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Abstract
We previously demonstrated that several dopamine (DA) neurotoxins produced punctate areas of
FITC-labeled albumin (FITC-LA) leakage in the substantia nigra and striatum suggesting blood
brain barrier (BBB) dysfunction. Further, this leakage was co-localized with αvβ3 integrin up-
regulation, a marker for angiogenesis. This suggested that the FITC-LA leakage might have been a
result of angiogenesis. To assess the possible role of angiogenesis in DA neuron loss, we treated
mice with 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) and on the following day treated
with cyRGDfV, a cyclic peptide that binds to integrin αvβ3 and prevents angiogenesis. Post-
treatment for three days (b.i.d.) with cyRGDfV blocked the MPTP-induced upregulation of
integrin β3 immunoreactivity (a marker for angiogenesis), leakage of FITC-LA into brain
parenchyma (a marker for BBB disruption) as well as the down regulation of Zona Occludin-1
(ZO-1; a marker for tight junction integrity). In addition, cyRGDfV also completely prevented
tyrosine hydroxylase immunoreactive cell loss (a marker for DA neurons) and markedly
attenuated the up-regulation of activated microglia (Iba1 cell counts and morphology). These data
suggest that cyRGDfV, and perhaps other anti-angiogenic drugs, are neuroprotective following
acute MPTP treatment and may suggest that compensatory angiogenesis and BBB dysfunction
may contribute to inflammation and DA neuron loss.
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Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disorder after
Alzheimer's disease (AD) and the most common movement disorder. Clinical symptoms are
associated with a prominent degeneration of dopamine (DA) neurons in the ventral tier of
the substantia nigra pars compacta (SNpc), and DA neuron terminal loss in the striatum
(Antonini et al., 2002; Damier et al., 1999). Its pathogenesis is associated with a cascade of
neuroinflammatory events including oxidative stress (Pearce et al., 1997), impaired
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mitochondrial function (Zhu and Chu, 2010) accumulation of reactive oxygen species (ROS)
(Fato et al., 2008), glutamate excitotoxicity (Caudle and Zhang, 2009), protein misfolding
(Cuervo et al., 2010), and accumulation of α-synuclein protein due to ubiquitin-proteosomal
system dysfunction (Hindle, 2010). Although neuroinflammation is clearly associated with
the degenerative process, the mechanism(s) that underlie the progressive phase of PD (i.e.,
the inexorable progressive loss of DA neurons that occurs after the initiation of disease)
remains unknown.

One mechanism that could contribute to progressive DA neuron loss includes dysfunction of
the blood brain barrier (BBB; (Carvey et al., 2009) and entry into brain of peripheral
inflammatory factors and immune cells. A series of studies from our laboratory (Carvey et
al., 2005; Zhao et al., 2007) as well as others (Chen et al., 2008; Chung et al., 2010b)
demonstrated that several DA neurotoxins produce BBB dysfunction potentially facilitating
entry of peripheral elements into brain parenchyma, which could mediate a progressive
neurodegeneration (Carvey et al., 2009). These toxins, including 1-methyl-4-phenyl-1,2,3,6
tetrahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA), rotenone, prenatal
lipopolysaccharide (LPS), and paraquat, produced punctate areas of leakage restricted to
areas associated with DA neurodegeneration (Carvey et al., 2009). Interestingly, we also
showed that 6-OHDA-induced BBB disruption was associated with a marked increase in
integrin αvβ3 expression (an angiogenic marker) that was co-localized with the punctate
areas of leakage suggesting an association between BBB disruption and angiogenesis
(Carvey et al., 2005). Since angiogenesis is a compensatory response to injury or hypoxia
(Marti, 2005) and newly formed angiogenic vessels are leaky (Brown et al., 1997), it is
possible that the punctate areas of leakage we and others have seen in animal models of PD
reflect, in part, compensatory angiogenesis. This dysfunction in barrier integrity could
facilitate the entry of peripheral factors into brain (Barcia et al., 2004) thereby potentiating
the degenerative process contributing to disease progression.

Expression of integrin αvβ3 is dramatically increased on vessels throughout the angiogenic
process (Ginsberg et al., 2005; Hynes and Zhao, 2000; Somanath et al., 2009), but is
virtually absent on patent vasculature (Brooks et al., 1994b). Since it is well established that
PD is associated with a robust innate immune response (Lee et al., 2009) and both activated
microglia and astroglia release a number of inflammatory cytokines that have proangiogenic
activity including, TNFα, and vascular endothelial growth factor (VEGF), (Szekanecz et al.,
2009), angiogenesis could be a normal response to the Parkinson's degenerative process.
Indeed, VEGF, a well known pro-angiogenic factor, is elevated in both PD patients and
animal models (Barcia et al., 2005; Barcia et al., 2004; Wada et al., 2006; Yasuda et al.,
2007). In addition, several studies have linked alterations in vascularity with PD (Barcia et
al., 2005; Faucheux et al., 1999). If compensatory angiogenesis and its associated BBB
dysfunction occurs as part of the DA neurodegenerative process, then preventing
angiogenesis following DA neurodegeneration may provide insight into the effect, if any,
angiogenesis has on DA neuron loss. We used an anti-angiogenic cyclic RGD peptide, to
assess this possibility.

