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A B S T R A C T

A significant co-morbidity exists between alcohol and methamphetamine (Meth) in humans but the consequences and mechanisms underlying their co-morbid effects
remain to be identified. A consequence associated with the abuse of either alcohol or Meth involves inflammation but little is known about the role of inflammation in
a possible neurotoxicity arising from their co-exposure. Sprague Dawley rats were allowed 28 days of intermittent, voluntary access to 10% ethanol (EtOH) followed
by a neurotoxic binge administration of Meth. EtOH drinking followed by Meth increased microglial cell counts and produced morphological changes in microglia of
the substantia nigra pars compacta 2 h after Meth administration that were distinct from those produced by either EtOH or Meth alone. These effects preceded the
activation of cleaved caspase-3 in dopamine cell bodies, as well as decreases in tyrosine hydroxylase (TH) immunoreactivity in the substantia nigra and dopamine
transporter (DAT) immunoreactivity in the striatum measured at 7 days after Meth. Intervention with a selective COX-2 inhibitor during EtOH drinking prevented the
changes in microglia, and attenuated the increase in cleaved caspase-3, and decreases in TH and DAT after Meth administration. Furthermore, motor dysfunction
measured by a rotarod test was evident but only in rats that were exposed to both EtOH and Meth. The motor dysfunction was ameliorated by prior inhibition of COX-
2 during EtOH drinking. The exaggerated neurochemical and behavioral deficits indicate that the comorbidity of EtOH and Meth induces a degeneration of the
nigrostriatal pathway and support the role of inflammation produced by EtOH drinking that primes and mediates the neurotoxic consequences associated with the
common co-morbidity of these drugs.

1. Introduction

Methamphetamine (Meth) users often display co-morbidities with
other drugs such as alcohol. Stinson et al. (2005) revealed that upwards
of 80% of amphetamine abusers have been diagnosed with an alcohol
use disorder. Additionally, alcohol drinking typically precedes amphe-
tamine use (Leslie et al., 2017) and increases the probability of Meth
use by over 4-fold (Bujarski et al., 2014). It has been suggested that the
two drugs in combination produce a greater euphoria, enhance per-
formance and alleviate sleep disruptions, but can also lead to long-term
behavioral and cognitive deficits (Kirkpatrick et al., 2012; Loxton and
Canales, 2017). Despite this high rate of co-abuse and negative beha-
vioral consequences, few studies have identified the neurochemical
effects of their combined exposure.

Inflammation is also a consequence of the combined exposure to
alcohol and Meth. Rats allowed to freely drink ethanol (EtOH) exhibit
increased serum lipopolysaccharide (LPS), a gut-derived endotoxin,
that is released into circulation upon GI tissue insult to promote in-
flammation in the periphery and the brain (Blaker and Yamamoto,
2018). LPS signaling elicits the induction of pro-inflammatory media-
tors such as cyclooxygenase-2 (COX-2), a known contributor to

neuronal toxicity (Crews et al., 2007). Furthermore, LPS signaling in-
duces changes in microglial morphology that are commonly associated
with an inflammatory response (Chen et al., 2012). While alcohol can
induce COX-2 expression in the brain (Blaker and Yamamoto, 2018;
Knapp and Crews, 1999), and COX-2 has been implicated in the neu-
rotoxicity of Meth (Thomas and Kuhn, 2005), microglial activation has
also been observed after either alcohol or Meth (He and Crews, 2008;
Sekine et al., 2008; Thomas et al., 2004).

The neurotoxicity of Meth is characterized by decreases in dopa-
mine and its transporter (DAT) (Volkow et al., 2001; Wagner et al.,
1980). This neurotoxicity is enhanced by prior voluntary EtOH drinking
to produce a greater than 90% depletion of dopamine in the striatum
and loss of DAT immunoreactivity compared to either drug alone
(Blaker and Yamamoto, 2018). Moreover, non-selective inhibition of
COX1/2 during EtOH drinking blocked the enhanced dopamine de-
pletions and transporter immunoreactivity in the striatum observed
7 days after EtOH+Meth (Blaker and Yamamoto, 2018).

The synergistic relationship between EtOH and Meth on the loss of
dopaminergic innervations of the striatum suggests damage to dopa-
mine soma in the substantia nigra pars compacta (SNpc) and a neuro-
pathology similar to Parkinson’s disease. Neurodegeneration of the
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nigrostriatal pathway can be mediated by apoptosis, one form of pro-
gramed cell death. Infusions of 6-OHDA into rats mimic this nigros-
triatal degeneration and exhibits the pro-apoptotic markers cleaved
caspase-3 and GSK-3β prior to actual cell death (Hernandez-Baltazar
et al., 2013). Additionally, the SNpc has the highest concentration of
resident microglia in the brain (Lawson et al., 1990). Microglia make
direct contact with dopaminergic cell bodies to promote microglial
phagocytosis of neurons in the SNpc (Barcia et al., 2004; Barcia et al.,
2012). Therefore, microglia are uniquely positioned to play a role in
dopamine neuron degeneration but their response to the interactions
between EtOH and Meth is unknown.

We examined the effects of voluntary EtOH drinking by rats prior to
Meth administration on morphological changes in microglia that pre-
cedes a loss of a dopamine phenotype in the SNpc and the eventual
appearance of motor deficits. Furthermore, we administered the COX-2
inhibitor nimesulide during EtOH drinking only, to identify a role for
EtOH-induced inflammation in mediating the neurotoxic effects of the
serial exposure to EtOH and Meth.

2. Materials and methods

2.1. Animals

Male Sprague Dawley rats (250–350 g, Envigo, Indianapolis, IN)
were allowed to acclimate to the animal facility at Indiana University
for approximately 7 days prior to experimentation. Rats had ad libitum
access to food and water throughout all experiments. All experiments
were carried out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals as well as the Indiana
University Institutional Animal Care and Use Committee.

