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Abstract

The blood-brain barrier (BBB) is important physiologically. Pathologically, BBB disruption has
been implicated in a wide spectrum of neurological disorders including Parkinson's disease (PD).
Recent studies indicate that caffeine is protective against PD, but by poorly understood
mechanisms. Using a MPTP neurotoxin model of PD we tested the hypothesis that the protective
actions of caffeine were due to, at least in part, preventing MPTP-induced BBB dysfunction. FVB
mice were pretreated with caffeine (10 mg/kg, i.p.) or saline for 7 days prior to initiation of
neurotoxin treatments; during the 7 days of neurotoxin treatment, caffeine or saline continued to
be administered 10 min before each dose of MPTP (20 mg/kg, i.p.). Striatum (and for some
studies hippocampus and cerebral cortex as well) were evaluated for BBB leakage, tight junction
protein expression levels, integrity of dopaminergic neurons, and activation of astrocytes and
microglia using immunostaining, immunoblotting and real-time PCR techniques. We found that
caffeine blocked MPTP-induced decreases in numbers of TH-positive dopaminergic neurons,
increases in leakage of Evan's blue dye and FITC-albumin in striatum but not in cerebral cortex or
hippocampus, decreases in levels of the tight junction proteins occludin and ZO-1, and increases
in reactive gliosis. Our results suggest that caffeine might protect against PD and PD-like features
in animal models, in part, by stabilizing the BBB.
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INTRODUCTION

Parkinson's disease (PD) is characterized pathologically by progressive neuronal
degeneration in the substantia nigra pars compacta and striatum. Clinically, PD patients
present with tremor, rigidity, bradykinesia and postural instability (Obeso et al. 2000).
Genetic factors have been linked to familial PD, however the majority of PD cases are
sporadic in origin with unknown etiologies. The pathogenesis of PD has been linked
increasingly to neuroinflammation, oxidative stress, and blood-brain barrier disruption
(Hunot and Hirsch 2003; Rogers and Kovelowski 2003; Hawkins and Davis 2005; Abbott et
al. 2006). Indeed, neuroinflammation and oxidative stress have been shown to have
deliterious effects on blood-brain barrier (BBB) integrity and BBB leakage has been
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reported in PD patients (Kortekaas et al. 2005) and in animal models of PD including the
MPTP mouse model (Zhao et al. 2007) and the 6-OHDA rat model (Carvey et al. 2005).
Because BBB functions to protect the central nervous system and disruption of BBB induces
loss of dopaminergic neurons (Rite et al. 2007) others and we have hypothesized that BBB
dysfunction might underly, at least in part, the pathogenesis of PD (Desai et al. 2007;
Monahan et al. 2008).

In addition to the mechanisms underling PD being unclear, pharmacological/medical
interventions against PD are limited. Epidemiological studies, both prospective and
retrospective, indicate that caffeine when administered chronically decreases the
neuropathogenesis of PD (Benedetti et al. 2000; Ross et al. 2000b; Ross et al. 2000a;
Ascherio et al. 2001). Experimental studies have also demonstrated that caffeine is
neuroprotective against dopaminergic neurodegeneration in MPTP-induced mouse models
of PD (Chen et al. 2001). However, although caffeine most potently blocks adenosine Aja
receptors and other adenosine A receptor antagonists have protective actions against PD,
the mechanisms whereby caffeine exerts its protecitve effects against PD are still not fully
understood. We recently reported that chronic ingestion of caffeine prevented BBB
dysfunction in a rabbit model of Alzheimer's disease (Chen et al. 2008). Here, given that
BBB dysfunction has been demonstrated in the well-established MPTP mouse model of PD,
we tested the hypothesis that caffeine would protect against the BBB dysfunction that occurs
in this animal model of PD.

MATERIALS AND METHODS

Aminals and treatment

Male FVB mice (25-30 gm; 2-3 months old) were divided into 4 groups. Group 1 control
mice were treated for two weeks with vehicle (PBS). Group 2 control mice received caffeine
(10 mg/kg/day, i.p.) for two weeks. Group 3 mice received vehicle for the first week and
then MPTP (20 mg/kg/day) for the second week. Group 4 mice received caffeine (10 mg/kg/
day) for two weeks and during the second week received as well injections of MPTP (20
mg/kg/day, i.p.). For MPTP-treated mice, PBS or caffeine was injected 10 min prior to
MPTP administration. One day after final treatments were administered, animals were
anesthetized with isoflurane and perfused transcardially with ice-cold PBS. One half of the
brain was taken intact and from the other hemisphere cerebral cortex, hippocampus and
striatum were dissected; all brain tissue was frozen on a liquid nitrogen-cooled surface and
stored at ~80°C until taken for experimentation. All experimental procedures were approved
by the Committee for Animal Care and Use at the University of North Dakota.

