response of the host cells. Thus, we assessed the changes in the levels of 
PD-1/PD-L1 in primary human macrophages, brain endothelial cells (hBECs), astrocytes, microglia, and neurons af-
ter exposure to METH. We observed that stimulation of these neuroimmune cells by METH responded differentially 
to PD-1/PD-L1 expression. Stimulation of macrophage culture with 50 μM of METH exhibited immediate gradual 
upregulation of PD-L1, while increase in PD-1 took 2-4 hours later than PD-L1. The response of hBECs to PD-1/PD-
L1 induction occurred at 24 hours, while increase of PD-1/PD-L1 levels in neurons and microglia was immediate 
following METH exposure. We found that astrocytes expressed moderate levels of endogenous PD-1/PD-L1, which 
was diminished by METH exposure. Our findings show a differential expression of PD-1/PD-L1 in neuroimmune cells 
in response to METH stimulation, suggesting that PD-1/PD-L1 interplay in these cell types could orchestrate the 
intercellular interactive communication for neuronal death or protection in the brain environment. 
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Introduction

Methamphetamine (METH) is the most addic-
tive psycho stimulant illicit drug [1]. METH ranks 
the top illicit drug widely used in the world as an 
euphoric and peaceful feeling stimulant, 
besides cannabis. A 64.4 million METH users 
account for 48.3 billion dollars, while a 164 mil-
lion users of cannabis account for 141.8 dol-
lars, in world black market value [2]. The 
Hawaiian Islands and the mid-western states 
top the highest users of METH among teenag-
ers and young adults in the US [3]. METH ini-
tially causes the release of dopamine, sero-
tonin and norepinephrine followed by a gradual 
depletion of dopamine, causing highly addictive 
effect among METH users [4, 5]. The chronic 
use of METH causes a long-term structural 
damage to regions of the brain that regulate 
mood and cognitive function [6]. The possible 

mechanisms of neurotoxicity with METH depen-
dence are primarily attributed to deleterious 
metabolic effects of the dopaminergic [7-9], 
serotonergic [10], noradrenergic [11], and glu-
tamatergic systems [12, 13].

Recent studies have indicated the involvement 
of neuroimmune factors, such as cytokines, 
chemokines, and cellular adhesion molecules 
in perpetuating METH-induced neuronal degen-
eration and neuropsychiatric complications [14-
17]. It is likely that immune-mediated tolerance 
and cell apoptotsis may play a role in METH-
induced neuroinflammation and neurodegener-
ation. Although METH abuse is implicated  
in immune dysregulation, the relationship 
between METH exposure and the ability of the 
host to elicit protective immunity like T-cell 
immune reactions is not known. T cells express 
co-stimulatory and co-inhibitory accessory 
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receptors, wherein a delivery of additional co-
stimulatory signals by antigen presenting cells 
(APC) is crucial for regulatory function of T cells-
during viral infection or substance abuse. In 
other word, T cell activation requires a T cell 
receptor mediated signaling, in which a positive 
or a negative co-stimulation by APC such as 
macrophage decide the impact and duration of 
the T cell activation [18].

In this complex regulation of T cell response in 
neuroimmune environment and peripheral tol-
erance, programmed cell death 1 (PD-1) recep-
tor and its ligand PD-L1 or PD-L2 have emerged 
as critical inhibitory signaling pathways. PD-L1 
(A B7-homologue-1/B7-H1) is a new member of 
the B7-CD28 family, which is the main ligand of 
PD-1 receptor. The interaction of PD-L1/PD-L2 
with PD-1 is known to induce a co-inhibitory sig-
nal in activated T-cells, thereby promotes T-cell 
apoptosis, energy exhaustion and immune-
mediated tissue damage [19]. Thus, blocking 
the interactions of PD-L1 and PD-1 has 
emerged to be highly beneficial in the treat-
ment of cancers [20-22] and viral infections 
[23, 24]. In the brain, blocking the engagement 
PD-L1 and PD-1 plays a critical role in prevent-
ing neuroinflammation, such as in chronic 
active multiple sclerosis [25, 26]. Thus, expres-
sion of PD-L1 and PD-1 has been shown in 
brain cell types and also in various neuropatho-
logical conditions [27-30]. 

