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Abstract

Following intraparenchymal injection of the dopamine (DA) neurotoxin 6-hydroxydopamine, we
previously demonstrated passage of fluoresceinisothiocyanate labeled albumin (FITC-LA) from
blood into the substantia nigra (SN) and striatum suggesting damage to the blood-brain barrier (BBB).
The factors contributing to the BBB leakage could have included neuroinflammation, loss of DA
neuron control of barrier function, or a combination of both. In order to determine which factor(s)
was responsible, we assessed BBB integrity using the FITC-LA technique in wild-type (WT), tumor
necrosis factor alpha (TNF-a) knockout (KO), and minocycline (an inhibitor of microglia activation)
treated mice 72 hrs following treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
Compared with WT mice, TNF-a KO mice treated with MPTP, showed reduced FITC-LA leakage,
decreased numbers of activated microglia, and reduced pro-inflammatory cytokines (TNF-a and
interleukin 1B) associated with significant MPTP-induced DA neuron loss. In contrast, minocycline
treated animals did not exhibit significant MPTP-induced DA neuron loss although their FITC-LA
leakage, numbers of activated microglia, and MPTP-induced cytokines were markedly attenuated.
Since both TNF-a KO and minocycline treatment attenuated MPTP-induced BBB dysfunction,
microglial activation, and cytokine increases, but had differential effects on DA neuron loss, it
appears that neuroinflammation and not DA neuron loss was responsible for disrupting the blood-
brain barrier integrity.
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Introduction

Parkinson’s disease (PD) is marked by the progressive loss of dopamine (DA) neurons in the
substantia nigra (SN) (Hastings and Zigmond, 1997). While the etiology of PD remains unclear,
both genetic factors and environmental toxins have been proposed in its pathogenesis(Ladeby

et al., 2005;McGeer and McGeer, 2004). Regardless of the underlying etiology,

neuroinflammation [the some total of cellular changes (e.g. microglial activation) and secreted

factors (e.g. proinflammatory cytokines or free radicals) that accompany an inflammatory
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response within the CNS] is thought to contribute to the loss of DA neurons seen in patients
with PD (McGeer and McGeer, 2004;Ladeby et al., 2005). Neuroinflammation is also present
in trauma, stroke, multiple sclerosis, epilepsy and bacterial meningitis (Mennicken et al.,
1999;Phillis et al., 2006) in which damage to the blood brain barrier (BBB) has been reported
(Huber et al., 2001). More recent studies point to microvascular changes in the SN and
alterations in several markers of normal BBB integrity in PD patients (Barcia et al.,
2004;Faucheux et al., 1999;Kortekaas et al., 2005). Whether actual changes in permeability,
functionality, or physical damage of the BBB occur in PD is currently unknown.

We recently demonstrated that the DA neurotoxin, 6-hydroxydopamine (6-OHDA),
compromised BBB integrity producing apparent leakage of both fluoresceinisothiocyanate -
labeled albumin (FITC-LA) and horseradish peroxidase into the SN and striatum. This leakage
was accompanied by loss of DA neurons, activation of microglia, up-regulation of p-
glycoprotein and p-integrin on the endothelial cells that comprise the BBB, and attenuation of
a DA-mediated behavior by domperidone, a DA antagonist that normally does not cross the
BBB (Carvey et al., 2005). Since neuroinflammation including microglia activation and
increased levels of proinflammatory cytokines including tumor necrosis factor-alpha (TNF-
) are present in patients with PD and in animal models of the disease (Aschner, 1998;Hirsch
et al., 2005;Nagatsu and Sawada, 2005) and both are well known to affect the integrity of the
BBB (Ryu and McLarnon, 2006;Tsao et al., 2001;Yenari et al., 2006) it is quite possible that
6-OHDA-induced neuroinflammation was responsible for the breakdown in barrier integrity.
However, neurons containing biogenic amines are found in close proximity to brain capillaries
(Rennels and Nelson, 1975;DiCarlo, Jr. et al., 1984;Kapadia and de Lanerolle, 1984),
endothelial cells express both noradrenergic and serotoninergic transporters (Wakayama et al.,
2002) and receptors (Wakayama et al., 2002;Kobayashi et al., 1985), and stimulation of the
locus coeruleus increases BBB permeability (Raichle et al., 1975) suggesting that
neurotransmitters may regulate BBB function as well. The BBB leakage we observed in rats
treated with 6-OHDA could be the result of neuroinflammation, DA neuron loss, or a
combination of both. Therefore, we designed a set of experiments to determine the relative
contribution of each to the leakage of the BBB.

Materials and methods

Animals

A total of 88 male mice, 8 weeks of age and weighing 22-25 g at the start of the study were
used. The TNF-a KO mice (B6;12956-TnfMICkl/J: n=22), WT background control mice
(B6;129S6; n=22), and C57BL/6 (n=44) mice were purchased from Jackson Laboratory (Bar
Harbor, ME). All mice were acclimated to the animal facility for at least two weeks prior to
the start of the study. One day prior to MPTP treatment, the mice were moved to a controlled
ventilated room and housed in ventilation chambers until sacrificed. Mice were allowed free
access to food and water for the duration of the study. The protocols used in this study were
approved by the Rush University Medical Center Institutional Animal Care and Utilization
Committee and were compliant with all regulations at the institutional, state, and federal levels.
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-HCI (Sigma, St. Louis, MO) handling
and safety measures followed methods described by Przedborski et al. (Przedborski et al.,
2001).

