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ABSTRACT
Methamphetamine is a highly addictive psychostimulant drug
of abuse that causes neurotoxicity with high or repeated dos-
ing. Earlier studies demonstrated the ability of the selective �
receptor ligand N-phenethylpiperidine oxalate (AC927) to atten-
uate the neurotoxic effects of methamphetamine in vivo. How-
ever, the precise mechanisms through which AC927 conveys
its protective effects remain to be determined. With the use of
differentiated NG108-15 cells as a model system, the effects of
methamphetamine on neurotoxic endpoints and mediators
such as apoptosis, necrosis, generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), and dopa-
mine release were examined in the absence and presence of
AC927. Methamphetamine at physiologically relevant micro-
molar concentrations caused apoptosis in NG108-15 cells. At
higher concentrations of methamphetamine, necrotic cell death

was observed. At earlier time points, methamphetamine
caused ROS/RNS generation, which was detected with the
fluorigenic substrate 5-(and-6)-chloromethyl-2�,7�-dichlorodi-
hydrofluorescin diacetate, acetyl ester, in a concentration- and
time-dependent manner. N-Acetylcysteine, catalase, and L-NG-
monomethyl arginine citrate inhibited the ROS/RNS fluores-
cence signal induced by methamphetamine, which suggests
the formation of hydrogen peroxide and RNS. Exposure to
methamphetamine also stimulated the release of dopamine
from NG108-15 cells into the culture medium. AC927 attenu-
ated methamphetamine-induced apoptosis, necrosis, ROS/
RNS generation, and dopamine release in NG108-15 cells.
Together, the data suggest that modulation of � receptors can
mitigate methamphetamine-induced cytotoxicity, ROS/RNS
generation, and dopamine release in cultured cells.

Introduction
Methamphetamine (METH) is a highly abused psycho-

stimulant drug that results in neurotoxicity with high or

repeated drug administration (Krasnova and Cadet, 2009).
This neurotoxicity is seen as dopamine nerve terminal de-
generation and apoptosis in several brain regions (Krasnova
and Cadet, 2009), the mechanism of which is not completely
understood. However, some of the neurotoxic cascades in-
volved are excessive release of dopamine, oxidative/nitrosa-
tive stress, endoplasmic reticulum (ER) stress, and activation
of mitochondrial death cascades (Cadet and Brannock, 1998;
Krasnova and Cadet, 2009).

Among its various targets, METH interacts with � recep-
tors at physiologically relevant micromolar concentrations
(Nguyen et al., 2005; Han and Gu, 2006). Two subtypes of �

receptors, �1 and �2, are expressed in almost all types of
mammalian cells (Guitart et al., 2004). �1 Receptors are
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highly conserved, 223-amino acid, membrane-bound proteins
(Kekuda et al., 1996). They function as chaperones at the
mitochondria-ER membrane and regulate Ca2� signaling via
inositol trisphosphate receptors (Hayashi and Su, 2007). In
addition, �1 receptors can undergo protein-protein interac-
tions with several other cellular proteins, such as binding
immunoglobulin protein, ankyrin-B, inositol trisphosphate
receptors, and dopamine D1 receptors (Hayashi and Su, 2007;
Navarro et al., 2010; Su et al., 2010). �1 Receptors are also
capable of translocation to different subcellular compart-
ments upon stimulation through ligand binding and changes
in intracellular conditions (Hayashi and Su, 2003). In con-
trast, �2 receptors are less well characterized. However, their
levels are elevated in immortalized cell lines and tumor cells
(Vilner et al., 1995), where they have been implicated in the
control of cell cycle functions (Wheeler et al., 2000), altera-
tions in cellular Ca2� levels (Vilner and Bowen, 2000), and
cell death signaling involving sphingolipid products (Craw-
ford et al., 2002).

Previous in vivo studies showed that pretreatment with
N-phenethylpiperidine oxalate (AC927), a � receptor ligand,
attenuates the neurotoxic effects of METH in male Swiss-
Webster mice (Matsumoto et al., 2008; Seminerio et al.,
2011). The ability of AC927 to mitigate neurotoxic cascades is
consistent with the location of � receptors in various subcel-
lular organelles, such as ER, mitochondria, lysosomes, cell
membranes, and nuclei (McCann et al., 1994; Zeng et al.,
2007), as well as the functional roles of � receptors in cells, as
described above. The role of � receptors in neurotoxicity
resulting from drugs of abuse such as METH remains un-
clear because of various limitations, including the lack of a
suitable in vitro model system. Previous studies on the mech-
anisms of METH-induced toxicity used either primary neu-
ronal cultures or immortalized cell lines of neuronal origin
(Cadet et al., 1997; Wu et al., 2007). Millimolar concentra-
tions of METH were required to induce cell death/damage,
but such concentrations are rarely achieved in vivo (Melega
et al., 2008). Therefore, a model system suitable for identifi-
cation of potential mechanisms leading to neurotoxicity is
needed.

To elucidate the cellular mechanisms of METH-induced
neurotoxicity at which AC927 may intervene via � receptors,
a neuronal/glial cell culture model (neuroblastoma � glioma
hybridoma; NG108-15 cells) was used in the present study.
When they are differentiated, NG108-15 cells display neurite
outgrowth and electrical excitability and express proteins
with neuronal and glial properties (Ma et al., 1998). These
cells have been used extensively as a sensitive cell line for
studies of the toxic effects of various drugs and chemicals
(Cañete and Diogène, 2008). In addition, NG108-15 cells
have commonly been used to study the functions of � recep-
tors (Hayashi and Su, 2003). In the current study, the end-
points measured were reactive oxygen species (ROS) and
reactive nitrogen species (RNS) generation, dopamine re-
lease, apoptosis, and necrosis. Finally, AC927 was tested
against these cytotoxic endpoints and mediators for insights
into the mechanisms of � receptor-mediated neuroprotection.

