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Abstract Studies of methamphetamine (Meth)-induced
neurotoxicity have traditionally focused on monoaminergic
terminal damage while more recent studies have found that
stress exacerbates these damaging effects of Meth. Similar-
ities that exist between the mechanisms that cause mono-
aminergic terminal damage in response to stress and Meth
and those capable of producing a disruption of the blood-
brain barrier (BBB) suggest that the well-known high co-
morbidity of stress and Meth could produce long-lasting
structural and functional BBB disruption. The current stud-
ies examined the role of neuroinflammation in mediating the
effects of exposure to chronic stress and/or Meth on BBB
structure and function. Rats were pre-exposed to chronic
unpredictable stress (CUS) and/or challenged with Meth.
Twenty-four hours after the treatment of Meth in rats pre-
exposed to CUS, occludin and claudin-5 immunoreactivity
were decreased while truncation of β-dystroglycan, as well
as FITC-dextran and water extravasation was increased. All
changes other than β-dystroglycan and edema persisted
7 days later, occurred with increases in GFAP and COX-2,
and were blocked by ketoprofen after Meth treatment. In
addition, persistent increases in FITC-dextran extravasation
were prevented by treatment with an EP1 receptor antago-
nist after Meth exposure. The results indicate that CUS and
Meth synergize to produce long-lasting structural and func-
tional BBB disruptions that are mediated by cyclooxygenase
and protracted increases in inflammation. These results sug-
gest that stress and Meth can synergize to produce a long-
lasting vulnerability of the brain to subsequent environmen-
tal insults resulting from the persistent breach of the BBB.
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Introduction

The psychostimulant, methamphetamine (Meth), is a widely
abused drug that produces long-term neuronal damage in
humans, non-human primates and rodents. PET and proton
magnetic resonance spectroscopy studies of abstinent hu-
man Meth abusers illustrate decreases in the dopamine
transporter (DAT) (McCann et al. 1998; Volkow et al.
2001a) and the neuronal marker, N-acetylaspartate (Ernst
et al. 2000), biomarkers indicative of neurotoxicity. In ad-
dition, long-term decreases in serotonin transporter (SERT),
vesicular monoamine transporter-2, tyrosine and tryptophan
hydroxylase immunoreactivity, and dopamine (DA) and
serotonin (5-HT) tissue content (Hotchkiss and Gibb 1980;
Ricaurte et al. 1980; Wagner et al. 1980; Eyerman and
Yamamoto 2007) are observed in rodents. While most stud-
ies have focused on Meth-induced monoaminergic terminal
damage caused by oxidative stress and neuroinflammation
(Yamamoto et al. 2010), there are less studied neurotoxic-
ities that could be mediated by similar mechanisms.

The same mechanisms of Meth-induced damage to
monoaminergic terminals may also be responsible for an
increase in the permeability of the blood-brain barrier
(BBB) (Abbott 2000; Ramirez et al. 2009). Moreover, acute
BBB disruption is caused by seizures and hyperthermia
associated with high dose Meth exposure (Bowyer and Ali
2006; Kiyatkin et al. 2007; Kiyatkin and Sharma 2009a, b).
The increased permeability may result from alterations to
structural proteins. Normally, brain endothelial cells restrict
paracellular transport of molecules from blood to brain
parenchyma by the presence of tight junctions, comprised
of the transmembrane structural proteins, claudin-3,-5,
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occludin and junctional adhesion molecule. In addition,
tight junctions are stabilized by intracellular proteins, such
as zona occludens (ZO), and transmembrane proteins, such
as β-dystroglycan, which crosslink astrocytic endfeet and
endothelial cells to the basal lamina. In fact, Meth decreases
occludin, claudin-5 and ZO-1 protein in cultured brain mi-
crovascular endothelial cells (Ramirez et al. 2009; Abdul
Muneer et al. 2011) and mouse brain (Martins et al. 2011),
suggesting that Meth can increase permeability via changes
in BBB structural proteins. However, the mechanisms un-
derlying these possible changes under in vivo conditions are
unknown.

Neuroinflammation mediates Meth toxicity to mono-
amine terminals (Thomas et al. 2004) but its role in Meth-
induced BBB disruption is unknown. The inflammatory
mediator, cyclooxygenase (COX) has been implicated in
BBB disruption and is increased in response to Meth (Kita
et al. 2000; Thomas and Kuhn 2005). Furthermore, non-
selective inhibition of COX attenuated TNFα-induced BBB
disruption (Candelario-Jalil et al. 2007) whereas antagonism
of prostaglandin E2 receptor, EP1, reduced the disruption of
the structure and function of the BBB in a stroke model
(Fukumoto et al. 2010). Collectively, these data suggest that
COX and its downstream consequences can mediate Meth-
induced BBB disruption.

COX is increased in the brain by physical and psycho-
logical stressors (Yamagata et al. 1993; Madrigal et al. 2003)
and environmental stress potentiates METH toxicity (Tata
and Yamamoto 2007). The interaction between stress and
drugs of abuse is particularly relevant as stress and drug
abuse are highly comorbid. Therefore, stress may enhance
Meth-induced BBB disruption through COX and neuroin-
flammation. It is hypothesized that serial exposure to chron-
ic unpredictable stress and moderate doses of Meth will
produce acute and persistent structural and functional dis-
ruptions of the BBB through changes in COX activity.

Materials and methods

Animals

Male Sprague Dawley rats (180–275 g, Harlan Indianapolis,
IN) were used in all experiments. Rats were housed 2 to 3
per cage, in clear plastic containers (45×24×20 cm), and
allowed 4–5 days to acclimate to the animal colony before
any experimentation. The environment in which the rats
were housed was under a 12 hr light/dark cycle, temperature
(23±1 °C) and humidity (40±5 %) controlled and rats had
ad libitum access to food and water. All procedures were
carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and approved by the University of Toledo Institutional

Animal Care and Use Committee. Efforts were made to
minimize the number of rats used as well as to minimize
the amount of suffering each rat might endure.

Chronic Unpredictable Stress (CUS) paradigm and drug
treatments

Rats were either handled daily or exposed to the chronic
unpredictable stress (CUS) paradigm, which consisted of
exposure to a variety of mild stressors at varying times
during the day, for 10 days. The stress schedule was as
follows: day 1, 50 minute cold room (10:00 h) and 30
minute cage agitation (14:00 h); day 2, 3 hrs lights off
(9:00 h) and lights on overnight; day 3, 1 hr restraint
(11:00 h) and food and water deprivation (17:00 h–
8:00 h); day 4, 1 hr cage agitation (10:00 h) and 50 minute
cold room (15:00 h); day 5, 15 minute cold room isolation
(14:00 h) and isolation overnight (14:15 h–8:00 h); day 6,
1 hr restraint (9:00 h) and lights on overnight; day 7, 3 hrs
lights off (10:00 h) and food and water deprivation
(17:00 h–8:00 h); day 8, 1 hr cage agitation (11:00 h) and
isolation overnight (16:00 h–8:00 h); day 9, 15 minute cold
room isolation (9:00 h) and lights on overnight; day 10,
3 hrs lights off (10:00 h) and 20 minute cage agitation
(15:00 h). This CUS paradigm has been used previously
(Stein-Behrens et al. 1994; Haile et al. 2001; Matuszewich
and Yamamoto 2004) and does not result in adaptation, but
produces increased levels of plasma corticosterone (Johnson
and Yamamoto 2009).