Study Design

Study One—TNF-a KO (n=22) and WT (n=22) mice were randomly assigned to one of two
groups (Saline or MPTP) for a total of 4 groups designated as follows: WT/Sal = WT mice

treated with saline (n=10); WT/MPTP = WT mice treated with MPTP (n=12); TNF-a KO/Sal
= KO mice treated with saline (n=10); and TNF-a KO/MPTP = KO mice treated with MPTP
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(n=12). TNF-a KO and WT mice were injected (i.p.) with either saline or MPTP and sacrificed
72 hours later. MPTP-HCI (10mg/kg freebase) was injected (i.p.) in a saline vehicle four times
at 1-hour intervals for a total of 40mg/kg over a 4 hour period. Saline treated mice followed
the same injection protocol. After their injections, the mice were returned to their home-
chambers, and sacrificed after 3 days.

Study Two—C57BL/6 mice received either saline or minocycline followed by either MPTP
or saline injection. Mice (n=44) were randomly divided into four groups designated as follows:
Sal/Sal = saline injections given in place of minocycline and MPTP (n=10); Sal/MPTP = mice
treated with saline in place of minocycline, but treated with MPTP(n=12); Mino/Sal = mice
treated with minocycline and given saline in place of MPTP(n=10); and Mino/MPTP = mice
treated with minocycline and MPTP (n=12). Minocycline (90mg/kg per day, dissolved in 5%
sucrose, Sigma, St. Louis, MO) was injected (i.p) for 3 consecutive days, with the first
minocycline dose administered 30 minutes prior to the first MPTP injection and last dose
administered 24 hrs prior to sacrifice. MPTP-HCL (10mg/kg per hour) was injected as
described above.

In both studies, 5 mice from each treatment group were processed for immunohistochemistry
and 5 mice were processed for biochemical analysis. Extra animals were added in all the MPTP
groups to account for the anticipated 10% morbidity/mortality that is normally encountered in
the MPTP protocol. Only animals that were overtly healthy (no apparent distress, normal
appearance, and normal weight) were processed further. The dependent measures in each study
were identical and consisted of visualization of BBB leakage throughout the brain, DA and
microglia cell counts in the SN, and determination of levels of TNF-o and IL-1f protein in the
SN and striatum.

FITC-LA Leakage

The leakage of FITC-LA (MW=69-70 KD, Sigma, St. Louis, MO) from vasculature into brain
parenchyma was assessed as described previously (Carvey et al., 2005) to determine BBB
integrity. Briefly, three days following the last MPTP or saline injections, the mice were
anesthetized with pentobarbital (60mg/kg). Heparin (100 units/kg in Hank’s Balanced Salt
Solution) was injected intracardially followed immediately by 5 ml FITC-LA (5mg/ml, in 0.1
M Phosphate-buffered saline (PBS) buffer) injected at a rate of 1.5ml/minute with the right
atrium open. After perfusion, the 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 at 40 um using a sliding microtome,
divided into 6 consecutive free-floating series, and stored in cryoprotectant (0.05 M PBS with
30% sucrose and 30% ethylene glycol). One series of sections from each of the 5 mice from
both studies were mounted onto gelatin-coated slides, dehydrated, and cover-slipped for
confocal microscopy (Olympus) analysis of FITC-LA leakage.

Immunohistochemistry

A second series of brain sections from each animal in both studies was used for tyrosine
hydroxylase (TH, a DA neuron marker) immunohistochemistry as described previously
(Carvey et al., 2005). Briefly, sections were washed (6 x 10 minutes) in Tris buffered saline
(TBS, pH 7.4) and incubated for 1 h in 0.05% TBS Triton-X-100 solution. Sections were then
incubated 30 min in TBS solution with 2.13% sodium periodate to block endogenous
peroxidase activity, and then incubated for 1 h with 3 % normal goat serum in TBS. Tissues
were incubated overnight with the primary antibody to TH (rabbit:anti-mouse, Chemicon,
1:1,000 dilution). Immunolabeling was continued using biotinylated secondary antibody
(goat:anti-rabbit, Vector Laboratories, 1:200) in TBS with 3% goat serum and incubated for 1
hour at room temperature. The antibody complex was amplified using an avidin-biotin kit
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(ABC-Elite kit; Vector) and visualized with 3,3" —diaminobenzidine (DAB) with nickel
enhancement.

A third series of sections from each animal of both studies was processed for CD11p
immunohistochemistry to reveal activated microglial cells. The procedure for CDq1y
immunochemistry was similar to the THir staining except that the primary antibody to
CD11p, Originated in rat (Rat:anti-mouse CDq1y, 1:200; Serotec) and the second antibody was
goat:anti-rat 1gG (1:200; Vector Laboratories).