Materials and Methods
Drugs and Chemicals. Phosphate-buffered saline (PBS), Dul-

becco’s modified Eagle’s medium (DMEM), penicillin/streptomycin

solution, hypoxanthine/aminopterin/thymidine (HAT), trypsin/
EDTA (0.05% trypsin, 0.43 mM EDTA), 5-(and 6)-chloromethyl-2�,7�-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA), dithiothreitol,
and TRIzol lysis reagent were obtained from Invitrogen (Carlsbad,
CA). Ammonium persulfate, fetal bovine serum (FBS), dimethylsulf-
oxide (DMSO), methamphetamine-HCl, sodium dichromate, cata-
lase, N-acetylcysteine (NAC), L-NG-monomethyl arginine citrate (L-
NMMA), potassium chloride, sodium azide, sodium bichromate,
sodium metabisulfite, Trizma base, glycine, Tris-buffered saline with
Tween 20, and EDTA were obtained from Sigma-Aldrich Chemicals
(St. Louis, MO). Chloroform, hydrogen peroxide, hydrochloric acid,
isopropanol, and methanol were purchased from Fisher Scientific
(Pittsburgh, PA), and polyacrylamide/bisacrylamide solution (37.5:1;
2.6% cross-linking agent), SDS (20%), and TEMED were purchased
from Bio-Rad Laboratories (Hercules, CA). A permeabilization-fixa-
tion staining buffer kit was obtained from BD Biosciences (San Jose,
CA). AC927 was synthesized in the laboratory of Dr. Andrew Coop
(University of Maryland, Baltimore, MD), as described previously
(Maeda et al., 2002).

Cell Line and Culture. The neuroblastoma � glioma hybridoma
cell line NG108-15 was obtained from American Type Culture Col-
lection (Manassas, VA). Cells were maintained at 37°C in 25-cm2

(T25) or 75-cm2 (T75) culture flasks (Costar; Corning Life Sciences,
Lowell, MA), in high-glucose (4.5 g/l) DMEM supplemented with 10%
FBS, penicillin, streptomycin, and HAT, in a humidified incubator
with 5% CO2. When cells were 70% confluent in the flasks, the
medium was replaced with differentiation medium (DMEM with
0.5% FBS, penicillin, streptomycin, HAT, and 1% DMSO) and cells
were allowed to differentiate for an additional 2 to 4 days before
being harvested for dopamine assays, flow cytometry, and quantita-
tive real-time PCR studies. For ROS assays, cells were plated in
complete medium in 48-well CellBind tissue culture plates (Corning-
Costar), at 2.5 � 104 cells per well, and were allowed to become 80%
confluent, whereupon the culture medium was replaced with differ-
entiation medium and the cells were allowed to differentiate for an
additional 2 to 4 days. For apoptosis assays, cells were plated in
complete medium in BD Falcon black Optilux 96-well plates (BD
Biosciences) coated with a mixture of poly-D-lysine and mouse
laminin (1 �g/cm2 each), at 104 cells per well. The medium was
replaced with differentiation medium (DMEM with 0.5% FBS, pen-
icillin, streptomycin, HAT, and 1% DMSO) after 24 h, and the cells
were allowed to differentiate for an additional 3 to 4 days.

Flow Cytometry. NG108-15 cells grown and differentiated in
T75 flasks were harvested and were washed once with PBS contain-
ing 1% FBS and 0.09% NaN3. Cells were fixed and permeabilized for
20 min on ice in permeabilization-fixation buffer, washed with per-
meabilization-wash buffer, and incubated for 20 min with the pri-
mary antibodies chicken anti-�1 receptor antibody (amino acids 65–
78; LRRLHPGHVLPDEE), nonspecific chicken IgY (Aves
Laboratories, Tigard, OR), rabbit anti-tyrosine hydroxylase antibody
(AB152), or nonspecific rabbit IgG antibody (amino acids 12–370;
Millipore, Billerica, MA), at 1:100 dilution per 106 cells. Cells were
washed once with permeabilization-wash buffer (BD Biosciences)
and were counterstained for 20 min with the following fluorescein
isothiocyanate-conjugated secondary antibodies: rabbit anti-chicken
antibody or goat anti-rabbit antibody (Southern Biotechnology Asso-
ciates, Birmingham, AL). Cells were washed in permeabilization-
wash buffer once more and were resuspended in PBS containing 1%
FBS and 0.09% NaN3, and data were acquired by using a FACSCaliber
system (BD Biosciences). The data were plotted and analyzed by using
FCS Software (De Novo Software, Los Angeles, CA). The mean fluores-
cence intensity (MFI) values for staining in multiple experiments were
subjected to statistical analyses.

Real-Time PCR. NG108-15 cells grown and differentiated in T25
flasks, as described above, were harvested, washed once with ice-cold
PBS, and resuspended in appropriate extraction buffer. Bilateral
striatum samples were dissected from male Swiss-Webster mice,
flash-frozen, and stored at �80°C until RNA isolation. RNA isola-
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tions were conducted by using TRIzol reagent (Invitrogen), according
to the manufacturer’s instructions. The quality and quantity of RNA
were assessed by using a spectrophotometer (Biochrom, Cambridge,
UK). One microgram of RNA was used to synthesize cDNA with
Superscript-H cDNA synthesis kits (Applied Biosystems, Foster
City, CA); the cDNA was then used as a template for real-time
PCR with oligonucleotide primer sets specific for 18S rRNA
(Hs99999901_s1), mouse DAT mRNA (Mm00438396_m1), mouse �1

receptor mRNA (Mm00448086M1), mouse SERT mRNA
(Mm00439391_m1), mouse NET mRNA (Mm00436661_m1), rat
NET mRNA (Rn00580207_m1), mouse dopamine D1 receptor
mRNA (Mm01353211_m1), or rat dopamine D1 receptor mRNA
(Rn03062203_s1), with Taqman real-time PCR master mixture (Ap-
plied Biosystems), for 45 cycles in a StepOnePlus real-time PCR
system (Applied Biosystems). The difference in cycles to threshold for
each sample was recorded by using 18S as an endogenous control.
The threshold was set at 0.2 for all genes tested. The change in the
difference in cycles to threshold method was used to calculate rela-
tive quantities of each gene in NG108-15 cells, compared with mouse
or rat striatum samples.