FITC-albumin leakage assay—The leakage of FITC-albumin (Sigma, St. Louis, MO)
from vasculature into brain parenchyma as a measure of BBB integrity was assessed as
described previously (Carvey et al. 2005). Briefly, isoflurane-anesthetized mice were
injected intracardially with heparin (100 units/kg) and then infused with 5 ml of FITC-
albumin (5 mg/ml, dissolved in 0.1 M PBS) at a rate of 1.5 ml/min. After perfusion, brains
were removed immediately and immersed into 4% paraformaldehyde. Three days later, the
fixative was replaced with three changes of 30% sucrose in 0.1 M PBS buffer. Each brain
was sectioned with a sliding microtome and 30 wm sections were mounted onto gelatin-
coated slides, dehydrated, cover-slipped and analyzed for FITC-albumin leakage using a
confocal microscope (Olympus).

Evan's blue dye leakage assay—An alternate method using Evan's blue dye was also

used as an indicator of BBB integrity. Three hours after Evan's blue dye (25 mg/kg) was
injected i.p. mice were anesthetized with isoflurane (Chen et al. 2008), blood was collected
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from the heart, and animals were perfused with oxygenated PBS. Following perfusion,
brains were removed quickly from the skull and cerebral cortex, hippocampus and striatum
were dissected, weighed, and incubated for 72 h with formamide in the dark at room
temperature. After incubation, samples were centrifuged at 10,000 x g for 10 minutes,
supernatants were collected, and absorbance was measured at 620 nm. Evan's blue
concentrations were calculated from standard curves and values were expressed as Evan's
blue concentration/specimen weight and were normalized to plasma Evan's blue
concentration.

Immunohistochemical staining for TH-positive neurons, tight junction
proteins, and glia—Frozen coronal sections (14 wm) were air-dried, fixed in acetone for
10 min, treated with 0.3% hydrogen peroxide in methonal, and incubated with a blocking
solution of 1.5% normal serum in PBS. Subsequently, sections were incubated overnight at
4°C with antibodies direct against target proteins. A tyrosine hydroxylase polycolonal
antibody (Abcam) was used to assess the integrity of dopaminergic neurons. After washing,
sections were incubated with biotinylated secondary antibodies and liquid
diaminobenzidine/hydrogen peroxide, dehydrated through 70%, 95% and 100% alcohol,
cleared in xylene, mounted with resinous mounting medium, and examined under
conventional (Leica) microscopy.

Expression levels of tight junctions were determined using fluorescently labeled anti-ZO-1
(Zymed, clone Z0O1-1A12) and anti-occludin (Zymed, clone OC-3F10) antibodies. An anti-
GFAP monoclonal antibody (Sigma, Clone G-A-5) was used for detection of astrocyte
activation. Microglial activation was determined by staining with biotinconjugated Griffonia
simplicifolia isolectin B4 (Molecular Probe). In order to examine whether MMP9 was
expressed on reactive astrocytes, double immunostaining for MMP9 (1:500, Abcam) and
GFAP (1:2000, Sigma) was performed; sections were first incubated with anti-MMP9 and
monoclonal anti-GFAP antibodies and then were incubated with either Texas-red conjugated
goat anti-rabbit or FITC-conjugated goat anti-mouse secondary antibodies. Sections were
examined by confocal (Olympus) microscopy. Images were analyzed with Image J software.

MMP-9 zymography in situ—/n situ gelatinolytic activity was detected on frozen brain
sections (14 wm thick) using a commercial kit (EnzChek Gelatinase Assay Kit; Molecular
Probes). Briefly, brain sections were dried at room temperature and incubated with 20 pg/ml
quenched FITC-labelled gelatin at 37°C for 3 h. Cleavage of quenched FITC-labelled gelatin
by MMPs resulted in the formation of green fluorescent product which was detected with
confocal microscopopy (Zeiss 501). EDTA (15 mM) was used to inhibit metalloprotease
activity and determine specific levels of MMP activity.