In general neuroimmune cells are known to 
express very low or undetectable levels of 
PD-1/PD-L1 in normal physiological conditions. 
The present study seeks to investigate whether 
exposure of neuroimmune cells to METH as in 
real life scenario of drug abusers can induce 
the expression of PD-L1 and PD-1 levels. To 
achieve this goal, we examined the METH-
induced alterations of PD-1/PD-L1 levels in pri-
mary human macrophages, brain endothelial 
cells (hBECs), astrocytes, microglia, and neu-
rons in culture. Uncovering this knowledge gap 
will be of great significance since the regulation 
of PD-1/PD-L1 in neuroimmune cells during 
drug abuse is not known to date. This study has 
the potential to unravel the mechanisms of 
brain cell death via an interactive regulation of 
PD-L1/PD-1 under METH exposure. Further, 
the role of the infiltrated macrophage in regu-
lating PD-L1/PD-1 as co-stimulatory or co-
inhibitory to brain cells will be novel finding in 
drug abuse. 

Materials and methods

Antibodies

Antibodies to PD-L1, PD-1, CD68, von 
Willebrand factor, and GFAP were obtained 
from Abcam (Cambridge, MA). MAP2 antibody 
and all secondary Alexa Fluor antibodies were 
from Invitrogen. 

Monocytes: Monocytes isolation was carried 
out at tissue core facility in the Department of 
Pharmacology and Experimental Neuroscience, 
University of Nebraska Medical Center, by 
counter current centrifugal elutriation of leuko-
pheresis packs from HIV-1, HIV-2, and hepatitis 
B-seronegative blood donors. Monocytes were 
cultured in 12 well plates (300,000 cells/well) 
in Dulbecco’s modified Eagle’s medium (Sigma, 
St. Louis, MO) supplemented with 10% heat-
inactivated pooled human serum, 1% gluta-
mine, 50 μg/ml gentamicin, 10 μg/ml ciproflox-
acin (Sigma), and 1000 U/ml highly purified 
recombinant human macrophage colony-stimu-
lating factor. Purity of macrophage is assessed 
by CD68 antibody. 

Human brain endothelial cells: Primary human 
brain endothelial cells (hBECs) were obtained 
from Dr. Yuri Persidsky’s Laboratory, Temple 
University, PA, and hBECs were cultured as 
described previously [31]. Briefly, all cell culture 
plates and glass cover slips were pre-coated 
with collagen (0.09 mg/mL), aspirated the 
excess collagen and dried in sterile hood for 4 
hours. Dried glass cover slips and plates were 
further pre-coated by fibronectin. Cells were 
plated on 12-well glass cover slips (40,000 
cells/well) for immunohistochemistry analysis. 
DMEM/F-12 media containing 10 mM Hepes, 
13 mM sodium bicarbonate (pH 7), 10% fetal 
bovine serum, penicillin and streptomycin (100 
μg/ml each, Invitrogen) were used for cell cul-
ture. Cell culture media was changed every 3rd 
day until tight monolayers were formed in about 
6-7 days. Purity of hBECs is assessed by anti-
body to von Willebrand factor or GLUT1. 

Source of astrocytes, microglia and neurons

Cortical neurons, astrocytes and Microglia 
were obtained from the neural tissue core facil-
ity in the Department of Pharmacology and 
Experimental Neuroscience, University of 
Nebraska Medical Center. The core facility rou-



PD-1/PD-L1 induces neurodegeneration in drug abuse

89	 Int J Physiol Pathophysiol Pharmacol 2015;7(2):87-97

tinely isolates these cells from elective abortus 
specimens of human fetal brain tissues. All tis-
sues were obtained in full compliance with the 
ethical guidelines of both the National Institutes 
of Health (NIH) and the University of Nebraska. 
Briefly, dissociated tissues were incubated with 
0.25% trypsin for 30 min, neutralized with 10% 
fetal bovine serum, and further dissociated by 
trituration. 

Astrocytes culture: Astrocytes were cultured in 
DMEM/F-12 media containing HEPES (10 mM), 
sodium bicarbonate (13 mM, pH 7), 10% fetal 
bovine serum, penicillin and streptomycin (100 
µg/ml each, invitrogen) as described [32]. 
Purity of astrocytes was assessed by GFAP anti-
body, which normally showed 100% enrichment 
of astrocytes. 40,000 cells/well were plated on 
12-well plates containing glass cover slips for 
immunocytochemistry. Cell culture media was 
changed every 3rd day until cells were confluent 
in about 4-5 days. Purity of astrocytes was 
assessed by GFAP antibody, resulting in 100% 
purity of astrocytes. 