The RGD (arginine-glycine-aspartic acid) sequence is found on a variety extracellular
matrix molecules including fibronectin, vitronectin, osteopontin, collagens, thrombospondin,
fibrinogen, and von Willebrand factor and is recognized by a variety of integrin receptors
that mediate cell-substrate attachment (Ruoslahti and Pierschbacher, 1986). Not
surprisingly, RGD containing peptides inhibit the binding of a variety of integrin receptors.
However, cyclic forms of the RGD peptides were found to restrict their conformation and
afford greater receptor specificity (Aumailley et al., 1991). cyRGDfV was identified as
binding the αvβ3 vitronectin receptor (Kawaguchi et al., 2001) and consequently reduced
vitronectin binding (Aumailley et al., 1991). Likewise, cyRGDfV reduced αvβ3 mediated
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cell adhesion (Aumailley et al., 1991; Kawaguchi et al., 2001) and induced endothelial cell
(EC) apoptosis while inhibiting angiogenesis (Brooks et al., 1994a; Brooks et al., 1994b;
Maubant et al., 2006). To assess the possible role of angiogenesis in the DA degenerative
process, we administered cyRGDfV on the day following MPTP treatment in mice and
assessed its effects on integrin β3 expression, vascularity, BBB disruption, tight junction
integrity, DA neuron loss, and microglial activation. The results were surprisingly robust
suggesting that angiogenesis and its consequences may play an important role in MPTP-
induced neurodegeneration.

Materials and Methods
Experimental Animals

A total of 41 male 8 week old mice (C57BL/6; Jackson Laboratory; Bar Harbor, ME)
weighing 22-25 g at the start of study, were used. The animals were housed in groups of four
or five in environmentally regulated quarters (lights on at 06.00-18.00h). All mice were
acclimated to the animal facility for at least 2 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 (IACUC)
and were compliant with all regulations at the institutional, state and federal levels. MPTP-
HCl (Sigma, St. Louis, MO) handling and safety measures followed methods described by
Przedborski et al. (Przedborski et al., 2001). As with all of our studies, only animals that
were overtly healthy without apparent distress and of normal appearance and weight were
processed further. In this study, none of the animals were lost during the course of the study.

Study design
MPTP-HCl (10 mg/kg, freebase) was injected (i.p) four times at 1-h intervals for a total of
40 mg/kg over a 4 hour period. MPTP was dissolved in 0.9% saline on the day of
administration. Saline treated mice followed the same injection protocol. cyRGDfV (Cyclo
[Arg-Gly-Asp-D-Phe-Val], Enzo Life Sciences) was administered at 100μg/50μl i.p., two
times per day, 8-h apart, dissolved in phosphate buffered saline (Cellgro) for 3 consecutive
days, starting on the day following the first MPTP injection with the last dose administered
12-h prior to sacrifice. Control mice received cyRADfV (Cyclo [Arg-Ala-Asp-D-Phe-Val],
Enzo Life Sciences), an inactive peptide molecularly similar to cyRGDfV (Brooks et al.,
1994b). One amino acid substitution in cyRADfV reduces its ability to bind integrin αvβ3
and abolishes its actions as an anti-angiogenic (Brooks et al., 1994b).

Mice (n=25) were randomly divided into five groups designated as follows: Sal/Sal= saline
injections given in place of MPTP and cyRGDfV (n=5); MPTP/Sal (n=5); MPTP/cyRGDfV
(n=5); MPTP/cyRADfV (n=5); and Sal/cyRGDfV (n=5). The dependent measures in this
study were integrin β3 immunohistochemistry (IHC), FITC-labeled albumin (FITC-LA)
leakage, and zona occludin (ZO-1) immunoreactivity (ir) to assess BBB and tight junction
integrity, respectively. In addition, tyrosine hydroxylase (TH), ionized calcium binding
adaptor molecule (Iba1) and Nissl IHC were done to detect TH positive DA cells,
neuroinflammation, and the overall cell population, respectively, in the SN. An additional
cohort of 16 mice was divided into four groups: Sal/Sal (n=4); MPTP/Sal (n=4); MPTP/
cyRGDfV (n=4); and MPTP/cyRADfV (n=4) and used to perform double label
immunofluorescence experiments. FITC-LA was co-localized with integrin β3 (Texas Red)
and FITC-LA also was co-localized with ZO-1 (Alexa Fluor 594) in separate tissue sections.
In addition, von Willebrand Factor (vWF) IHC was used as a measure of vessel number.
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FITC-LA leakage
The leakage of FITC-LA (MW= 69-70 kDa, Sigma, St. Louis, MO) from the vasculature
into the brain parenchyma was assessed as described previously (Carvey et al., 2005) to
determine BBB integrity. In brief, 4 days following the last MPTP or saline injections, the
mice were anesthetized with pentobarbital (60 mg/kg). 100 μl heparin (100 units/kg in
Hank's Balanced Salt Solution; Life technologies) was injected intracardially followed
immediately by 5 ml FITC-LA (5 mg/ml in 0.1M PBS) injected at a rate of 1.5 ml/min with
the right atrium open ensuring a complete perfusion circuit. The perfusion pressure used to
deliver FITC-LA was more than adequate to fill the brain's vascular compartment and
similar to mouse blood pressure (unpublished observation). After perfusion, the brains were
removed immediately and immersed into 4% paraformaldehyde and stored at 4°C. Twenty-
four hours later, the fixative was replaced with three 24-h changes of 30% sucrose in 0.1 M
PBS buffer. Each brain was sectioned at 40 μm 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).

Immunohistochemistry (IHC)
For integrin β3 IHC, the sections from one series were stained overnight at 4°C with primary
antibody (Purified Hamster Anti-mouse CD61, 1:50 dilution; BD Pharmingen), followed by
biotinylated secondary antibody (goat vs. hamster IgG, 1:100 dilution; Vector laboratories).
Biotinylated antibody complex was amplified using an avidin-biotin complex kit (ABC-Elite
Kit; Vector laboratories) and visualized with 3,3′-diaminobenzidine (DAB; Vector
laboratories). Selected sections were processed for vWF as a marker for blood vessels. vWF
(rabbit anti-human von Willebrand factor polyclonal antibody, 1:100 dilution, Millipore)
was incubated with the sections overnight. Immunolabeling was continued using
biotinylated secondary antibody (goat vs. rabbit IgG, 1:200 dilution; Vector laboratories)
and then processed using ABC and DAB as described above. Additional sections were also
processed for Iba-1 as a marker for microglia, TH as a marker for DA cells and Nissl a
marker for all cells. Iba-1 IHC used a primary antibody (goat polyclonal to Iba-1, 1:500
dilution; Abcam), secondary antibody (horse anti-goat IgG, 1:200 dilution; Vector
laboratories) and was visualized using ABC and DAB. Sections from each animal were
stained for TH (primary antibody: anti-tyrosine hydroxylase rabbit pAB, 1:1600 dilution;
Calbiochem, secondary antibody: goat vs. rabbit IgG, 1:400 dilution; Vector laboratories)
and enhanced using the DAB protocol. Slides stained with TH were subsequently stained for
Nissl using cresyl violet. Sections were mounted on gelatin-coated slides, dehydrated, and
cover-slipped for imaging.