ROS Assays. Cells grown in complete medium or differentiation
medium were used for assays when 60% to 70% confluent. The
culture medium was replaced with 200 �l of phenol red-free medium
containing 0.5% FBS and 5 �M levels of the fluorigenic oxidizable
dye CM-H2DCFDA, and cells were returned to the incubator at 37°C
for 45 to 60 min. Cells were gently rinsed once with phenol red-free
medium and were fed with 200 �l of the same medium and appro-
priate concentrations of METH or AC927, ranging from 0 to 300 �M.
Exogenously added 100 �M H2O2 served as a positive control in this
assay. Also included was 100 �M Na2Cr2O7, a well known source of
carcinogenic chromium VI (O’Brien et al., 2003), which was shown
previously to induce ROS in human lung cancer cells (Azad et al.,
2008). All compounds were added in replicates of 4 or 8, and the
plates were returned to the incubator. In some assays, AC927 was
added 15 min before the addition of METH, Na2Cr2O7, or H2O2.
Inhibitors of ROS were added at the same time as the dye before the
addition of METH, Na2Cr2O7, or H2O2 and again after rinsing of the
cells to remove remaining extracellular dye and before the addition
of METH. At specified time points, plates were read in a Fluostar
Optima fluorescence plate reader fitted with a 485/520-nm excita-
tion/emission filter set (BMG Labtech, Offenberg, Germany). Data
were obtained as relative fluorescence units after background sub-
traction. In some assays, relative fluorescence unit values for un-
treated controls for each assay were averaged and the values for each
treated sample were normalized with respect to that average, fol-
lowed by statistical analyses.

Dopamine Quantitation. NG108-15 cells grown and differenti-
ated in T75 flasks were harvested through replacement of the me-
dium with Ca2�/Mg2�-free Dulbecco’s PBS, centrifuged, resuspended

in differentiation medium with reduced glucose (1.5 g/l) at 3 � 105

cells per ml, and seeded in 24-well CellBind tissue culture plates at
0.5 ml per well. After 4 h, various concentrations of METH (0–300
�M) were added to sets of wells. KCl (50 mM) was used as a positive
control for maximal dopamine release. In one set of wells, AC927 (0.3
�M) was added 15 min before the addition of METH or KCl. After 5
min of exposure to KCl or METH, supernatants were harvested (450
�l), centrifuged to remove cells, and acidified with the addition of 45
�l of buffer (0.1 N HCl, 10 mM EDTA, 40 mM Na2S2O5), and samples
were stored at �20°C. Dopamine levels were quantitated by using an
enzyme-linked immunosorbent assay kit from Rocky Mountain Di-
agnostics (Denver, CO), with the manufacturer’s protocols. Dopa-
mine was extracted from the culture supernatants through binding
to an affinity gel matrix, acetylated, eluted, and then measured by
using an ultrasensitive, competition, enzyme-linked immunosorbent
assay and a standard curve with known concentrations of dopamine.

Apoptosis and Necrosis Assays. NG108-15 cells were grown
and differentiated in 96-well plates. On the day of the experiment,
the culture medium was replaced with 100 �l of phenol red-free
differentiation medium. The cells were pretreated with AC927 (0–30
�M) 15 min before treatment with various concentrations of METH
(0–1 mM) for 24 h at 37°C. Hoechst 33342 stain (20 �g/ml; Invitro-
gen) and propidium iodide (Invitrogen) were added to the wells, and
the plate was incubated at room temperature for 10 min. After the
incubation step, the plate was placed under the microscope with UV
light, and 2 or 3 pictures per well were taken by using Leica Appli-
cation Suite imaging software (Leica Microsystems, Buffalo Grove,
IL). Cells that were stained bright blue and displayed fragmented
nuclei were counted as apoptotic, and cells that were red were
counted as necrotic. The proportions of apoptotic and necrotic cells
were calculated by using ImageJ software (http://rsbweb.nih.gov/ij/).

Statistical Analyses. Statistical analyses of data included t tests
and analysis of variance (ANOVA) with appropriate post hoc tests,
using Prism 4 (GraphPad Software, San Diego, CA).

Results
Differentiated NG108-15 Cells Express �1 Receptors

and Tyrosine Hydroxylase. Figure 1A shows representa-
tive histograms from flow cytometric detection of the �1 re-
ceptor and tyrosine hydroxylase (TH) in fixed and permeabil-
ized NG108-15 cells. Staining using chicken anti-�1 receptor
and rabbit anti-TH antibodies was found in single peaks with
MFI values of 38.24 � 2.52 and 39.60 � 2.87, respectively,
whereas the control antibodies chicken IgY and rabbit IgG
detected peaks with MFI values (arbitrary units) of 3.35 �
0.08 and 3.30 � 0.09, respectively, which represented back-
ground staining. Statistical analysis, with unpaired t tests, of

Fig. 1. Expression of �1 receptors and TH in
NG108-15 cells. A, representative histo-
grams from six independent experiments.
NG108-15 cells were fixed, permeabilized,
stained, and analyzed as described under
Materials and Methods. Histograms are as
follows: control chicken IgY (dashed black),
chicken anti-�1 receptor (solid black), control
rabbit IgG (dashed gray), and rabbit anti-TH
(solid gray) antibodies. FL1-H (x-axis), fluo-
rescence channel height; counts (y-axis),
number of events detected for the corre-
sponding fluorescence channel. B, MFI val-
ues for all four stains from six separate ex-
periments plotted against the staining
reagent. Ch, chicken; Rab, rabbit.
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results obtained in six separate experiments (Fig. 1B) con-
firmed a significant shift in MFI values for antigen-specific
staining over background (for �1 receptor versus control IgY,
t � 13.80, p � 0.0001; for TH versus control IgG, t � 12.63,
p � 0.0001).