Microglia culture: Microglia were isolated and 
purified as previously described [33]. Briefly, 
brain tissue was dissociated with 0.25% trypsin 
for 30 min at 37°C. The resulting single-cell 
suspension was cultured in DMEM (Sigma 
Chemical Co.) supplemented with 10% fetal 
bovine serum and 1,000 U of MCSF per ml. 
After 14 days in culture, the nonadherent 
microglia cells were collected and purified by 
preferential adhesion. These procedures result-
ed in >98%-pure microglial cell populations. 
Microglia were cultivated at density of 40,000 
cells/well in 12-well glass cover slips. Purity of 
microglia was assessed by Iba-1 antibody, 
resulting in 100% purity of microglia. 

Neuron culture: Neurons were cultured on  
poly-D-lysine pre-coated cover slips and multi 
well plates (BD Labware, Bedford, MA) in 
Neurobasal™ Medium containing 0.5 mM glu-
tamine, 50 µg/ml each of penicillin and strep- 
tomycin in combination with GIBCO™B-27  
supplements with antioxidants as described 
previously [34]. Purity of neurons was assessed 
by MAP-2 antibody (Invitrogen), which normally 
showed 100% enrichment of neurons. 80,000 
cells/well were plated on 12-well plates con-
taining glass cover slips for immunocytochem-
istry. Cell culture media was changed every 3rd 
day until cells were confluent in about 10-12 
days.

METH treatment

The non-toxic working concentrations of METH 
were determined by 3-(4,5-dimethylthiazol-2yl)-
2,5-diphenyl tetrazolium bromide (MTT) cell 
viability assays in response to METH dose-
dependent studies. Briefly, cells were cultured 
in 96-well microtiter plates up to 90-100% con-
fluency. Cells were treated for 48 hrs in the 
presence or absence of various concentrations 
of METH (5-500 μM) followed by addition of 
100 μl MTT (5 mg/ml MTT in 10% FBS in 1X 
PBS) and 45 min incubation at 37°C. Following 
incubation, 100 μl DMSO was added just after 
aspirating the MTT solution and the plates were 
further incubated at room temperature for 15 
min. Absorbance of the purple formazan was 
detected by a microtiter plate reader at 490 nm 
wavelength. We determined that the non-toxic 
highest concentration of METH for macro-
phage, endothelial cells, astrocytes, and 
microglia was 50 μM of METH, while that of 
neurons was 25 μM for 48 hrs exposure time 
point. Thus, all cell types cultured on glass 
cover slips in 12-well plates were exposed to 
50 μM working concentration of METH, while 
neurons were exposed to 25 μM at the indicat-
ed time points for immunofluorescence fluores-
cent staining and microscopy analysis.

Immunofluorescence staining and microscopy 
analysis 

All cell types exposed to given METH concentra-
tions for up to 48 hrs were washed with PBS, 
fixed in acetone-methanol (1:1 v/v) fixative. 
Cellular antigens were blocked with 3% bovine 
serum albumin at room temperature for 1 hr in 
the presence of 0.4% Triton X-100. This was fol-
lowed by incubation with respective primary 
antibodies like rabbit anti-PD-L1 (5 µg/ml) and 
mouse anti-PD-1 (1/50 dilution) overnight at 
4°C. Post-incubation cells were washed with 
PBS followed by incubation for 1 hr with sec-
ondary antibodies, anti-rabbit-IgG alexa fluor 
Fluor 594 for PD-L1 and anti-mouse-IgG alexa 
fluor Fluor 488 for PD-1. Cover slips were then 
mounted onto glass slides with immunomount 
containing DAPI (Invitrogen), and fluorescence 
microphotographs were captured by fluores-
cent microscopy (Eclipse TE2000-U, Nikon 
microscope, Melville, NY) using NIS elements 
(Nikon, Melville, NY) software. Fluorescence 
intensity from four independent experiments 
was quantified by Sigma Scan Pro program, 
Image Analysis version 5.0.0, 1987-1999 SPSS 
Inc.
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Statistical analysis

All immunoreactive fluorescence intensities 
were quantified by SigmaScan Pro program, 
Image Analysis version 5.0.0, 1987-1999 SPSS 
Inc. The non-specific background fluorescence 
intensity from untreated controls was sub- 
tracted from all experimental conditions. 
Quantification of specific fluorescence intensity 
was then carried as the difference between 
untreated controls and METH treated condi-
tions. Comparisons between controls and 
experiments were performed by one-way 
ANOVA with Dunn’s post-hoc tests. Differences 
were considered significant at p-value <0.05, 
where, *P≤0.05, **P≤0.01, ***P≤0.001 and 
****P≤0.0001 compared with controls. Statis- 
tical analysis were performed using GraphPad 
Prism version 6.00 for Mac OS X, GraphPad 
Software, La Jolla California USA, www.graph-
pad.com”. 