Immunoblot analysis of protein expression levels of tyrosine hydroxylase,
occludin and ZO-1—Striatum was gently homogenized using a Teflon homogenizer in 1
ml ice-cold suspension buffer consisting of 20 mM HEPES-KOH (pH 7.5), 250 mM
sucrose, 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM
PMSF, and protease inhibitor cocktail (1:100, Sigma). Protein concentrations were
determined by a Bradford method (Bio-Rad). Equal amount of proteins (10 j.g) were
separated by SDS-PAGE (10% gel), transfered to a polyvinylidene difluoride membrane,
and incubated overnight at 4°C with monoclonal antibodies against tyrosine hydroxylase
(1:2,000), occludin (1:1000) and ZO-1 (1:1000); p-actin (1:5,000, Abcam) was used as a
loading control. The blots were developed with enhanced chemiluminescence, and then
visualized and analyzed by LabWorks 4.5 software on a UVP Bioimaging System (Upland,
CA, USA).
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Quantitative RT-PCR for tight junction proteins and MMP-9—Total RNA from
striatum was extracted with TRIzol-Reagent (Invitrogen) according to the manufacturer's
instructions and levels were determined spectrophotometrically. Reverse transcription
reactions were carried out using a SuperScript® |11 First-Strand Synthesis supermix
(Invitrogen). The primers for tight junction proteins and GAPDH were as follows: 5'-
TGACAGACGGAAACCTTAGAG-3' and 5-AGACATCGTGCAGGCAGATG-3' for
occludin; 5-TGGACAACCAGATGTGGATTT-3"and 5'-
TCCCGTCTTCATGAGCTGAAT-3' for ZO-1; 5"-CCAAGGGTACAGCCTGTTCCT-3’
and 5"-GCACGCTGGAATGATCTAAGC-3" for MMPY; 5'-
GCCAAGGTCATCCATGACAAC-3' and 5-AGTGTAGCCCAAGATGCCCTT-3' for
GAPDH. Samples were run with our iCycler IQ™ Multicolor Real-Time PCR Detection
System (Bio-Rad) that monitors fluorescence as a direct indication of PCR product. All
samples were run in triplicate and the averaged values were used for the relative
quantification of the gene expression. Individual MRNA expression levels were calculated
as the ratio of their expression compared with that of GAPDH.

Statististical analysis—All data were expressed as means and SEM. Statistical
significance for multiple comparisons was determined by one-way ANOVA and a Tukey
post-hoc test. p < 0.05 was considered to be statistically significant.

Caffeine attenuated MPTP-induced loss of dopaminergic neuron in striatum

Caffeine protected against loss of dopaminergic neurons in a MPTP mouse model of PD
(Chen et al. 2001). Accordingly, we determined first the extent to which caffeine protected
against loss of striatal dopaminergic neurons in our MPTP mouse model of PD. Using
immunostaining for tyrosine hydroxylase (TH) as a measure of dopaminergic neuron
integrity, we noted a marked decrease in TH immunoreactivity in striatum that was
attenuated by caffeine (Figure 1A). To confirm and extend these qualitative
immunohistochemical results, we quantified TH protein levels by immunoblotting and found
that MPTP decreased significantly (p < 0.01) TH protein levels and that caffeine blocked
significantly (p < 0.01) these decreases (Figure 1B).

Caffeine attenuated MPTP-induced gliosis in striatum

Activation of astrocytes and microgila occurs in PD patients (Forno et al. 1992; Ouchi et al.
2005; Gerhard et al. 2006) and in animal models of PD including MPTP (Francis et al. 1995;
Kohutnicka et al. 1998; Liberatore et al. 1999). Indeed, gliosis is considered a prominent
feature of PD (McGeer and McGeer 2008). Accordingly, we examined next the effects of
caffeine on gliosis in striatum of MPTP-treated animals. Activation of astrocytes was
evident immunohistochemically; marked increases in GFAP staining were observed
throughout the striatum. When GFAP protein expression levels were quantified from
immunoblots we found that MPTP significantly (p < 0.001) and markedly increased GFAP
levels and that this effect was blocked significantly (p < 0.001) by caffeine (Figure 2A).
MPTP also markedly increased activation of microglia as assessed by immunostaining for
lectin and this effect was attenuated by caffeine (Figure 2B). Morphologically, and
consistent with the findings of others (Soltys et al. 2001), astocytes and microglia in MPTP-
treated animals were found to be more compact, rounded, and with obvious cell thickening
than were cells from control and caffeine-treated mice; this is indicative of an activated
state.
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Caffeine blocked MPTP-induced leakge of the BBB in striatum