Immunofluorescence
Immunofluorescence sections underwent an antigen unmasking step (i.e., citric acid buffer
incubation for 30 min, at 80°C water bath, Vector laboratories). Autofluorescence was
quenched with 1mg/ml NaBH4 in, PBS pH 7.4 (Ding et al., 1995; Eddy et al., 2002). For β3
detection, the sections from one series were stained overnight at 4°C with primary antibody
(Purified Hamster Anti-mouse CD61, 1:50 dilution; BD Pharmingen), followed by
incubation with Texas Red secondary antibody (goat vs. hamster IgG, 1:100 dilution, Vector
laboratories). To visualize ZO-1, sections were incubated for 1-h with a ZO-1, mouse
monoclonal antibody, 7.5 μg/ml that was labeled with Alexa Fluor 594. Imaging was
performed using fluorescence microscopy (Olympus, Model: IMT-2, Japan)

Stereological assessment of immunoreactivity (ir) of TH-ir, Iba1-ir, and Nissl cell counts
Stereological assessment of TH-ir and Nissl stained cells in midbrain sections was limited to
the SNpc (defined as tissue lateral to the accessory optic tract and superior to the reticulata).
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Iba1-ir cells were assessed stereologically throughout the SN. The estimation of the total
number of TH-ir neurons and activated microglia was performed using the computerized
optical disector method (MicroBrightField software) as previously described (Zhao et al.,
2007). In brief, a 5 X objective lens was used to define the contour around the entire region
of interest and a 100 X lens was used for TH-ir and Iba1-ir cell count assessments. TH-ir
cells and Iba1-ir cells were counted using a 250μm by 250μm optical disector frame at 100
X. The total number of TH-ir or Iba1-ir cells from each animal was estimated using the
serial section manager software. One series of each animal was analyzed for TH-ir and Iba1-
ir. Slides used for TH-ir cell counts were also used to perform stereological assessment of
Nissl cell counts in the SNpc. Similar parameters were employed to perform Nissl cell
stereology.

Stereological assessment of vWF positive vessels
We estimated the total number of vessels present in the SN by following the same
parameters described in Barcia et al. (Barcia et al., 2005). Briefly, a 5X objective lens was
used to define the contour around the entire SN area and a 10 X lens was used for vessel
assessment. Vessels were counted using a 300μm by 300μm optical disector frame.

Statistical analyses
All values were expressed as mean ± SEM. One way analysis of variance (ANOVA) was
used to determine statistical significance. Where noted, the Tukey-Kramer or the Dunnett
post hoc tests were used to determine differences between groups or control, respectively.

Results
cyRGDfV attenuated MPTP induced integrin β3 immunoreactivity

Sections from animals intoxicated with MPTP, with or without cyRGDfV treatment, were
processed for integrin β3 IHC. According to published studies (Brooks et al., 1994a; Brooks
et al., 1994b), integrin β3 is expressed only on vessels undergoing angiogenesis, but not on
patent vessels. The virtual absence of β3 immunoreactivity in Sal/Sal treated mice was in
sharp contrast to expression of β3 immunoreactivity in the SN of MPTP/Sal animals (Fig 1).
Higher magnification revealed that β3 immunoreactivity was confined to vessels (Fig 1
inset). A similar pattern of integrin β3 staining was observed in MPTP mice that received
the control peptide, cyRADfV, (Fig 1). In contrast, the angiogenic inhibitor, cyRGDfV, that
targets αvβ3 completely blocked β3 staining in the SN of MPTP animals (Fig 1). These data
suggest that treatment with MPTP induced β3 upregulation and that cyRGDfV treatment 24-
h later prevented or reversed β3 expression.

cyRGDfV attenuated MPTP induced BBB dysfunction
In previous studies we used leakage of FITC-LA as a marker for disruption of the BBB
(Carvey et al., 2005; Zhao et al., 2007). In those studies, there was leakage in the SN, but the
anatomical location of the leakage within the SN varied from animal to animal and was best
described as punctate (Carvey et al., 2005; Zhao et al., 2007). Likewise, all animals showed
a diffuse leakage in the circumventricular regions including the hypothalamus and area
postrema; regions which lack a BBB barrier (Zhao et al., 2007). However, no leakage was
detected in the parietal cortex or hippocampus indicating that DA neurotoxins specifically
affected the nigrostriatal pathway (Carvey et al., 2005; Zhao et al., 2007). In addition, we
previously showed that FITC-LA leakage co-localized with integrin β3, a marker for
angiogenesis in the 6-OHDA model of PD (Carvey et al., 2005). Here we determined if
FITC-LA leakage co-localized with β3 following MPTP treatment and if anti-angiogenic
peptides affected both leakage and co-localization.
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At sacrifice, ninety-six hours following MPTP treatment, FITC-LA was perfused into the
common carotid artery. Areas of punctate FITC-LA leakage were evident in most sections
of the SN from the MPTP/Sal treated animals as well as MPTP animals treated with the
inactive control peptide, cyRADfV (Fig 2). The SN of both MPTP/Sal and MPTP/cyRADfV
also exhibited increases in integrin β3. Note that the areas of BBB disruption, indicated by
punctate areas of FITC-LA leakage, co-localized with integrin β3 (Fig 2, merged). As
expected, no areas of FITC-LA leakage were found in the SN of Sal/Sal mice indicating an
intact BBB and very low levels of β3 integrin were observed. However, cyRGDfV treatment
markedly reduced β3 reactivity and FITC-LA leakage in MPTP treated mice, as no overt
entry of FITC-LA into SN parenchyma was observed. These finding suggest that
angiogenesis may be part of the mechanism responsible for MPTP-induced BBB
dysfunction since the angiogenic inhibitor cyRGDfV reduced both β3 expression and BBB
leakage.