Results

METH exposure increases PD-1/PD-L1 in 
macrophages

Macrophages are the major innate immune 
cells for antigen presentation that infiltrate into 
the brain through the BBB endothelium at the 
inflammatory sites. The up-regulation of PD-1/
PD-L1 in infiltrated macrophage during drug 
abuse is expected to promote the initiation of 
neuroiflammation. Exposure of macrophage 
culture to 50 μM of METH showed a differential 
time-dependent increase in the expression 
between PD-1 and PD-L1. Wherein, METH 
exposure significantly increased PD-L1 levels 
starting at 2 hours (Figure 1A, 1C), while 
increase in PD-1 levels occurred only after 4 
hours (Figure 1B, 1D), but both PD-1 and PD-L1 
reached the maximum level of expression at 48 
hours (Figure 1A-D). The levels of PD-1 and 

Figure 1. METH exposure up-regulated PD-L1 and PD-1 levels in human macrophages. Representative immu-
nocytochemical staining of (A) PD-L1 and (B) PD-1, in human macrophages with/without METH at different time 
points; Ranks-Kruskal-Wallis test for quantitative densitometric analysis of (C) PD-L1 and (D) PD-1 levels. *P≤0.05, 
**P≤0.01, ***P≤0.001 and ****P≤0.0001 are the statistical significance compared with controls.
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PD-L1 in the respective untreated controls 
were found to be very low, suggesting that 
induction of PD-L1 and PD-1 were mediated by 
METH exposure in human macrophages. Since 
the induction of PD-L1 precedes PD-1 in METH 
exposure, the data also suggests the order of 
ligand-receptor interaction in the programmed 
cell death-1 signaling pathway. 

Delayed induction of PD-1/PD-L1 in hBECs

Adhesion of macrophages or T cells to the brain 
endothelial cells (BBB) is the primary step for 
recruiting immune cells into the brain. Our 
rationale is that changes in PD-1/PD-L1 expres-
sion in hBECs in response to METH stimulus 
may disrupt BBB and facilitate the migration of 
macrophages or T cells into the brain. We found 
an extremely low basal level of PD-1/PD-L1 in 
hBECs, but exposure of hBECs to 50 μM of 
METH significantly increased the levels of 
PD-L1 (Figure 2A, 2C) and PD-1 (Figure 2B, 2D) 

compared with controls. However, the up-regu-
lation of PD-1/PD-L1 levels in hBECs started at 
24 hours exposure, much later than that of 
macrophage. The maximum expression of 
PD-1/PD-L1 in hBECs was achieved at 48 hours 
of METH exposure. The role of PD-1/PD-L1 in 
hBECs for accelerating immune cells migration 
across the BBB and into the brain remains to 
be investigated.

METH exposure decreases PD-1/PD-L1 levels 
in astrocytes

The astrocyte end-feet encircle the cerebral 
vessel endothelium, which form the perivascu-
lar unit of the BBB. We have shown that  
perivascular inflammation initiated neuronal 
degeneration in animal model of chronic METH 
administration. Here, we aim to address wheth-
er activation of PD-1/PD-L1 in astrocytes play a 
role in the development of perivascular inflam-
mation. Unlike any other brain cell types, astro-

Figure 2. A delayed increase of PD-L1 and PD-1 in hBECs. Representative immunocytochemical staining of (A) PD-L1 
and (B) PD-1, in hBECs with/without METH at 24 hrs and 48 hrs; Ranks-Kruskal-Wallis test for quantitative densi-
tometric analysis of (C) PD-L1 and (D) PD-1 levels. **P≤0.01 is the statistical significance compared with controls.
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cytes exhibited high basal level expression of 
PD-L1 (Figure 3A, 3C) and PD-1 (Figure 3B, 3D) 
in controls compared with METH-treated. 
Interestingly, the endogenous levels of PD-1/
PD-L1 in astrocytes decreased time-depend-
ently in response to METH exposure, while the 
levels of PD-1/PD-L1 remained stable in un- 
treated controls. These findings suggest an 
inherent protective role of PD-1/PD-L1 in astro-
cytes, perhaps affording towards neuroprotec-
tion. We will validate this argument in future 
studies with cell viability assays in astrocyte-
neuron co-culture and in our animal model of 
chronic METH administration for better insight 
and understanding of the mechanism. 