Stereological assessment of THir cell and activated microglia cell counts

The estimation of the total number of THir neurons and activated microglia in the SN was
performed using the computerized optical dissector method (MicroBrightField software) as
described previously (Vu et al., 2000). Briefly, a 10X objective lens was used to define the
contour around the entire SN (Ling et al., 2004) and a 100X lens was used for the tyrosine
hydroxylase immunoreactive cells (THir cells) and activated microglia assessments. One series
of sections from each animal was analyzed for THir and a second series for CD14y, staining.
The total number (N) of THir or activated microglia in the SN from each animal was estimated
using the formula N = NV - VSN, where NV is the numerical density and VSN is the volume
of the SN, as determined by Cavalieri’s principle.

ELISA for determination of TNF-a and IL-18 concentration in the SN and striatum

Mice were anesthetized with 60mg/kg pentobarbital. The brains were removed and
immediately placed in cold 2-methylbutane, and then stored at —80°C. The TNF-a and IL-1
levels were determined for both studies as previously described (Ling et al., 2004). Briefly,
brains were slightly thawed, the SNs and striata dissected out, then submerged in ice-cold
150ul homogenate buffer (Trizma/HCI pH 7.2, 0.1 M, sodium chloride 0.9%, protease inhibitor
cocktail 1%), and sonicated. The homogenates were centrifuged at 13,000 x g for 30 minutes
at 4°C. The concentrations of TNF-a and IL-1f in the supernatants were determined using
commercial ELISA kit (BioSource International, Camarillo, CA). Standards, diluent buffers,
or samples (100 pl) along with 50 pl of either biotinylated anti-TNF-a or anti-1L-1p solutions
were pipetted into each well and then incubated for 2 hours at 37°C. After washing,
streptavidin-HRP working solution was incubated for 1 hour at room temperature. Following
washing, stabilized chromogen was incubated for 1 hour and the reaction was stopped with
stop solution. The plates were read in a Dynatech ELISA plate reader (Dynatech Laboratories,
Chanlity, VA) and the concentration of the TNF-a and IL-1 were determined against a seven-
point standard curve. To standardized protein levels, the total protein concentration of each
homogenate was determined using the BCA protein assay kit (Pierce, IL) and the quantity of
TNF-a and IL-1p was expressed as pg/mg total protein.

Statistical analyses

All values were expressed as mean + S.E.M. Separate Two-Way analyses of variance
(ANOVA) were used to analyze the THir and activated microglia counts along with TNF-a
and IL-1p levels in both studies. TNF-a genotype and MPTP treatment were factors in the
TNF-a KO study. In the study of minocycline treatment, the two factors were minocycline and
MPTP treatment. The least significant difference test (LSD) was used as the post-hoc test to
determine individual group differences with significance set at p <0.05.
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Results

MPTP increased FITC-LA leakage into the SN and striatum

FITC-LA was injected into the common carotid artery 72 hours following treatment with MPTP
(a time at which active DA neurodegeneration was occurring (Sugama et al., 2003), and the
brains were assessed using confocal microscopy to determine if this large molecular weight
marker (MW range = 69—70kD) entered brain parenchyma. FITC-LA was confined exclusively
to blood vessels in the SN and striatum in the control animals of both genotypes [WT/Sal (Fig.
1A,C); TNF-0. KO/Sal (Fig. 1B,D)] and the C57 BL/6 minocycline study animals [Sal/Sal (Fig.
11,K); Mino/Sal (Fig. 1J,L)] indicating an intact BBB. FITC-LA was also confined within
vessels in the majority of the area within the SN and striatum of MPTP-treated animals (Fig.
1E,G,M,0). However, all control animals treated with MPTP (WT/MPTP and Sal/MPTP) also
exhibited numerous patchy areas of leakage in both structures indicative of disruption of barrier
integrity. In some areas, individual vessels were not recognizable because the leakage of the
FITC-LA was so intense and wide spread. Interestingly, the locations of the leaks were not the
same in every animal, but varied considerably from animal to animal. Moreover, the apparent
magnitude of the leaks similarly varied from animal to animal such that in both the SN and
striatum, some animals had areas of leakage in almost every section, whereas in other animals
the number of leaks was markedly less. Regardless, every control animal exposed to MPTP
exhibited leakage in some sections of the SN and striatum. The ability of MPTP to induce
FITC-LA leakage did not appear to differ between the wild types of the two genotypes.

If FITC-LA distribution reflects BBB integrity, then areas of the brain not protected by the
BBB should also reveal leakage. This was indeed the case. The periventricular structures, such
as the area postrema (Fig 1S) and the median eminence (Fig. 1T) showed extensive leakage
into the brain parenchyma in all animals, regardless of their treatment condition. In contrast,
leakage was not detected in areas outside the nigro-striatal pathway or periventricular organs
in these same animals. Thus, in MPTP treated animals, leakage was not seen in the parietal
cortex (Fig. 1Q) or hippocampus (Fig. 1R) even though leakage was detected in the SNs, striata
and periventricular structures of these animals. This suggests that the perfusion pressure used
to deliver the FITC-LA filled the brain’s vascular compartment completely without leakage
resulting from excess perfusion pressure.