MPTP effects on vessel number
The initiation of angiogenesis by MPTP may increase vessel numbers. To assess this
possibility, vessels were identified using vWF IHC and vWF positive vessels were counted
using stereology as in Barcia et al. (Barcia et al., 2005). We observed significant increases in
vessel numbers (F(3,12)=13.735, p<0.01) and vessel numbers in the SN of MPTP/Sal
(p<0.01) and MPTP/cyRADfV (p<0.01) mice were increased ∼41% compared with Sal/Sal
controls (Fig 3). However, we also found a similar increase in vascular number in the SN of
the MPTP/cyRGDfV (p<0.01) group. Thus, anti-angiogenic treatment had no effect upon
the increase in vessel number. It appears that MPTP initiated an initial angiogenic burst and
that addition of the anti-angiogenic peptide on the following day was not sufficient to block
vessel formation.

cyRGDfV attenuated MPTP-induced loss of ZO-1 immunoreactivity
To further examine the effects of cyRGDfV on BBB dysfunction, ZO-1-ir was assessed.
ZO-1 is a molecule integral to the formation of tight junctions of the BBB and thus critical
for barrier integrity (Wolburg and Lippoldt, 2002). To verify antibody staining, ZO-1-ir was
first examined in the hypothalamus and hippocampus. The medial hypothalamus lacks a
BBB and examination of the circumventricular region of the hypothalamus revealed areas of
reduced ZO-1-ir independent of treatment, contrasting with the normal pattern of ZO-1-ir
observed more distal to the third ventricle (Fig 4; (Petrov et al., 1994). In contrast, the
hippocampus revealed ZO-1 immunoreactivity that was evenly distributed, but confined to
vessels (Fig 4) and was similarly unaffected by MPTP treatment (Fig 4). While it is difficult
to get vessels that lie entirely within plane of a tissue section, and stain identically for two
markers, it is clear that there is considerable overlap between the ZO-1 labeling and the
FITC-LA filled vessels, and that in the hippocampus, there was no overt effect of MPTP
treatment. These results suggest that the ZO-1-ir does not label areas lacking a BBB, but
does label vessels that should possess a BBB, and these staining patterns occurred
independent of MPTP treatment. ZO-1 can therefore be a useful tool in assessing BBB
integrity.

We observed brighter and more uniform fluorescence of ZO-1 in the SN of Sal/Sal and
MPTP/cyRGDfV treated mice than the MPTP/Sal and MPTP/cyRADfV animals (Fig 5).
Note that the SN of MPTP/Sal and MPTP/cyRADfV treated animals appeared to have fewer
resolved vessels with darker areas indicating less ZO-1-ir. It also should be noted that due to
tissue thickness, it was not possible to resolve all vessels and that the fluorescent signal may
have been comprised of both unresolved vessels and autofluorescence. Regardless, these
data taken together, suggest that tight junctions are less evident in MPTP treated mice,
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which serves to further reinforce the conclusion from the FITC-LA data that MPTP reduces
BBB integrity and is prevented by cyRGDfV treatment.

Double immunofluorescence studies of FITC-LA and ZO-1 vessels in the SN revealed that
ZO-1-ir was considerably brighter overall in the Sal/Sal and the MPTP/cyRGDfV treated
mice (Fig 6). Moreover, in both of these groups FITC-LA and ZO-1 were highly co-
localized (Fig 6 merged). In contrast ZO-1-ir was weaker overall in the MPTP/Sal and
MPTP/cyRADfV animals where FITC-LA filled vessels appeared to be missing sections
stained for ZO-1 (arrows Fig 6). Thus, post treatment with the angiogenic inhibitor,
cyRGDfV, but not the control peptide cyRADfV, prevented the reduction of the tight
junction protein ZO-1 following MPTP treatment.

cyRGDfV reduced MPTP induced neuroinflammation
Iba1 immunohistochemistry was used as a marker of microglia (Iba1-ir is markedly up-
regulated in activated microglia (Ito et al., 2001)). Stereological cell counts for Iba1-ir
positive cells were significantly affected by treatment (F(5,24) = 11.008; p< 0.001; Table 1).
Sal/Sal animals exhibited lower numbers of Iba1-ir microglia in their SNs (Fig 7B), the vast
majority of which had small, rounded cell bodies with delicate processes typical of resting
microglia (Fig 7A). In contrast, MPTP treatment not only increased the numbers of Iba1-ir
positive cells in both MPTP/Sal (p < 0.05) and MPTP/cyRADfV treated mice by
approximately 80% (p < 0.05; Fig 7B), but also induced dramatic changes in their
morphology (Fig 7A). Thus, the vast majority of the microglia in these animals had large
cell bodies with highly ramified, thick processes typical of activated microglia (Fig 7A). In
contrast, the stereological Iba1-ir cell counts revealed that cyRGDfV post-treatment
significantly attenuated the overall increase in microglia (p<0.05 relative to MPTP/Sal).
Moreover, the phenotypic morphology of these cells was, in most cases, similar to that in the
Sal/Sal treated animals, although it was clear that some of the cells were also exhibiting
signs of activation. cyRGDfV, when administered on its own, neither affected the Iba1-ir
cell counts nor their phenotypes. These data suggest that post-treatment with the
angiogenesis inhibitor cyRGDfV markedly attenuated the increase in numbers of microglia
as well as morphological changes produced by MPTP.