On the day after the last stressor, rats received drug
treatment. (+) Methamphetamine-hydrochloride (Meth)
was purchased from Sigma (St. Louis, MO, Cat. M-8750)
and dissolved in 0.9 % NaCl (saline). Meth was adminis-
tered to rats at a dose of 7.5 mg/kg, intraperitoneally (ip)
every 2 hrs for a total of 4 injections. Controls for Meth
treatment were rats treated with 4 ip injections of saline
(1 mL/kg), one injection given every 2 hrs. The total dose
administered to the rat in the current study is 30 mg/kg.
Accounting for the approximately 6-fold higher metabolic
rate of the rat, the approximate human dose, would be
5 mg/kg or 350 mg/70 kg human. This dose is appli-
cable to human drug use since humans administer anywhere
from 50 mg to 1,000 mg of Meth per day (McKetin et al.
2006; Cruickshank and Dyer 2009). In addition, the dose of
Meth was chosen because, in combination with 10 days of
CUS, it causes damage to the dopaminergic system (Tata
et al. 2007), to a similar extent to that observed in the human
brain, as measured by DAT binding (Volkow et al. 2001a;
Volkow et al. 2001b).

The nonselective COX inhibitor, ketoprofen (5 mg/kg)
was purchased from Sigma (St. Louis, MO, Cat. K1751).
Ketoprofen was dissolved in 100 % transcutol (generous gift
from Gattefossé Corporation, Paramus, NJ, USA) and
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diluted 1:4 with Millipore water, resulting in a final solution
of 2.5 mg/mL ketoprofen in 25 % transcutol. The vehicle
control for ketoprofen was 2 mL/kg of 25 % transcutol.
During saline or Meth administration, ketoprofen was
injected subcutaneously (sc) at a dose of 5 mg/kg ketopro-
fen, 1 hr before each Meth or saline injection (Ketoprofen
During). The dose and treatment paradigm of 5 mg/kg of
ketoprofen was chosen based on a previous study that ob-
served an attenuation of Meth-induced decreases in DAT
immunoreactivity (Asanuma et al. 2003). Ketoprofen ad-
ministration after saline or Meth treatment consisted of sc
injections of 5 mg/kg ketoprofen twice a day, starting 24 hr
after Meth or saline treatment and continued for 6 days
(Ketoprofen Post). The administration of ketoprofen twice
a day was chosen based on the 12 hr half-life of ketoprofen
(Foster and Jamali 1988). Ketoprofen during and after Meth
or saline treatment consisted of 5 mg/kg ketoprofen injec-
tions 1 hr before each Meth or Saline injections and twice a
day, starting 24 hr after the start of Meth treatment and
continuing for the 6 days after Meth or saline treatment
(Ketoprofen During &Post).

A separate group of rats received the EP1R antagonist,
SC-51089 (Cayman Chemical, Ann Arbor, MI, Cat.
10011561), after treatment to investigate the role of the
EP1R in Stress + Meth-induced long-term BBB disruptions.
Rats received SC-51089 at a dose of 10 μg/kg ip, twice a
day, starting 24 hr after the initiation of Meth treatment and
continuing for the 6 days after Meth or saline treatment. SC-
51089 was dissolved in 0.02 % DMSO. DMSO (0.02 %)
was used as the vehicle control for these experiments. The
dose of SC-51089 was chosen based on its ability to inhibit
NMDA and ischemia-induced lesions (Kawano et al. 2006)
and prevent ischemia-induced BBB disruption (Fukumoto et
al. 2010).

During drug treatments, rectal temperatures were
measured using a digital thermometer with rectal probe
(Thermalert TH-8; Physitemp Instruments Inc., Clifton,
NJ) prior to the first injection and 1 hr after each injection.
Rats that reached temperatures greater than 41 °C were
cooled briefly by placing ice packs on top of their cage
covers while their temperatures were closely monitored.
Cooling was complete when rats reached temperatures less
than 40.5 °C in order to maintain hyperthermia while
minimizing lethality.

Rats used for measurements of occludin, claudin-5, β-
dystroglycan, brain water content, glial fibrillary acidic pro-
tein (GFAP) and COX-2 were killed via live decapitation at
either 24 hrs or 7 days after drug treatments. Brains were
immediately removed from the skull and dissected on top of
a cold, dry non-porous surface. Fresh, non-frozen tissue was
used for capillary isolation and measurement of brain water
content (see below) while remaining tissue was frozen on
dry ice and stored at −80 °C prior to measurement of β-

dystroglycan, GFAP and COX-2 via Western Blot (see
below). Separate groups of animals were used for functional
measurement of BBB permeability, as measured by FITC-
dextran extravasation, at 24 hrs and 7 days (see below).

Isolation of brain capillaries

Brain capillaries were isolated using a modified protocol
from Yousif et al. (2007). Immediately after decapitation,
brains were removed from the skull and cerebellum and
circumventricular organs were dissected free. The remaining
cortical tissue was placed into cold Hanks’ Balanced Salt
Solution 1× (HBSS) and samples were kept on ice or at 4 °C
throughout the isolation procedure. Meninges and large
blood vessels were removed in cold HBSS and the remain-
ing tissue was minced in 500 μL HBSS. Homogenate was
centrifuged at 1,000 g for 10 min, supernatant decanted and
pellet resuspended in 17.5 % dextran (64–76 kDa, Sigma)
by pipetting up and down. This dextran homogenate was
centrifuged at 4,400 g at 4 °C for 15 min to produce a pellet
of capillaries. The supernatant was collected along with
floating tissue pieces, placed into a separate tube, and centri-
fuged at 4,400 g for 15 min at 4 °C that resulted in a second
pellet containing capillaries. After the supernatants were
decanted, both remaining pellets were resuspended in ice-
cold HBSS and combined. This mixture was then filtered
through 100 μm nylon mesh (Spectrum Laboratories, Inc.,
Rancho Dominguez, CA) to remove large blood vessels.
The filtrate containing the capillaries was centrifuged at
1,000 g for 5 min to concentrate the capillaries.

Western blotting for occludin, claudin-5, β-dystroglycan,
GFAP and COX-2

Occludin and claudin-5, as well as COX-2 in some cases,
were measured in isolated capillary protein. Isolated capil-
laries described above were resuspended in a urea buffer,
containing 6 M urea, 10 mM Tris, 1 mM DTT, 5 mM
MgCl2, 5 mM EDTA-NA4, 150 mM NaCl and protease
inhibitor cocktail, with a pH of 8.0, and were incubated at
4 °C for two nights to extract capillary proteins (Hawkins et
al. 2004). Capillary protein samples were diluted 1:4 with
Novex 4× LDS sample buffer (Invitrogen, Carlsbad, CA)
and boiled at 85 °C for 10 minutes. Bradford protein assay
(BioRad, Hercules, CA) was used to measure total capillary
protein.

β-dystroglycan, GFAP and COX-2 protein expression
was measured in whole tissue. Brain tissue was homoge-
nized in RIPA buffer (0.1 M PBS, 1 % Igepal, 0.5 % sodium
deoxycholate, and 0.1 % sodium dodecyl sulfate) with 1×
Halt protease inhibitor cocktail (Thermo Scientific, Rock-
ford, IL, Cat. 78430) and centrifuged at 12,000 rpm for 5
minutes to pellet insoluble material. Bradford assay
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(BioRad, Hercules, CA) was used to measure total protein in
samples, samples were diluted 1:4 with Novex 4× LDS
sample buffer (Invitrogen, Carlsbad, CA) and heated to
80 °C for 5 minutes.