Both TNF-a KO and Minocycline attenuated BBB leakage

In order to determine if inflammation and/or DA neuron loss was responsible for the apparent
BBB dysfunction, FITC-LA leakage was assessed in TNF-o. KO animals as well as animals
treated with minocycline. MPTP treatment increases TNF-a (Nagatsu etal., 2000) which could,
in turn, disrupt BBB integrity given its well documented ability to do so (Farkas et al.,
2006;Miller et al., 2005;Wong et al., 2004). MPTP also activates microglia (Sugama et al.,
2003;Wu et al., 2002;Du et al., 2001;0rr et al., 2002) which release TNF-a (Hirsch et al.,
2005;Huang et al., 2005;Nagatsu et al., 2000) as well as a number of other proinflammatory
mediators that could disrupt barrier integrity (e.g., free radicals; (Abbott, 2000;Calingasan et
al., 1998;Hirsch et al., 2005;Yenari et al., 2006). Since minocycline prevents microglial
activation (Du et al., 2001;Hirsch et al., 2005;Zemke and Majid, 2004) by reducing ED-1 and
other transcription factors involved in inflammatory processes (Lai and Todd, 2006) and TNF-
a KO prevents release of a key proinflammatory cytokine implicated in barrier integrity,
assessment of leakage in these animals would enable us to assess the role of neuroinflammation
on the barrier dysfunction produced by MPTP. Of perhaps greater importance, however, is that
TNF-a KO and minocycline produce differential effects on MPTP-induced DA neuron loss in
the SN. Thus, TNF-a. KO animals exhibit nigral DA neuron loss in response to MPTP
(Rousselet et al., 2002;Ferger et al., 2004), while minocycline treatment prevents MPTP-
induced DA neuron loss (Du et al., 2001; Tikka and Koistinaho, 2001). The use of these two
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models would therefore enable us to ascertain the relative contributions of neuroinflammation
and DA neuron loss to the MPTP-induced BBB dysfunction.

FITC-LA leakages into the SNs and striata were markedly attenuated in both TNF-a KO and
minocycline treated animals following MPTP. Thus, in both the SN (Fig. 1F,N) and the striatum
(Fig. 1H,P), few areas of FITC-LA leakage were observed, and in many animals, no leakage
at all was observed. Examination of the vessels in these animals revealed less distinct borders
in many of the vessels suggesting a minor compromise of barrier integrity. However, no areas
of overtentry into brain parenchyma were observed in the SNs or striata. These findings suggest
that TNF-o and activated microglia participate in MPTP-induced barrier dysfunction.

Both TNF-a KO and minocycline reduced MPTP-induced inflammation

Although CD11p- immunoreactive (ir) cells (a marker for microglial cells) were detected in all
animals, control animals exhibited only several hundred cells in their SNs and striata, the vast
majority of which had small rounded cell bodies with few ramified processes typical of resting
microglia. In contrast, MPTP treatment not only significantly increased the numbers of
CDy1p-ir cells in both TNF-a KO (F1 16=60.317; p<0.001) and minocycline treated animals
(F1,16=62.762; p<0.001), but also induced dramatic changes in their morphology as well, such
that the vast majority of the cells had large cell bodies with highly ramified processes typical
of activated microglia (Fig. 2A,B). Stereological assessments of the CDq1p-ir cell counts
revealed that both TNF-a KO and minocycline treatment significantly attenuated the numbers
of activated microglia (Fig. 2C). Thus, in the B6;129S6 (WT) mice, MPTP treatment increased
the numbers of activated microglia 26 fold compared with WT/Sal (p<0.05), whereas the TNF-
a KO/MPTP mice showed only a 2.6 fold increase (p<0.05). Similarly, MPTP induced an 18
fold (p<0.05) increase in numbers of CDq1p-ir cells in Sal/MPTP mice compared with Sal/Sal
treated (C57 BL/6) controls, whereas the minocycline treated animals (Mino/MPTP) revealed
only a 1.07 fold increase (p>0.05) (Fig. 2D). Thus, both TNF-a. KO and minocycline treatment
markedly attenuated microglial activation as well as FITC-LA leakage suggesting that
microglia activation was associated with the barrier dysfunction observed. Moreover,
assessment of CD11-ir cells in the patches of FITC-LA leakage revealed the almost universal
presence of activated microglia (Fig. 3) further supporting their involvement in BBB
dysfunction.

