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Abstract

T-lymphocytes have been previously implicated in protecting dopaminergic neurons in the
substantianigra from induced cell death. However, the role of T-cells in neurodegenerative models
such as Parkinson’s disease (PD) has not been fully elucidated. To examine the role of T-
lymphocytes on motor behavior in the 6-hydroxydopamine (6-OHDA) unilateral striatal partial
lesion PD rat model, we assessed progression of hemi-parkinsonian lesions in the substantia nigra,
induced by 6-OHDA striatal injections, in athymic rats (RNU—-/-, T-lymphocyte-deficient) as
compared to RNU-/+ rats (phenotypically normal). Motor skills were determined by the cylinder
and D-amphetamine sulfate-induced rotational behavioral tests. Cylinder behavioral test showed
no significant difference between unilaterally lesioned RNU-/- and RNU-/+ rats. However both
unilaterally lesioned RNU-/- and RNU-/+ rats favored the use of the limb ipsilateral to lesion.
Additionally, amphetamine-induced rotational test revealed greater rotational asymmetry in RNU
—/- rats compared to RNU-/+ rats at two- and six-week post-lesion. Quantitative
immunohistochemistry confirmed loss of striatal TH-immunopositive fibers in RNU-/- and RNU
—/+ rat, as well as blood-brain-barrier changes associated with PD that may influence passage of
immune cells into the central nervous system in RNU-/- brains. Specifically, GFAP
immunopositive cells were decreased, as were astrocytic end-feet (AQP4) contacting blood
vessels (laminin) in the lesioned relative to contralateral striatum. Flow cytometric analysis in 6-
OHDA lesioned RNU-/+rats revealed increased CD4+ and decreased CD8+ T cells specifically
within lesioned brain. These results suggest that both major T cell subpopulations are significantly
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and reciprocally altered following 6-OHDA-lesioning, and that global T cell deficiency
exacerbates motor behavioral defects in this rat model of PD.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that is most common
in patients over 65 years old, occurs in approximately 2 out of 1,000 people in the western
hemisphere. PD is characterized by the progressive loss of midbrain dopamine neurons in
the substantianigra, which causes motor dysfunction amongst other disorders. There is no
cure for this disease currently, and dopamine replacement therapy has shown little efficacy.
There has been growing evidence that adaptive immunity may play a role in PD progression
as well as other neurodegenerative disorders including Alzheimer’s disease. In
neurodegenerative diseases, the adaptive immune response may provide antigen-specific
neuroprotection critical for brain repair. T cells act as the mediators of adaptive cellular
immunity, allowing the body to mount increasingly potent responses to antigens of infected,
transformed, or damaged self-cells with each encounter. A current debate in PD centers
upon whether and how the adaptive immune response is involved in PD etiology and/or
progression. Recent reports using MPTP mouse models for PD have suggested that CD4 T
cells may either be protective, or promote PD-like motor behavioral symptoms. However,
the exact role of T cells in aggregate (i.e., as they normally co-exist) has not been elucidated
[1,2].

One possibility is that adaptive cellular immunity impairs brain tissue regeneration and
health in PD patients. Neuroinflammation including reactive gliosis invariably found
following brain injury/insult, is associated with PD pathogenesis and progression. The
presence of reactive microglia in the substantianigra (SN) of PD patients [3], elevated levels
of cytokines in striatum and dopaminergic neurons [4], and increases in T cell levels in the
PD patients’ blood [5] are consistent with the view that T cells contribute to PD progression.

It has also been reported that PD patients have decreased circulating helper T cells (CD4+),
while cytotoxic T cells (CD8+) are unchanged or slightly increased relative to controls [6].
Furthermore, these diminished CD4+ T cells exhibited decreased Fas expression, increased
susceptibility to apoptosis [7], and increased responsiveness to nitrated-alpha-synuclein,
suggesting altered responsiveness to PD-associated protein antigen [8]. Together, this
suggests altered CD4+ T cell function in particular in PD patients. Regulatory CD4+ T cells,
which can inhibit both CD4+ and CD8+ T cell responses, have been suggested to protect SN
dopaminergic neurons from MPTP-induced cell death mice [2,8,9]. One way this could
occur is by inhibiting detrimental activity of effector T cells. Indeed, CD4+ but not CD8+ T
cells are required for MPTP-induced neurodegeneration in mice [2], as was FasL but not
IFN-a expression, implicating T effector functions. Nevertheless, distinct models of PD may
be differentially impacted by T cell subpopulations.

One way T cells could impact PD-like symptoms is by altering the transit of T cells across
the blood-brain barrier (BBB) independent of their antigen reactivity, which might also
serve to enhance the extravasation of activated T cells reactive against but normally
sequestered from normal brain components. Consistent with this, changes in the blood-brain
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barrier (BBB) that could affect T cell trafficking within the central nervous system (CNS)
have been observed in neurological disorders [10]. The BBB is composed of a network of
astrocytic end-feet closely associated with endothelial cells that form CNS blood vessels
[11-14]. Recently, several studies demonstrated alterations in the BBB utilizing animal
models of PD [15-21]. However, whether and how BBB is structurally compromised in
animal models of PD, and any association with T cell status, has not been elucidated.

The role of T cells in disease processes generally has been widely studied in rodents
harboring a mutant Foxnl gene, in which all T cells are reduced or absent. For example,
Rowett rats, designated RNU—/-, are homozygous for a recessive mutant Foxnl gene and
exhibit a substantial reduction in all mature T cells. By contrast heterozygous RNU-/+ rats
are phenotypically normal with a full complement of functional T cells. RNU-/- rats also
exhibit potentially compensatory increases of systemic natural killer (NK) cells and
macrophages that could complicate interpretations of immune cell involvement in studies
that use them. In this context, NK cells are not typically present in large numbers in brain,
but microglia constitute a unique subpopulation of resident macrophages that enter and
persist in brain early in blood cell development. Indeed, microglial activation occurs in PD
and its rodent models. Nevertheless, we justified studying the effects of 6-OHDA toxin
administration in RNU-/- rats to determine the role of T cells in PD, because microglial
activation in this PD model is transient, dependent on physical injection rather than 6-
OHDA itself, and follows rather than precedes neuronal loss, all suggestive of a non-
causative and toxin-independent reaction to injury [22]. We thus included analysis of time
points beyond peak microglial activation in this model as well, to further ensure minimal
impact by microglia.

In this study, we stereotactically administered the neurotoxin, 6-hydroxydopamine (6-
OHDA) unilaterally into the striatum of outbred Rowett rats to induce PD-like lesions of the
nigrostriatal dopamine system. 6-OHDA is a hydroxylated analog of dopamine, which is
selectively taken up by the dopamine transporter (DAT) in dopaminergic neurons of the SN
that project to the striatum. Local administration of 6-OHDA is a well-established method to
induce neuropathological and neurochemical changes similar to those seen in PD patients
[23]. We have chosen to use this model instead of the MPTP model because it allows
comparison of the contralateral hemisphere (non-lesioned) to the lesioned hemisphere within
the same animal, to determine if there are differences in T cell content or quality within
lesioned and non-lesioned brain. In addition, it provides a separate PD model in which to
examine the role of T cells independent from those previously examined.