Equal amounts of protein for each sample (30 μg of
capillary protein for occludin, claudin-5 and COX-2,
60 μg of whole cortical protein for β-dystroglycan, 30 ug
of whole cortical protein for COX-2, and 15 μg of whole
cortical protein for GFAP) were loaded onto a NuPAGE
Novex 4–12 % Bis-Tris gel (Invitrogen, Carlsbad, CA) for
electrophoresis. Proteins were transferred onto polyvinyli-
dene fluoride (PVDF) membranes. Membranes were
blocked for 3 hrs at room temperature, with Tris-buffered
saline (TBS) (10 mM Tris, 150 mM NaCl), containing 0.5 %
Tween-20 and 5 % non-fat powdered milk. Membranes
were then incubated with primary antibodies (mouse anti-
occludin, 1:500, (Invitrogen, Carlsbad, CA, Cat. 331500);
mouse anti-claudin-5, 1:500, (Invitrogen, Carlsbad, CA,
Cat. 352500); mouse anti-β-dystroglycan, 1:500, (Leica
Microsystems, Novocastra Reagents, Buffalo Grove, IL,
Cat. B-DG-CE); mouse anti-GFAP, 1:2000, (Boehringer
Mannheim, Cat. 814369); goat anti-COX-2, 1:500, (Santa
Cruz, Cat. sc-1746) mouse anti-α-tubulin, 1:3000, (Sigma,
St. Louis, MO, Cat. T6074)) in blocking buffer for approx-
imately 18 hrs at 4 °C. Following 3, 5 min, washes with
TBS containing Tween-20 (TBS-T) (0.5 % Tween for occul-
din, claudin-5, GFAP, COX-2 and α-tubulin; 0.1 % Tween
for β-dystroglycan), membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(goat anti-mouse IgG, 1:2500, (Santa Cruz) or rabbit anti-
goat IgG, 1:2500, (Santa Cruz)) in blocking buffer for 1 hr at
room temperature. Membranes were then washed 3 times,
each for 5 min, with TBS-T.

Membranes were incubated in HyGLO enhanced chemi-
luminescence (ECL) (Denville Scientific Inc., Metuchen,
NJ), for antibody detection. A Fuji LAS-4000 mini system
(FujiFilm Corp. Life Science Division, Tokyo, Japan) was
used to image chemiluminescence and optical density was
quantified using Multi Gauge software (FujiFilm Corp. Life
Science Division, Tokyo, Japan).

Occludin, claudin-5, GFAP and COX-2 were normalized
to the internal loading control, α-tubulin. Results were
calculated and expressed as a percent of control group. β-
dystroglycan is presented as truncated β-dystroglycan and
expressed as a percent of No Stress + Saline controls.
Truncation of β-dystroglycan was calculated by taking a
ratio of truncated to full form β-dystroglycan.

Measurement of brain water content

Freshly dissected cortical tissue was immediately weighed
(wet weight) after live decapitation and placed in a desicca-
tor at 70 °C for 72 hrs. This time was chosen because loss of

water weight was maximal by this time. After the 72 hrs,
tissue was weighed again (dry weight). The percent of water
was calculated as follows: % water 0 (wet weight-dry
weight)/wet weight × 100.

FITC-dextran extravasation

Leakage of FITC-dextran from brain vasculature into paren-
chyma was used to determine the extent of BBB permeabil-
ity. A protocol similar to Zhao et al. (2007) was used.
Briefly, 24 hr or 7 days after drug treatment, a solution of
ketamine (75 mg/kg) (Hospira, INC., Lake Forest, IL) and
xylazine (5 mg/kg) (Lloyd Laboratories, Shenandoah, Iowa)
was injected intramuscularly into rats. The rat heart was
exposed and heparin (35 USP units) (APP Pharmaceuticals,
LLC, Schauburg, IL) was injected into the left ventricle.
Immediately following the heparin injection, 12 mL of FITC
labeled 10,000 Da dextran (10 mg/mL in 0.1 M PBS)
(Sigma, St. Louis, MO, Cat. FD10S) was infused into the
left ventricle at a rate of 5 mL/minute and the right atrium
was severed. Immediately following the intracardial perfu-
sion, brains were removed from the skull and placed into
4 % paraformaldehyde (PFA). After 3 days in PFA, brains
were cryoprotected by placing them into 10 % glycerol for
24 hr and then 20 % glycerol for 24 hr. Brains were then
flash frozen in 2-methylbutane over dry ice.

Brains were sliced at a thickness of 50 μm using a cryostat
(Microm HM 550; Thermo Scientific, Waltham, MA). Slices
were mounted onto gelatin coated slides and cover-slipped
with fluoromount. Slices were imaged using a Leica SP5
confocal microscope and the standard Leica Applications
Suite Advanced Fluorescence (LAS AF) Software. Parame-
ters used to image included an excitation wavelength of
488 nm, a collection wavelength of 504–556 nm and z-step
size of 4.00 μm. Exposure, gain and offset remained constant
for all images. Four 20× images of regions of the cortex were
captured per rat, from 3 brain slices, in order to analyze FITC-
dextran extravasation. At the time of analysis, the investigator
was blind to the treatment.

In order to quantify FITC-dextran extravasation, extra-
capillary fluorescence in each image was quantified using
ImageJ software. First, brightly stained discrete areas, indic-
ative of capillaries, were removed from each image by
setting the outlier settings of threshold and radius the same
for all images. Threshold and radius settings were chosen
based on the settings that removed capillary staining from
control slice images. The average intensity of the remaining
fluorescence of the entire area imaged was then measured
using ImageJ. The fluorescence values of the 4 images,
taken from 3 slices from each rat, were averaged for each
individual rat. The mean intensity of fluorescence was
expressed as a percent of control and is indicative of
FITC-dextran extravasation.
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Statistical analysis

Statistical analysis was performed using Sigma Plot 11.
Body temperatures were analyzed using a two-way analysis
of variance (ANOVA) with repeated measures, followed by
Tukey’s post hoc analysis. A two-way ANOVAwas used to
determine significant effects of stress and Meth on occludin,
claudin-5, β-dystroglycan, GFAP and COX-2 protein ex-
pression and brain water content and FITC-dextran extrav-
asation, at 24 hr after treatment. A two-way ANOVA was
also used to determine significant effects of stress and Meth
on GFAP and COX-2 protein expression 7 days after treat-
ment. When a significant two-way interaction was identi-
fied, Tukey’s post hoc analysis were used to identify
significant differences between treatment groups. A one-
way ANOVAwithin treatment followed by post hoc analysis
using the Bonferroni’s Multiple Comparisons test were used
to determine the effects of ketoprofen on Stress + Meth-
induced changes in occludin, claudin-5 and COX-2 protein
immunoreactivity, truncation of β-dystroglycan, brain water
content and FITC-dextran extravasation at 7 days after Meth
treatment. To determine the effects of the EP1 receptor
antagonist, SC-51089, on Stress + Meth-induced increases
in FITC-dextran extravasation at 7 days after treatment, a
two-way ANOVA, with Tukey’s post-hoc analysis, was
used. For all experiments, statistical significance was set at
p<0.05.

Results

Effects of stress on meth-induced hyperthermia

The effects of Meth treatment and prior exposure to stress
on body temperatures are illustrated in Fig. 1. When body
temperatures were measured 1 hr after each Meth or saline
injection, Meth administration (7.5 mg/kg ip × 4 every 2 hr)
produced an increase in core body temperatures of ~1 °C,
compared to saline controls. In addition, prior exposure to
10 days of chronic unpredictable stress enhanced the effects
of Meth on body temperature and increased body tempera-
ture by ~1 °C, compared to No Stress + Meth treated rats.
These effects were revealed by a significant effect of treat-
ment over time (F12,149010.76, p<0.001) in a two-way
repeated measures ANOVA. Post-hoc analysis indicated that
No Stress + Meth treated rats were significantly different
from No Stress + Saline at 3 hr (q04.66, p<0.01), 5 hr (q0
5.17, p<0.01) and 7 hr (q05.46, p<0.001) after the first
Meth injection and were significantly different from Stress +
Saline groups at 5 hr (q03.94, p<0.05) and 7 hr (q0
3.86, p<0.05) after the first Meth injection. In addition, post-
hoc analyses indicated that Stress + Meth groups were signif-
icantly different from No Stress + Saline groups at 3 hr (q0

8.41, p<0.001), 5 hr (q010.79, p<0.001) and 7 hr (q012.28,
p<0.001) after the first Meth injection and Stress + Saline
groups at 3 hr (q06.54, p<0.001), 5 hr (q09.57, p<0.001)
and 7 hr (q010.05, p<0.001) after the first Meth injection.
Furthermore, Stress +Meth treated rats were also significantly
different from No Stress + Meth treated rats at 3 hr (q0
4.19, p<0.05), 5 hr (q06.29, p<0.001) and 7 hr (q0
7.63, p<0.001) after the first Meth injection. Stress +
Saline rats did not differ from No Stress + Saline rats.