Differentiated NG108-15 Cells Express DAT, SERT,
NET, and Dopamine D1 Receptor mRNA. Table 1 depicts
mRNA expression levels for DAT, SERT, NET, dopamine D1

receptors, and �1 receptors in differentiated NG108-15 cells
and rat or mouse striatum. Difference in cycles to threshold
values, as well as gene fold change ratios for NG108-15 cells
with respect to striatum samples, are included. Unpaired
two-tailed t tests were used to compare mRNA levels between
mouse or rat striatum and differentiated NG108-15 cells.
There were significant differences in mRNA expression levels
for DAT (t � 16.95, p � 0.0001), �1 receptors (t � 3.07, p �
0.01), SERT (t � 5.98, p � 0.0001), and dopamine D1 recep-
tors (mouse, t � 47.20, p � 0.0001; rat, t � 34.73, p � 0.0001).
NET was expressed in similar quantities in NG108-15 cells
and rat striatum (t � 0.87, not significant). Mouse NET was
found not to be expressed in differentiated NG108-15 cells.

METH Generates ROS/RNS in Differentiated NG108-15
Cells. As shown in Fig. 2A, CM-H2DCFDA detected exoge-
nously added H2O2 within 10 min (168.91 � 6.95% of un-
treated control) and up to 60 min (176.69 � 7.10% of control).
Low levels of ROS were induced in NG108-15 cells by
Na2Cr2O7 starting at 10 min; ROS levels in this sample
increased dramatically 4 h after treatment (140.10 � 8.60%
of control) and continued to increase up to 24 h, reaching
223.70 � 21.92% of levels in untreated control cells.

All tested concentrations of METH except the lowest (0.1
�M) induced the production of ROS capable of oxidizing
CM-H2DCFDA significantly above background levels within
10 min of exposure, with 3 �M inducing the highest levels
(201.97 � 9.97% of control) (Table 2). The difference between
METH-induced ROS levels and basal ROS levels in
NG108-15 cells decreased after 60 min, whereas ROS contin-
ued to accumulate up to 24 h in cells treated with Na2Cr2O7.
Statistical analysis of the data obtained from 10 to 60 min by
using two-way, repeated-measures ANOVA and Bonferroni’s
post hoc tests further established that concentrations of
METH capable of reproducibly inducing the strongest sus-
tained ROS responses were 1 �M (p � 0.001), 3 �M (p �
0.001), and 300 �M (p � 0.001) concentrations at 10, 20, 30,
and 60 min (Table 2).

As shown in Fig. 2B, CM-H2DCFDA detected exogenously
added H2O2 within 10 min (146.69 � 4.97% of control) and ROS
generated by Na2Cr2O7 in NG108-15 cells, which peaked at
24 h (242.06 � 11.56% of control). In contrast, all tested con-
centrations of AC927 from 0 to 300 �M failed to induce ROS
levels significantly higher than those in untreated control cells.
Statistical analyses of the data by using two-way, repeated-
measures ANOVA showed significant effects of AC927 and pos-
itive control treatment (F9,900 � 75.37, p � 0.0001), time (F6,900 �
28.36, p � 0.0001), and AC927 and positive control treat-
ment-time interaction (F[54,900] � 60.50, p � 0.0001). Bon-
ferroni’s post hoc tests revealed that none of the tested con-
centrations of AC927 was able to induce elevation of ROS
levels above background levels, whereas ROS was detected in
cells treated with H2O2 (10 min, t � 11.26, p � 0.001; 20 min,
t � 14.14, p � 0.001; 30 min, t � 14.50, p � 0.001; 60 min, t �
11.47, p � 0.001; 240 min, t � 3.03, p � 0.05; 480 min, t �
3.00, p � 0.05) and Na2Cr2O7 (240 min, t � 7.01, p � 0.001;
480 min, t � 16.52, p � 0.001; 1440 min, t � 34.24, p � 0.001).
AC927 at 0.3 �M led to a reduction in basal ROS levels in
NG108-15 cells, with the reduction becoming statistically
significant at 240 min (t � 3.78, p � 0.01), 480 min (t � 2.87,
p � 0.05), and up to 1440 min (t � 4.38, p � 0.001).

As shown in Fig. 3A, CM-H2DCFDA-detectable ROS in-
duced in NG108-15 cells by 0.1 to 3 �M METH was com-
pletely inhibited in the presence of the common antioxidant
and radical scavenger NAC, as seen within 20 min after
addition of the drug, which confirms that the assay was
detecting ROS (Fig. 3A). One-way ANOVA showed that the
inhibition was significant (F[13,99] � 95.57, p � 0.0001).
Bonferroni’s post hoc tests with pairwise comparisons
showed that NAC induced significant decreases in ROS lev-
els for all tested concentrations of METH (t � 11.96–13.64,
p � 0.001 for all concentrations). Significant inhibition of
radical generation persisted up to 4 h after addition of
METH, at which time the experiment was terminated. NAC
also reduced the levels of ROS detectable in untreated control
cells (t � 7.97, p � 0.001).

The presence of catalase in the assay medium (10,000 units
per ml) inhibited ROS induced by 1 and 3 �M METH and
detected with CM-H2DCFDA within 20 min after addition of
the drug (Fig. 3B). One-way ANOVA confirmed that the
inhibition was significant (F[11,91] � 7.74, p � 0.0001).
Bonferroni’s post hoc tests with pairwise comparisons indi-

TABLE 1
mRNA expression levels of receptors and transporters in differentiated NG108-15 cells
Quantitative real-time PCR analysis of expression levels of mRNA for DAT, SERT, NET, dopamine D1 receptors, and �1 receptors in NG108-15 cells, compared with either
rat or mouse striatum, was performed. There were significant differences in mRNA expression levels for DAT, �1 receptor, SERT, and dopamine D1 receptor; however, mRNA
for NET was expressed in similar quantities in NG108-15 cells and rat striatum. Mouse NET was not expressed in NG108-15 cells. Data shown represent the difference in
cycles to threshold values for each gene in NG108-15 cells and mouse or rat bilateral striatum samples, compared with 18S endogenous control. Data are represented as
mean � S.E.M. Gene fold changes were calculated by using the change in difference in cycles to threshold method, and NG108-15/rat or mouse striatum ratios were calculated
from those values.