In addition to microglia, we also assessed the proinflammatory cytokines TNFo and interleukin
1 B (IL-1p) in these animals (Table I). As expected, TNF-a signal was not detectable in any
tissue sample taken from TNF-a KO mice whereas both WT saline treated animals exhibited
similar levels of TNF-a in the SNs and striata. MPTP treatment consistently increased levels
of TNF-o in both the SNs (F1 §=6.474, p<0.05) and striata (F1 g=20.215, p<0.05) of WT/MPTP
mice, compared with WT/Sal. Similar increases were seen in the C57 BL/6 animals treated
with MPTP (Sal/MPTP) in both the SNs (Fy 16=12.611; p<0.05) and striata (F1 16=14.162;
p<0.05). However, these increases were significantly attenuated by minocycline treatment
(Mino/MPTP) in both the SN (F1 16=15.433; p<0.05) and the striatum (F1 16=18.119; p<0.05).

Similar findings were seen for IL-1 (3 (Table I). Normal levels of IL-13 were seen in both the
SNs and striata of the WT, TNF-a KO mice, and C57 BL/6 animals. MPTP treatment
consistently increased levels of IL-1f in both the SN (F1 1=12.683, p<0.05) and striatum
(F1,16=50.098, p<0.05) of WT/MPTP mice. TNF-a KO attenuated the release of IL-1f in the
striatum (F1 16=15.731, p<0.05) but not in the SN (F1 16=1.859, p>0.05). Similar increases of
IL-1p were seen in the C57 BL/6 animals treated with MPTP (Sal/MPTP) in both the SN
(F1,16=22.283, p<0.05) and striatum (F1 15=34.885, p<0.05). However, these increases were
significantly attenuated by minocycline treatment (Mino/MPTP) in the SN (F1 16=7.146;
p<0.05) and the striatum (F1 16=6.770; p<0.05). Thus, MPTP increased the levels of this
proinflammatory cytokine whereas TNF-o KO and minocycline treatment markedly attenuated
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the MPTP-induced increases. These data suggest that the attenuation in FITC-LA leakage seen
in the TNF-a KO and minocycline treated animals was also associated with reductions in these
pro-inflammatory cytokines.

MPTP-induced DA neuron loss was not associated with BBB leakage

MPTP treatment led to an anticipated loss of THir neurons (a marker for DA neurons). Thus,
stereological assessments of THir cells in the SN revealed a 35% reduction (F1 1=37.415;
p<0.05) in the B6;129S6 control mice and a 44% reduction in the C57BL/6 controls
(F1,16=14.856; p<0.05), which were not significantly different from one another (Fig. 4A,
p>0.05). Compared with their wild type controls treated with MPTP, the TNF-o. KO mice were
equivalently sensitive to MPTP losing 30% of their THir cells (Fig 4B; F1 16=0.005, p=0.943).
In contrast, minocycline treatment markedly attenuated the MPTP-induced THir cell loss (Fig.
4C; Fyq,16=4.707; p<0.05). There was no significant difference in THir cell counts between
Mino/MPTP and Mino/Sal (p>0.05). These data confirm the previously reported differential
effects on DA neuron loss (Tikka and Koistinaho, 2001;Rousselet et al., 2002;Leng et al.,
2005;Ferger et al., 2004;Du et al., 2001). Most importantly, our studies demonstrate that the
attenuation of FITC-LA leakage in these two sets of animals was independent from DA neuron
loss suggesting inflammatory events, and not a DA neuron loss per se, were responsible for
the barrier dysfunction induced by MPTP.

Discussion

The current study confirms and extends our previous work in rats in which injection of the DA
neurotoxin 6-hydroxydopamine into the striatum or medial forebrain bundle produced similar
patchy areas of leakage of FITC-LA and horseradish peroxidase as well as increases in p3
integrin expression (a marker of angiogenesis) in the SN and striatum (Carvey et al., 2005). In
the present study, the DA neurotoxin (MPTP) was injected systemically so that the barrier
dysfunction seen could not be a consequence of stereotaxic brain surgery. In addition, two
different genotypes of mice exhibited barrier dysfunction using MPTP suggesting that the
previous effects observed in rats were neither species nor toxin specific. Finally, the current
study clearly demonstrated the validity of the FITC-LA injection procedure as a marker for
barrier integrity, because areas devoid of a BBB exhibited leakage, regardless of treatment
history, and detailed evaluation of several non-dopaminergic brain areas revealed complete
vascular perfusion without evidence of leakage demonstrating specificity while ruling out a
perfusion-based epiphenomenon. These data strongly argue that DA neurotoxins induce BBB
dysfunction in well-established animal models of PD.

At this time, we do not know if the areas of leakage were static (i.e., an area developed a leak
and remained leaky) or dynamic (i.e. an area developed a leak and repaired itself such that after
several days, leakage would no longer be detected). Given that activated microglia were
associated with areas of leakage and microglia are known to migrate (Cho et al., 2006;Carbonell
etal., 2005), itis more likely that the pattern of leaks is dynamic. A dynamic pattern of leakage
was further supported by the fact that the areas of leakage were different in every animal. This
suggests that a “window” of increased leakage developed in an area and could subsequently
close. In addition, at the present time we do not know if DA neurotoxins produce only “patchy”
areas of severe dysfunction as indicated here with FITC-LA leakage (and as we observed in
our previous study (Carvey et al., 2005)), or if subtle dysfunction exists throughout the SN and
striatum, but have not yet been identified. The large molecular weight of FITC-LA may only
identify areas of significant leakage and if markers of smaller molecular weight were used, a
much less punctated pattern of leakage might have been observed. Regardless, it is becoming
increasingly clear that the BBB dysfunction, although it may be punctate and dynamic in nature,
is not temporary. We previously showed that FITC-LA leakage was still present 10 and 34
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days following 6-OHDA treatment (Carvey et al., 2005). Whether or not barrier dysfunction
continues for months after toxin exposure remains to be established. Regardless, these results
argue that the BBB is somewhat long-lived and common to two different animal models of
PD.