Effects of stress and meth on acute alterations of BBB
transmembrane structural proteins

Figure 2a illustrates the quantification of occludin protein
expression in isolated capillaries, 24 hr after treatment with
Meth or saline. Figure 2c is a representative Western Blot
image of occludin (57 kDa) and the loading control, α-
tubulin (50 kDa). The combination of stress and Meth
significantly decreased protein expression of occludin in iso-
lated capillaries by 40±6 %, compared to No Stress + Saline
controls. These effects were revealed by a significant effect of
stress (F1,36013.82, p<0.001), Meth (F1,3605.76, p<0.05),
and a significant interaction of Meth treatment and stress
(F1,3604.89, p<0.05). Post-hoc analysis revealed a significant
difference between Stress + Meth and No Stress + Meth (q0
5.87, p<0.001) as well as Stress + Meth and Stress + Saline
(q04.57, p<0.01), but no effects of stress in saline treated rats
or the effects of Meth in no stress rats.

Fig. 1 Rectal temperatures after exposure to stress and Meth. Meth or
saline was administered to previously stressed or control rats. Body
temperatures were measured before and every hr after a Meth or saline
injection, indicated by the arrows on the x-axis. Meth significantly
increased body temperature over time (*, p<0.01) and prior exposure
to 10 days of CUS significantly increased body temperature compared
to No Stress + Saline (#, p<0.001) and No Stress + Meth ($, p<0.05).
(n08–10 in each group)
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Figure 2b illustrates the quantification of claudin-5
protein expression in isolated capillaries and Fig. 2c is a
representative Western Blot image of claudin-5 (22 kDa)
and the loading control, α-tubulin (50 kDa). Stress
significantly decreased claudin-5 protein expression (13
±7 % decrease in the Stress + Saline treatment group
and 29±7 % decrease in the Stress + Meth treatment

group, compared to No Stress + Saline) as noted by a
significant main effect of stress (F1,3507.49, p00.01).

Figure 2d illustrates truncation of β-dystroglycan, as
measured by the ratio of truncated (30 kDa) to full form
(43 kDa) β-dystroglycan, 24 hrs after drug treatment. The
combination of stress and Meth significantly increased the
truncation of β-dystroglycan compared to all other

Fig. 2 Alterations in BBB structural proteins 24 hrs after treatment.
Meth or saline was administered to previously stressed or control rats.
Occludin and claudin-5 protein expression was measured in isolated
brain capillaries via Western Blot. a) The combination of stress and
Meth significantly decreased occludin immunoreactivity (*, p<0.01,
compared to Stress + Saline and No Stress + Meth) (n08–11 in each
group) b) Exposure to stress significantly decreased claudin-5 immu-
noreactivity (*, p00.01, compared to No Stress treated groups). (n08–
11 in each group) c) Representative Western Blot images illustrating

occludin (57 kDa), claudin-5 (22 kDa) and α-tubulin (50 kDa) immu-
noreactive bands. d) Stress and Meth increased truncation of β-
dystroglycan, compared to No Stress + Saline (*, p<0.05) and Stress
+ Meth significantly enhanced truncation of β-dystroglycan compared
to No Stress + Meth and Stress + Saline (&, p<0.001). (n05–7 in each
group) e) Representative Western Blot images illustrating full-form
(40 kDa) and truncated β-dystroglycan (22 kDa) immunoreactive
bands
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treatments, such that Stress + Saline produced a 40±14 %
increase, No Stress + Meth produced a 44±19 % increase,
and Stress + Meth produced a 97±14 % increase compared
to No Stress + Saline controls. These effects were revealed
by a significant main effect of stress (F1,2409.61, p<0.01)
and Meth (F1,24011.37, p<0.01). In addition, the Stress +
Meth group was significantly different from No Stress +
Meth (t0−2.41, p<0.05) and Stress + Saline groups (t0
−2.54, p<0.05). Figure 2e is a representative Western
Blot image of full form (43 kDa) and truncated
(30 kDa) β-dystroglycan.

Effects of stress and meth on acute increases in brain water
content

Figure 3 illustrates brain water content at 24 hrs after treat-
ment. The combination of stress and Meth increased brain
water content compared to No Stress + Saline treatment
(81±0.3 % water in the Stress + Meth versus 79±0.2 %
water in the No Stress + Saline group). A significant
two-way interaction of stress andMeth (F1,37011.07, p<0.01)
on brain water content was due to a significant increase in
brain water content in the Stress + Meth group compared to
the No Stress + Meth and Stress + Saline groups (q06.85 and
q05.76; p<0.001, respectively). However, Stress + Saline and
No Stress + Meth did not differ from No Stress + Saline
treated rats.

Effects of stress and meth on acute alterations
of FITC-dextran extravasation

FITC-dextran extravasation was used as a measure of BBB
permeability. Figure 4a–f are representative images of

cortical slices taken from rats perfused with FITC labeled
dextran. While the saline treated groups as well as the No
Stress + Meth treated group had distinct, brightly green
stained capillaries against a black background, the Stress +
Meth treatment resulted in a brighter green fluorescence in
tissue surrounding and between the capillaries. In addition,
areas of distinct leakage were apparent in the Stress + Meth
group only, as illustrated in the inset images, 4E& 4F.

FITC-dextran extravasation in images from the cortex
was quantified and illustrated in Fig. 4g. The combination
of stress and Meth increased FITC-dextran extravasation by
231±18 % in the cortex, compared to the No Stress + Saline
control group. There was a significant effect of stress
(F1,1109.18, p<0.05), Meth (F1,11020.13, p<0.01) and a
significant interaction of stress and Meth (F1,1106.93, p<
0.05) due primarily to a increase in FITC-dextran extrava-
sation after Stress + Meth compared to No Stress + Meth
(q05.66; p<0.001) and Stress + Saline (q07.12; p<0.01).
There was no effect of stress on saline treated rats or an
effect of Meth in the absence of stress.

It is important to note that the effects of stress and Meth
on FITC-dextran extravasation were not brain region spe-
cific. Similar effects were observed in various regions of the
cortex as well as the hippocampus and striatum (data not
shown). To further validate the FITC-dextran experiments,
brain areas lacking a BBB, such as the hypothalamus were
evaluated. The hypothalamus had more FITC-dextran ex-
travasation than brain regions that have a functional BBB,
such as the cortex, hippocampus and striatum of control rats
(data not shown).

Effects of stress and meth on acute neuroinflammation

Figure 5a illustrates the quantification of GFAP immunore-
activity at 24 hr after treatment. Figure 5b is a representative
Western Blot image of GFAP (50 kDa) and α-tubulin
(50 kDa). A two-way ANOVA did not reveal any significant
effect of stress, Meth or the combination of stress and Meth
on GFAP immunoreactivity in the cortex, 24 hr after
treatment.