To examine the effects of MPTP in the absence and presence of caffeine on BBB integrity,
we first assessed the integrity of the BBB using confocal microscopy to determine if FITC-
albumin, a large molecular weight protein (MW range = 69-70 kD), entered brain
parenchyma. In control animals, indicative of an intact BBB FITC-albumin was confined
exclusively to blood vessels and the staining showed sharp outlines of the vasculature in
both striatum and hippocampus. In MPTP-treated animals, indicative of BBB disruption the
outline of the vasculature was obscured and patchy areas of FITC-aloumin leakage was
observed in striatum (Figure 3A). Although others have reported increased vascularization
in substantia nigra of MPTP-treated monkeys (Barcia et al. 2005), the increased staining for
FITC-albumin was not due to increased angiogenesis because when we stained blood
vessels with collagen 1V no increases in blood vessels (numbers or volume) were observed
(data not included). In contrast to striatum, FITC-albumin was still confined to blood vessels
in hippocampus of MPTP-treated animals and this is indicative of an intact BBB (Figure
3B). In caffeine-treated control and PBS-treated animals, FITC-albumin was confined to
blood vessels in striatum and hippocampus. This indicates that caffeine treatment protected
against MPTP-induced disruption of the BBB in striatum.

To confirm and extend the qualitative histological results on BBB integrity, we further
evaluated BBB integrity in discrete brain regions using a quantitative Evan's blue dye
leakage assay. Consistent with the FITC-albumin leakage results, we found that MPTP
injection significantly (p < 0.01) increased leakage of Evan's blue dye in striatum (Figure
4A), but MPTP did not change significantly Evan's blue dye leakage in hippocampus
(Figure 4B) or cerebral cortex (Figure 4C). Caffeine treatment alone did not affect
significantly leakage of Evan's blue dye in any of the three brain regions examined.
However, caffeine blocked significantly (p < 0.01) MPTP-induced increases in leakage of
Evan's blue dye in striatum (Figure 4A).

Caffeine blocked MPTP-induced decreases in levels of striatal tight junction proteins

The restrictive nature of the BBB that exists between adjacent endothelial cells is due to a
complex network of tight junction proteins such as occludin, claudins and zonula occludens
(Z0) that link transmembrane proteins to the actin cytoskeleton (Begley and Brightman
2003). Accordingly, we next determined the effects of MPTP in the absence or presence of
caffeine on expression levels of these tight junction proteins. In striatum of MPTP-treated
animals, levels of ZO-1 (Figure 5A, p < 0.01) and occludin (Figure 6A, p < 0.05) as
determined immunohistochemically were decreased significantly and this effect on ZO-1 (p
< 0.01) and occludin (p < 0.05) was blocked significantly by pretreatment with caffeine.
Using immunoblotting techniques to quantify levels of the tight junction proteins, we found
that MPTP treatment decreased significantly the protein levels of both ZO-1 (Fig 5B, p <
0.01) and occludin (Fig 6B, p < 0.05) in striatum, and these effects on ZO-1 (p < 0.01) and
occludin (p < 0.05) were blocked significantly by caffeine. Caffeine treatment alone had no
effect on the protein levels of these two tight junction proteins. However, real-time RT-PCR
measurements of tight junction protein mRNA revealed that neither ZO-1 (Figure 5C) nor
occludin (Figure 6C) mRNA levels were affected significantly by the MPTP and/or caffeine
treatments. Thus, changes in tight junction proteins appeared to occur at the protein level
and not transcriptionally.