The MPTP-induced barrier dysfunction appeared to be a consequence of neuroinflammation
independent of DA neuron loss. Although MPTP produced neuroinflammation as evidenced
by increased numbers of activated microglia and increases in TNF-a and IL-1 in both
genotypes, the TNF-o. KO animals exhibited significant DA neuron losses whereas the animals
treated with minocycline did not. Both TNF-a KO and minocycline treatment dramatically
attenuated the FITC-LA leakage in which a clear-cut dissociation between DA neuron loss and
barrier dysfunction was shown. However, we must consider the differential effects of MPTP
on the BBB that was observed could simply reflect strain differences used in the two different
studies. In addition, there is the possibility that TNF-o. KO and minocycline treatment could
have had differential effects on the expression of receptors on the endothelial cells or other
soluble factors produced by MPTP exposure that prevented BBB dysfunction independent of
DA neuron death. While not inherently apparent from the present results other factors
originating from the dieing or compromised DA neurons could also be involved in the
dysfunction of the BBB. Regardless, although biogenic amine containing neurons are often
seen in close proximity to endothelial cells that also express noradrenergic and serotonergic
receptors, and norepinephrine containing cell of the locus coeruleus have been shown to
regulate barrier function (Kobayashi et al., 1985;Raichle et al., 1975;Wakayama et al., 2002),
there was no evidence of dopaminergic control of barrier leakage in the SN and striatum in the
current study, after three days. We have previously shown that 6OHDA produces BBB
dysfunction after 10 and 34 days (Carvey et al., 2005), therefore there is a possibility that
neuroinflammation can initiate a first phase of BBB dysfunction (i.e. 3 days) that is further
perpetuated by the ensuing DA neuron loss (between 3 and 10 days). Detailed time course
studies would be needed to address this possibility. Regardless neuroinflammatory events by
themselves appear to lead to barrier dysfunction in the absence of DA neuron loss. Whether
or not the magnitude of inflammation is correlated with the degree of BBB dysfunction cannot
be determined with the current study design. Future studies should be performed to ascertain
the levels of inflammation produced and correlate these with the degrees of BBB dysfunction.
Regardless, the current results do not negate the probability that the DA neuron degeneration
led to the inflammation, but rather, that DA neuron loss by itself did not lead to the barrier
dysfunction. Moreover, since MPTP is widely known to primarily affect catecholaminergic
systems in general and the nigro-striatal pathway in particular, it was not surprising to observe
here as well as in our previous study that the significant BBB dysfunction was confined to the
SN and striatum.

TNF-a by itself activates microglia (John et al., 2003) and our results show that TNF-o KO
inhibits microglia activation. Minocycline is a semisynthetic tetracycline derivative that exerts
anti-inflammatory effects and inhibits microglial activation by decreasing IL-1 3 and nitric
oxide release (Du et al., 2001;Tikka and Koistinaho, 2001). Moreover, our data showed that
minocycline also decreased the TNF-a release. Activated microglia release numerous
neuroinflammatory substances that can potentially disrupt barrier function including
prostanoids, proteases, nitric oxide (NO), superoxide, and the proinflammatory cytokines
TNFa and IL-1p (Dringen, 2005;Lynch et al., 2004;Tsao et al., 2001;Wong et al., 2004;Yenari
etal., 2006). Although any of these factors could have contributed to the barrier breakdown in
the current study, the MPTP-induced increase in TNF-a and IL-1p in conjunction with FITC-
LA leakage and the attenuation in these increases in the TNF-a KO and minocycline treated
animals argues for their potential involvement in the barrier disruption. TNF-o. and IL-1p are
known to decrease electrical resistance and increase permeability in BBB in vitro models
(Didieretal., 2003;Miller et al., 2005). TNF-a causes a redistribution of cadherin and junctional
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adhesion molecule (JAM) leading to a rearrangement of microfilaments, and a down-regulation
of occludin expression increasing BBB permeability (Ozaki et al., 1999;Petrache et al.,
2003;Kniesel and Wolburg, 2000;Mankertz et al., 2000). IL-1  also increases BBB
permeability by decreasing expression of occludin and zonula occludens-1 proteins leading to
apparent redistribution of the adherens junction protein vinculin (Bolton et al., 1998). IL-1p
may also induce cyclooxygenase-2 (COX-2) synthesis and activate NFkB in brain endothelial
cells, which can be blocked by specific inhibitors of NFxB activation (Kortekaas et al.,
2005;Laflamme et al., 1999;Nadjar et al., 2005). However, although the current evidence
suggests the involvement of TNF-o and IL-1f3, we cannot, at this time, rule out other
inflammogens associated with microglial activation.