Figure 5c illustrates the quantification of COX-2
immunoreactivity at 24 hr after treatment. Figure 5d is
a representative Western Blot image of COX-2
(72 kDa) and α-tubulin (50 kDa). There was no signif-
icant effect of stress, Meth or the combination of stress
and Meth on COX-2 immunoreactivity at 24 hr in the
cortex.

Effects of stress and meth on long-term neuroinflammation

Figure 6a illustrates the quantification of GFAP immunore-
activity, in cortical homogenate, 7 days after treatment.
Figure 6b is a representative Western Blot image of GFAP

Fig. 3 Changes in brain water content, 24 hrs after treatment. Meth or
saline was administered to previously stressed or control rats. The
combination of stress and Meth significantly increased brain water
content, compared to all other groups (*, p<0.01). (n08–12 in each
group)
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(50 kDa) and α-tubulin (50 kDa). Stress + Meth increased
GFAP immunoreactivity in the cortex by 35±8 %, com-
pared to No Stress + Saline controls. There was a significant
effect of Meth (F1,2405.04, p<0.05) and a significant inter-
action of stress and Meth (F1,2405.80, p<0.05). Post-hoc
analysis indicated that Stress + Meth was significantly
different from No Stress + Meth (q04.33, p<0.01) and
Stress + Saline (q04.681, p<0.01) treatment groups, while
Stress + Saline and No Stress + Meth were not different
from No Stress + Saline controls.

Figure 6c illustrates the quantification of COX-2
immunoreactivity, in the whole cortex, at 7 days after
treatment. Figure 6d is a representative Western Blot
image of COX-2 (72 kDa) and α-tubulin (50 kDa).
Stress + Meth increased COX-2 immunoreactivity in
the cortex by 37±6 %, compared to No Stress + Saline
controls. An evaluation of the significant effect of
stress (F1,2408.58, p<0.01), Meth (F1,2409.13, p<
0.01) and a significant interaction of stress and Meth
(F1,2405.66, p<0.05) showed that Stress + Meth had

Fig. 4 Alterations in BBB permeability to FITC-dextran, 24 hrs after
treatment. Meth or saline was administered to previously stressed or
control rats. Extravasation of 10,000 dalton FITC-dextran was assessed
24 hrs after treatment. a–f) Representative 20× images of FITC-dextran
in the cortex illustrate brightly green stained capillaries against a black
background in the a) No Stress + Saline, b) Stress + Saline and c) No
Stress + Meth treated groups, and brighter green fluorescence in tissue

adjacent to the capillaries in the d) Stress + Meth group (scale bar:
250 μm). e–f) The inset figures illustrate areas of distinct leakage that
were apparent in the f) Stress + Meth group only (scale bar: 50 μm). g)
Quantification of FITC-dextran extravasation in the cortex, 24 hrs after
treatment. The combination of stress and Meth significantly increased
FITC-dextran extravasation in the cortex compared to all other groups
(*, p<0.05). (n03 in each group)
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significantly greater COX-2 expression than No Stress +Meth
(q05.28 p<0.001) and Stress + Saline (q05.12, p<0.01)
treatment groups, but Stress + Saline and No Stress + Meth
groups did not differ from No Stress + Saline controls.

Figure 7a illustrates the quantification of COX-2 immu-
noreactivity, in isolated cortical capillaries, 7 days after
treatment. Figure 7b is a representative Western Blot image
of COX-2 (72 kDa) and α-tubulin (50 kDa). In order to
examine the effects of ketoprofen treatments on capillary
COX-2 immunoreactivity in rats treated with the combina-
tion of stress and Meth, a one-way ANOVAwith Bonferro-
ni’s post-hoc analysis was used to compare controls (all No
Stress + Saline treated rats regardless of the type of keto-
profen treatment) with Stress + Meth, Stress + Meth +
Ketoprofen-During &Post, Stress + Meth + Ketoprofen-
During and Stress + Meth + Ketoprofen-Post treatment
groups. Exposure to the combination of stress and Meth
significantly increased COX-2 immunoreactivity in isolated
capillaries by 42±6 % compared to controls (t05.07, p<
0.001). COX-2 immunoreactivity in the Stress + Meth +
Ketoprofen-During & Post and Stress + Meth + Ketoprofen-
Post treatment groups was significantly less than the Stress
+ Meth group (88±8 % and 98±6 % vs 144±6 %, respec-
tively (t05.02, p<0.001 and t04.15, p<0.01)) and was not
significantly different from the control group. In contrast,
Stress + Meth + Ketoprofen-During treatment was not sig-
nificantly different from Stress + Meth.

Effects of Ketoprofen on stress enhancement
of meth-induced hyperthermia

The effects of Meth treatment, stress and ketoprofen on
body temperatures are illustrated in Fig. 8. When body
temperatures were measured 1 hr after each Meth or Saline
injection, Meth administration (7.5 mg/kg ip × 4 every 2 hr),
in previously stressed rats, produced a significant increase in
core body temperatures of ~2 °C, compared to saline treated
controls. These effects were revealed by a significant effect
of treatment over time (F16,304012.34, p<0.001). Ketopro-
fen (5 mg/kg) administered during, after, or both during and
after METH or saline injections, had no effect on
hyperthermia.

Effects of Ketoprofen on stress and meth-induced persistent
alterations of BBB transmembrane structural proteins

Figure 9a illustrates the quantification of occludin protein
immunoreactivity in isolated capillaries. Figure 9c is a rep-
resentative Western Blot image of occludin (57 kDa) and α-

Fig. 5 Markers of neuroinflammation, 24 hrs after treatment. Meth or
saline was administered to previously stressed or control rats. GFAP
and COX-2 protein expression was measured in cortex. a) GFAP
immunoreactivity was not altered by stress or Meth. (n06 in each
group) b) Representative Western Blot images illustrating GFAP
(50 kDa) and α-tubulin (50 kDa) immunoreactive bands. c) COX-2
immunoreactivity was not altered by stress or Meth. (n06 in each
group) d) Representative Western Blot images illustrating COX-2
(72 kDa) and α-tubulin (50 kDa) immunoreactive bands

�
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tubulin (50 kDa). In order to examine the effects of keto-
profen treatments on occludin immunoreactivity in rats
treated with the combination of stress and Meth, 7 days after
treatment, a one-way ANOVA with Bonferroni’s post-hoc
analysis was used to compare controls (all No Stress +

Saline treated rats regardless of the type of ketoprofen
treatment) with Stress + Meth, Stress + Meth +
Ketoprofen-During & Post treatment, Stress + Meth +
Ketoprofen-During treatment and Stress + Meth +
Ketoprofen-Post treatment. The combination of stress and
Meth significantly decreased occludin immunoreactivity by

Fig. 7 COX-2 protein expression in isolated brain capillaries, 7 days
after treatment. Meth or saline was administered to previously stressed or
control rats. Ketoprofen was administered to some animals during, after
or during and after the Meth or saline treatment. COX-2 protein expres-
sion was measured in isolated capillaries. a) COX-2 immunoreactivity
was significantly increased by the combination of stress and Meth com-
pared to Controls (No Stress + Saline treated rats regardless of ketoprofen
treatment) (*, p<0.001). COX-2 increases were prevented when ketopro-
fen was administered during and after (#, p<0.001) or after Stress + Meth
(#, p<0.001). (n06–12 for all Stress + Meth groups, n019 for Controls)
b) Representative Western Blot images illustrating COX-2 (72 kDa) and
α-tubulin (50 kDa) immunoreactive bands