Caffeine blocked MPTP-induced increases in MMP9 activity

Metallomatrixprotease 9 (MMP9) is capable of degrading tight junction proteins including
Z0-1 and occludin (Asahi et al. 2001; Behzadian et al. 2001; Petty and Lo 2002; Pflugfelder
et al. 2005) and MMP9 activity is increased in striatum of MPTP-treated mice (Lorenzl et al.
2004). We therefore determined next the levels of striatal MMP9 activity and protein in
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MPTP-treated mice in the abscence or presence of caffeine. Using an /in situ gelatinolytic
activity zymography method we observed that MPTP markedly increased /n situ
gelatinolytic activity in stiatum and that this effect was blocked by caffeine (Figure 7A).
MPTP also significantly (p < 0.05) increased mRNA levels of MMP9 in striatum, and this
effect was blocked signficantly (p < 0.05) by caffeine (Figure 7B). MMP9 is expressed
mainly on CNS neurons and astrocytes (Zhao et al. 2006). Immunohistochemically, we
observed marked increases in the numbers of reactive astrocytes in striatum from MPTP-
treated animals. Using double immunofluorescent staining, we found in striatum of MPTP-
treated mice that MMP9 co-distributed with GFAP-positive astrocytes (Figure 7C).

DISCUSSION

The BBB is an important physical and metabolic barrier that helps keep separate the central
nervous system and the systemic circulation. This barrier helps regulate and protect the
microenvironment of the brain and once disrupted synaptic and neuronal functions can be
compromised (Zlokovic 2008). Increasingly, BBB disruption has been implicated in the
pathogenesis of a number of acute and chronic neurodegenerative disorders including brain
trauma (Hoane et al. 2006), stroke (McGill et al. 2005), multiple sclerosis (Minagar and
Alexander 2003), HIV-1 dementia (Petito and Cash 1992), Alzheimer's disease (Zipser et al.
2007) and Parkinson's disease (Kortekaas et al. 2005). Indeed, BBB disruption is reportedly
one of the earliest pathological events underlying Alzheimer's disease (Ujiie et al. 2003).

Parkinson's disease is a devastating chronic neurodegenerative disease characterized
clinically by muscle rigidity, tremor and bradykinesia and pathologically by loss of
dopaminergic neurons mainly in the substantia nigra pars compacta, neuroinflammation and
dysruption of the BBB (Kortekaas et al. 2005). Useful animal models for PD now exist and
dysruption of the BBB has been noted in MPTP-treated mice (Zhao et al. 2007) and 6-
OHDA-treated rats (Carvey et al. 2005). Our results confirm and extend findings of earlier
studies by showing using two separate but complementary methods that the BBB becomes
increasingly leaky in MPTP-treated mice and that this is likely due to increased
neuroinflammation, increased levels of MMP9, and ultimately decreased expression levels
of tight junction proteins. Of further significance is our finding that caffeine attenuated
MPTP-induced increases in BBB leakage, as indicated by FITC-albumin leakage and Evan's
blue dye leakage, decreases in the protein levels of tight junction proteins, ZO-1 and
occludin, increases in activation of astrocyte and microglia, and increases in MMP9.

Inflammation appears to play an important role in the pathogenesis of PD (McGeer et al.
1988; Hunot and Hirsch 2003; McGeer and McGeer 2008) and inflammation resulting from
MPTP treatment might be a major contributor to BBB disruption (Carvey et al. 2006;
Monahan et al. 2008). Brain inflammation is integrally associated with activation of
astrocytes and microglia and activation of astrocytes and microglia have been observed in
substantia nigra pars compacta and striatum of MPTP-treated mice (Francis et al. 1995;
Kohutnicka et al. 1998; Kurkowska-Jastrzebska et al. 1999). Consistent with these reports,
we found that MPTP treatment induced a marked increase in activation of astrocytes and
microglia in striatum. Reactive gliosis can release a cascade of proinflammatory and
neurotoxic factors including TNF-a and IL-1, and free radicals (Mogi et al. 1998;
Przedborski and Jackson-Lewis 1998; Koutsilieri et al. 2002; Tichauer et al. 2007; McGeer
and McGeer 2008); all of which can disrupt the BBB (Abbott 2000). The BBB leakage
could potentiate further neuroinflammatory responses by allowing peripheral inflammatory
cells to infiltrate into brain parenchyma, thus creating a vicious cycle. Moreover, it has been
shown that disruption of the BBB can induce the loss of dopaminergic neurons (Rite et al.
2007). Thus disruption of the BBB may underlie, at least in part, the pathogenesis of PD
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(Desai et al. 2007). Disruption of BBB may also help explain why even short-term
exposures to MPTP result in progressive PD-like disorders.