2.2. Drug administration

Upon acclimation to the animal colony, rats were housed in-
dividually to measure EtOH consumption. Rats had intermittent access
to 10% EtOH drinking for 28 days. In addition to a water bottle, an
EtOH bottle was placed on each cage every other day for 24 h over a
28 day period as described in Li et al. (2011). When EtOH was not
present, a second water bottle was placed on the cage to allow for a 2-
bottle choice at all times. The positions of the bottles were switched
daily to prevent side bias. Rats, EtOH bottles, and water bottles were
weighed daily to measure the quantity of EtOH (g) consumed. EtOH
intake was normalized to body weight (kg).

Rats were then exposed to a binge regimen of Meth (10mg/kg, i.p.)
injected once every 2 h for a total of 4 injections on the day after the last
day of EtOH drinking. (+) Methamphetamine-hydrochloride (Sigma,
St. Louis, MO. cat# M-8750) was dissolved in 0.9% saline. Saline (0.9%

NaCl, 1 mL/kg, i.p.) was used as a vehicle. This injection paradigm
approximates the neurotoxicity (i.e., loss of DAT) observed in human
Meth users (McCann et al., 1998; Volkow et al., 2001). The in-
vestigator-administered Meth paradigm permitted a clear interpretation
of the pharmacological effects of Meth and controlled for a specific dose
of Meth over a discrete period of time that is not easily feasible during
the acquisition period and training needed in a Meth self-administration
paradigm.

Body temperatures were monitored throughout the binge Meth ex-
posure via subcutaneously implanted transponders (IPTT-300 trans-
ponder, BMDS). Temperature transponders were implanted on the last
day of EtOH or water drinking. During the binge Meth or saline re-
gimen, temperatures were measured remotely every 30min. Use of
these transponders circumvented the stress response that may arise
from obtaining temperatures rectally.

To identify the effects of COX-2 inhibition during EtOH drinking, a
subset of rats received nimesulide, a COX-2 selective inhibitor,
throughout the 28 day EtOH drinking period. Nimesulide was obtained
from Cayman Chemical (Ann Arbor, MI, cat#70640), dissolved in 0.9%
saline, and administered at a dose of 7.5 mg/kg, i.p. twice daily on the
days without EtOH access in order to block the EtOH-induced in-
flammation. This treatment dosage was based on the pharmacokinetic/
pharmacodynamic properties of the drug (Ramesh et al., 2015;
Taniguchi et al., 1997), specificity for COX-2 inhibition (Famaey, 1997)
and was used in recent studies of the COX-2 mediated response to
psychostimulants in rats (Anneken et al., 2013). Control injections were
0.9% saline (1mg/mL) vehicle.

A timeline of the experimental paradigm and measurements is in-
cluded in Fig. 1. Rats were allowed intermittent access to 10% EtOH for
28 days, during which a subset of rats were administered nimesulide
(2.2). On the 29th day, rats underwent the binge Meth regimen and
microglial morphology (2.3, 2.4) was assessed in the SNpc and striatum
at 2 h after the last Meth injection. Three days after Meth administra-
tion, microglial morphology in the SNpc and striatum was assessed and
cleaved caspase-3 (2.5) was measured in the SNpc. Seven days after
Meth administration, striatal DAT immunoreactivity (2.6), TH-positive
cell counts in the SNpc (2.5), and motor behavior (2.7) were assessed.

2.3. Immunohistochemistry

To identify the response of microglia to the serial exposure to EtOH
and Meth, immunohistochemistry was used to visualize changes in
microglial morphology at 2 h and 72 h after the last injection of Meth.
Two or 72 h after the Meth binge and following blood collection from
the heart, heparin (35 USP units) was injected into the left ventricle
followed by the transcardial perfusion of 0.1M phosphate-buffered
saline (PBS) and then 4% paraformaldehyde (PFA). Brains were further

Fig. 1. A timeline describing the experimental paradigm and experimental measures.
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post-fixed in 4% PFA for 24 h, cryoprotected in glycerol solutions (24 h
in 10% followed by 24 h in 20%), and flash frozen. Serial coronal
sections (40 µm) were performed through the midbrain containing the
SNpc (Bregma −4.8 through −6.04) or striatum (Bregma 1.6 through
0.2) from frozen brains using a cryostat (Cryostar NX7; Thermo
Scientific, Waltham, MA). Three sections were collected per rat (one
section was collected every 120 µm) for microglial staining. Sections
were mounted onto gelatin-coated slides and probed for microglia using
a polyclonal rabbit anti-ionized calcium-binding adaptor molecule −1
antibody (Iba-1, 1:1000; Wako, Richmond, VA. cat #019-19741).
Sections (40 µm) immediately adjacent to the section for microglial
staining were stained for dopaminergic neurons of the SNpc with a
rabbit monoclonal anti-tyrosine hydroxylase antibody (TH, 1:1000;
Millipore Corp, MA. cat #AB152) to verify that all sections were in the
same plane at the level of the SNpc. Staining was performed using
immunohistochemical methods. Dry mounted sections were subjected
to citrate buffer-mediated antigen retrieval (90 °C for 14min), then
washed with phosphate buffered saline (PBS; 3×5min). Endogenous
peroxidases were inactivated by incubation with 1% H2O2 for 10min.
The sections were then washed with PBS (5× 5min) and blocked for
2 h in normal goat serum (NGS; 3%) containing avidin blocking reagent
(4 drops/mL block solution; Vector Laboratories, Burlingame, CA. cat
#SP-2001) in PBS. This was followed by incubation overnight to 48 h at
4 °C in a solution containing the respective primary (1°) antibody and
the biotin blocking reagent (4 drops/mL 1° antibody solution). Sections
were then washed with PBS (5× 5min), incubated for 1 h with bioti-
nylated anti-rabbit antibody (1:1000; Vector Laboratories, Burlingame,
CA. cat #BA-2000), washed with PBS (5×5min), and incubated for
2 h with Vectastain ABC Kit (Vector Laboratories, Burlingame, CA. cat
#PK6100), according to the manufacturer’s instructions. Staining was
visualized using 3,3′-diamonobenzadine and urea-hydrogen peroxide
tablets (Sigma-Aldrich, St. Louis, MO. cat #D4293). Sections were de-
hydrated using a graded series of ethanol, followed by incubation in
xylenes to clarify the tissue, and then sealed under a cover slip using
DPX mounting medium (Electron Microscopy Sciences, Hatfield, PA. cat
#13510). Slides were analyzed by an experimenter blind to the treat-
ment conditions.