Gene TaqMan Probe
Difference in Cycles to Threshold

Gene Fold Change Ratio
NG108-15 Mouse Striatum Rat Striatum

Mouse DAT (Slc6a3) Mm00438396_m1 29.41 � 0.21*** 25.01 � 0.11 N.D. 0.050
�1 receptor Mm00448086_m1 16.89 � 0.19** 17.74 � 0.19 N.D. 1.760
Mouse SERT (Slc6a4) Mm00439391_m1 25.30 � 0.17*** 26.90 � 0.22 N.D. 2.953
Mouse NET (Slc6a2) Mm00436661_m1 N.P. N.D. N.D.
Rat NET (Slc6a2) Rn00580207_m1 28.71 � 0.18 N.D. 29.02 � 0.32 1.144
Mouse dopamine D1 receptor Mm01353211_m1 27.05 � 0.18*** 15.34 � 0.14 N.D. 0.00031
Rat dopamine D1 receptor Rn03062203_s1 28.40 � 0.36*** N.D. 12.81 � 0.27 0.00002

N.D., not determined; N.P., not present.
**P � 0.01, ***P � 0.0001, unpaired two-tailed t test.
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cated significant differences with both 1 �M (t � 3.17, p �
0.05) and 3 �M (t � 3.20, p � 0.05) METH.

The increase in ROS in NG108-15 cells induced by 1 and 3
�M METH was also significantly inhibited in the presence of
L-NMMA; data shown were obtained 20 min after addition of
the drug (F[13,83] � 28.41, p � 0.0001, one-way ANOVA)
(Fig. 3C). Bonferroni’s post hoc tests and pairwise compari-
sons revealed significant changes with both 1 �M (t � 4.20,
p � 0.001) and 3 �M (t � 4.78, p � 0.001) METH.

AC927 Attenuates METH-Induced ROS/RNS Genera-
tion in Differentiated NG108-15 Cells. As shown in Fig. 4,
METH caused a significant increase in ROS/RNS generation
(F[10,79] � 13.84, p � 0.0001). Post hoc Dunnett’s tests
showed that all concentrations of METH except 30 �M

showed significant ROS/RNS generation (0.1 �M, q � 3.62,
p � 0.01; 0.3 �M, q � 3.42, p � 0.01; 1 �M, q � 4.44, p � 0.01;
3 �M, q � 8.30, p � 0.01; 10 �M, q � 3.63, p � 0.01; 100 �M,
q � 3.42, p � 0.01; 300 �M, q � 7.39, p � 0.01). AC927 at 0.3
�M attenuated the production of reactive radicals induced by
METH, reducing them to levels observed in untreated control
cells for all tested concentrations of METH; data shown here
were obtained 20 min after stimulation with METH. Two-
way ANOVA showed a significant effect of AC927 pretreat-
ment (F1,138 � 98.44, p � 0.0001), METH or positive control
treatment (F[10,138] � 15.63, p � 0.0001), and AC927 pre-
treatment-METH or positive control treatment interaction
(F[10,138] � 2.39, p � 0.05). Bonferroni’s post hoc tests
showed that AC927 attenuated ROS/RNS generation at the
following METH concentrations: 0.1 �M (t � 3.28, p � 0.05),
0.3 �M (t � 3.16, p � 0.05), 1 �M (t � 3.52, p � 0.01), 3 �M
(t � 7.16, p � 0.001), 10 �M (t � 3.99, p � 0.01), 30 �M (t �
3.14, p � 0.05), 100 �M (t � 3.39, p � 0.05), and 300 �M (t �
3.84, p � 0.01). As expected, AC927 did not inhibit oxidation
of the dye by exogenously added H2O2 at 20 min (t � 1.39, not
significant) or at later time points. It also failed to inhibit
significantly the small amount of ROS generation produced
by Na2Cr2O7 at this time point (t � 0.99, not significant). At
later time points, however, AC927 inhibited ROS induction
by Na2Cr2O7, as seen at 4 h (t � 4.05, p � 0.001) and 24 h (t �
7.73, p � 0.001).

AC927 Attenuates METH-Induced Dopamine Re-
lease in Differentiated NG108-15 Cells. As shown in
Fig. 5, 0.0 to 41.85 pg of dopamine was detected in untreated
cells. In contrast, when cells were treated with KCl, 268.30 to
389.62 pg of dopamine was detected in the culture superna-
tant 5 min after exposure.

Dopamine release was induced by all four concentrations of
METH, ranging from 0.3 to 300 �M, with 3 �M METH
inducing maximal release of 204.75 to 413.12 pg per 1.5 � 105

cells, compared with that in untreated control cells (F[5,23] �
8.87, p � 0.0005). In cells treated with 0.3, 30, and 300 �M
METH, mean values for dopamine levels ranged from
153.00 � 46.60 to 165.50 � 27.81 pg per 1.5 � 105 cells.
Levels of dopamine released in response to 0.3, 3, and 300 �M
METH were significantly above levels in untreated controls
(0.3 �M, q � 2.77, p � 0.05; 3 �M, q � 5.32, p � 0.01; 300 �M,
q � 2.76, p � 0.05; Dunnett’s multiple-comparison tests).

In cells exposed to 0.3 �M AC927 for 5 min, dopamine
levels were not significantly different from those in untreated
controls (Fig. 5). Preexposure of cells to 0.3 �M AC927 for 15
min before stimulation with METH prevented the release of
dopamine (mean values ranging from 8.84 to 32.33 pg per
1.5 � 105 cells). The attenuation of dopamine release by
AC927 was statistically significant, as judged by one-way
ANOVA (F[11,41] � 13.96, p � 0.0001) and Bonferroni’s post
hoc tests with pairwise comparisons, for the 0.3 �M (t � 3.19,
p � 0.05) and 3 �M (t � 5.58, p � 0.001) concentrations of
METH. Pretreatment of cells with AC927 did not, however,
block the release of dopamine in cells treated with KCl (t �
0.23, not significant).