Epidemiological and experimental studies indicate that caffeine, when administered
chronically, has beneficial effects against a number of neurological disorders including
stroke, Alzheimer's disease, and PD (Rudolphi et al. 1989; Sutherland et al. 1991; Bona et
al. 1995; Benedetti et al. 2000; Ross et al. 2000b; Ross et al. 2000a; Ascherio et al. 2001,
Lindsay et al. 2002; Maia and de Mendonca 2002; Dall'lgna et al. 2003; Arendash et al.
2006; Higdon and Frei 2006; Ritchie et al. 2007). One of the features common to these
diseases is the presence of a disrupted BBB. Thus caffeine might exert its neuroprotective
effect by virtue of its action on the BBB. We reported recently that chronic ingestion of
caffeine protected against BBB leakage in a rabbit model of Alzheimer's disease (Chen et al.
2008). This finding promoted us to examine the effects of caffeine on BBB integrity in
MPTP mouse model of PD.

Our observation that caffeine blocks MPTP-induced loss of TH-positive neurons in striatum
confirms the findings of others that caffeine is neuroprotective against MPTP-induced
lesions of dopaminergic neurons in striatum (Chen et al. 2001). Caffeine also blocked
MPTP-induced activation of astrocytes and microglia and this finding appears consistent
with clinical findings of an inverse relationship between coffee consumption and
inflammation (Lopez-Garcia et al. 2006). More importantly, we found that caffeine blocked
MPTP-induced BBB leakage in striatum, as evidence by the qualitative leakage of FITC-
albumin and quantitative leakage of Evan's blue dye. Caffeine also blocked MPTP-induced
decreased expression of the tight junction proteins ZO1 and occludin. The observation that
neither caffeine nor MPTP significantly changed the mRNA levels of these tight junction
proteins indicates that caffeine and MPTP might affect the expression of these tight junction
proteins at a post-transcriptional, translational or post-translational level. It has been shown
that phosphorylation status affects dynamic assembly of these tight junction proteins
(Sakakibara et al. 1997; Antonetti et al. 1999; Persidsky et al. 2006), and that activation of
matrix metallomatrixprotease (MMPs), including MMP9, could degrade these tight junction
proteins (Asahi et al. 2001; Behzadian et al. 2001; Petty and Lo 2002; Pflugfelder et al.
2005). Thus, caffeine and MPTP might affect the expression these tight junction proteins
post-translationally. Although we did not test whether caffeine or MPTP affects the
phosphorylation status of these tight junction proteins, we did observe that caffeine blocked
MPTP-induced increases in in situ activity and expression of MMP9. Thus, changes in the
expression of these tight junction proteins may be associated with changes in the activity of
MMP9.

The sequence of events and mechanisms by which MPTP and caffeine cause these effects
was not investigated and is not evident. It could be that MPTP first induces loss of
dopaminergic neuron and subsequently inflammatory responses are initiated thus causing
disruption of the BBB or that BBB disruption precedes neuronal loss (Rite et al. 2007).
Similarly, the protective effects of caffeine might be initiated as a result of direct
neuroprotective actions or actions at the BBB per se. On the other hand, several lines of
evidence indicate that caffeine and the adenosine receptors it is known to block can regulate
neuroinflammation in /n vitro models devoid of BBB (Schwaninger et al. 1997; Hasko et al.
2005; Horrigan et al. 2006). Therefore, the protective effects of caffeine against MPTP-
induced BBB disruption might result from its ability to inhibit inflammation. Indeed, we did
observe that caffeine attenuated MPTP-induced activation of astrocytes and microglia,
markers of neuroinflammation, and increased activity of MMPs. The current study could not
exclude the possibility that caffeine's protective effect against BBB leakage is secondary to
its neuroprotective effects, but we do favor the notion that caffeine is acting at the BBB and
that neuroprotection is secondary to the BBB effects because of our findings in a rabbit
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model of Alzheimer's disease that caffeine protects against increased BBB leakage in the
absence of neuronal damage by the cholesterol-enriched diet (Chen et al. 2008).

Caffeine has diverse pharmacological effects, but its mechanism(s) of actions remain ill-
understood (Nehlig et al. 1992). Caffeine at low concentrations can block all four subtypes
of adenosine receptors, at intermediate concentrations can elevate intracellular cAMP levels
by inhibiting PDE4 activity, and at higher concentrations can mobilize calcium from
endoplasmic reticulum stores through actions on 1P3 and ryanodine receptors (Fredholm et
al. 1999). Although detailed molecular mechanisms whereby caffeine protects against BBB
disruption were not explored in the present study, two of the most likely pharmacological
actions whereby caffeine might be exerting its effects are blocking adenosine receptors and/
or inhibiting cAMP phosphodiesterase especially because both actions are known to affect
mechanisms that control BBB permeability (Rubin et al. 1991; Folcik et al. 1999; Ishizaki et
al. 2003). Clearly, additional detailed studies are warranted to determine the detailed
mechanisms by which caffeine exerts its protective actions against disruptive effects on
BBB integrity.