2.4. Quantitation of Iba-1 immunoreactive cells in the SNpc using the Cell
Profiler image analysis software

The Cell Profiler image analysis software was used to quantify the
changes in the soma of populations of microglia. Images were captured
using a Leica DM6 B light microscope (Leica Microsystems, Germany).
Three images were analyzed per section. The particular region of in-
terest that contains the SNpc with minimal overlap from the substantia
nigra pars reticulata or other neighboring regions was first identified at
5× magnification, and marked with a square (0.33 mm×0.33mm).
The extended depth of field image was calculated and captured at 20×
magnification. The Cell Profiler cell image analysis software (version
2.2.0, Broad Institute of Harvard and MIT, Cambridge, MA) was used to
quantify both the number of Iba-1 immunoreactive cells and the two
dimensional area of their identified cell bodies. Cell Profiler image
analysis software permitted the quantification of cell soma size of a
fairly large population of cells in a quick and efficient manner without
the need for reconstruction of the cells (Carpenter et al., 2006). The
pipeline used for these analyses was composed of the following mod-
ules: 1) RunImageJ to Auto-contrast and Sharpen images, 2) ImageMath
to Invert (binarize) images and modify signal intensity, 3) Smooth (i.e.,
Smooth Keeping Edges) to enhance cell edges, 4) IdentifyPrimar-
yObjects to identify stained cells’ soma, 5) MeasureNeurons to calculate
the identified cells’ soma sizes, 6) ExportToSpreadsheet to extract the
data. Primary objects were identified by setting the diameter of ob-
jects> 20 and Threshhold set at Global using the RidlerCalvard method
with automatic smoothing. Intensity was used to distinguish clumped
objects and threshold correction factor was established for each stained

cohort to account for batch-to-batch variability in staining. The same
parameters were used for all rats within a given cohort. Identified cell
counts and cell soma were compared across treatment conditions based
on an area threshold of being greater than or equal to 75 µm2. The
threshold chosen corresponds to measurements of microglial soma re-
ported elsewhere (Kozlowski and Weimer, 2012; Torres-Platas et al.,
2014).

2.5. Immunofluorescence

To determine the loss of TH positive cells at 3 and 7 days after the
serial exposure to EtOH+Meth, immunofluorescence was used to
quantify cell count in the SNpc. Three or seven days after the Meth
binge, rats were anesthetized with ketamine (75mg/kg) and xylazine
(5mg/kg) cocktail, i.p. Heparin (35 USP units) was injected into the left
ventricle of the exposed heart and 0.1M phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde (PFA) were transcardially
perfused. Brains were cryoprotected in 10% glycerol at 4 °C overnight,
20% glycerol at 4 °C the following night, flash frozen, and sectioned at a
thickness of 40 µm through the substantia nigra (Bregma −4.8 through
−6.04) before mounting onto subbed slides to be stored at −20 °C.

The sections were washed 3×10min in 1X PBS and blocked for 1 h
in 1X PBS containing10% normal goat serum while gently shaking at
room temperature. To visualize cleaved caspase-3 and dopamine cells,
sections were incubated in primary antibodies for anti-cleaved caspase-
3 (1:300, Cell Signaling cat#9664L) and anti-tyrosine hydroxylase
(1:500, Millipore cat#MAB318). In a separate set of experiments to
visualize dopamine and DAPI, sections were incubated in primary an-
tibody for anti-tyrosine hydroxylase (1:1000, Millipore cat#AB152)
alone overnight with shaking at 4 °C. The next day, all sections (both
experiments) were washed 3× 10min in 1X PBS and incubated in the
appropriate secondary antibodies (1:3000, goat anti-rabbit IgG Alexa
fluor 633, Thermo Fisher cat#A-21071 or goat anti-mouse IgG Alexa
fluor 488, Life Technologies cat#A-11001) for 1 h while shaking at
room temperature in the dark. The sections were exposed to another
series of washes (3× 5min each) in 1X PBS, and DAPI (4 µg/mL,
Sigma-Aldrich cat #D9542) was included in the last 5 min wash for
slides previously incubated in anti-tyrosine hydroxylase primary anti-
body alone. Slides were coverslipped with Fluoromount-G (Fisher
Scientific cat #17984).

Leica DM6 B light microscope (Leica Microsystems, Germany) and
ImageJ software were used to capture and visualize cell bodies within
the SNpc. Conditions were blinded to the experimenter to prevent bias.
Average counts of cleaved caspase-3+TH or TH+DAPI co-labeled cells
per rat was recorded from 3 to 4 slices. TH+DAPI co-labeled cells were
also analyzed in the VTA (Bregma −4.80 to −6.04; data not shown).
Every third 40 μm slice was evaluated.

2.6. Western blotting

To determine the loss of DA phenotype in the striatum, western blot
techniques were used to quantify the loss of DAT in the striatum at
7 days after the serial exposure to EtOH+Meth. Seven days after the
Meth binge, rats were euthanized for DAT quantification in crude sy-
naptosomal fractions. Synaptosomes were prepared from striata dis-
sected upon ice, as described in Blaker and Yamamoto (2018). Homo-
genized tissue was diluted in Novex 4X LDS sample buffer, and 30 µg
protein was loaded per well after total protein quantification via
Bradford assay. Bis-Tris gels (4–12%) were used for gel electrophoresis
at 150 V for 90min, followed by transfer onto PVDF membranes at 28 V
for 120min. Membranes were blocked for 1 h at room temperature
while shaking in 5% milk, and incubated overnight in primary antibody
for DAT (1:1000, anti-goat, Santa Cruz cat#SC1433) at 4 °C. The fol-
lowing day, membranes were washed 3× for 5min each with TBS
containing 0.5% Tween (TBS-T) and incubated with secondary anti-
body (HRP-conjugated goat anti-rabbit IgG, 1:3000, Santa Cruz
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cat#SC2004) for 1hr at room temperature. Membranes were then in-
cubated in HyGlo-enhanced chemiluminescence and imaged with a
FujiFilm LAS-4000 camera. Multi-Gauge V3.1 software was used to
quantify band density and density was normalized against β-actin
(1:3000, Millipore cat#MAB1501).