cyRGDfV attenuated MPTP-induced TH-ir cell losses
We assessed TH-ir cell counts in the SN stereologically as an index of DA neurons, since
tyrosine hydroxylase is the rate-limiting enzyme in the synthesis of DA (Fernstrom and
Fernstrom, 2007). The TH-ir cell counts in the mouse SN were typical of those reported
previously (∼11,300). However, the effects of the various treatments significantly affected
those counts (Fig 8; F(5,24) = 16.890; p < 0.001). Post-hoc comparisons of treatments using
the Tukey-Kramer tests indicated that MPTP/Sal treated animals exhibited a significant 32%
loss of TH-ir cells relative to Sal/Sal animals (p < 0.001). Similar losses were evident in the
MPTP/cyRADfV group. In contrast, animals treated with MPTP/cyRGDfV and Sal/
cyRGDfV exhibited no reductions in TH-ir cells. These data suggest that treatment with the
angiogenic inhibitor cyRGDfV completely prevented the MPTP-induced reductions in TH-ir
cell counts.

We also assessed Nissl counts to determine if the loss of TH-ir was a consequence of actual
cell loss, or merely down-regulation of tyrosine hydroxylase (i.e., phenotypic suppression).
If phenotype is suppressed by treatment, then apparent loss of TH-ir cells will be associated
with increases in numbers of Nissl cells, whereas actual neuron loss will reveal reduced TH-
ir cell counts with no changes in Nissl. Nissl cell counts in mice treated with MPTP or
cyRGDfV were not significantly different from counts in the SNpc of the Sal/Sal treated
mice (44,044 ± 2294; F(4,20)=0.359; p=0.835) although mice treated with MPTP/Sal
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exhibited a non-significant decrease of 8%, which is similar to Nissl reductions following
MPTP reported previously (Turmel et al., 2001). However, Nissl cell counts did not increase
suggesting that the TH-ir cell loss observed was a consequence of actual cell loss.

Discussion
The results from this study demonstrated that MPTP increased expression of the angiogenic
marker β3 and vessel numbers in the SN in association with BBB leakage and down-
regulation of the tight junction protein ZO-1. In addition, β3 integrin upregulation was co-
localized with FITC-LA leakage suggesting that angiogenesis contributed, at least in part, to
BBB compromise. These changes were also associated with increased numbers of Iba1-ir
cells, microglial activation, and loss of TH-ir cells. In contrast, the anti-angiogenic peptide,
cyRGDfV, which targets αvβ3, reduced β3 expression, prevented FITC-LA leakage and
down-regulation of ZO-1 while preventing the increases in Iba1-ir cell counts and decreases
in TH-ir normally produced by MPTP. However, cyRGDfV did not affect the MPTP-
induced increases in vessel numbers. Taken together, these data suggest that angiogenesis
occurs following MPTP exposure and administering cyRGDfV may possess neuroprotective
benefits, ostensibly through its anti-angiogenic effect.

Several neurodegenerative diseases including stroke, amyotrophic lateral sclerosis, multiple
sclerosis, Alzheimer's disease, and neuro-AIDS (Desai et al., 2009; Holley et al., 2010; Kirk
et al., 2004; Pogue and Lukiw, 2004; Roscoe et al., 2009; Schultheiss et al., 2006;
Thirumangalakudi et al., 2006; Vagnucci and Li, 2003; Zand et al., 2005) exhibit
neuroinflammation and angiogenesis, and it would be therefore surprising if angiogenesis
did not occur in PD or its animal models as suggested here. The data presented here strongly
suggest that at least acutely, MPTP treated mice exhibited angiogenesis in the SN as
evidenced by marked up-regulated expression of β3 integrin (Figs 1 and 2). Integrins exist as
heterodimers and mediate attachment to the extracellular matrix. We used an antibody to the
β3 subunit to probe for the presence of αvβ3 heterodimers on endothelial cells. αvβ3 is
absent on patent vessels, but is expressed on angiogenic vessels where it facilitates
endothelial cell division and migration. It has been widely used as a marker of angiogenesis
(Brooks, 1996; Brooks et al., 1994a; Brooks et al., 1994b; Friedlander et al., 1995). The β3
subunit is not expressed in normal brain (Akiyama et al., 1991; Pinkstaff et al., 1999) and
reports of its presence on cultured oligodendrocytes (Horton, 1990; Milner et al., 1997) is
more likely a consequence of culturing since αvβ3 expression was not observed on the day
of oligodendrocyte isolation. This suggests that increased β3 expression is indicative of
angiogenesis in brain. However, the absence of β3 in normal brain rules out the expression
of the αvβ3 heterodimer on brain tissue, but does not rule out the expression of other
heterodimers containing αv. αv is expressed in brain in conjunction with β5 (Milner and
Campbell, 2003) making the use of antibodies directed against αv or non specific antibodies
against the vitronectin receptor(s) too non specific for angiogenesis. However, β3 antibodies
will not cross react with αvβ5 and we and others have used a β3 integrin antibody to identify
brain angiogenesis in animal models (Carvey et al., 2005; Schultheiss et al., 2006). It is
therefore reasonable to assume that β3 expression is likely indicative of αvβ3 heterodimer
up-regulation in brain indicating angiogenesis. Although using up-regulation of β3 solely on
its own could be subject to debate, other findings in the present study implicate the
involvement of angiogenesis in response to MPTP.