Caffeine protects against MPTP-induced loss of dopaminergic neuron, activation of
astrocytes and microglia, and disruption of the BBB. Our findings that caffeine, a safe and
readily available drug, can stabilize BBB have important implications for therapeutic
interventions against PD and other neurological disorders.
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Figure 1. Caffeine attenuated M PTP-induced loss of tyrosine hydroxylase (TH) positive
dopaminergic neuronsin striatum

(A) MPTP decreased markedly TH immunoreactivity in striatum, and this effect was
attenuated by caffeine. Bar = 100 um. (B) MPTP decreased significantly (p < 0.01) TH
protein levels in striatum, and this effect was blocked significantly (p < 0.01) by caffeine. (n
=4,**p <0.01)
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Figure 2. Caffeine attenuated M PTP-induced gliosis

(A) MPTP significantly (p < 0.001) increased GFAP immunoreactivity in striatum and this
effect was blocked significantly (p < 0.001) by caffeine. The upper left panel of four
photomicrographs was representative of findings observed in 3 animals with 6 sections
taken from each animal. ***p < 0.001, Bar = 50 wm. (B) In addition to microglia, lectin
staining also revealed blood vessels. Amoeboid-shaped microglia (arrow heads) were
observed only in striatum from MPTP treated animals; not in control or caffeine-treated
animals. Representative images were taken from 3 animals; 6 sections were taken from each
animal. Bar = 50 pm.
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Figure 3. Caffeine blocked MPTP-induced increasesin striatum FITC-albumin leakage

(A) MPTP markedly increased FITC-albumin leakage in striatum, and this effect was
blocked by caffeine. (B) Neither caffeine nor MPTP increased FITC-albumin leakage in
hippocampus. Bar = 100 um (n = 4)

J Neurochem. Author manuscript; available in PMC 2013 June 25.
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Figure 4. Caffeine blocked MPTP-induced increasesin striatum Evan's blue dye leakage

(A) MPTP-induced increases (p < 0.01) in leakage of Evan's blue dye in striatum were
decreased significantly (p < 0.01) by caffeine. Neither caffeine nor MPTP changed
significantly Evan's blue dye leakage in cerebral cortex (B) or in hippocampus (C). (n = 6,
**p <0.01)
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Figure 5. Caffeine blocked MPTP-induced decreasesin the expression of ZO-1

(A) MPTP decreased significantly (p < 0.01) ZO-1 immunostaining in striatum, and this
effect was blocked significantly (p < 0.01) by caffeine. Bar = 20 pum. (B) MPTP decreased
significantly (p < 0.01) ZO-1 protein levels in striatum, and this effect was blocked
significantly (p < 0.01) by caffeine. (C) Neither MPTP nor caffeine changed significantly
Z0-1 mRNA levels in striatum. (n = 4, **p < 0.01)
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Figure 6. Caffeine blocked MPTP-induced decreasesin occludin expression levels

(A) MPTP decreased significantly (p < 0.05) occludin immunostaining in striatum, and this
effect was blocked significantly (p < 0.05) by caffeine. Bar = 20 wm. (B) MPTP decreased
significantly (p < 0.05) occludin protein levels in striatum, and this effect was blocked
significantly (p < 0.05) by caffeine. (C) Neither MPTP nor caffeine changed significantly
occludin mRNA levels in striatum. (n = 4, *p < 0.05).
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Figure 7. Caffeine attenuated MPTP-induced increasesin in situ gelatinolytic activity and
increasesin the expression of MM P9

(A) MPTP increased /n situ gelatinolytic activity in striatum and this effect was attenuated
by caffeine. Bar = 100 um. (B) MPTP increased significantly (p < 0.05) mRNA levels of
MMP-9 in striatum and this effect was blocked significantly (p < 0.05) by caffeine. (n = 4,
*p < 0.05) (C) MMP-9 co-localized (see arrow heads) with GFAP in striatum of MPTP-
treated mice.
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