We demonstrate by flow cytometry that CD4+/CD8+ T cell ratio in brains of 6-OHDA.-
lesioned immunocompetent rats compared to unlesioned controls is increased, which differs
from findings in previous studies, but is consistent with a role for T cells in disease
progression. In order to determine this role, we examined lesion severity and behavior in
homozygous Rowett (RNU-/-) rats Behavioral tests confirmed that, after 6-OHDA
lesioning, both RNU—-/-and RNU-/+ rats favored use of the limb ipsilateral to the lesion by
the cylinder test. Nevertheless, rotational tests revealed greater rotational asymmetry in 6-
OHDA lesioned RNU-/- compared to RNU—/+rats, despite equivalent loss of striatal TH-
immunopositive fibers induced by 6-OHDA 4- and 8-weeks post-lesion. This suggests an
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overall benefit of host T cells on motor function retention and/or recovery in this model.
Furthermore, a histological examination of BBB structural integrity at 4-weeks post-lesion
in RNU-/- rats demonstrated a marked reduction in the interaction of astrocytic end-feet on
blood vessels, highlighting a possible role for BBB structural disintegration in altering
immune cell traffic into lesions, and resulting in reduced CNS repair.

Materials and Methods

Animals and Surgical Procedures

Ethics Statement—All animal experiments were conducted in accordance with policies
set by the Institutional Animal Care and Use Committee (IACUC) in Cedars-Sinai Medical
Center (CSMC) and by NIH guidelines, CSMC IACUC protocol number 2049. Thirty-two,
three month old, female rats of the HSD:RH-FOXNL1 strain, Rowett nudes (RNU) were
housed two to a cage with free access to rat chow and water under a 12:12 hour light-dark
cycle (Harlan, Indianapolis, Indiana, USA). Phenotypically hairless rats that are
homozygous (Nude) for the recessive mutant allele Foxnl, are athymic and have a
deficiency in T-lymphocytes, whereas heterozygous rats (Het) retain a full complement of
T-lymphocytes. All surgical procedures were performed under ketamine hydrochloride (80
mg/kg) and xylazine (10 mg/kg) anesthesia. Animals were mounted on a stereotactic
apparatus (Kopf Instruments, Tujunga, CA, USA) that supports the animals’ mouth and ears
for all intrastriatal injections. Eight Nude and eight Het animals each received three 2 pL
injections of 3.5 pg/ul of 6-OHDA (Sigma-Aldrich Co., St. Louis, MO) dissolved in 0.05%
L-ascorbic acid in 0.9% Dulbecco’s Phosphate Buffered Saline (PBS; Invitrogen
Corporation, Carlsbad, California) into the Three 7-mg deposits of 6-OHDA were injected
into the right lateral caudate—/+putamen (CPu). To minimize the variability of lesion caused
by degradation of the toxin, the 6-OHDA was stored in the dark at —20°C and freshly
prepared prior to surgery. Once made, 6-OHDA was kept on ice, protected from light and
monitored for oxidation. To serve as a surgery control, eight Nude and eight Het animals
received three intrastriatal 2ul injections of 0.05% ascorbic acid in 0.9% PBS to the right
striatum of equal volume. A 10 pL Hamilton microsyringe fitted with a 26-gauge steel
cannula was used to perform injections. All striatal injection were given at a rate of the rate
of 1 uL per minute and the cannula was left in place for an additional two minutes before
retraction of the needle from the animal. Relative to bregma and ventral to the dura with the
tooth-bar set at 0 mm, the following lesion coordinates in the anterior-posterior (AP),
medial-lateral (ML), and dorsal-ventral (DV) axes were used for each of three sites: (1) AP
1.0, ML -3.0, DV -5.0; (2) AP -0.1, ML -3.7, DV -5.0; and (3) AP -1.2, ML -4.5, DV
-5.0. Dose and coordinates were selected based on prior research [24].

After striatal delivery of the 6-OHDA, the wound was closed with wound clips and animals
were given subcutaneous injections of 2 mL of PBS in order to prevent dehydration and
subcutaneous injections of 1 mL of carprofen (5 mg/kg) for post-operative pain
management. Animals were kept under a heat lamp and a thermal blanket before and after
surgery in order to maintain body temperature. When animals began to recover, animals
received 0.15 cc of subcutaneously buprenorphine (0.5 mg/kg). Early and late analysis time
points 4 weeks apart were chosen to determine if there was any progression in motor
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dysfunction and/or pathology, with late times further justified minimizing the impact of
transient neuroinflammation.

Behavioral Analysis

Open field test: The open field test was conducted on RNU—-/- and RNU-/+ rats prior to
surgery and the D-amphetamine sulfate induced rotational test in order to determine whether
or not RNU-/- and RNU-/+ rats respond differently to amphetamine D-amphetamine
sulfate. The open field test consists of a square arena (60 cm x 60 cm) enclosed in a
Plexiglas chamber with 50 cm high walls (San Diego Instruments, San Diego, CA). Equally
spaced photobeams (8 cm x 8 cm) with directly opposed photosensors were projected four
inches off the floor. Behavioral activity was quantitatively and automatically measured by
the number of parallel light beams that were intercepted by the animal in the field. When
two adjacent light beams were intercepted (scored as single light beam breaks), the animal
was deemed to have actively engaged in locomotor activity, as opposed to passive motor
activity (e.g. stationary movement). Rats are assessed during a habituation (baseline) period
of 30 minutes and are assessed for total ambulatory locomotion for an additional 120
minutes after intraperitoneal injection of D-amphetamine sulfate (2.5 mg/kg; Sigma-Aldrich,
St. Louis, MO).

D-amphetamine sulfate induced rotational test: At two and six weeks post-surgery,
animals that received intracranially injections of 6-OHDA or saline were monitored for
rotational behavior. Beginning at 8:00 AM and after thirty minutes of habituation to the
testing environment, rats were placed into a clear, Plexiglas cylinder 35 cm in diameter and
50 cm in height. Rats were placed in a wire harness with a rotary encoder that did not restrict
movement (AccuScan Instruments Inc., Columbus OH, USA) and were allowed to habituate
to the chamber. Animals were monitored for spontaneous rotation for fifteen minutes and
then weighed and given a subcutaneous injection of D-amphetamine sulfate at a dose of 2.5
mg/kg (Sigma-RBI, St. Louis, MO). Rotational asymmetry was monitored for ninety
minutes. Net rotational asymmetry score is expressed as 360° turns per min. Rotations
ipsilateral to the lesioned were counted as a positive value, while rotations towards the
contralateral side of the lesion were counted as a negative value. For analysis, animals
treated with 6-OHDA were normalized to their saline controls.