Several studies have argued against or have not found BBB dysfunction in PD. Haussermann
et al., (2001) found no changes in blood cerebral spinal fluid (CSF) barrier function by
examining CSF/serum ratios and oligoclonal bands in PD patients. If the BBB dysfunction is
not universal, but rather punctate as our data suggests, major changes such as these would not
be detected. Similarly, Kurkowska-Jastrzebska et al., (1999) argued that the DA neurotoxin
MPTP does not disrupt BBB function. Yet, although they showed that IgG was restricted to
the inside of the blood vessels, they reported that mononuclear cells infiltrated the SN and
striatum, which would suggest BBB dysfunction. O’callaghan et al., (1990) used a single small
dose of MPTP (12.5mg/kg, s.c.) that did not produce DA neuron loss and reported no
dysfunction of the BBB. Furthermore, Canudas et al., (2000) injected MPP* into the left SN
of the rat that produced only a small lesion, yet assessed BBB integrity in the striatum with a
crude index of BBB integrity (albumin staining) that could have easily been missed because
of the small size of the SN injury. It is also important to note that the animal studies using
MPTP or its metabolite MPP+ just described, were not designed to assess BBB integrity, but
rather focused on other effects of MPTP. Moreover, they used global indices of BBB integrity,
which could have readily missed the punctuate leakage that seems to characterize the DA
neurotoxin exposed BBB. In contrast, the study by Faucheux et al., (1999) showed an increase
in vascular density in the SN, but not the VTA of PD patients and Barcia et al., (2004) discussed
evidence of microangiogenesis in the PD brain which is often associated with barrier
dysfunction. Kortekaas et al., (2005) used [A1)C]-verapamil imaging, and demonstrated an
18% increase in brain uptake in the mesencephalon of PD patients relative to aged controls.
This increase may have reflected alterations in P-gp function or simply increased leakage into
brain. Notably, Barcia et al., (2004) also found an increase in the number of blood vessels
indicative of microangiogenesis that follows barrier damage in close proximity to degenerating
DA neurons in non-human primates. Moreover, the increase in vessels was highly correlated
with increases in vascular endothelial growth factor (VEGF) probably caused by neo-
microangiogenesis that similarly accompanies barrier brea kdown following an inflammatory
event. Thus, this emerging literature supports barrier dysfunction in patients with PD and
animal models of this disorder.

There are numerous implications to PD if areas of active inflammation lead to focal areas of
barrier dysfunction in patients. Areas of leakage in focal neuroinflammatory loci would afford
the opportunity to target deliver anti-inflammatory agents that normally do not cross the BBB
or deliver a variety of therapeutics to those areas using nanoparticles. Notwithstanding the
effect of these agents on areas of the brain not protected by a BBB, this strategy would target
areas ostensibly undergoing active DA neurodegeneration potentially slowing disease
progression. On the other hand, BBB dysfunction could allow inhomogeneous entry of
antiparkinsonian drugs into the SN and striatum that could contribute to dyskinesias due to
dopaminergic “hotspots” that have been implicated in this DA agonist induced side effect
(Bankiewicz et al., 2006). Alternatively, levodopa decarboxylase inhibitors including
carbidopa and benserazide, which normally do not cross the BBB, may do so in these areas of
leakage. This would inhibit conversion of levodopa to DA in these areas creating hot spots of
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increased DA activity in intact areas. In addition, focal BBB dysfunction would increase entry

of

elements of the peripheral vasculature into the SN and striatum that could similarly

contribute to disease progression. Moreover, environmental toxins that may not cross the BBB
readily would concentrate in areas of BBB dysfunction. Taken together, these results suggest
that detailed imaging assessments of BBB integrity should be performed in patients with PD

to

determine the role, if any, the compromised BBB integrity plays in disease progression and

side effects.
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Figure 1.

TNF-o KO and minocycline treatment attenuated the FITC-LA leakage in the SN and striatum
after MPTP treatment. FITC-LA was visualized using confocal microscopy in the SN of WT/
Sal (A) and TNF-a KO/Sal (B) as well as the striatum of WT/Sal (C) and TNF/Sal animals
(D). FITC-LA leakage was evident in the SN of the WT/MPTP (E) and striatum of WT/MPTP
(G) treated mice. Areas of leakage were not found in the SNs (F) or striata (H) of TNF-o. KO/
MPTP treated mice. Similar findings were seen in the minocycline treated animals. FITC-LA
was confined within vessels in the SN of Sal/Sal (I) and Mino/Sal (J) as well as the striatum
of Sal/Sal (K) and Mino/Sal (L) animals. FITC-LA leakage was evident in the SN of the Sal/
MPTP (M) and striatum of Sal/MPTP (O) treated mice. Areas of leakage were not found in
the SN (N) or striata (P) of Mino/MPTP treated mice. There was no FITC-LA leakage in the
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parietal cortex (Q) and hippocampus (R), in any of the animals regardless of treatment.
However, leakage was always seen in the area postrema (S), and median eminence (T) areas
devoid of a BBB. [# = the third ventricle and * = the fourth ventricle: Arrows indicate areas
of FITC-LA leakage. Scale bar = 100um (A-T)].
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Figure 2.