We and others have demonstrated that several DA neurotoxins lead to BBB dysfunction that
can be associated with overt BBB compromise (i.e. leakage; (Carvey et al., 2005; Chen et
al., 2008; Chung et al., 2010b; Zhao et al., 2007)). Punctate areas of MPTP-induced FITC-
LA leakage in the SN were associated with overt up-regulation of β3 immunoreactivity in
most cases (Fig 2). Thus, β3 up-regulation was often observed in the center of areas of
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FITC-LA suggesting that maturing angiogenic vessels, which are inherently leaky (Baluk et
al., 2004; Jain, 2003), may be the cause for leakage of this large protein into brain
parenchyma. This does not rule out the possibility that FITC-LA leakage may be caused by
non-angiogenic mechanisms, but does argue that angiogenesis can compromise barrier
integrity. In addition, β3 up-regulation appeared to stain vessels (Fig 1 insert) as would be
expected of an angiogenic marker. Also consistent with the notion that MPTP produces
angiogenesis were the marked increases in the number of vWF profiles in the SN (Fig 3).
Although the time from MPTP exposure to sacrifice was only 4 days, previous studies
demonstrated that new vessels can form within 24 hours (Baluk et al., 2004; Chavakis et al.,
2002). We also observed MPTP-induced reductions in expression of ZO-1 (Fig 5), a marker
for tight junctions needed for BBB integrity (Kniesel and Wolburg, 2000). Maturing vessels
do not exhibit intact tight junctions and angiogenic changes in brain were associated with
reductions in ZO-1 in diabetic animals (Li et al., 2010). Moreover, high magnification
photomicrographs of FITC-LA stained vessels exhibited reductions in ZO-1 consistent with
angiogenic changes (Fig 6). Finally, previous studies reported angiogenic changes in animal
models of PD (Barcia et al., 2005; Faucheux et al., 1999). Although it is clear that additional
studies are needed to verify the presence of angiogenesis in toxin induced models of PD, the
studies presented here strongly suggest its likelihood. Whether or not the TH-ir cell loss and
increase in Iba1-ir cells indicative of DA neuron loss and neuroinflammation, respectively,
following MPTP were merely associated with or a consequence of this angiogenesis requires
further study. However, the results from the MPTP/cyRGDfV treated mice suggest that
angiogenesis does participate in the effects of MPTP, and that preventing angiogenesis may
be neuroprotective.

Administering cyRGDfV, a molecule similar to Cilengitide (Kawaguchi et al., 2001) that is
currently in clinical trials as an anti-angiogenic, one day following MPTP treatment
produced a dramatic attenuation of TH-ir cell loss (Fig 8). This suggests that preventing
angiogenesis with cyRGDfV prevented DA neuron loss. However, it is possible that
cyRGDfV simply interfered with the ability of MPTP to enter brain or alternatively,
prevented the active metabolite of MPTP, 1-methyl-4-phenylpyridinium (MPP+), from
entering DA neurons. However, studies using 3H-MPTP indicated that it entered the brain
and was converted in astrocytes to MPP+ within minutes and that this metabolite was taken
up by dopaminergic cells where it accumulated over a period of hours (Lyden et al., 1985;
Speciale et al., 1998). Another study indicated that MPTP is cleared from the brain,
necessitating hourly injections (Nwanze et al., 1995) while another study demonstrated that
MPTP and MPP+ were almost completely cleared from the brain within 24 hours (i.e., 10%
of initial levels remaining; (Zhang et al., 2008). Since we injected animals with cyRGDfV
on the day after the first MPTP injection, it is highly unlikely that cyRGDfV directly
interfered with MPTP or its metabolite. Moreover, cyRADfV, which is structurally very
similar to cyRGDfV, did not prevent the MPTP-induced TH-ir cell loss similarly suggesting
that structural interference with MPTP or MPP+ was not responsible for the prevention
effect. However, it is also possible that cyRGDfV treatment interfered with expression of
TH since this was used as a marker for DA neurons. This seems unlikely since Sal/
cyRGDfV exhibited normal numbers of TH-ir cells (Table 1 and Fig 8). Likewise, MPTP
treatment may have reduced expression of TH without killing DA neurons, since TH was
used as a marker for DA neurons (i.e., so-called phenotypic suppression; (Bowenkamp et al.,
1996), and cyRGDfV simply enhanced TH expression. We therefore performed Nissl
staining in the SNpc in the same sections used for the TH-ir cell counting to determine if
actual TH-ir cell loss was occurring. Overall, there were no statistically significant changes
in the number of Nissl stained cells (Table I, Fig. 8). A non-significant decrease of 8% in the
number of Nissl stained cells was observed in the MPTP/Sal group similar to the 9% loss of
Nissl stained cells in a previous study (Turmel et al., 2001); but, Nissl stained cells did not
increase. Thus, if TH had been simply suppressed in dopaminergic cells by treatment, they
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would have stained for Nissl and the Nissl cell counts would have increased. Since this did
not occur, it is very likely that cyRGDfV actually prevented the loss of DA neurons
normally produced by MPTP. Taken together, these data strongly suggest that the complete
attenuation of TH-ir cell loss produced by cyRGDfV in MPTP treated animals was a
consequence of its binding to αvβ3.