Cylinder test: At four weeks and eight weeks post-surgery (2 weeks after prior testing to
ensure minimal impact by drug and/or stress) forelimb akinesia and postural abnormalities
that result from lesions of the basal ganglia were assessed using the cylinder test as
described by Schallert et al. [25]. The cylinder test assesses rat preference in forelimb choice
while rats support their body against the walls of a cylindrical enclosure as they explore the
novel environment. Animals were individually placed in a transparent cylinder 25 cm in
diameter and 30 cm in height. The testing room remained dark, while the Plexiglas cylinder
was illuminated to aid in video recording and to stimulate the animal into exploration. The
test was performed between 9:00 and 13:00 hours, and there was no prior habituation to the
cylinder prior to filming. The weight bearing forelimb touches were recorded and a total of
20 touches were recorded for each animal (5—/+7 minutes). Mirrors were placed behind the
cylinder at a 45° angle to allow for all forelimb touches to be visible to the observer. If the
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animal showed little interest in exploring the cylinder, the animal was briefly removed from
the apparatus for 30 seconds, and then, replaced according to [26]. The cylinder test was
filmed to allow for weight bearing paw touches (i.e. full apposition of the paws with open
digits to the cylinder walls) to be validated by several observers. The values were expressed
as the percentage of right, left or both forelimb touches over the total number of forelimb
placements. Non-surgical animals were used as a control to ensure that no inherent forelimb
preference existed.

In-Situ Analysis

Animal perfusions: Immediately following the final behavioral tests, animals were deeply
anesthetized with ketamine and xylazine and thoracic cavity was opened with sharp scissors,
exposing the heart and ascending aorta. An 18-gauge needle secured to vacuum container
collection tubing was inserted through the left ventricle. Animals were slowly perfused with
cold PBS at room temperature until blood vessels were cleared. Animals were then perfused
with 250 ml of ice cold, 4 % paraformaldehyde (PFA/0.1M PBS). Animals were
decapitated, and brains removed.

Immunohistochemistry: Brains were placed in cold, 4% PFA in PBS for two hours at 4°C.
Subsequently, brains were sunk in 30% sucrose and 1.25% PFA/PBS at 4°. Free-floating
brain sections from the striatum and substantianigra of each treatment group were sectioned
with a microtome at 40 um thickness and rinsed in 0.1 M phosphate buffer (PB). Sections
were permeabilized with 0.1% Triton-X and blocked with 5% normal goat serum (Sigma-
Aldrich Co., St. Louis, MO) in 0.1 M PB for thirty minutes at room temperature. Sections
were incubated overnight at 4°C with a single or triple combination of primary antibodies.
The following primary antibodies were used in this study: mouse monoclonal or rabbit
affinity-purified anti-TH antibody (1:1000, Chemicon International Inc., Madrid, Spain and
Pel-Freez, Rogers, AK), rabbit polyclonal anti-glial fibrillary acidic protein (GFAP)
antibody (1:100, Dako, Denmark), mouse monoclonal MRC OX-42 antibody against the rat
equivalent of human CD11b (1:100, AbDSerotec), mouse monoclonal MRC OX-6 antibody
against major histocompatibility complex (MHC) class Il (1:200, Abcam Inc., Cambridge,
MA), rabbit polyclonal anti-aquaporin 4 (AQP4) antibody (1:200, Chemicon International
Inc., Madrid, Spain), and a chicken polyclonal antibody against laminin (1:200, Abcam Inc.,
Cambridge, MA). All antibodies were diluted in 0.5 mL blocking solution. Primary
antibodies were detected with fluorescein (FITC)-conjugated donkey anti-chicken (Jackson
Immunoresearch Laboratories, Inc., West Grove, Pennsylvania), Alexa Fluor 568 goat anti-
rabbit, and Alexa Fluor 647 rabbit anti-mouse secondary antibodies (Invitrogen Corporation,
Carlsbad, CA), diluted 1:200 in 0.1 M PB, for one hour at room temperature in the dark.
Subsequent washes were performed in 1 mL of 0.1 M PB for five minutes. Sections were
counterstained with TO-PRO-3 iodide (Invitrogen Corporation, Carlsbad, CA) in 1 mM of
dimethyl sulfoxide or 4’,6-diamidino-2-phenylindole (DAPI) to label all nuclei. Sections
were mounted on Superfrost plus slides (Fisher, USA) with the aid of a sable brush and
coverslipped in an aqueous mounting medium (Biomeda Corporation, Foster City, CA).

Quantification of TH+ immunor eactive area of dopaminergic heuronsin rat SN and
Striatum: Total areas of TH+-immunoreactivity were determined from 3-4 coronal rat
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brain sections for each animal, 30 um thick, with intervals of 150 um, over an area covering
the substantianigra region and the dorsal lateral striatum. For the striatum, free-floating
sections were pretreated for 30 minutes at room temperature with 0.3% H,0, to block
endogenous peroxidase activity, washed three times with PBS, blocked with blocking
solution (5% normal goat serum (Sigma-Aldrich Co., St. Louis, MO) for 1 hr at room
temperature. Sections were incubated overnight at 4°C with primary antibody: affinity-
purified anti-TH antibody (1:1000, Chemicon). The sections were then washed three times
with PBS and incubated for 1 hour at RT with biotinylated horse anti-mouse secondary
antibody (1:200) and subsequent incubation with avidin-biotin-peroxidase complex (ABC-
Elite kit, Vector Laboratories). After washed three times with PBS, the reaction was
visualized with 0.02% diaminobenzidine for 8 min (DAB, DAKO Liquid DAB Substrate
Chromogen System). The mounted sections were dehydrated in graded ethanol solutions and
embedded in DePeX mounting medium (Sigma). DAB immunoreactivity was quantified
using NIH Image | software (National Institutes of Health, USA) using a standardized
histogram-based threshold technique [27].

Fluorescence-specific signals within the SN were captured using confocal microscopy
(Leica, USA; specified below) with the same exposure time for each image. At least 3 serial
sections from >3 individual brains per group were analyzed, with inadequately stained
sections (<50 contralateral TH+ cells) excluded from the analysis. Optical sections from
each field of the specimen were imported into and analyzed using the NIH Image J software
(National Institutes of Health, USA). Immunoreactivity was determined using a standardized
histogram-based threshold technique [27]. In addition, cells that were positively labeled
were individually counted using the Image J native counter using grid size 70,000, and
average cell counts were compared and analyzed across all experimental groups.

Microscopy: Images were obtained using an upright fluorescent microscope (Axioskop2,
Carl Zeiss, Microlmaging Incorporated, Thornwood, NY), a laser-scanning confocal
microscope (Leica Microsystems, Wetzlar, Germany) and/or a spinning-disc confocal
microscope (PerkinElmer, Waltham, MA). Image analysis was conducted with the use of
Zeiss LSM 510 and Volocity 2.0 and Adobe Photoshop software.

Statistical analysis: Results are expressed as means —/+ standard error of the mean (SEM.)
Cylinder test and rotational behavior were analyzed using T-test and post-hoc analysis. P-
values less than 0.05 were considered statistically significant (*P <0.05; ***P = 0.0001
determined by one-way ANOVA or two-tail paired t-test). Prizm software was used for all
statistical analysis and graph presentations.