TNF-o KO and minocycline reduced microglial activation. (A) TNF-o KO inhibited MPTP-
induced microglial activation. The shapes of microglia were not different in WT (Lane 1: SN
of WT/Sal) and TNF-a KO mice (Lane 2: SN of TNF-o. KO/Sal) treated with saline. Three
days after the last MPTP administration, microglia became large, amoeboid, and had thick
processes (Lane 3: SN of WT/MPTP). However, in TNF-o KO/MPTP mice the morphology
of microglia remained small and ramified (Lane 4: SN of TNF-a KO/MPTP) comparable with
those in WT/Sal mice. (B) Minocycline treatment inhibited MPTP-induced microglial
activation. The shape of microglia showed no difference in the C57BL/6 mice between saline
only (Lane 1: SN of Sal/Sal) and minocycline only (Lane 2: SN of Mino/Sal) treatment groups.
Numerous activated microglia were present in the SN of mice 3 days after MPTP treatment
(Lane 3: SN of Sal/MPTP). Minocycline treatment attenuated the MPTP-induced microglia
activation (Lane 4: SN of Mino/MPTP). Microglia in the mice injected with both MPTP and
minocycline had small cell bodies with ramified long, thin processes in the SN. (C)
Quantification of CDq1p-ir cells inthe WT and TNF-o KO mice following the MPTP treatment.
After the MPTP treatment, the number of activated microglia increased 26 fold in the SN of
WT mice. However, TNF-a KO clearly prevented microglia activation. (Marker A: p<0.001
relative to WT/Sal group; Marker B: p<0.001 relative to WT/MPTP group, but it was
undistinguishable from WT/Sal group, P>0.05). (D) Quantification of CD1qp-ir cellsin C57BL/
6 mice with or without minocycline treatment following MPTP administration. MPTP
treatment increased the number of activated microglia. Minocycline treatment (90mg/kg X3)
attenuated this change. (Marker A: p<0.05 relative to Sal/Sal group; Marker B: p<0.05 relative
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to Sal/MPTP group, but it was indistinguishable from Sal/Sal group, P>0.05). Left (Scale
bar=100 um) and right (Scale bar=10 um).
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Figure 3.

Avreas of FITC-LA leakage contained activated microglia. Upper images show no FITC-LA
leakage in areas of resting microglia whereas the lower row demonstrates FITC-LA leakage
associated with marked microglial activation. (Bar=25um).
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Figure 4.

The loss of dopamine neurons was attenuated by minocycline treatment, not by TNF-a KO
following MPTP treatment. (A) Photomicrographs of representative sections of THir staining
in the SNs of the mice used to generate the bar graph of (B) and (C). SN of (a) WT/Sal, (b)
TNF-a KO/Sal, (c) WT/MPTP, (d) TNF-a KO/MPTP, (e) Sal/Sal, (f) Mino/Sal, (g) MPTP/
Sal, and (h) MPTP/Mino (Magnification bar=0.25mm). (B) Quantification of THir cells in the
WT and TNF-o KO mice following MPTP treatment. MPTP similarly reduced the numbers of
THir cells in the SN of both WT and TNF-a KO mice. The number of THir cells was not
significantly different in WT/MPTP and TNF-a KO/MPTP mice [(p=0.774); Marked A and
B, separately]. (C) Quantification of THir cells in C57BL/6 mice with or without minocycline
treatment following MPTP administration. The number of THir cells was significantly different
(p=0.044) between Sal/MPTP (Marker C) and Mino/MPTP mice (Marker D).
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Table 1
TNF-a and IL-1 B level (pg/mg protein) £S.D.
TNF-a IL-1B
N SN Striatum SN Striatum

WT/Sal 5 1.003+0.211 0.927+0.397 21.11+3.430 6.546+1.141
TNF-a KO/Sal 5 Non-detectable] Non-detectable] 22.40+4.230 5.162+1.034
WT/MPTP 5 1.900+0.281° 1.925+0.303" 30.98+4.636" 10.75+0.9824
TNF-a KO/MPTP| 5 Non-detectable] Non-detectable] 24.94+3.125 8.120+1.033
Sal/Sal 5 1.013+0.277 1.190+0.214 20.90+4.239 5.622:+0.424
Mino/Sal 5 0.736+0.292 0.939+0.276 16.75+4.754 4.820+0.772
Sal/MPTP 5 1.802+0.4375 1.967+0.2965 32.50+4.787° 11.71+0.6225
Mino/MPTP 5 1.160+0.232% 1.127+0.344° 25.05+4.266° 8.849:+2.524C

Non-detectable:<0.7pg/mg protein

Marker A: p<0.05, compared to WT/Sal

Marker B: p<0.05, compared to Sal/Sal

Marker C: p<0.05, compared to Sal/MPTP
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