Fig. 6 Markers of neuroinflammation, 7 days after treatment. Meth or
saline was administered to previously stressed or control rats. GFAP
and COX-2 protein expression was measured in cortex. a) GFAP
immunoreactivity was significantly increased by the combination of
stress and Meth compared to all other groups (*, p<0.05). (n05–8 in
each group) b) Representative Western Blot images illustrating GFAP
(50 kDa) and α-tubulin (50 kDa) immunoreactive bands. c) COX-2
immunoreactivity was significantly increased by the combination of
stress and Meth compared to all other groups (*, p<0.05). (n05–8 in
each group) d) Representative Western Blot images illustrating COX-2
(72 kDa) and α-tubulin (50 kDa) immunoreactive bands

�
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42±7 %, compared to the control group (t04.48, p<0.001).
The Stress + Meth + Ketoprofen-During treatment was also
significantly different from the control group (Stress + Meth +
Ketoprofen-During, 58±9 % vs control, 99±3 %, t03.80, p<
0.01), but was not significantly different from the Stress +
Meth group. The Stress + Meth + Ketoprofen-During & Post
treatment group and Stress + Meth + Ketoprofen-Post treat-
ment group, however, were significantly different from the
Stress + Meth group (Stress + Meth + Ketoprofen During &
Post,106±12 % vs Stress + Meth, 57±7 %, t04.60, p<0.001;
Stress +Meth + Ketoprofen Post,101±12% vs Stress +Meth,
57±7 %, t03.43, p<0.05), but not the control group.

Figure 9b illustrates the quantification of claudin-5 im-
munoreactivity in isolated capillaries. Figure 9c is a repre-
sentative Western Blot image of claudin-5 (22 kDa) and α-
tubulin (50 kDa). To examine the effects of ketoprofen
treatments on claudin-5 immunoreactivity, 7 days after treat-
ment, in rats treated with the combination of stress and
Meth, a one-way ANOVA with Bonferroni’s post-hoc anal-
ysis was used to compare controls (all No Stress + Saline
treated rats regardless of the type of ketoprofen treatment)
with Stress + Meth, Stress + Meth + Ketoprofen-During &
Post treatment, Stress + Meth + Ketoprofen-During treat-
ment and Stress + Meth + Ketoprofen-Post treatment

Fig. 8 Rectal temperatures after exposure to stress, Meth and ketopro-
fen. Meth or saline was administered to previously stressed or control
rats. Some rats received ketoprofen 1 hr before each Meth or saline
injection (Ketoprofen During). Those rats that received ketoprofen
post-treatment only, have not yet been exposed to ketoprofen. Body
temperatures were measured before and every hr after a Meth or saline
injection. Larger arrows on the x-axis indicate the time of Meth or
saline injections. The smaller arrows indicate ketoprofen or vehicle
injections. The combination of stress and Meth significantly increased
body temperature over time (*, p<0.001) and ketoprofen had no effect
on Stress + Meth-induced hyperthermia. (n09–16 in each group)

Fig. 9 Long-term alterations in BBB transmembrane structural proteins,
7 days after treatment. Meth or saline was administered to previously
stressed or control rats. Some rats received ketoprofen during, after or
during and after the Meth or saline treatment. Occludin and claudin-5
protein expression was assessed 7 days after treatment. Stress + Meth
significantly decreased a) occludin and b) claudin-5 immunoreactivity
and ketoprofen administered during and after or after treatment prevented
the occludin decreases (*, p<0.01, compared to Controls; #, p<0.05,
compared to Stress + Meth). (n07–16 in each group) c) Representative
Western Blot images illustrating occludin (57 kDa), claudin-5 (22 kDa)
and α-tubulin (50 kDa) immunoreactive bands
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groups. The combination of stress and Meth produced a
significant 37±4 % decrease in claudin-5 protein expres-
sion, compared to controls (t03.55, p<0.01). The Stress +
Meth + Ketoprofen-During treatment was also significantly
different from the control group (Stress + Meth +
Ketoprofen-During, 58±9 % vs control, 99±3 %, t04.37,
p<0.001), but was not significantly different from the Stress
+ Meth group. The Stress + Meth + Ketoprofen During &
Post treatment group and Stress + Meth + Ketoprofen-Post
treatment group, however, were significantly different from
the Stress + Meth group (Stress + Meth + Ketoprofen-
During & Post,107±14 % vs Stress + Meth, 63±4 %, t0
3.51, p<0.01; Stress + Meth + Ketoprofen-Post,116±15 %
vs Stress + Meth, 63±4 %, t03.69, p<0.05), but did not
differ from controls.

There was no effect of the combination of stress and
Meth on truncation of β-dystroglycan, 7 days after treat-
ment (data not shown).

Effects of Ketoprofen on stress and meth-induced persistent
increases in brain water content

Brain water content was not altered by the combination of
stress and Meth, 7 days after treatment (data not shown).

Effects of Ketoprofen on stress and meth-induced persistent
alterations of FITC-dextran extravasation

On the 7th day after treatment, FITC labeled dextran was
intracardially perfused to observe the long-term effects of
stress and Meth on BBB permeability. Figures 10a–e are
representative images of cortical slices taken from rats per-
fused with FITC labeled dextran 7 days after the adminis-
tration of Meth or saline. The Stress + Meth and Stress +
Meth + Ketoprofen-During treatment groups had brighter
green fluorescence in the tissue surrounding and between
the capillaries compared to all other treatment groups. It was
also noted that the No Stress + Saline treated groups, the
Stress + Meth + Ketoprofen-During & Post treated group
and the Stress + Meth + Ketoprofen Post-treated group
showed green fluorescence restricted to the capillaries and
not in the surrounding tissue.

The extravasation of FITC-dextran in cortical images was
quantified and the results are illustrated in Fig. 10f. To
examine the effects of ketoprofen treatments on FITC-
dextran extravasation in rats treated with the combination
of stress and Meth, a one-way ANOVA with Bonferroni’s
post-hoc analysis was used to compare controls (all No
Stress + Saline treated rats regardless of the type of keto-
profen treatment), Stress + Meth, Stress + Meth +
Ketoprofen-During & Post, Stress + Meth + Ketoprofen-
During and Stress + Meth + Ketoprofen-Post treatment
groups. The combination of stress and Meth produced a

significant 178±42 % increase in FITC-dextran extravasa-
tion in the cortex, compared to controls (t04.04, p<0.05).
The measures of FITC-dextran extravasation, in the Stress +
Meth + Ketoprofen-During & Post and Stress + Meth +
Ketoprofen-Post treatment groups were significantly less
than the Stress + Meth treatment group (Stress + Meth +
Ketoprofen-During & Post, 81±23 % vs Stress + Meth, 278
±42 %, t03.85, p<0.05; Stress + Meth + Ketoprofen-Post,
102±24 % vs Stress + Meth, 278±42 %, t03.44, p<0.05),
but the Stress + Meth + Ketoprofen-During treated groups
did not differ from the Stress + Meth treated group.

Effects of the prostaglandin EP1 receptor antagonist,
SC-51089, on stress and meth-induced persistent alterations
of FITC-dextran extravasation

Figures 11a–d illustrate representative images of cortical
slices taken from rats perfused with FITC labeled dextran
7 days after the exposure to Stress + Meth or No Stress +
Saline and post-treated with 10 μg/kg SC-51089 or 0.02 %
DMSO, twice a day every day after Meth or saline treat-
ments. While the No Stress + Saline treated groups and the
Stress + Meth + SC-51089 Post treated group had brightly
green stained capillaries against a black background, the
Stress + Meth treatment group had brighter green fluores-
cence in the tissue surrounding and between the capillaries.

The extravasation of FITC-dextran in cortical images was
quantified and the results are illustrated in Fig. 11e. There
was a significant effect of Stress + Meth treatment (F1,130
13.39, p<0.01) and a significant interaction of Stress +
Meth and SC-51089 post-treatment (F1,1304.98, p<0.05).
Further evaluation showed that Stress + Meth produced a
significant 184±33 % increase in FITC-dextran, compared
to No Stress + Saline controls (q05.59, p<0.01) and
SC-51089 treatments (Stress + Meth + SC-51089)
blocked the increase in FITC-dextran extravasation pro-
duced by Stress + Meth (162±26 % vs 284±33 %,
respectively; q04.16, p<0.05).