Consistent with a role for αvβ3 in the observed effects, treatment with cyRGDfV, but not
cyRADfV, prevented the up-regulation of β3 integrin in MPTP treated mice (Fig 1).
Similarly, cyRGDfV, but not cyRADfV, also prevented the MPTP-induced FITC-LA
leakage into brain parenchyma (Fig. 2). Both of these findings suggest that cyRGDfV
prevented angiogenesis by binding to αvβ3 and stabilizing the BBB. Unfortunately,
cyRGDfV also targets another αv containing integrin, αvβ5 (Friedlander et al., 1995). Like
integrin αvβ3, expression of integrin αvβ5 is also dramatically increased on the endothelial
surface during angiogenesis. Thus, cyRGDfV's anti-angiogenic effects may be the result of
blocking either αvβ5 and/or αvβ3 mediated attachments. Blocking either integrin receptor is
therefore still consistent with a role for angiogenesis in DA neuron loss. However,
cyRGDfV may also have a direct effect on microglia, as microglia also express αvβ5 along
with a host of other integrin receptors (Milner, 2009). Indeed, cyRGDfV prevented increases
in Iba1-ir cells and largely attenuated the activation of microglia (Table I and Fig 7)
suggesting that the effects observed here could have been a consequence of preventing the
microglial activation that normally accompanies MPTP treatment. Indeed, we and others
have shown that preventing microglial activation can prevent DA neuron loss following
neurotoxin exposure (Chung et al., 2010a; Zhao et al., 2007) and a direct effect of cyRGDfV
on microglia therefore cannot be ruled out.

Close examination of the microglia in the MPTP/cyRGDfV treated mice (Fig 7) revealed
that some of the cells exhibited phenotypic changes indicative of activation (i.e., larger cell
bodies with thicker processes) although most were similar to the thin, highly branched, small
cell body microglia characteristic of quiescent cells (Kreutzberg, 1996). If cyRGDfV
directly blocked αvβ5 receptors on microglia and reduced their activation, then
neuroinflammatory cytokines including TNF-α and IL-1, which are also angiogenic (Sethi et
al., 2008; Voronov et al., 2007), would have been reduced as well preventing the initiation
of angiogenesis. However, this may not be the case given the vWF data.

It was clear that the numbers of vWF vessels were increased in MPTP/Sal and MPTP/
cyRADfV treated mice indicating new vessel formation (Fig 3). However, MPTP/cyRGDfV
mice exhibited similar increases in vWF. If cyRGDfV is anti-angiogenic, how could there be
increases in vessel numbers? One possible explanation is that cyRGDfV was given too late
after MPTP. Thus, cyRGDfV was given the day after MPTP and new vessel growth may
have already been initiated, consistent with the findings of Baluk et al. and Chavakis et al.
who demonstrated that initial vessel growth can be seen within one day of stimulation
(Baluk et al., 2004; Chavakis et al., 2002). Thus, cyRGDfV did not stop the angiogenesis
that was underway, but may have changed the characteristics of the vessels. This is
consistent with the notion that anti-angiogenic treatments were initially devised to “starve
the tumor,” but in practice they may be most effective in the normalization of the
vasculature (Jain, 2005). While high doses may remove some immature vessels, anti-
angiogenic treatment allows for the further development of immature vessels as evidenced
by increased pericyte association and reduction in edema and interstitial pressure with better
oxygenation (Tong et al., 2004; Winkler et al., 2004). In fact, an angiogenesis inhibitor was
shown to restore the BBB in a mouse glioblastoma model (Claes et al., 2008) and in a
middle cerebral artery occlusion model of stroke (Shimamura et al., 2006). It is quite
possible that we did not have cyRGDfV onboard at an early enough time, or at a high
enough dose to block the initial burst of angiogenic activity responsible for the increase in
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vessel number. However, cyRGDfV likely dampened the angiogenic activity and allowed
the vessels to mature stabilizing BBB function and reducing downstream inflammatory
process. At this point, we do not have definitive data to determine if the neuroprotective
effects of cyRGDfV on DA neurons is through an anti-angiogenic mechanism that stabilizes
BBB function, indirectly affecting microglia, or if it is a direct effect of cyRGDfV on
microglia activation. To rule out cyRGDfV's direct effect on microglia we plan to examine
other angiogenic inhibitors in the future (e.g., anti-VEGF) to determine if the effects
observed here are a class effect of anti-angiogenics or unique to cyRGDfV.

cyRGDfV also prevented the MPTP-induced reductions in ZO-1. Although FITC-LA has
been widely used as an index of barrier integrity, it could be transported into brain (e.g.,
caveolae). If indeed MPTP was compromising barrier integrity and allowing entry of FITC-
LA, then the tight junction protein ZO-1 would also be down-regulated or rearranged from
its normal continuous pattern between endothelial cells (Beauchesne et al., 2009; Bennett et
al., 2010; Chen et al., 2008). ZO-1was examined first in the circumventricular region of the
hypothalamus, an area that lacks the BBB. In the circumventricular region of the
hypothalamus, there was reduced ZO-1-ir (Fig 4) that corroborated our prior observations of
diffuse FITC-LA leakage in this area (Zhao et al., 2007). In addition the halo of ZO-1-ir
described by Petrov and colleagues (Petrov et al., 1994) was evident, reflecting no barrier
adjacent to the third ventricle as expected with increasing ZO-1-ir away from the ventricle
reflecting an intact barrier. In contrast, normal ZO-1-ir was observed in the hippocampus
and was highly co-localized with FITC-LA filled vessels independent of treatment (Fig 4).
The fact that MPTP treatment did not alter these patterns of immunoreactivity in either area
suggests that ZO-1-ir is indeed indicative of BBB integrity.

In MPTP/Sal and MPTP/cyRADfV mice exhibiting FITC-LA leakage, ZO-1-ir was
markedly reduced (Fig 5). The FITC-LA and ZO-1 co-localization images also indicated
that the ZO-1-ir was discontinuous and sometimes missing from the MPTP/Sal and the
MPTP/cyRADfV conditions suggesting down-regulation or reorganization (Fig 6). In taking
these images, we chose not to focus on the obvious areas of FITC-LA leakage. Aside from
the fact that the vessels were hard to define in leakage areas, the goal was to determine if
there was a more wide-spread dysfunction of the BBB rather than an overt breach. This is
particularly relevant since not all groups have observed overt barrier compromise in animal
models of PD (Astradsson et al., 2009) and no human study has observed overt leakage in
imaging studies. Thus, failure to observe leakage does not mean that the BBB is normal
since neuroinflammation may induce alterations in tight junctions as well as alterations in
expression of other endothelial cell proteins that are necessary for normal function.
Regardless, cyRGDfV protected the down-regulation/reorganization of ZO-1 in MPTP
treated animals (Figs 5 and 6) consistent with the hypothesis that it prevented angiogenesis,
the associated effects on ZO-1 expression, and the barrier compromise in areas where the
BBB was actually breached. These effects are consistent with an anti-angiogenic
mechanism.