6-OHDA Effects on striatal TH-positive neurons in the substantia nigra

To verify effective lesioning at the cellular level, we examined the extent of dopaminergic
neuronal degeneration in the SN and striatum induced by 6-OHDA by TH-
immunohistochemistry for both short-and long-term survival of RNU-/- and RNU-/+rats
(i.e. 4 and 8 weeks post-surgery, respectively) (Figure 1A and 1B). The total number of TH-
positive cells within the SN of RNU-/-and RNU—-/+rats was further assessed quantitatively

J Neurol Neurophysiol. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wheeler et al.

Page 8

in 6-OHDA and saline controls (Figure 1C). Overall numbers of contralateral SN TH
immunopositive cells were comparable between 6-OHDA-lesioned and saline-injected
controls (244+30 and 201+186, respectively; P = 0.36), whereas a large reduction was evident
in the lesioned 6-OHDA SN of both RNU-/- (hot shown) and RNU—/+rats (Figure 1C).
Moreover, although most TH+ cells were retained inipsilateral SN of saline controls
(125+21=63% of contralateral; not shown), significantly fewer were retained in ipsilateral
SN of 6-OHDA-lesioned rats (45+18 = 18% of contralateral; Figure 1C; P = 0.02 relative to
saline group). No significant differences were observed in midbrain DA TH immunopositive
cells by IHC between RNU—-/- and RNU-/+ brains, providing a level of validation of
behavioral tests that indicated comparable lesioning in both rat strains (not shown). We also
sought to quantify the amount of striatal TH immunopositive fibers in both the lesioned and
contralateral striatum in RNU—-/- and RNU-/+ (Figure 1D-F). While we observed a
significant reduction of TH immunopositive striatal fibers in the lesioned striatum as
compared to the contralateral striatum we found no significant difference in the reduction of
these fibers between RNU-/- and RNU—-/+ rats (Figure 1E, F).

Attenuated recovery from Forelimb Asymmetry after unilateral 6-OHDA partial lesion of
the nigral-striatal dopaminergic pathway in athymic rats. There are several behavioral tests
to measure movement impairments in PD animal models [23,28,29]. We chose the D-
amphetamine induced rotational behavior test to detect unilateral defects in DA neuronal
activity, and the cylinder test, which quantifies the number of times rats use each of their
forepaws to explore a cylinder. Each of these tests were performed at two time points after
lesioning to examine potential progression or recovery of asymmetric motor behaviors in the
presence or absence of T cells. Intrastriatal saline delivery was used to control for the
injection in both RNU-/-and RNU-/+ rats and non-surgery controls were used as baseline.

The cylinder test was performed at four and eight weeks post 6-OHDA lesioning. At four
weeks the cylinder test revealed no significant differences in forelimb use between RNU-/-
and RNU-/+ rat saline control groups and non-surgery controls (Figure 2). 6-OHDA
lesioned RNU—-/- and RNU-/+ rats, however, both exhibited a preference to use the
forelimb ipsilateral to the lesion (i.e. the right forelimb) as compared to saline control groups
(Figure 3), with no significant difference in right paw use observed (Figure 3). At eight
weeks post-surgery, both RNU-/- and RNU-/+ rats with 6-OHDA lesions continued to
exhibit a significant preference to use the right forelimb (Figure 3), but at this time point
RNU-/+ rats showed a trend towards reduced right paw use after lesioning, whereas RNU-/
- rats did not. These results suggest that 6-OHDA lesioned RNU-/- and RNU—-/+ rats
equally preferred to use the forelimb ipsilateral to the lesion, but that T cell deficiency may
reduce intrinsic recovery from asymmetric forelimb use. Moreover, saline injected RNU-/-
controls showed a significant increase in right paw use after 8 weeks (Figure 3), suggesting
that T cell deficiency may exacerbate asymmetric forelimb use caused by physical damage
from saline injection into the striatal parenchyma over time.

Delayed recovery of rotational motor behavior in athymic rats

To further determine whether T cells are involved in lesion-induced pathology after 6-
OHDA delivery, we aimed to quantify amphetamine-induced rotational testing in T cell-
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deficient RNU-/-and immune competent control RNU—-/+ rats. As a prelude to this we
sought to assess whether D-amphetamine sulfate is metabolized differently and leads to
differences in locomotor activity between RNU-/- and RNU—-/+ rats. We therefore
conducted an Open Field test of locomotor activity prior to lesion surgery (e.g. 6-OHDA
injection) to analyze locomotor activity. We found no differences in baseline ambulatory
activity between RNU-/- and RNU—-/+ rats as measured by light beam interceptions during
a 30-minute interval (Figure 4), and no differences after i.p. delivery of D-amphetamine
sulfate over a 90-minute time interval (Figure 4). This indicates that D-amphetamine sulfate
elicits similar locomotor effects in RNU—/— and RNU—-/+ rats overall, and suggests similar
metabolism of the drug in these two strains. Thus, any lesion-induced differences in D-
amphetamine-induced rotational behavior can be ascribed to specific strain characteristics
independent of drug metabolism (i.e., T cell-deficiency).

D-amphetamine sulfate-induced rotation was quantified at 2 and 6 weeks post-surgery. At 2
weeks, 6-OHDA lesioned RNU—-/- rats exhibited a trend toward more counterclockwise
rotations relative to RNU—/+rats (Figure 5). At 6 weeks, RNU-/- rats maintained this level
of directional rotation, whereas counter clockwise rotations were diminished in RNU-/+ rats
(Figure 5). This resulted in a significant increase in the number of rotations by RNU-/-
relative to RNU-/+ rats only at 6 weeks post lesioning. These data suggest that T cell
deficiency counteracts intrinsic recovery from rotational behavioral deficits in 6-OHDA
lesioned rats. Thus, T cells may be involved in recovery from such deficitsover time.

Unilateral 6-OHDA striatal partial lesion promotes T cell infiltration in brain—
It’s possible that systemic T cells could non-specifically or indirectly impact motor
symptoms in the 6-OHDA model. Moreover, it was unclear from RNU rat studies how T
cell subsets might be distinctly involved. In order to corroborate direct T cell involvement in
6-OHDA-mediated pathology, we determined CD4+ and CD8+ T cell levels within
ipsilateral and contralateral striatal and SN tissue from brains of immunocompetent RNU-/+
6-OHDA lesioned rats by flow cytometry. We observed a significant increase in
CD3+CD4+ cells, and a significant decrease in CD3+CD8+ cells, in 6-OHDA-lesioned
relative to saline-treated control brain, resulting in an increased CD4+ to CD8+ T cell ratio
in the former (Figure 6). This finding demonstrates a reciprocal effect of 6-OHDA lesioning
on each of the two major T cell subpopulations within the brain parenchyma, revealing the
possibility that T cells may directly impact brain function in this model.