METH increases the levels of PD-1/PD-L1 in 
microglia

Microglia are the immune surveillance and 
major antigen presenting cells in the brain. The 

innate and adaptive immunity nature of microg-
lia serves as the first line of host defense in the 
brain. Nevertheless, microglia are also the 
scavenging cells of the brain and a source of 
neuroinflammation during uncontrolled microg-
liosis. Microglia maintains a minimal basal level 
of PD-1/PD-L1, but this homeostasis appears 
to change drastically under inflammatory condi-
tions. Since METH induces gliosis, we exam-
ined the alterations of PD-1/PD-L1 levels in 
human microglia following exposure to 50 μM 
METH at various time points. Our data revealed 
that METH exposure significantly increased the 
levels of PD-L1 (Figure 4A, 4C) and PD-1 (Figure 
4B, 4D) in microglia time-dependently com-
pared with basal controls. Our future goal is to 
examine the underlying molecular mechanism(s) 
of PD-L1-PD-1 interaction in METH exposure 
and to evaluate whether activation of PD-1/
PD-L1 in microglia is an immune response to 
neuroprotection or neurodegeneration.

Figure 3. METH down-regulated PD-L1 and PD-1 levels in human astrocytes. Representative immunocytochemical 
staining of (A) PD-L1 and (B) PD-1, in human astrocytes with/without METH at 24 hrs and 48 hrs; Ranks-Kruskal-
Wallis test for quantitative densitometric analysis of (C) PD-L1 and (D) PD-1 levels. **P≤0.01 and ***P≤0.001 are the 
statistical significance compared with controls.
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METH impacts a rapid turnover of PD-1/PD-L1 
in neurons

We have demonstrated that neurons are highly 
sensitive to METH-induced inflammatory 
response both in-vivo and in-vitro findings [13, 
35]. We attributed the mechanisms of METH-
induced neuronal degeneration to oxidative 
damage and metabolic energy deficiency. Here, 
we examined the role of PD-1/PD-L1 activation 
as a possible cause of neuronal loss in METH 
exposure. The basal levels of PD-1/PD-L1 in 
neuronal culture exhibited none to very low 
expression in untreated cells. But when neuro-
nal culture was exposed to 25 μM of METH, the 
expression of PD-L1 (Figure 5A, 5C) and PD-1 
(Figure 5B, 5D) markedly increased and 
reached the maximum increments at 24 hours 
in a time-dependent manner. Our data sug-
gests the involvement of PD-1/PD-L1 activa-

tion in METH-induced neurodegenerative pro-
cess, which requires further verification in 
future. 

Discussion

The programmed cell death-1 (PD-1) receptor 
and its ligand PD-L1 are known to express very 
poorly in human brain cells under normal physi-
ological conditions [36], however, activated 
neuroimmune cells such as T cells, B cells, 
macrophages, dendritic cells, astrocytes and 
microglia [16, 17], and non-immune cells such 
as endothelial and epithelial cells [18, 19] 
appear to increase expression profile of PD-L1/
PD-1 levels. For the first time, here we reported 
the differential induction of PD-L1/PD-1 levels 
in neuroimmune and non-neuroimmune cells 
by nontoxic concentrations of METH. The physi-
ological relevance and significance of our pres-

Figure 4. METH exposure elevated the expression of PD-L1 and PD-1 in human microglia. Representative immu-
nocytochemical staining of (A) PD-L1 and (B) PD-1, in human microglia with/without METH at 24 hrs and 48 hrs; 
Ranks-Kruskal-Wallis test for quantitative densitometric analysis of (C) PD-L1 and (D) PD-1 levels. **P≤0.01 and 
****P≤0.0001 are the statistical significance compared with controls.
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ent findings implicate the changes in PD-L1/
PD-1 regulation in neuroimmune response in 
drug abuse. 