Unfortunately, the acute intoxication animal models of PD do not necessarily mimic the
progressive nature of PD. If angiogenesis and its associated barrier dysfunction were to
become chronic, it could contribute to disease progression. Prolonged neuroinflammation
would be associated with continued production of pro-angiogenic factors including
cytokines as well as VEGF which is increased in the SN and striatum of PD patients (Wada
et al., 2006; Yasuda et al., 2007). The chronic effects of VEGF up-regulation have been
studied in the context of tumor biology. Here prolonged exposure to VEGF can lead to
pathological angiogenesis, where the vessels are continuously leaky, lack pericytes and raise
interstitial pressure, preventing the efficient delivery of oxygen and nutrients (Nagy et al.,
2008). Since hypoxia can drive the production of VEGF (Kenneth and Rocha, 2008), this
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sets up a feed forward loop perpetuating the pathological angiogenesis. The resulting
dysfunctional barrier could then allow entry of peripheral vascular elements including toxins
and adaptive immune elements that have been shown to contribute to DA neuron loss
(Brochard et al., 2009). If this were the case, the use of anti-angiogenic drugs that are
already approved by the FDA (e.g., the anti-VEGF drug, Avastin) or in phase III clinical
trials (e.g., Cilengitide) might be useful in slowing PD progression.
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Research highlights
> MPTP, an agent that induces dopamine neuron loss in a mouse model of PD also
induces angiogenesis > an angiogenesis inhibitor, cyRGDfV, blocks the up regulation of
the β3 integrin, a marker of angiogenesis > cyRGDfV also reduced BBB dysfunction by
blocking MPTP effects on vessel leakage and tight junction protein ZO-1. > cyRGDfV
also reduced MPTP effects on microglia activation and dopamine neuron loss
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Figure 1.
Representative photomicrographs of β3 immunoreactivity in the substantia nigra of mice
from the four treatment groups (scale bar = 100 μm). A representative higher magnification
photomicrograph (scale bar = 20 μm) from an MPTP/Sal mouse reveals that the β3-ir was
confined to vessels.
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Figure 2.
Representative photomicrographs of FITC-LA (green) and β3-ir (red) in the substantia nigra
from the four treatment groups. Note in the merged figures that the β3 is generally co-
localized in the center of areas of FITC-LA leakage suggesting a relationship between β3
up-regulation and leakage. (scale bar = 100 μm)
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Figure 3.
Stereological counts of von Willebrand factor (vWF) immunoreactive vessels in the
substantia nigra from the four treatment groups (n=4/group). (Dunnett post hoc; ** =
p<0.01)
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Figure 4.
Representative fluorescence photomicrographs of ZO-1 immunoreactivity in the
hypothalamus and hippocampus of saline treated controls (left) and MPTP treated mice
(right). The third ventricle is outlined. Note the characteristic halo effect around the ventricle
where the BBB is absent (scale bar = 100 μm). In the hippocampus, note the extensive co-
localization of ZO-1-ir on FITC-LA filled vessels (scale bar = 20 μm)
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Figure 5.
Representative fluorescence photomicrographs of ZO-1 immunoreactivity in the SN of the
four treatment groups. (scale bar is 100 μm)
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Figure 6.
Representative fluorescence photomicrographs of FITC-LA vessels (green) and ZO-1
immunoreactivity (red) in the SNpc of the four treatment groups. Note the reduction in
ZO-1-ir co-localization in the MPTP/Sal and MPTP/cyRADfV merged images and apparent
areas where there is no ZO-1-ir on a FITC-LA filled vessel (arrows). (scale bar = 20 μm)
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Figure 7.
(A) Representative low-power (top row; scale bar = 100 μm) and higher power (bottom row;
scale bar = 20 μm) photomicrographs of Iba1-ir cells in the SN of the five treatment groups.
Note the larger cell bodies and thicker process indicative of microglial activation in the
MPTP/Sal and MPTP/cyRADfV groups compared with controls. (B) Stereological Iba1-ir
cell counts from the SN of the five treatment groups (n=5/group). (Tukey-Kramer post hoc *
= p < 0.05)
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Figure 8.
(A) Representative low-power (top row; scale bar = 100μm) and higher power (bottom row;
scale bar = 20 μm) photomicrographs of TH-ir cells in the substantia nigra of the five
treatment groups. (B) Stereological TH-ir and Nissl cell counts expressed as their respective
% of Sal/Sal treated means (± SEM) in the five treatment groups (n=5/group). (Tukey-
Kramer post hoc *** = p < 0.001)
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Table 1
Cell Counts in SN† (mean ± SEM)

Treatment Iba1-ir
(microglia)

TH-ir
(DA neurons)

Nissl
(all cells)

Sal/Sal 3265 ± 458 11279 ± 537 44044 ± 2294

MPTP/Sal *5972 ± 530 ***7601±801 40377 ± 1847

MPTP/cyRGDfV 3483 ± 237 11834 ± 608 43495 ± 3392

MPTP/cyRADfV *5437 ± 475 ***7535 ± 580 41881 ± 2050

Sal/cyRGDfV 2562 ± 479 11310 ± 605 44562 ± 4094

*
= p < 0.05,

***
= p < 0.001, Tukey-Kramer post hoc

†
TH-ir and Nissl counts were limited to the SNpc
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