AC927 Prevents METH-Induced Apoptosis and Ne-
crosis in Differentiated NG108-15 Cells. The apoptotic
effects of various concentrations of METH (0–1 mM) on
NG108-15 cells over a period of 24 h are shown in Fig. 6A.
One-way ANOVA showed that METH caused a significant,
concentration-dependent increase in the proportion of apo-

Fig. 2. ROS induced in NG108-15 cells after exposure to METH or
AC927. The production of ROS capable of oxidizing CM-H2DCFDA was
conducted as described under Materials and Methods, in NG108-15 cells
after exposure to 100 �M H2O2,100 �M Na2Cr2O7 (Cr), or 0 to 300 �M
METH (A) or 0 to 300 �M AC927 (B). Relative fluorescence units from five
(A) or two (B) separate experiments for each indicated time point are
shown; data were normalized to the mean relative fluorescence unit
values for untreated cells to obtain percentage of control values (n � 8 per
experiment; mean � S.E.M.). �, p � 0.05; ��, p � 0.01; ���, p � 0.001,
versus control treatment.
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ptotic cells (F7,187 � 37.21, p � 0.0001). Post hoc analysis
with Dunnett’s tests showed that the following concentra-
tions of METH caused significant increases in apoptosis,
compared with controls: 3 �M (q � 2.87, p � 0.05), 10 �M
(q � 3.74, p � 0.01), 100 �M (q � 5.99, p � 0.001), 300 �M
(q � 7.73, p � 0.001), and 1000 �M (q � 13.68, p � 0.001).

AC927 pretreatment significantly attenuated the apoptotic
effects of METH. Two-way ANOVA showed significant effects
of METH treatment (F6,392 � 37.82, p � 0.0001), AC927
pretreatment (F3,392 � 55.94, p � 0.0001), and METH treat-
ment-AC927 pretreatment interaction (F[18,392] � 5.41, p �
0.0001). Post hoc Bonferroni’s tests showed that AC927 (0.3,
3, and 30 �M) attenuated the apoptotic effects of METH.
AC927 at 0.3 �M attenuated the apoptotic effects of the
following concentrations of METH: 3 �M (t � 3.34, p � 0.01),
10 �M (t � 3.70, p � 0.01), 100 �M (t � 5.05, p � 0.001), 300
�M (t � 5.85, p � 0.001), and 1000 �M (t � 9.80, p � 0.001).
AC927 at 3 �M prevented the apoptotic effects of the follow-
ing concentrations of METH: 10 �M (t � 3.52, p � 0.01), 100
�M (t � 3.45, p � 0.01), 300 �M (t � 5.67, p � 0.001), and
1000 �M (t � 8.84, p � 0.001). AC927 at 30 �M attenuated
the apoptotic effects of the following concentrations of
METH: 100 �M (t � 3.20, p � 0.05), 300 �M (t � 3.00, p �
0.05), and 1000 �M (t � 7.82, p � 0.001).

The necrotic effects of various concentrations of METH
(0–1 mM) on NG108-15 cells over a period of 24 h are shown
in Fig. 6B. One-way ANOVA showed that METH caused a
significant, concentration-dependent increase in the propor-
tion of necrotic cells (F7,187 � 7.35, p � 0.0001). Post hoc
analysis with Dunnett’s tests showed that the following con-
centrations of METH caused significant increases in necro-
sis, compared with no-treatment controls: 300 �M (q � 3.82,
p � 0.01) and 1000 �M (q � 5.88, p � 0.01).

AC927 pretreatment significantly attenuated the necrotic
effects of METH. Two-way ANOVA showed significant effects
of METH treatment (F6,392 � 8.32, p � 0.0001) and AC927
pretreatment (F3,392 � 17.14, p � 0.0001). Post hoc Bonfer-
roni’s tests showed that the following concentrations of
AC927 attenuated the necrotic effects of METH at 300 and

1000 �M: 0.3 �M, 300 �M METH, t � 4.33, p � 0.001; 1000
�M METH, t � 4.26, p � 0.001; 3 �M, 300 �M METH, t �
3.30, p � 0.01; 1000 �M METH, t � 3.91, p � 0.001; 30 �M,
300 �M METH, t � 3.29, p � 0.01; 1000 �M METH, t � 2.87,
p � 0.05.

Discussion
This study showed that METH caused apoptosis in differ-

entiated NG108-15 cells at physiologically relevant micromo-
lar concentrations and could cause necrosis at higher concen-
trations. At earlier time points, ROS/RNS generation and
release of dopamine were also observed. AC927, a � receptor
ligand, attenuated the apoptotic and necrotic cell death as
well as the neurotoxicity mediators. The implications of these
findings are discussed below.

In the first part of the study, differentiated NG108-15 cells
were confirmed to express various receptors and transporters
through which METH mediates its effects, including �1 and
dopamine D1 receptors; dopamine, serotonin, and norepi-
nephrine transporters; and the synthetic enzyme tyrosine
hydroxylase. Extensive studies have corroborated the pres-
ence of � receptors in NG108-15 cells (Vilner et al., 1995; Su
et al., 2010). Previous studies also demonstrated the produc-
tion of dopamine in these differentiated catecholaminergic
cells (Ghahary et al., 1989). Collectively, the presence of
tyrosine hydroxylase, monoamine transporters, and D1 re-
ceptors suggests a functional dopaminergic neurotransmitter
system in these cells. Although the levels of DAT are low in
the NG108-15 cell line, higher levels of SERT can compen-
sate through functional reuptake of dopamine released into
the synapses (Schmidt and Lovenberg, 1985).