Effects on the blood-brain barrier

Our findings of increased CD4+/CD8+ T cell ratio within brain and exacerbation of motor
symptoms in T cell deficient rats suggest that T cell subsets may impact PD in more
complex manners than previously thought. In this context, altered T cell ratios may reflect
differential subset activation and/or entry into brain. We therefore asked whether routes of
CNS access were altered by examining blood-brain-barrier (BBB) integrity, as the main
route of CNS access by non-activated lymphocytes, using immunohistochemical staining of
proteins on known BBB constituents in 6-OHDA-lesioned and saline-treated RNU-/+ rats.
Antibodies against Glial Fibrillary Acidic protein (GFAP) expressed by astrocytes,
Aquaporin-4 (AQP4) expressed in the end-feet of astrocytes that participate in the BBB, and
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laminin expressed by vascular endothelial cells were utilized to determine if there were any
differences in expression within 6-OHDA-lesioned relative to contralateral non-lesioned
brain. Laser-scanning confocal microscopy images of triple antibody immunopositive cells
showed differences in protein distribution and interaction between astrocytes and blood
vessels 4 weeks after 6-OHDA lesioning RNU-/+. Confocal microscopy showed direct
association of astrocyticendfeet and blood vessels contralateral to the lesion. However, no
direct association between astrocytic end-feet and blood vessels was observed in the
lesioned tissue, as there was minimal AQP4 immunopositive labeling. This suggests that the
BBB is grossly disrupted in lesioned rats, which may contribute to locally altered entry of T
cell subsets.

Discussion

Our goal was to examine whether T cell deficiency affects PD progression, and changes the
BBB structure that could conceivably affect their extravasation. We observed that T cell
subpopulations were modulated in a complex manner after 6-OHDA administration, with
CDA4+ T cells increasing and CD8+ T cells decreasing. From this observation, it was
difficult to discern whether any single T cell subpopulation was particularly affected by 6-
OHDA, or particularly influenced its neurotoxicity. We thus tested whether T cells in
general benefitted or exacerbated 6-OHDA-induced pathology using three sets of assays to
monitor lesion progression at the behavioral level: the open field, cylinder, and D-
amphetamine sulfate-induced rotational asymmetry tests.

In order to assess forelimb preference in our 6-OHDA rat model for Parkinson’s disease
(PD), the cylinder test was conducted as described previously[26]. In our model, DA
neurons that secrete dopamine are lost following injection of 6-OHDA into the right
striatum, resulting in asymmetric impairment of left forelimb use (i.e., ipsilateral limb use
preference). As a result, the left forelimb is not used independently for support or stepping
movements on the walls of the cylinder. Accordingly, non-surgery control rats did not
exhibit a forelimb preference, whereas both RNU-/- and RNU—-/+ rats injected with 6-
OHDA favored right forelimb use when initiating weight-shifting movements during
cylinder or environment exploration. These results suggest that 6-OHDA lesions were
functionally induced and successfully created a hemi-parkinsonian model. Notably,
however, no statistical significance was observed between T cell-deficient RNU-/-and
immunocompetent RNU-/+ rats, suggesting that T cells did not alter overall performance in
this test.

Drug-induced rotation has constituted the standard measure of behavioral outcome in
unilateral 6-OHDA lesion studies and is considered the most sensitive assessment of lesion
severity [26]. In the D-amphetamine sulfate induced rotational test, animals rotate toward
the side of the brain with less nigro-striatal DA neuronal activity.

Open field test results indicated that both RNU-/- and RNU-/+ rats responded with equal

locomotor activity in response to D-amphetamine sulfate. Therefore, to correct for potential
differences in more subtle locomotor behavior, subsequent behaviors with D-amphetamine
were normalized to their respective strain control groups before comparing between strains.
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In this context, both RNU-/- and RNU-/+ rats with a 6-OHDA lesion rotated ipsilateral to
the lesion and exhibited greater rotational asymmetry under the influence of D-amphetamine
relative to saline controls, indicating an effective lesion to the right side. RNU-/- rats
injected with 6-OHDA at two and six weeks post-lesion exhibited greater rotational
asymmetry than RNU-/+ rats, however, suggesting persistent nigro-striatal pathway and
subsequent motor asymmetry deficits in RNU-/-. In contrast, RNU-/+ rats showed some
decreased rotational asymmetry at 6 weeks relative to 2 weeks post-lesion, suggesting that T
cell deficiency contributes to a more severe behavioral lesion after 6-OHDA administration.
Hence, T cells may be involved in recovery from the behavioral effects of such
administration. In this context, a recent study suggested that CD4+ T cells promote
neurodegeneration in the MPTP model of PD in mice [2,8,30-32]. However, the specific
impact of the any T cell subset has not been elucidated in the 6-OHDA model, which could
be distinctly susceptible to immune influence.

Parkinson’s patients exhibit decreased peripheral CD4 and elevated /8 T cells in their
peripheral blood and cerebrospinal fluid (CSF) [7,33]. In addition, significant increases in
innate immune complement proteins and cytokines (e.g., IL-1, IL-2, IL-6, and TNF) within
the substantianigra and CSF of PD patients has been observed [31,34]. Despite such
circumstantial evidence, the overall contribution of adaptive immune processes and cells to
neurodegeneration in PD is just beginning to be elucidated. In the MPTP mouse model for
PD, CD4+ T cells appear to promote neurodegeneration [2]. Whereas CD4+CD25+ T
regulatory cells, which inhibit effector CD4+ T cell responses, may also protect DA neurons
[31], both pointing to a detrimental role for effector CD4+ T cells in this model of
neurodegeneration. Notably, neither CD8+ T cells nor pro-inflammatory cytokine (IFN-a)
appears to contribute to the disease phenotype in the MPTP model [2].

In our study, T cell deficiency promoted more severe behavioral deficits after 6-OHDA
administration, reflecting an opposite effect than seen in the MPTP model in Rag-1-deficient
or Tcrb-deficient mice [2]. This apparent discrepancy may reflect distinct sensitivity of our
model to beneficial T cell functions, but could also reflect analytical differences. For
example, we performed behavioral assays starting at 2—8 weeks post-lesion, which is
significantly later than previous reports examining the role of T cells on behavior in rodent
PD models [1,2]. In this way, we were able to assess the involvement of T cells at later
disease stages, at times when microglial activation (part of the innate immune response) has
begun to decline. This is important because the physical damage caused by injecting the
toxin into the striatum may elicit such innate immune responses that nevertheless diminish
after a few weeks. These early innate responses may distinctly effect behavior, and may be
in kind distinctly impacted by T cells.