Discussion

The role of neuroinflammation in the acute and long-
term alterations in BBB structure and function resulting
from serial exposure to stress and Meth was investigat-
ed. Serial exposure to stress and Meth decreased struc-
tural proteins of the BBB and increased BBB
permeability within 24 hours that persisted up to 7 days
after Meth treatment. While markers of neuroinflamma-
tion were not observed 24 hours after stress and/or
Meth treatment, increases in GFAP and increased
COX-2 expression in brain capillaries paralleled the
BBB disruption observed at 7 days, after serial exposure
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to stress and Meth. In addition, persistent increases in BBB
permeability were prevented by the inhibition of COX and the
antagonism of the prostaglandin PGE2 EP1 receptor.

Serial exposure to stress and Meth acutely decreased the
expression of tight junction proteins, occludin and claudin-
5, in isolated cortical capillaries within 24 hours (Fig. 2).

Fig. 10 Long-term alterations in BBB permeability to FITC-dextran,
7 days after treatment, are prevented by ketoprofen administration after
treatment. Meth or saline was administered to previously stressed or
control rats. Some rats received ketoprofen during, after or during and
after the Meth or saline treatment. Extravasation of 10,000 dalton FITC-
dextran was assessed 7 days after treatment. a–e) Representative 20×
images of FITC-dextran in the cortex illustrate brightly green stained
capillaries against a black background in the a) Control, c) Stress + Meth
+ Ketoprofen During & Post treatment, and e) Stress + Meth +

Ketoprofen Post treatment, while there was a brighter green fluorescence
in tissue adjacent to the capillaries in the b) Stress + Meth and d) Stress +
Meth + Ketoprofen During treatment groups. (scale bar: 250 μm) f)
Quantification of FITC-dextran extravasation in the cortex, 7 days after
treatment. The combination of stress and Meth significantly increased
FITC-dextran extravasation in the cortex compared to Controls and this
increase was prevented by ketoprofen administered during and after or
after treatment (*, p<0.01, compared to Controls; #, p<0.05, compared to
Stress + Meth). (n03 in each group)
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These changes also coincided with an increase in FITC-
dextran fluorescence in tissue surrounding the capillaries
(Fig. 4) in rats exposed to the combination of stress and
Meth. The increase in dextran extravasation is indicative of
an increase in BBB permeability that is likely reflective of
the collective decreases in tight junction proteins. While
Meth alone had no effect on BBB structure or function,
CUS itself decreased claudin-5. The mechanism for this
selective effect is unclear, but the decrease in claudin-5 after

CUS alone was insufficient to increase BBB permeability or
edema (Fig. 4). This is consistent with previous findings that
claudin-5 knockout mice do not exhibit brain edema and
increased permeability to molecules greater than 800 Da
(Nitta et al. 2003). Although others have observed a tran-
sient disruption of the BBB in response to high doses of
Meth (Bowyer and Ali 2006; Kiyatkin et al. 2007; Kiyatkin
and Sharma 2009b; Kousik et al. 2011; Martins et al. 2011;
Park et al. 2012), these data are the first to indicate that

Fig. 11 Long-term alterations
in BBB permeability to FITC-
dextran, 7 days after treatment,
are prevented by SC-51089 ad-
ministration after treatment.
Meth or saline was adminis-
tered to previously stressed or
control rats. Some rats received
SC-51089 twice a day for
6 days after Meth or saline
treatment. Extravasation of
10,000 dalton FITC-dextran
was assessed 7 days after treat-
ment. a–d) Representative 20×
images of FITC-dextran in the
cortex illustrate brightly green
stained capillaries against a
black background in the a) No
Stress + Saline + Vehicle, c) No
Stress + Saline + SC-51089 and
d) Stress + Meth + SC-51089,
while there was a brighter green
fluorescence in tissue adjacent
to the capillaries in the b) Stress
+ Meth + Vehicle treated group.
(scale bar: 250 μm) f) Quanti-
fication of FITC-dextran ex-
travasation in the cortex, 7 days
after treatment. The combina-
tion of stress and Meth signifi-
cantly increased FITC-dextran
extravasation in the cortex
compared to No Stress + Saline
+ Vehicle (*, p<0.01) and this
increase was prevented by SC-
51089 post-treatment (#, p<
0.05, compared to Stress +
Meth). (n03–4 in each group)
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stress and a moderate dose of Meth synergize to cause
structural and functional disruptions of the BBB.

The lack of effect ofMeth alone on BBB disruptionmay be
due to the moderate dose of Meth used in these studies. In the
majority of studies that observe Meth-induced BBB disrup-
tion at 24 hrs in areas of the cortex, hippocampus and striatum,
a single high bolus dose of 30–40 mg/kg Meth was adminis-
tered (Bowyer and Ali 2006; Kiyatkin et al. 2007; Kiyatkin
and Sharma 2009a). This dose is equal to or greater than the
total of 30 mg/kg (7.5 mg/kg × 4) ofMeth administered over a
6 hr period in the current study. A single dose of 30–40 mg/kg
has been shown by Bowyer and Ali (2006) to produce ex-
treme hyperthermia and seizures that correlated with the ex-
tent of Meth-induced hyperthermia and duration of status
epilepticus. A study by Kiyatkin et al. (2007) reported that
9 mg/kg administered in an ambient temperature of 29 °C
produced a 2 °C increase in brain temperature and BBB
permeability in the cortex. In the current experiments, our
dosing regimen only produced an increase in body tempera-
ture of only about 1 °C (Fig. 1) and did not produce seizures.
Taken together, these data suggest that Meth-induced hyper-
thermia is a major contributor to the early and acute BBB
disruption caused by Meth alone. It is interesting to note
though that Meth administered at a dose of 7.5 mg/kg i.p. q
2 hr × 4 does produce slight depletions in monoamines in the
striatum (Tata et al. 2007), but does not produce BBB disrup-
tion. While the reason for the differential effect of Meth on
monoamine terminals and the BBB is unknown, it is clear that
the mechanisms ofmonoaminergic damage and BBB damage,
in response to Meth alone, differ such that early BBB damage
is not required for long-term monoamine depletions.

While the mechanisms by which stress potentiates Meth-
induced BBB disruption at early time points was not inves-
tigated in the present study, the enhanced BBB disruption
may be due to enhanced hyperthermia (Fig. 1). Stress poten-
tiates Meth-induced hyperthermia (Fig. 1) and Bowyer and
Ali (2006) and Kiyatkin et al. (2007) have suggested that the
transient BBB disruption caused by high-dose Meth is high-
ly correlated with the degree of hyperthermia. Alternatively,
stress and Meth may mediate early BBB disruption through
increased oxidative stress and inflammatory cytokines. In
fact, stress and Meth produce oxidative stress (Yamamoto
and Zhu 1998; Madrigal et al. 2001), which contributes to
BBB disruption and brain edema after acute ischemia-
reperfusion (Mohammadi et al. 2011). Additionally, stress
and Meth independently increase the production of pro-
inflammatory cytokines (Flora et al. 2002; Garcia-Bueno
et al. 2008; Loftis et al. 2011) in the brain that in turn are
known to mediate BBB disruption after ischemia (Yang et
al. 1999) or streptococcus agalactiae infection (Barichello et
al. 2011). Therefore, hyperthermia, oxidative stress and
cytokines may work in concert to produce the early BBB
alterations in response to stress and Meth.