One of the key mediators of METH neurotoxicity is ROS/
RNS generation, which can occur through multiple mecha-
nisms, including excessive dopamine release, microglial acti-
vation, glutamate release, and mitochondrial dysfunction
(Krasnova and Cadet, 2009). Excessive generation of ROS/
RNS can injure neurons and surrounding cells through direct
oxidative damage to cellular components such as lipids, pro-

TABLE 2
Induction of ROS in NG108-15 cells by physiological concentrations of METH
NG108-15 cells were cultured and assayed as described in Materials and Methods. Relative fluorescence units for each experimental point (each concentration of METH at
distinct time points, 10, 20, 30, and 60 min) were obtained. Values for untreated cells (0 �M METH; n � 32) for each assay plate were averaged and set at 100. Values for
experimental points were converted to percentage of untreated control values for each assay plate. Data shown are mean � S.E.M. of percentage of control values (n � 8 per
experiment) from four separate experiments. Two-way, repeated-measures ANOVA of percentage of control values with Bonferroni’s post hoc tests permitted comparison of
the effect of time on each of the METH concentrations tested. H2O2 and Na2Cr2O7 served as positive controls.

ROS

10 min 20 min 30 min 60 min

% of control

METH
0 �M 100.09 � 5.14 100.05 � 4.24 100.03 � 3.26 100.00 � 2.75
0.1 �M 118.06 � 4.01 116.22 � 3.49 110.72 � 2.89 109.53 � 2.57
0.3 �M 141.84 � 9.61*** 130.81 � 7.22** 126.28 � 5.64* 123.41 � 6.69*
1 �M 161.28 � 8.71*** 148.56 � 5.81*** 140.78 � 5.40*** 133.94 � 5.74***
3 �M 201.97 � 9.97*** 177.34 � 8.04*** 167.56 � 5.18*** 147.41 � 5.10***
10 �M 131.22 � 8.48** 109.03 � 3.65 113.03 � 3.91 107.63 � 2.86
30 �M 134 � 11.82*** 115.81 � 4.47 121.03 � 4.79 115.06 � 3.77
100 �M 156.09 � 8.82*** 130.38 � 6.12** 127.25 � 6.34** 118.38 � 4.62
300 �M 176.38 � 11.67*** 146.59 � 7.27*** 151.44 � 8.53*** 132.94 � 5.80***

100 �M H2O2 168.91 � 6.95*** 166.34 � 5.41*** 164.63 � 4.60*** 176.69 � 7.12***
100 �M Na2Cr2O7 130.53 � 5.86** 123.34 � 3.72* 128.47 � 4.70** 132.28 � 5.10**

* P � 0.05.
** P � 0.01.
*** P � 0.001.
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teins, and DNA or through ER stress and activation of mito-
chondrial death cascades, ultimately leading to nerve termi-
nal degeneration or cell death (Krasnova and Cadet, 2009).
This study demonstrated that METH generates ROS/RNS in
the NG108-15 model system. All tested concentrations of
METH ranging from 0.1 to 300 �M induced the production of
ROS/RNS within 10 min after exposure. High stable ROS/
RNS levels were detected at 20 min and up to 60 min after
exposure of NG108-15 cells to METH. The levels of ROS/RNS
decreased after the first hour, which indicates that the cells
may shift to the production of radicals not detected by CM-
H2DCFDA. Alternatively, in METH-treated cells, endoge-
nous peroxidases and antioxidants such as glutathione may

be rapidly recruited after the first hour, to scavenge H2O2

and �ONOO� radicals.
At the early time point (20 min) that gave consistent and

robust ROS/RNS signals after METH administration, the
antioxidant NAC reduced the signal, which indicates that the
fluorescent probe CM-H2DCFDA was detecting ROS/RNS.
Catalase and L-NMMA also decreased the METH-induced
signal, which indicates that H2O2 and nitric oxide (NO) spe-
cies were being generated. This result is consistent with the
ability of METH to generate H2O2 and NO species from
various sources, including dopamine oxidation and gluta-
mate-induced NO synthase (NOS) activation (Krasnova and
Cadet, 2009). It is interesting to note that the dose-response
relationship of METH-induced reactive species generation
did not follow a classic sigmoidal pattern, displaying greatest
radical generation at the 3 �M concentration. This pattern of
results is most likely attributable to multiple mechanisms
and sources of METH-induced ROS/RNS generation (Kras-
nova and Cadet, 2009).

Fig. 3. Inhibition of ROS production in NG108-15 cells by NAC, catalase,
and L-NMMA. Inhibition of ROS after exposure to 0 to 3 �M METH or 100
�M H2O2 was determined in the absence or presence of 10 mM NAC (A),
10,000 units catalase (B), or 20 mM L-NMMA (C), 20 min after exposure
to METH. Data represent the average � S.E.M. of relative fluorescence
units from two separate experiments (n � 4 per experiment). �, p � 0.05;
��, p � 0.01, control versus METH-treated; #, p � 0.05; ###, p � 0.001,
METH alone versus METH with ROS inhibitor.

Fig. 4. Inhibition of METH-induced ROS generation in NG108-15 cells by
AC927. The production of ROS capable of oxidizing CM-H2DCFDA was
assessed in differentiated NG108-15 cells in the presence of 0 to 300 �M
METH, 100 �M H2O2, or 100 �M Na2Cr2O7 (Cr), in the absence or
presence of 0.3 �M AC927, as described under Materials and Methods.
Data represent the average � S.E.M. of relative fluorescence units from
two different experiments (n � 8 per experiment), obtained 20 min after
the addition of drug. ��, p � 0.01, control versus METH-treated; #, p �
0.05; ##, p � 0.01; ###, p � 0.001, METH alone versus METH with
AC927.