It should be noted that IHC analysis confirmed the progressive loss of dopaminergic (TH
immunopositive) neurons in the SN in both RNU-/- and RNU-/+ rats after lesioning.
Nevertheless, there was no detectable difference in the extent of neuronal loss in these two
strains. Further studies will focus on more accurately quantifying and pinpointing neuronal
loss in these strains, to further determine how and where T cells exert their influence on PD
pathophysiology,
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T cells may either directly affect DA neurons through cytotoxicity, or indirectly affect them
through cytokine production and/or interaction with microglia or other innate immune cells
[35]. 1t should be noted that in this report we have utilized a neurotoxin that acutely kills DA
neurons as a model for PD. However, Parkinson’s disease in humans is believed to be a
chronic condition developing over years. These differences add additional complexity to
discerning the precise role of T cells in human disease and neurodegeneration. In addition,
previous studies have demonstrated that humoral responses are present in both human and
animal models for PD [36-38]. In several cases antibodies directed towards
neurotransmitters and DA neuronal intracellular components, including alpha-synuclein
have direct effects on DA neuronal survival [39]. Therefore, we have only begun to
systematically elucidate the potential role of adaptive immunity and innate immunity and it
will become essential to design future studies that interrogate these various components of
the immune system and their potential interactions in order to fully understand immune
involvement PD.

Although further study is necessary to determine how T cells facilitate their apparent benefit
in our 6-OHDA model of PD, possibilities include the secretion of cytokines that act as
neurotrophic factors to promote dopaminergic neuron maturation and survival [4]. One
candidate cytokine in this respect is human IL-10, which has been shown to protect DA
neurons in vitro from oxidative stress [40].

It is similarly unclear how 6-OHDA toxicity elicits differential effects on T cell
subpopulations within lesioned CNS. It has been proposed that misfolded a-synuclein can
be released from damaged DA presynaptic terminals and cell bodies and activate nearby
microglia [41,42]. Activated M1 microglia can influence T cells, which reciprocally
maintain the M1 microglial phenotype and thereby support the release of reactive NO and
05, to further injure DA neurons. Thus, the interplay between neurotoxicity, and innate and
adaptive immune cells may be complex, further highlighting the importance of validating
findings from rodent models in clinical patients.

One aspect of PD pathophysiology that could dramatically influence the presence and
influence of T cells generally, and discrete T cell subpopulations specifically, is functional
compromise of the blood-brain barrier (BBB)[43]. In MPTP mouse models of PD, BBB
function is altered transiently, with its integrity recovered within a week [2]. Nevertheless,
whether the BBB is structurally compromised in PD models has not previously been
addressed. For these reasons, we sought to determine the extent of gliogenesis and determine
whether structural BBB alterations associated with leakage were present and persisted in our
model as a potentially major route for T cell modulation. Immunchistochemical analysis
demonstrated disrupted astrocyticendfeet contact points on blood vessels within 6-OHDA.-
lesioned but not saline-treated striatum 4 weeks post-lesioning in RNU-/+ rats that was
maintained at least 4 more weeks (not shown). These data suggest that our invasive 6-
OHDA model, unlike the non-invasive MPTP model, is associated with long-term BBB
disruption, and in that respect may be more representative of human PD. Although further
study is warranted to determine the relevance of these changes, structural disintegration of
the BBB could conceivably allow peripheral T cells to enter or leave brain tissue and
thereby elicit complex effects on neurodegeneration.
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General T cell deficiency, which we show exacerbates behavioral pathology in our PD
model, may influence neuronal injury and tissue damage directly through reacting to self
antigens in the brain, or indirectly by promoting inflammation. Inflammation can be
attributed to many factors, some of which include the innate immune response and the
prolonged production of pro-inflammatory cytokines, which may further compromise the
health of PD patients [44, 45]. Microglia, which can produce or promote production of pro-
inflammatory cytokines, tend to be present in a quiescent state in a healthy CNS, but during
a diseased state (e.g. when bacteria or viruses invade) or CNS injury, these microglia
become “activated,” and undergo cellular and morphological changes [46, 47]. Activated
microglia have been shown to engage both innate and adaptive immune responses,
enhancing phagocytosis and pro-inflammatory cytokine production as well as activating T-
cells through cell surface antigens, respectively, depending upon the environment [46, 47].
Uncontrolled activation of microglia has been shown to contribute to neurotoxicity by the
release of inflammatory cytokines, nitric oxide, and superoxide [48] Future research will
determine how discrete innate and adaptive immune cell subpopulations interact to affect
neurodegeneration in our model, possibly in conjunction with BBB alterations.

Acknowledgments

This study was supported by grants from the National Institutes of Health (NINDS1 RO1 NS048959-01S1) and the
California Endowment. This study was also supported by the Maurice Marciano Family Foundation.

References

1. Reynolds AD, Banerjee R, Liu J, Gendelman HE, Mosley RL. Neuroprotective activities of
CD4+CD25+ regulatory T cells in an animal model of Parkinson’s disease. J Leukoc Biol. 2007;
82:1083-1094. [PubMed: 17675560]

2. Brochard V, Combadiere B, Prigent A, Laouar Y, Perrin A, et al. Infiltration of CD4+ lymphocytes
into the brain contributes to neurodegeneration in a mouse model of Parkinson disease. J Clin
Invest. 2009; 119:182-192. [PubMed: 19104149]

3. McGeer PL, Itagaki S, Boyes BE, McGeer EG. Reactive microglia are positive for HLA-DR in the
substantia nigra of Parkinson’s and Alzheimer’s disease brains. Neurology. 1988; 38:1285-1291.
[PubMed: 3399080]

4. Mogi M, Harada M, Narabayashi H, Inagaki H, Minami M, et al. Interleukin (IL)-1 beta, IL-2, IL-4,
IL-6 and transforming growth factor-alpha levels are elevated in ventricular cerebrospinal fluid in
juvenile parkinsonism and Parkinson’s disease. Neurosci Lett. 1996; 211:13-16. [PubMed:
8809836]

5. Baba Y, Kuroiwa A, Uitti RJ, Wszolek ZK, Yamada T. Alterations of T-lymphocyte populations in
Parkinson disease. Parkinsonism Relat Disord. 2005; 11:493-498. [PubMed: 16154792]

6. Bas J, Calopa M, Mestre M, Mollevi DG, Cutillas B, et al. Lymphocyte populations in Parkinson’s
disease and in rat models of parkinsonism. J Neuroimmunol. 2001; 113:146-152. [PubMed:
11137586]

7. Calopa M, Bas J, Callén A, Mestre M. Apoptosis of peripheral blood lymphocytes in Parkinson
patients. Neurobiol Dis. 2010; 38:1-7. [PubMed: 20044003]

8. Reynolds AD, Stone DK, Mosley RL, Gendelman HE. Nitrated {alpha}-synuclein-induced
alterations in microglial immunity are regulated by CD4+ T cell subsets. J Immunol. 2009;
182:4137-4149. [PubMed: 19299711]

9. Laurie C, Reynolds A, Coskun O, Bowman E, Gendelman HE, et al. CD4+ T cells from
Copolymer-1 immunized mice protect dopaminergic neurons in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine model of Parkinson’s disease. J Neuroimmunol. 2007; 183:60-68. [PubMed:
17196666]

J Neurol Neurophysiol. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wheeler et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 14

Dutheil F, Jacob A, Dauchy S, Beaune P, Scherrmann JM, et al. ABC transporters and
cytochromes P450 in the human central nervous system: influence on brain pharmacokinetics and
contribution to neurodegenerative disorders. Expert Opin Drug Metab Toxicol. 2010; 6:1161—
1174. [PubMed: 20843279]