2.7. Motor behavior

Performance on a rotarod test was used to determine motor dys-
function at 7 days after the serial exposure to EtOH+Meth. Three days
after the Meth binge, rats began training on the rotarod (IITC Life
Science Inc., Woodland Hills, CA, part #755). Rats were subjected to 3
training days on the rotarod as reported by Ferguson and Cada (2004).
Each training day consisted of 3 5-minute trials. Day 1 was at a speed of
20 rpm, and days 2–3 were at 25 rpm. If rats fell off the rod within the
5-minute trial period, they were immediately placed back on the rod for
the duration of the 5min to facilitate the learning of the task. On the
4th and final test day, rats were placed on the rod at a speed of 30 rpm
and remained atop the spinning rod. The latency to fall off the rod was
recorded. Rats were not placed back on the rod after falling off on the
final test day.

2.8. Statistics

EtOH intake was analyzed using a one-way repeated measures
ANOVA over four time points. Results from Cell Profiler analysis were
compared using two-way ANOVA with Tukey post-hoc analyses.

For the DAT immunoreactivity, DAPI, TH and cleaved caspase-3
immunofluorescence, and rotarod experiments, a 2-way ANOVA was
used for treatment groups without nimesulide (Nim) (factors: Water/
EtOH and Meth/Saline). Another 2-way ANOVA was used to analyze
DAT within Meth groups, and a Tukey post-hoc was used to compare
EtOH+Meth+Nim to EtOH+Meth+Saline. Student’s t-test was used
to analyze the effect of Nim within EtOH+Meth groups (i.e., cleaved
caspase-3, DAT, and motor behavior). All statistical analyses were
performed with SigmaPlot 13.0 software (Systat Software, SigmaPlot
for Windows). All data are presented as mean ± SEM.

3. Results

3.1. Rats increase EtOH intake over 28 days

Grams of EtOH (or water control) consumed were normalized to
body weight (kg). A repeated measures ANOVA showed that there was
a significant increase in EtOH intake over the 28 days (n=97;
p < 0.001; Fig. 2). Rats drank 2.65 ± 0.16 g/kg/24 h on Day 1,
3.36 ± 0.20 g/kg/24 h on Day 14, 4.05 ± 0.21 g/kg/24 h on Day 21,
and 4.45 ± 0.25 g/kg/24 h on the last day of access. EtOH drinking did
not affect body weight compared to water drinking controls (Water:
323 ± 6.07 g vs. EtOH: 321 ± 8.03 g on Day 28). Additionally, ni-
mesulide did not affect EtOH intake compared to vehicle-treated con-
trols (data not shown).

3.2. Effects of EtOH drinking on Meth-induced hyperthermia

Body temperatures were monitored closely throughout the binge
Meth regimen. A two-way repeated measures ANOVA with Tukey post
hoc analyses showed no difference in hyperthermia between Water
+Meth and EtOH+Meth groups (Fig. 3).

3.3. Iba-1 immunoreactive cells in the SNpc exhibit increases in number and
soma size after EtOH+Meth that are attenuated by nimesulide intervention

The micrograph of TH-stained dopaminergic neurons in the SNpc
shown in Fig. 4A illustrates the region of interest from where images of
Iba-1 immunoreactive cells were taken. Fig. 4B includes a

representative image from Iba-1 immunoreactive cells within the SNpc
for each treatment condition. Binary images at 20× and individual cells
at higher magnification (40×) are included alongside color images to
highlight the differences in morphology when comparing microglia
from different treatment groups. Stained cells in the Water+Saline
control and EtOH+Saline groups exhibit similar profiles in that their
cell soma are mostly small, round, with projections that are thin and
long, extending from the cell body without contact or overlap with
neighboring cells. In contrast, microglia in the images from Water
+Meth and EtOH+Meth groups exhibit larger and highly convoluted
cell soma with increased branching complexity emerging from the soma
(e.g., thicker processes with increased branch points), with EtOH
+Meth group exhibiting the greatest changes. There is also a greater
number of cells present in each of the images when compared to either
Water+Saline or EtOH+Saline groups and seemingly greater overlap
in the space occupied by their processes.

The effects of nimesulide treatment on these cells are evident in the
representative images shown in Fig. 4C. There were no differences in
degrees of staining between the nimesulide experiments and the non-
nimesulide experiments with regard to the control groups. Never-
theless, all groups treated with nimesulide appear similar morphologi-
cally regardless of Meth and/or EtOH treatment.

Results from the analysis of the population of cells identified in each

Fig. 2. Drinking behavior in Sprague Dawley rats over 28 days. Rats increased
EtOH intake (g/kg/24 h) over time (*p < 0.001; n= 97). Data are presented as
mean ± SEM.

Fig. 3. Body temperatures during Meth administration. All rats treated with
Meth displayed increases in body temperature over time, but previous EtOH
drinking did not affect hyperthermia during Meth. Arrows denote injection
times. Data are presented as mean ± SEM.
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Fig. 4. EtOH+Meth changes morphology and number of Iba-1 immunoreactive cells 2hr after Meth and this is mediated by COX-2. A) The region of interest within
the SNpc is outlined in red (5×). Representative images of Iba-1 immunoreactivity in rats with B) no nimesulide and C) nimesulide intervention during EtOH
drinking. Images are at 20× and 40×. D) Meth-treated rats displayed significantly larger % of total cells with large cell bodies compared to saline-treated rats
(n=6–12/group, *p < 0.05). This was further enhanced by EtOH (n= 3–12/group, $p < 0.05) and was blocked by nimesulide (^p < 0.05). E) Meth treatment
significantly increased total number of microglia (n= 6–12/group, *p < 0.05) and this was also blocked by nimesulide (n=3–12/group, #p < 0.05). Results are
presented as mean ± SEM. The dotted line represents the mean of the Water+No Nimesulide+Saline (D-E). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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treatment group are shown in Fig. 4D-E. The data presented in Fig. 4D
are the mean percent of all cells identified (per rat) whose two-di-
mensional cell soma surface area was equal to or greater than 75 µm2.
This threshold was chosen for comparison to correspond with mea-
surements of microglial soma reported elsewhere (Kozlowski and
Weimer, 2012; Torres-Platas et al., 2014). A 2-way ANOVA of cell soma
size amongst animals that did not receive nimesulide revealed a sig-
nificant overall Meth effect (n= 6–12/group; *p < 0.05) illustrating
that Meth increased the percent of cells with soma ≥75 μm2. An ana-
lysis of Meth-treated rats identified a significant interaction (2-way
ANOVA, Water/EtOH×no nimesulide/nimesulide, n= 3–12/group,
p < 0.05) that was due to the difference between Water+Meth and
EtOH+Meth (Tukey post-hoc, n= 3–12/group, $p < 0.05). A 2-way
ANOVA analysis of the Meth treated groups with and without nime-
sulide revealed a significant interaction effect (p < 0.01) that was due
to a 30% attenuation of increases in cell size in the EtOH+Meth group
(Tukey post-hoc test, n= 3–12/group, ^p < 0.05).