Fig. 5. Release of dopamine from NG108-15 cells in response to METH.
Values for supernatants harvested from NG108-15 cells cultured in the
presence or absence of METH and/or AC927 (x-axis) and quantitated as
described under Materials and Methods are represented as picograms of
dopamine per 1.5 � 105 cells in 500 �l of medium. Data represent the
mean � S.E.M. from four (METH or KCl alone) or three (METH with
AC927) independent experiments. �, p � 0.05; ��, p � 0.01, control versus
METH- or KCl-treated; #, p � 0.05; ###, p � 0.001, METH alone versus
METH with AC927.
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AC927 pretreatment attenuated the generation of ROS/
RNS by METH. This effect of AC927 does not seem to be a
general antioxidant effect, because AC927 did not prevent
the H2O2-mediated ROS signal or reduce the basal cellular
ROS/RNS signal. At the 4-h time point and beyond, however,
AC927 (0.3 �M) attenuated basal cellular ROS/RNS levels
and the ROS signal produced by Na2Cr2O7. Na2Cr2O7 gen-
erates �O2

�, H2O2, and �OH� in cells (Azad et al., 2008). In
combination with NO, �O2

� can produce �ONOO� in cells. The
ability of AC927 to attenuate the ROS signal produced by
Na2Cr2O7 and not H2O2 is most likely attributable to in-
creased levels of cellular antioxidant/antioxidant enzymes
such as superoxide dismutase, which can reduce superoxide
levels in the cell, or decreased levels of enzymes such as NOS,
which can generate NO and lead to the production of
�ONOO�. This effect of AC927 was observed after 4 h and not
before, which suggests the induction of cellular antioxidants
or a decrease in prooxidant/nitrosative stress enzymes,
rather than an effect of generalized intrinsic antioxidant
activity.

In agreement with this interpretation, several studies
demonstrated the ability of � receptors to modulate cellular
ROS/RNS generation and antioxidant systems. Previous
studies with tumor cells showed that �2 receptor activation
causes ROS generation (Ostenfeld et al., 2005). �1 Receptors
are involved in oxidative stress-mediated toxicities such as

ischemic stroke and have been shown to provide protective
effects (Schetz et al., 2007). � Receptors also play a regula-
tory role in the redox state of cells and can modulate cellular
NOS enzyme activity (Tsai et al., 2009; Yang et al., 2010). In
addition to modulating the cellular redox system, � receptors
can regulate other systems that are involved in ROS/RNS
generation by METH. First, � receptors can regulate gluta-
mate release through N-methyl-D-aspartate receptors, which
causes neuronal NOS activation and nitrosative stress (De-
Coster et al., 1995). Second, � receptors can modulate micro-
glial activation through Ca2�-dependent mechanisms, which
can contribute to the release of inflammatory cytokines and
ROS/RNS generation (Hall et al., 2009). Third, � receptors
can regulate the release of dopamine, which undergoes au-
tooxidation and is a major cause of METH-induced ROS
generation (Gonzalez-Alvear and Werling, 1994; Derbez et
al., 2002).

Although additional studies are needed to identify the spe-
cific mechanisms through which AC927 reduces the METH-
induced generation of ROS/RNS, the studies reported here
suggest that the modulation of dopamine release may be an
important contributor. AC927 attenuates METH-induced do-
pamine release from NG108-15 cells; peak release was ob-
served at the 3 �M concentration of METH, which is consis-
tent with the peak observed in the ROS assay. Moreover,
AC927 pretreatment prevented the dopamine release caused

Fig. 6. AC927 protection against METH-
induced apoptosis (A) and necrosis (B).
NG108-15 cells were pretreated with
AC927 (0–30 �M) before exposure to
METH (0–1 mM) for 24 h. After 24 h, the
wells were incubated with Hoechst 33342
and propidium iodide stains (20 �g/ml
each), for determination of proportions of
apoptotic and necrotic cells. Data repre-
sent the mean � S.E.M. from two sepa-
rate experiments (n � 3 per experiment).
�, p � 0.05; ��, p � 0.01, control versus
METH-treated; #, p � 0.05; ##, p � 0.01;
###, p � 0.001, METH alone versus
METH with AC927.
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by METH but not the nonspecific dopamine release caused by
K�-mediated hyperpolarization. This is consistent with the
role of � receptors in regulating DAT function and dopamine
release in several in vivo and in vitro studies, including the
involvement of Ca2�-dependent and protein kinase C-medi-
ated mechanisms (Booth and Baldessarini, 1991; Derbez et
al., 2002). In addition to modulation of DAT function by �
receptors at lower concentrations, AC927 at higher concen-
trations may act in part as a DAT blocker in NG108-15 cells.
The affinity of AC927 for DAT is 2939 � 452 nM (Matsumoto et
al., 2008). In addition, unpublished data suggest that AC927 at
1 �M can significantly attenuate dopamine uptake from rat
synaptosomes (L. L. Werling, personal communication).

METH also caused apoptosis and necrosis in NG108-15
cells. Oxidative and nitrosative stress in cells can lead to the
activation of pro-death pathways such as mitochondrial re-
lease of cytochrome c and/or caspase 3 activation, which
ultimately leads to apoptotic or necrotic cell death (Higuchi
et al., 1998). AC927 significantly attenuated both apoptotic
and necrotic cell death, which is consistent with the role of �
receptors in cell death mechanisms (Bowen, 2000; Marrazzo
et al., 2011). Furthermore, the protective effects of AC927 in
NG108-15 cells are complementary and consistent with the
neuroprotection observed in earlier in vivo studies (Matsu-
moto et al., 2008; Seminerio et al., 2011). In tumor cells,
AC927 has been shown to prevent apoptosis caused by �2

receptor agonists, underscoring an important role of � recep-
tors in cell death mechanisms (Marrazzo et al., 2011).

Apart from � receptors, D1 receptor antagonism can pro-
tect against the apoptotic effects of METH (Jayanthi et al.,
2005). Studies showed that �1 and D1 receptors heteromerize
in cells, which has implications for the downstream effects of
psychostimulants, including the activation of adenyl cyclase
and mitogen-activated protein kinase pathways (Navarro et
al., 2010). AC927 may potentially modulate the �1 and D1

receptor interaction and mitigate the toxic effects of METH.
In summary, our data demonstrate that METH can cause

apoptosis and necrosis in an in vitro system representative of
differentiated neuronal cells, which mechanistically involves
dopamine release and induction of reactive oxygen/nitrogen
radicals. A synthetic � receptor ligand, AC927, can attenuate
the cytotoxic effects of METH and contributing neurotoxic
mechanisms. Future studies will be directed toward elucida-
tion of the downstream neurotoxic pathways activated after
ROS/RNS generation in differentiated NG108-15 cells. In
addition, the individual contributions of the two subtypes of
� receptors will need to be distinguished, as better tools are
developed.
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