Our findings revealed that neuroimmune cells, 
macrophages and microglia exhibited extreme-
ly low basal levels of PD-1/PD-L1, which were 
significantly elevated time-dependently by 
METH exposure. Induction of PD-L1 appeared 
to occur earlier than that of PD-1, suggesting 
that prior synthesis of the ligand PD-L1 might 
be essential for the activation of PD-1 signaling 
pathway. Our observation of PD-1/PD-L1 up-
regulation in macrophage and microglia by 
METH implicated the dampening of the defen-
sive innate immunity response of these cells in 
the peripheral as well as in the central nervous 
system. Elevation of PD-1 and PD-L1 expres-
sion in microglia by METH is expected to cause 
microgliosis and enhance neuroinflammation. 

It has been reported that activation of PD-1/
PD-L1 by inflammatory cytokines as well as in 
animal model of mice lacking the ligands PD-L1 
or PD-L2 led to neuroinflammation [36] and 
worsened the outcome of cerebral infarct vol-
ume and stroke [37].

We also observed that the basal levels of PD-1/
PD-L1 in non-neuroimmune cells such as 
human brain endothelial cells (hBECs) were 
extremely low, but it was induced by METH 
treatment at a very slow process (see Figure 
2A-D). Such extremely low expression of PD-1/
PD-L1 in hBECs has been shown [26], and 
PD-L1/PD-L2 seemed to express well in human 
hBECs depending on pathological conditions, 
but mouse brain endothelial cells did not 
express PD-L1/PD-L2 [38]. Our future goal will 
be to examine whether induction of PD-1/
PD-L1 by METH in hBECs plays a role in BBB 

Figure 5. METH up-regulated the expression of PD-L1 and PD-1 in human neurons. Representative immunocyto-
chemical staining of (A) PD-L1 and (B) PD-1, in human neurons with/without METH at 24 hrs and 48 hrs; Ranks-Krus-
kal-Wallis test for quantitative densitometric analysis of (C) PD-L1 and (D) PD-1 levels. **P≤0.01 and ****P≤0.0001 
are the statistical significance compared with controls.
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impairment for acceleration of immune cells 
adhesion and migration across the BBB, and 
into the brain. This brings to the highlight of 
recent important discovery of PD-L1/PD-L2 
expression in post-mortem human brain tissue 
sections [26]. Here, Pittet et al. (2011) observed 
that PD-L2 that is highly expressed in the BBB 
of control brain tissue was significantly dimin-
ished in brain tissue from multiple sclerosis 
(MS), while PD-L1 was not detectable at the 
BBB endothelium either in control or MS tissue 
sections. Our findings indicated a delayed 
induction of PD-L1 by METH, as such it will be 
of great interest if there is a switch mechanism 
of diminishing the endogenously expressed 
PD-L2 at the BBB with an upregulation of PD-L1 
in chronic METH administration. 

Interestingly, we observed that astrocyte was 
the only brain cell type showing a good basal 
level of PD-1/PD-L1, which seemed to decrease 
time-dependently in response to METH expo-
sure. Conversely, METH treatment increased 
the level of PD-1/PD-L1 time-dependently in 
neuronal culture, suggesting METH-induced 
neuronal degeneration. The function of the 
endogenous PD-1/PD-L1 in astrocyte is 
unknown. We wonder whether it acts as neuro-
immune surveillance in the brain environment 
as a neuroprotective mechanism, which needs 
to be verified in astrocyte-neuron interactive 
studies in the presence or absence of METH. 
We suggest that upregulation of PD-1/PD-L1 in 
macrophage and in microglia by METH, and to 
some extent in hBEC and in neuron may indi-
cate the role of PD-1/PD-L1 in weakening of the 
defense response of these neuroimmune cells. 
As such, it may promote the progression of 
inflammatory neuronal degeneration. However, 
the present studies are limited to the screening 
of PD-1/PD-L1 expression in neuroimmune 
cells following exposure to METH. Our future 
studies will focus on the comprehensive under-
standing of the underline signaling pathway(s) 
in co-culture system of neuron-microglia, neu-
ron-astrocyte, and microglia-astrocyte. We will 
then validate the co-culture findings in an in 
vivo study, which will provide a better insight in 
cumulative influence of different neuroimmune 
cells over PD-L1 and PD-1 interaction.
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