An analysis of the total cell counts in each treatment group, with
and without nimesulide, are shown in Fig. 4E. The groups that did not
receive nimesulide showed a significant effect of Meth (2-way ANOVA,
Water/EtOH vs. Sal/Meth, n=6–12/group; *p < 0.01) on increasing
total cell counts. A comparison within Meth treated groups revealed a
significant nimesulide effect (Water/EtOH×no nimesulide/nimesu-
lide, n= 3–12/group, p < 0.01) that was due to a decrease in total cell
number in the Water+Meth and EtOH+Meth groups (i.e., 25% and
24%, respectively) by nimesulide intervention (Tukey post-hoc,

n= 3–12/group, #p < 0.05).
The representative micrographs in Fig. 5A indicate that changes in

microglial morphology observed at 2 h in the SNpc are no longer evi-
dent at 72 h after the Meth binge. The cells identified in these treatment
groups are similar to each other (e.g., small rounded cell bodies with
thin and long processes), and resemble those of the control cells (i.e.,
Water+Saline) identified at 2 h after the Meth binge (Fig. 4B). In
agreement with this observation, quantitative analysis of the identified
cells (Fig. 5B-C) shows similar results in the measurements of soma size
and number of all cells identified. Statistical analysis of these results
indicated no significant difference between groups for either measure of
soma size or number of cells. Nimesulide during EtOH drinking had no
effect on body temperature in EtOH+Meth rats during Meth (average
over time for EtOH+Meth+Saline: 38.14 ± 1.92 °C vs. EtOH+Meth
+Nimesulide: 38.36 ± 3.33 °C).

3.4. Iba-1 immunoreactive cells in the striatum exhibit no changes in
number and soma size at 2 h or 72 h

Representative micrographs of microglia from the striatum are
shown in Fig. 6. Although cells in this region are generally larger than
those observed in the SNpc, an analysis of microglia in the striatum at
2 h and 72 h after the last Meth injection shows no observable (Fig. 6A-
B) or quantifiable (Fig. 6C-D) changes in microglia size due to EtOH,
Meth, or the combination.

Fig. 5. Iba-1 immunoreactive cells of the SNpc lose morphological complexity 72 h post Meth binge. A) Representative images of Iba-1 stained sections from animals
at 72 h post Meth binge from a) Water+Saline, b) EtOH+Saline, c) Water+Meth, and d) EtOH+Meth treatment groups. Images are at 20x. B-C) Analysis of Iba-1
stained cells within the SNpc at 72 h post Meth binge indicates that changes in B) cell soma size measurements, and C) the total number of cells identified at 2 h, are
no longer present. n= 3–6/group.
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3.5. Nimesulide during EtOH blocks EtOH+Meth-induced decreases in
DAT immunoreactivity in the striatum

Seven days after Meth, a 2-way ANOVA showed a significant de-
crease in DAT in Meth-treated vs. saline-treated rats (n=6–8/group;
p < 0.05; Fig. 7A) with a synergistic decrease in rats previously ex-
posed to EtOH (Tukey post hoc; EtOH+Meth vs. Water+Meth;
p < 0.05). A subset of rats was treated with nimesulide or saline ve-
hicle during EtOH drinking, and a 2-way ANOVA within Meth-treated

groups revealed a significant interaction between EtOH and nimesulide
(p < 0.05; Fig. 7B). Nimesulide treatment blocked the enhanced de-
creases in DAT immunoreactivity in EtOH+Meth rats (n= 5–7/group;
Tukey post hoc; EtOH+Saline+Meth vs. EtOH+Nim+Meth;
p < 0.05). A representative Western blot is shown in Fig. 7C. Nime-
sulide alone did not affect DAT in the striatum (data not shown).

Fig. 6. Iba-1 immunoreactive cells of the striatum show no changes in morphology after treatment. Representative images of Iba-1 stained striatal sections from
animals at A) 2 h and B) 72 h post Meth binge from a) Water+Saline, b) EtOH+Saline, c) Water+Meth, and d) EtOH+Meth treatment groups are shown. Analysis of
Iba-1 stained cells in the striatum at C) 2 h and D) 72 h post Meth binge indicates no effect of EtOH, Meth, or the combination, at these time points. Results are
presented as mean ± SEM. n= 3–12/group.
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3.6. EtOH+Meth does not affect TH immunoreactivity at 3 days, but
decreases TH immunoreactivity in the SNpc 7 days after Meth

Three days after Meth, there were no differences between groups in
the number of TH-positive cells in the SNpc (data not shown). However,
7 days after Meth, a 2-way ANOVA showed a significant interaction
between EtOH and Meth (p < 0.001). The EtOH+Meth rats showed a
significant decrease in TH-positive cells compared to Water+Meth
(Tukey post-hoc analyses, n=6–8/group; p < 0.01, Fig. 8F). A subset
of rats included those treated with nimesulide during EtOH drinking.
There was a significant difference in TH-positive cells 7 days after Meth
from those treated and not treated with nimesulide (EtOH+Meth
+Nimesulide vs. EtOH+Meth, n= 6–8/group, p < 0.05). Ad-
ditionally, nimesulide alone did not affect Meth-induced hyperthermia
compared to vehicle-treated controls (39.68 ± 0.93 °C and
39.26 ± 0.85 °C, respectively). Representative images are shown for
each treatment group at 5X magnification. The 20X inset points to TH-
positive cells with DAPI fluorescence (Fig. 8A-E). TH+DAPI co-labeled
cells were also quantified in the VTA, but no differences were observed
between groups (data not shown).