Mahringer A, Ott M, Reimold I, Reichel V, Fricker G. The ABC of the blood-brain barrier -
regulation of drug efflux pumps. Curr Pharm Des. 2011; 17:2762-2770. [PubMed: 21827407]

van Vliet EA, van Schaik R, Edelbroek PM, Voskuyl RA, Redeker S, et al. Region-specific
overexpression of P-glycoprotein at the blood-brain barrier affects brain uptake of phenytoin in
epileptic rats. J Pharmacol Exp Ther. 2007; 322:141-147. [PubMed: 17392402]

van Vliet EA, da Costa Araljo S, Redeker S, van Schaik R, Aronica E, et al. Blood-brain barrier
leakage may lead to progression of temporal lobe epilepsy. Brain. 2007; 130:521-534. [PubMed:
17124188]

Minagar A, Alexander JS. Blood-brain barrier disruption in multiple sclerosis. Mult Scler. 2003;
9:540-549. [PubMed: 14664465]

Chung YC, Ko HW, Bok E, Park ES, Huh SH, et al. The role of neuroinflammation on the
pathogenesis of Parkinson’s disease. BMB Rep. 2010; 43:225-232. [PubMed: 20423606]

Chen X, Ghribi O, Geiger JD. Caffeine protects against disruptions of the blood-brain barrier in
animal models of Alzheimer’s and Parkinson’s diseases. J Alzheimers Dis. 2010; 20(Suppl
1):S127-141. [PubMed: 20164568]

Huang R, Ke W, Liu Y, Wu D, Feng L, et al. Gene therapy using lactoferrin-modified
nanoparticles in a rotenone-induced chronic Parkinson model. J Neurol Sci. 2010; 290:123-130.
[PubMed: 19909981]

Vautier S, Milane A, Fernandez C, Chacun H, Lacomblez L, et al. Role of two efflux proteins,
ABCBL1 and ABCG?2 in blood-brain barrier transport of bromocriptine in a murine model of
MPTP-induced dopaminergic degeneration. J Pharm Pharm Sci. 2009; 12:199-208. [PubMed:
19732497]

Vautier S, Fernandez C. ABCBL1: the role in Parkinson’s disease and pharmacokinetics of
antiparkinsonian drugs. Expert Opin Drug Metab Toxicol. 2009; 5:1349-1358. [PubMed:
19663741]

Bartels AL, Kortekaas R, Bart J, Willemsen AT, de Klerk OL, et al. Blood-brain barrier P-
glycoprotein function decreases in specific brain regions with aging: a possible role in progressive
neurodegeneration. Neurobiol Aging. 2009; 30:1818-1824. [PubMed: 18358568]

Bartels AL, Willemsen AT, Kortekaas R, de Jong BM, de Vries R, et al. Decreased blood-brain
barrier P-glycoprotein function in the progression of Parkinson’s disease, PSP and MSA. J Neural
Transm. 2008; 115:1001-1009. [PubMed: 18265929]

Henry V, Paillé V, Lelan F, Brachet P, Damier P. Kinetics of microglial activation and
degeneration of dopamine-containing neurons in a rat model of Parkinson disease induced by 6-
hydroxydopamine. J Neuropathol Exp Neurol. 2009; 68:1092-1102. [PubMed: 19918121]

Olsson M, Nikkhah G, Bentlage C, Bjorklund A. Forelimb akinesia in the rat Parkinson model:
differential effects of dopamine agonists and nigral transplants as assessed by a new stepping test.
J Neurosci. 1995; 15:3863-3875. [PubMed: 7751951]

Kirik D, Rosenblad C, Bjorklund A. Characterization of behavioral and neurodegenerative changes
following partial lesions of the nigrostriatal dopamine system induced by intrastriatal 6-
hydroxydopamine in the rat. Exp Neurol. 1998; 152:259-277. [PubMed: 9710526]

Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST. CNS plasticity and assessment of
forelimb sensorimotor outcome in unilateral rat models of stroke, cortical ablation, parkinsonism
and spinal cord injury. Neuropharmacology. 2000; 39:777-787. [PubMed: 10699444]

Lundblad M, Andersson M, Winkler C, Kirik D, Wierup N, et al. Pharmacological validation of
behavioural measures of akinesia and dyskinesia in a rat model of Parkinson’s disease. Eur J
Neurosci. 2002; 15:120-132. [PubMed: 11860512]

Koronyo-Hamaoui M, Ko MK, Koronyo Y, Azoulay D, Seksenyan A, et al. Attenuation of AD-
like neuropathology by harnessing peripheral immune cells: local elevation of IL-10 and MMP-9.
J Neurochem. 2009; 111:1409-1424. [PubMed: 19780903]

J Neurol Neurophysiol. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wheeler et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Page 15

Chang JY, Shi LH, Luo F, Woodward DJ. High frequency stimulation of the subthalamic nucleus
improves treadmill locomotion in unilateral 6-hydroxydopamine lesioned rats. Brain Res. 2003;
983:174-184. [PubMed: 12914978]

Rozas G, Guerra MJ, Labandeira-Garcia JL. An automated rotarod method for quantitative drug-
free evaluation of overall motor deficits in rat models of parkinsonism. Brain Res Brain Res
Protoc. 1997; 2:75-84. [PubMed: 9438075]

Reynolds AD, Stone DK, Hutter JA, Benner EJ, Mosley RL, et al. Regulatory T cells attenuate
Th17 cell-mediated nigrostriatal dopaminergic neurodegeneration in a model of Parkinson’s
disease. J Immunol. 2010; 184:2261-2271. [PubMed: 20118279]

Reynolds AD, Stone DK, Mosley RL, Gendelman HE. Proteomic studies of nitrated alpha-
synuclein microglia regulation by CD4+CD25+ T cells. J Proteome Res. 2009; 8:3497-3511.
[PubMed: 19432400]

Depboylu C, Stricker S, Ghobril JP, Oertel WH, Priller J, et al. Brain-resident microglia
predominate over infiltrating myeloid cells in activation, phagocytosis and interaction with T-
lymphocytes in the MPTP mouse model of Parkinson disease. Exp Neurol. 2012; 238:183-191.
[PubMed: 22964486]

Fiszer U, MichaAowska M, Baranowska B, WoliAska-Witort E, Jeske W, et al. Leptin and ghrelin
concentrations and weight loss in Parkinson’s disease. Acta Neurol Scand. 2010; 121:230-236.
[PubMed: 20028343]

Stone DK, Reynolds AD, Mosley RL, Gendelman HE. Innate and adaptive immunity for the
pathobiology of Parkinson’s disease. Antioxid Redox Signal. 2009; 11:2151-2166. [PubMed:
19243239]

Moalem G, Monsonego A, Shani Y, Cohen IR, Schwartz M. Differential T cell response in central
and peripheral nerve injury: connection with immune privilege. FASEB J. 1999; 13:1207-1217.
[PubMed: 10385611]