Increases in brain water content (Fig. 3) were also evident
at 24 hours after serial exposure to stress and Meth, indic-
ative of vasogenic or cytotoxic edema. The observed
vasogenic-like edema is the likely consequence of the con-
comitant decreases in tight junction proteins (Fig. 2). More-
over, the truncation of full length β-dystroglycan may be
indicative of the breakdown of the hydrophobic barrier that
is normally formed by β-dystroglycan, which crosslinks
astrocytic endfeet and endothelial cells with the basal lamina
(Fig. 2). β-dystroglycan also regulates aquaporin 4 (AQP4)
localization, which is typically localized to astrocytic end-
feet and participates in clearing extracellular fluid from the
brain parenchyma during vasogenic edema (Papadopoulos
et al. 2004). Therefore, loss or truncation of β-dystroglycan
could result in the loss of the polarized localization of AQP4
in astrocytic endfeet (Wolburg-Buchholz et al. 2009) and
exacerbate edema. However, when measured one week after
Meth, β-dystroglycan and water content were unaltered (data
not shown). The lack of long-term damage to β-dystroglycan
may be due to the high turnover rate of β-dystroglycan
(Michaluk et al. 2007). Regardless, the absence of truncated
β-dystroglycan coincides with the lack of edema at 7 days
whereas the presence of β-dystroglycan truncation may be
partially responsible for edema at 24 hours.

Some of the other structural and functional disruptions of
the BBB observed in response to serial exposure to stress
and Meth, including decreases in tight junction proteins
(Fig. 9) and increases in FITC-dextran extravasation
(Fig. 10), were persistent and paralleled by long-term neuro-
inflammation. The longer lasting neuroinflammation result-
ing from serial exposure to stress and Meth, compared to
stress or Meth alone, may be due to preexisting neuroin-
flammation produced by stress (Nair and Bonneau 2006;
Garcia-Bueno et al. 2008) that synergizes with the neuro-
inflammatory effects of Meth (Thomas et al. 2004; Thomas
and Kuhn 2005; Loftis et al. 2011). In fact, preexisting
neuroinflammation increases the vulnerability of the brain
to subsequent neuroinflammatory events (Johnson et al.
2002; Perry 2007). Thus, Meth administration could en-
hance and/or prolong neuroinflammation after stress that
leads eventually to disruption of the BBB.

GFAP immunoreactivity was increased 7 days after ex-
posure to the combination of stress and Meth, but not to
stress or Meth alone (Fig. 6), indicating an increased reac-
tivity of astrocytes that surround the capillaries. It is unclear
whether the increases in GFAP are a cause or a response to
the BBB damage caused by the combination of stress and
Meth. Although glial activation and neuroinflammation ex-
acerbate neurotoxicity, neuroinflammation can also be a
reparative mechanism (Hirsch et al. 2003; Verkhratsky et
al. 2010). In particular, astrocytes increase the integrity of
BBB (Dehouck et al. 1990) and may assist in the repair of
BBB damage. While the stress and Meth-induced increases
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in GFAP may be compensatory mechanisms to repair a
damaged BBB, there is no evidence of recovery at 7 days,
despite the observed increased GFAP immunoreactivity.
Whether the recovery from BBB damage occurs some time
after the observed increases in GFAP at 7 days remains to be
determined.

COX-2 immunoreactivity was also increased 7 days after
the exposure to the combination of stress and Meth (Fig. 6)
and subsequently determined to be localized to the brain
endothelial cells (Fig. 7). This finding that stress and Meth
increase COX-2 expression in brain endothelial cells of the rat
is in agreement with the finding that Meth can induce AP-1
and NFΚB in human brain endothelial cells in culture (Lee et
al. 2001). Collectively, these data indicate endothelial cells
can respond to insults and produce inflammatory mediators
such as COX-2 that can cause damage to the BBB.

Increased COX activity has been associated with BBB
disruption in response to ischemia and TBI and, therefore, it
was hypothesized that the persistent increases in COX-2, me-
diate the long-lasting BBB disruption observed in response to
the serial exposure to stress andMeth. The long-term structural
and functional BBB disruptions were prevented only when
ketoprofen was administered for the 7 days after combined
exposure to stress and Meth. When ketoprofen treatment was
limited only to the time coincident with Meth exposure, no
mitigating effect on neuroinflammation or long-term BBB
disruption was observed. In contrast, ketoprofen administered
every day after treatment prevented the disruption of BBB
structure (Fig. 9) and function (Fig. 10) as well as the sustained
increases in COX-2 immunoreactivity in brain endothelial cells
(Fig. 7). Moreover, the protective effects of ketoprofen on the
long-lasting BBB alterations produced by the serial exposure
to stress and Meth are due to inhibition of COX activity rather
than attenuation of hyperthermia (Fig. 8). The lack of modu-
lation of Meth-induced hyperthermia and BBB disruption by
ketoprofen, when administered during Meth, suggests that
COX and prostaglandin activity do not mediate Meth-
induced hyperthermia. Therefore, the acute increases in COX
activity and hyperthermia during Meth treatment are not re-
sponsible for the long-term BBB disruption observed after
serial exposure to stress and Meth. When the same dose of
ketoprofen was administered after but not during Meth treat-
ment, the long-term BBB disruption was prevented. This result
indicates that the combination of stress and Meth produces a
delayed and prolonged state of COX-mediated neuroinflam-
mation to cause a persistent disruption of the BBB.

COX activity may mediate BBB disruption through down-
stream activation of the prostaglandin PGE2, EP1 receptor
(Fukumoto et al. 2010) and activation of matrix metallopro-
teases (MMPs) (Candelario-Jalil et al. 2007; Aid et al. 2010).
Data illustrated in Fig. 11, suggests that the EP1 receptor is
involved in the long-lasting BBB disruption observed in re-
sponse to serial exposure to stress and Meth, as the EP1

receptor antagonist, SC-51089, attenuated the increases in
BBB permeability (Fig. 11). While the role of EP1 receptor
activation in disruption of BBB structures was not investigat-
ed, EP1 receptor signaling can lead to activation of kinases
(Bos et al. 2004) and subsequent phosphorylation and destruc-
tion of occludin and claudin-5 (Yamamoto et al. 2008).
Nonetheless, the current data suggest that the mechanism of
COX-dependent BBB damage is due partly to increased
COX-2 activity in brain endothelial cells and subsequent
activation of the EP1 receptor.

In conclusion, the results demonstrate that the scope of
long-term damage produced by the serial exposure to stress
and METH is broadened beyond damage to neurotransmitter
systems and now includes long-term damage to the BBB.
Importantly, these results indicate that stress can increase the
vulnerability of the brain to a variety of insults and exacerbate
those that produce neuroinflammation. Moreover, stress syn-
ergizes with Meth to produce long-lasting BBB disruption
mediated by COX activity in endothelial cells, suggesting a
long-lasting vulnerability of the brain to subsequent insults
that could be attenuated with non-steroidal anti-inflammatory
drug (NSAID) treatment. The observed long-lasting breach of
the BBB may also contribute to the long-term neurodegenera-
tion and cognitive deficits produced by Meth (Wagner et al.
1980; Chapman et al. 2001). Additional neurotoxicity may
also occur with the added exposure to stress and produce
increased extravasation of endogenous or exogenous neuro-
toxic proteins (e.g. HIV) and pro-inflammatory molecules.
Moreover, damage to the BBB can also cause decreased trans-
cellular transport activity from the brain to blood by endothe-
lial cells resulting in the accumulation of waste products
(Quaegebeur et al. 2011). Therefore, the synergistic neuro-
inflammatory interactions between stress and Meth illustrate
that chronic stress could damage the BBB in the presence of
non-toxic doses of Meth or conversely, non-toxic doses of
Meth would be rendered toxic by chronic stress.
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