3.7. Loss of TH immunoreactivity in the SNpc of EtOH+Meth is preceded
by cleaved caspase-3

Three days after Meth, a two-way ANOVA with Tukey post hoc
analyses showed a significant increase in the pro-apoptotic marker
cleaved caspase-3 in TH-positive cells within the SNpc after EtOH
+Meth (vs. all groups, p < 0.05, n=5–8/group, Fig. 9A). The
number of cleaved caspase-3+TH co-labeled cells in EtOH+Saline and
Water+Meth groups did not differ from the Water+Saline group. A
subset of rats was treated with nimesulide during EtOH drinking and a
t-test revealed that nimesulide attenuated the activation of cleaved
caspase-3 in EtOH+Meth rats (p < 0.05, n= 5–7/group, Fig. 9B).

3.8. EtOH+Meth leads to motor deficits, which are attenuated by
nimesulide treatment

Three days after Meth, rats began training for a rotarod test. On the
final test day (7 days after Meth), a 2-way ANOVA showed a significant
interaction between EtOH and Meth (n= 8–14/group; p < 0.001;
Fig. 10A). Rats exposed to EtOH+Meth displayed a shorter latency to
fall compared to all other groups (Tukey post-hoc test, p < 0.001 vs.
Water+Meth). Nimesulide treatment during EtOH drinking attenuated
the decreased latency to fall in EtOH+Meth rats (Student’s t-test, EtOH
+Meth+Saline vs. EtOH+Meth+Nimesulide, p < 0.05; n=8–9/
group; Fig. 10B). Nimesulide alone did not affect motor function (data
not shown).

4. Discussion

EtOH drinking intermittently over 28 days followed by a binge Meth
exposure produced synergistic changes in microglial morphology.
These changes preceded long-term decreases in TH immunoreactivity in
the SNpc and DAT in the striatum, both of which were paralleled by
motor deficits. Co-administration of the COX-2 inhibitor, nimesulide,
during EtOH drinking only, attenuated the loss of dopamine phenotype
and motor dysfunction after EtOH and Meth exposure. These findings
provide evidence for a novel, synergistic neurotoxicity in a brain region
not typically damaged by either drug alone that is mitigated by COX-2
antagonism.

The finding that rats voluntarily increased their drinking of 10%
EtOH over 28 days is consistent with published literature (Li et al.,
2011; Simms et al., 2008). Although no changes were seen in microglial
morphology in the striatum or the SNpc after EtOH drinking, increases
in COX-2 expression in the striatum after EtOH drinking have been
reported (Blaker and Yamamoto, 2018). Previous reports of increases in
LPS in serum and brain are indicative of a gut-brain interaction (Blaker

Fig. 7. COX-2 inhibition during EtOH drinking prevents enhanced Meth-induced DAT depletions. A) DAT was significantly decreased in Meth-treated vs. saline-
treated rats (n= 6–8/group; *p < 0.05) and further decreased in rats previously exposed to EtOH (#p < 0.05 vs. Water+Meth). B) Nimesulide treatment during
EtOH drinking blocked the synergistic decreases in DAT after EtOH+Meth (n= 6–8/group; &p < 0.05 vs. Water+Saline+Meth; $p < 0.05 vs. EtOH+Saline
+Meth). C) Representative image of Western blot for DAT with β-actin as the loading control.
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and Yamamoto, 2018). LPS has been shown to induce an upregulation
of COX-2, increase cytokines such as IL-1β that activate macrophages,
including microglia (Kaushik et al., 2013), and contribute to chronic
neurodegeneration similar to that observed in Parkinson’s disease
(Koprich et al., 2008; Levi et al, 1998; Vijitruth et al., 2006). Further-
more, EtOH has been shown to induce COX-2 in the rat brain, but the
cellular location is unknown (Knapp and Crews, 1999). In addition, the
induction of COX-2 in TH-positive cells in the SNpc has been reported in
a mouse model of PD in response to MPTP, and was shown to contribute
to the loss of DA phenotype in the SNpc (Teismann et al., 2003)

Cyclooxygenases are necessary for the synthesis of prostaglandins
that can effect microglial responses, including phagocytosis (Johansson
et al., 2015) and the production of cytokines and reactive oxygen
species (Quan et al., 2013). Additionally, COX-2 catalyzes the formation
of dopamine quinones capable of activating microglia (Hastings, 1995;
Kuhn et al., 2006) and has been implicated in the damage to dopami-
nergic terminals in the striatum produced by Meth (Thomas and Kuhn,
2005). Likewise, COX-2 has been implicated in the pathogenesis of
Parkinson’s disease such that cyclooxygenase inhibitors have a protec-
tive effect against the onset of idiopathic Parkinson’s disease (Rees
et al., 2011; Teismann, 2012). Similarly, the non-selective COX in-
hibitor, ketoprofen, attenuated decreases in dopamine phenotype in the
rat striatum after serial exposure to EtOH and Meth (Blaker and
Yamamoto, 2018). The current work illustrates that the protective ef-
fect of ketoprofen was likely due to the inhibition of COX-2 during
EtOH drinking, as the selective COX-2 inhibitor, nimesulide, protected
against the loss of dopaminergic cells in the SNpc and resultant motor
dysfunction, while also reducing the microglial response in the SNpc
(Fig. 8F, 10B and 4, respectively). While the protective effect of

nimesulide is presumed to occur via inhibition of prostaglandin sig-
naling, COX-2 inhibitors have also been shown to inhibit the production
of ROS which may contribute to neuronal toxicity (Teismann et al.,
2003).

The increase in microglial soma size produced by Meth was en-
hanced by prior exposure to EtOH (Fig. 4D) and indicates activation of
microglia as increases in cell size are positively correlated with in-
creased activation (Marinova-Mutafchieva et al., 2009). However, it is
important to note that changes in microglia do not indicate a distinct
mechanistic or inflammatory consequence (i.e. phagocytic, pro- or anti-
inflammatory). As changes in morphology are only an indicator of ac-
tivation, other measurements are needed to determine a more defined
role for microglia (e.g., upregulation of cytokines, oxidases, reactive
oxygen species, etc.). Although EtOH drinking alone did not elicit
measurable changes in soma size or number, it is associated with in-
creases in serum LPS (Blaker and Yamamoto, 2018), which can activate
microglia (Hoogland et al., 2015). The changes in microglial mor-
phology exhibited by exposure to Meth were mirrored by increases in
microglia number, which unlike cell size, was not further increased
statistically by prior exposure to EtOH. This finding suggests that mi-
croglial activation (i.e. cell size), rather than proliferation (i.e. cell
number), produced by Meth is more sensitive to priming by EtOH
drinking. The lack of microglial response in the striatum at either time
point (i.e., 2 h and 72 h) was surprising considering previous studies
that reported changes in microglial morphology in the striatum at 48 h
after Meth administration (LaVoie et al, 2004). This observation, and
the lack of response in the SNpc at 72 h, illustrates the highly transient
nature of the microglial response.

To examine the role of EtOH in the priming of a pro-inflammatory

Fig. 8. TH+immunoreactivity is decreased in the SNpc 7 days after EtOH+Meth. TH+immunoreactivity in the SNpc is shown in A) Water+Saline, B) EtOH
+Saline, C) Water+Meth, D) EtOH+Meth, and E) EtOH+Meth+Nim treatment groups. F) EtOH+Meth rats displayed significantly less TH+cells than all other
groups (n= 6–8/group; *p < 0.05). Meth rats treated with nimesulide during EtOH drinking did not show the same extent of decreased TH-positive cells in the SNpc
compared to EtOH+Meth (#p < 0.05). Data are expressed as mean ± SEM.
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state via upregulation of COX-2 in the brain prior to Meth exposure,
nimesulide was administered to rats on the days without EtOH access
throughout the 28 days of drinking. This anti-inflammatory regimen
during these discrete time points permitted the targeting of EtOH-in-
duced COX-2 activation independent of Meth-induced inflammation.
The finding that nimesulide blocked the EtOH+Meth-induced increases
in microglia number and cell size suggests an integral role for COX-2 in
the microglia responses within the SNpc. The increase in cell size pro-
duced by Meth occurred only after prior exposure to EtOH and was

blocked by nimesulide whereas the increase in cell number produced by
Meth alone was blocked by nimesulide regardless of prior exposure to
EtOH. These results are consistent with the findings that prostaglandin
signaling is known to mediate microglial activity (Johansson et al.,
2015). Microglia at rest, play a largely homeostatic role in the CNS that
includes surveillance of the brain parenchyma including phagocytosis
and removal of damaged tissue and toxic molecules (Yin et al., 2017).
Although microglial morphology can change after an inflammatory
stimulus (e.g., by LPS) in the absence of neurodegeneration (Chen et al.,

Fig. 9. EtOH+Meth induces apoptosis in dopaminergic neurons in the SNpc. Representative images for cleaved caspase-3 and TH immunofluorescence are provided
for A) Water+Saline, B) EtOH+Saline, C) Water+Meth, and D) EtOH+Meth. F) EtOH+Meth significantly increased the number of cleaved caspase-3 and TH co-
labeled cells in the SNpc (*p < 0.05 vs. all groups). E) A subset of rats was treated with nimesulide during EtOH drinking and this attenuated the number of
apoptotic cells in the SNpc (G). *p < 0.05. n=5–8/group. Data are represented as mean ± SEM.

Fig. 10. EtOH+Meth decrease motor function at 7 days after Meth. A) 2-way ANOVA showed a significant interaction between EtOH and Meth (n= 8–14/group;
p < 0.001). Tukey post-hoc analyses showed that EtOH+Meth rats fell off the rotarod sooner than their EtOH-alone or Meth-alone counterparts (*p < 0.001). B)
Rats treated with nimesulide in addition to EtOH+Meth did not exhibit motor deficits compared to the EtOH+Meth with saline vehicle (Student’s t-test; n= 8–9/
group; *p < 0.05).

A.L. Blaker, et al. Brain, Behavior, and Immunity 81 (2019) 317–328

326



2012), changes in morphology are commonly used as markers of an
inflammatory response. Furthermore, the differential effects of nime-
sulide, and presumably prostaglandin signaling, on cell number vs. cell
size in the absence of EtOH also suggest different mechanisms reg-
ulating changes in cell size and number produced by Meth alone. Re-
gardless, the current study indicates that distinct mechanisms underlie
microglial activation and proliferation produced by Meth alone and in
combination with prior exposure to EtOH.

The morphological changes in microglia observed in the SNpc at 2 h
after the Meth binge is no longer present at 72 h (Fig. 5). These early
but transient changes precede the increases in apoptotic markers at
3 days and the eventual loss of TH immunoreactivity in the SNpc
measured 7 days. The results are consistent with previous findings that
Meth can damage dopamine soma in the SNpc of mice (Rumpf et al.,
2017) and that microglial activation precedes terminal damage in the
striatum (LaVoie et al., 2004). While further studies are required to
identify a causal relationship between microglial activation and loss of
dopamine integrity in the SNpc, it is important to note that the robust
changes in microglial morphology are present only with serial drug
exposure and mirror the dopamine cell loss in this region.

The finding that nimesulide blocked increases in microglia cell
number and soma size in the EtOH+Meth groups provides evidence of
COX-2-mediated damage to dopamine neurons and is consistent with
the findings that COX-2 mediates Meth-induced striatal dopamine
terminal degeneration (Thomas and Kuhn, 2005; Blaker and
Yamamoto, 2018). The attenuation of increases in microglia cell
number in Water+Meth groups indicates a contribution of basal
prostaglandin signaling in Meth-induced changes to microglia in the
SNpc. This does not preclude other mechanisms underlying microglia
activation that could damage nigrostriatal dopamine neurons.

DAT immunoreactivity was decreased by 35% after Meth and was
further decreased to 70% in rats that previously drank EtOH (Fig. 7A).
This indicates a synergy between EtOH and Meth since EtOH alone did
not decrease DAT. The changes in DAT are not due to hyperthermic or
metabolic changes in rats exposed to EtOH+Meth such that EtOH
drinking did not increase Meth-induced hyperthermia or change Meth
concentration in the brain after previous exposure to EtOH (Fig. 3).
Additionally, the synergistic nature of EtOH and Meth has been high-
lighted by studies showing a dose-dependent effect of EtOH consump-
tion on subsequent Meth-induced monoamine depletions in the brain.
The enhanced effect of EtOH on Meth-induced decreases in DAT were
paralleled by decreases in TH immunoreactivity in the SNpc. The sy-
nergistic interaction between EtOH and Meth was more pronounced as
neither EtOH drinking nor Meth decreased TH immunoreactivity
compared to the 40% decrease produced by their serial exposure
(Fig. 8F). DAT depletions in the striatum appear larger in magnitude
compared to the loss of TH in the SNpc after EtOH+Meth. This can be
explained by the fact that dopamine cell bodies in the SNpc give rise to
multiple terminals in the striatum. Therefore, multiple terminals are
lost with each cell body as revealed by a greater loss of DAT in striatum
compared to TH-positive cell bodies in the SNpc (Figs. 7 and 8). In
contrast to the lack of effect of Meth alone on SNpc TH in the current
study, it has been reported that mice show a decrease in TH and cell
damage in the SNpc after Meth (Ares-Santos et al., 2014). This differ-
ence is likely related to species differences between mice and rats in
response to Meth. Nevertheless, the decrease in TH and DAT produced
by EtOH+Meth was attenuated by nimesulide administration during
EtOH drinking and indicates that COX-2 activation produced by EtOH
can produce a sensitization or priming of the neurotoxic effects of Meth
on TH and DAT. It remains to be determined if the decrease in DAT
within the striatum precedes or is a consequence of the decreases in TH
observed at 7 days after Meth. Regardless, no changes in TH were ob-
served at 3 days after a Meth binge even though changes in microglia
size and number occurred earlier (2 h).

Before the loss of TH+cells was observed in the SNpc, cleaved
caspase-3 immunoreactivity was detected after EtOH+Meth (Fig. 9),

implicating a role for apoptosis in dopaminergic neuron death. This is
consistent with previous studies suggesting apoptosis mediates nigral
cell death in Parkinsonian rodent models as well as other models of
dopaminergic neurodegeneration (Macaya et al., 1994; Naoi and
Maruyama, 1999; Tatton and Kish, 1997). It is important to note that
cleaved caspase-3 was not observed in all TH-positive neurons but was
specific to dopamine cell bodies in the SNpc, as opposed to the VTA or
SN pars reticulata (data not shown). Though negligible, we also ob-
served faint cleaved caspase-3 immunoreactivity in the Water+Meth
group when compared to EtOH alone or Water+Saline (Fig. 9C). This
could be due to cellular injury from Meth, which may slightly activate
cleaved caspase-3, but not lead to apoptosis (Cheng and Zochodne,
2003). However, based on the extent of dopamine neurons positive for
cleaved caspase-3 staining at 3d after Meth in only the EtOH+Meth
group (Fig. 9D) and the subsequent loss of TH+cells at a later time
point (Fig. 8), the loss of TH immunoreactivity after EtOH+Meth is
likely due to apoptosis.

Finally, the COX-2 inhibitor nimesulide during EtOH drinking only
attenuated the number of apoptotic neurons as evidenced by cleaved
caspase-3 and less dense staining of cleaved caspase-3 in TH-positive
neurons of the SNpc after Meth exposure. These results are consistent
with evidence for a role of COX-2 in the apoptosis of dopamine neurons
(Sánchez-Pernaute et al., 2004; Vijitruth et al., 2006).

The neurochemical effects that we observed in the SNpc and
striatum were paralleled by motor impairments (Fig. 10). Similar to the
prevention of loss of TH in the SNpc (Fig. 8F), DAT in the striatum
(Fig. 7A), and the depletion of striatal dopamine (Blaker and
Yamamoto, 2018) after exposure to EtOH+Meth, motor deficits were
also attenuated by COX-2 inhibition during EtOH drinking (Fig. 10B).
The results indicate that COX-2 activation produced by EtOH drinking
further extends the scope and vulnerability of dopamine neurons after
Meth to include motor-related dopaminergic deficits in the SNpc similar
to that observed in other animal models of Parkinson’s disease in-
cluding Meth exposure to mice (Ares-Santos et al., 2014). Meth alone
did not cause significant motor deficits despite a 40% loss of DAT in the
striatum (Fig. 7B). This degree of loss is likely not sufficient to cause
motor deficits since extrapolations of dopamine depletions to the time
of symptom onset do not appear until a 68 to 82% reduction of dopa-
mine in the striatum (Riederer and Wuketich, 1976). Moreover, initial
motor deficits in PD only begin to occur when approximately 30% of
total SN neurons are lost (Fearnley and Lees, 1991; Greffard et al.,
2006). Unlike Meth alone, only the serial exposure to EtOH and Meth
resulted in a> 70% loss of DAT immunoreactivity in the striatum
and> 40% loss of TH-positive cells in the SNpc and explains why only
the combination of EtOH and Meth produced motor deficits measured
by performance on the rotarod (Fig. 10B).

5. Conclusions

The present study illustrates an inflammatory response (changes in
microglia) in the SNpc after the serial exposure to EtOH and Meth that
is associated with a synergistic dopaminergic toxicity (dopamine defi-
cits and motor deficiencies) via apoptosis (cleaved caspase-3) of do-
pamine cells in the SNpc. The protective effects of nimesulide inter-
vention during EtOH indicates that these effects are mediated by EtOH-
induced COX-2, and that events related to induction of COX-2 are in-
volved in the long-term dopaminergic deficits observed after EtOH plus
Meth. Furthermore, this damage is unique and distinct from the damage
produced by either drug alone, and highlights the role of the inducible
inflammatory mediator COX-2 in degeneration of the nigrostriatal
pathway.
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