Gruden MA, Sewell RD, Yanamandra K, Davidova TV, Kucheryanu VG, et al. Immunoprotection
against toxic biomarkers is retained during Parkinson’s disease progression. J Neuroimmunol.
2011; 233:221-227. [PubMed: 21239064]

Double KL, Rowe DB, Carew-Jones FM, Hayes M, Chan DK, et al. Anti-melanin antibodies are
increased in sera in Parkinson’s disease. Exp Neurol. 2009; 217:297-301. [PubMed: 19289120]

Bakay RA, Boyer KL, Freed CR, Ansari AA. Immunological responses to injury and grafting in
the central nervous system of nonhuman primates. Cell Transplant. 1998; 7:109-120. [PubMed:
9588593]

Masliah E, Rockenstein E, Adame A, Alford M, Crews L, et al. Effects of alpha-synuclein
immunization in a mouse model of Parkinson’s disease. Neuron. 2005; 46:857-868. [PubMed:
15953415]

Johnston LC, Su X, Maguire-Zeiss K, Horovitz K, Ankoudinova I, et al. Human interleukin-10
gene transfer is protective in a rat model of Parkinson’s disease. Mol Ther. 2008; 16:1392-1399.
[PubMed: 18545225]

Venda LL, Cragg SJ, Buchman VL, Wade-Martins R. a-Synuclein and dopamine at the crossroads
of Parkinson’s disease. Trends Neurosci. 2010; 33:559-568. [PubMed: 20961626]

Oueslati A, Fournier M, Lashuel HA. Role of post-translational modifications in modulating the
structure, function and toxicity of alpha-synuclein: implications for Parkinson’s disease
pathogenesis and therapies. Prog Brain Res. 2010; 183:115-145. [PubMed: 20696318]

Desai BS, Monahan AJ, Carvey PM, Hendey B. Blood-brain barrier pathology in Alzheimer’s and
Parkinson’s disease: implications for drug therapy. Cell Transplant. 2007; 16:285-299. [PubMed:
17503739]

Boka G, Anglade P, Wallach D, Javoy-Agid F, Agid Y, et al. Immunocytochemical analysis of
tumor necrosis factor and its receptors in Parkinson’s disease. Neurosci Lett. 1994; 172:151-154.
[PubMed: 8084523]

Hunot S, Dugas N, Faucheux B, Hartmann A, Tardieu M, et al. FcepsilonRI1/CD23 is expressed in
Parkinson’s disease and induces, in vitro, production of nitric oxide and tumor necrosis factor-
alpha in glial cells. J Neurosci. 1999; 19:3440-3447. [PubMed: 10212304]

J Neurol Neurophysiol. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wheeler et al. Page 16

46. Town T, Nikolic V, Tan J. The microglial “activation” continuum: from innate to adaptive
responses. J Neuroinflammation. 2005; 2:24. [PubMed: 16259628]

47. Town T, Tan J, Flavell RA, Mullan M. T-cells in Alzheimer’s disease. Neuromolecular Med. 2005;
7:255-264. [PubMed: 16247185]

48. Kim JB, Sig Choi J, Yu YM, Nam K, Piao CS, et al. HMGBL1, a novel cytokine-like mediator
linking acute neuronal death and delayed neuroinflammation in the postischemic brain. J Neurosci.
2006; 26:6413-6421. [PubMed: 16775128]

J Neurol Neurophysiol. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wheeler et al.

Page 17

control (CL) ipsi (L)

B.

saline

C . 300+ dedede D . : : |

Y
25
g Z 200
I =
[
+ 2 1001 W
Fé
0.
&
\'of O
o v
E. .. o
n (]
S * * 2 -
c &=
o % 3 o . J . 60;
© ® - =
e § . g E T
8 = 2 E . 52% c & 40
:: g 43% ° 9 E
I = o0 ° 2,
8 4 iL %_ 3 20
= (]
2] * o‘ (14
0 T T T .l. °\° 0' T
N '\R x X h¢ N
NN ‘\\y\ S
& ¢ & ¢ s ¢
\% v
N & v

Figure 1.
Tyrosine hydroxylase (TH) immunohistochemistry in the substantia nigra (SN) and striatum.

(A) Representative immunofluorescent (IF) microphotographs demonstrating extensive loss
of midbrain TH+ dopamine (DA) neuronal cell bodies (green) in the SN of RNU-/+ rats 4
weeks after unilateral 6-hydroxydopamine (6-OHDA) lesion. (B) No significant loss is
observed in the SN of RNU-/+ rats following saline injection. (C) Quantitative analysis of
TH-immunoreactive DA cells confirms a significant loss in cell number induced by 6-
OHDA in the ipsilateral SN (ipsi lesion — L) as compared to the contralateral SN (control -

J Neurol Neurophysiol. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wheeler et al.

Page 18

CL) of RNU-/+ rats. (D) Immunohistochemical images indicate a depletion of TH-
positivefiber density (brown) in the striatum of both RNU-/+ and RNU—-/- rats 8 weeks
after 6-OHDA injection (lesion — L,non-lesion — NL). (E) Quantitative analysis of TH+
fiber area confirms a significant reduction of ~40-50% in striatal fiber density in the
injected sites (X + SEM, Y + SEM, respectively). (F) Percent reduction of TH-fiber density
after 6-OHDA injections does not differ significantly between RNU—-/+ and RNU-/- rats; N
= 3-4 rats per group.
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Figure 2.
Changes in Cerebral T cell populations in the 6-OHDA lesioned RNU—-/+ rat brain assessed

by Flow cytometry. Striatal and nigral tissue was isolated from RNU-/+ rats 4 weeks after
receiving unilateral 6-OHDA toxin or saline as control. Ipsilateral and contralateral to lesion
tissue was isolated and dissociated to single cell suspensions for immunocytochemistry to
identify CD3+CD4+ and CD3+CD8+ T cells. Cells were than analyzed by flow cytometry
and expressed as percent of gated lymphocytes. 6-OHDA tissue showed a significant
increase in CD3+CD4+ (%2.091-/+ 0.3538 vs. %1.195 —/+ 0.1160; *, P= 0.0210)
immunopositive cells and decrease in CD3+CD8+ (%6.382-/+ 0.8912 vs. %10.27-/+
0.8661; *, P=0.0034) immunopositive cells as compared to saline injected controls (A+B)
and an increase in the ratio of CD4+CD8+ in 6-OHDA RNU-/+ as compared to controls
(C). Error bars equal SEM (*, P<0.05).
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Figure 3.

Athymic rats show attenuated asymmetric forelimb recovery by Cylinder Tests after
unilateral 6-OHDA intrastriatal lesion of the nigro-striatal dopaminergic pathway. At 4 and
8 weeks post unilateral 6-OHDA lesion we used the Cylinder test to determine preferential
paw. At 4 weeks post lesion RNU-/- and RNU-/+ showed a significant preferential right
paw use as compared to non-surgery controls RNU—-/-(%60.87 —/+ 9.249 vs. %84.91 —/+
5.814; *, P = 0.026); RNU-/+ (48.69 —/+ 5.618 vs. 85.94 —/+ 4.685; *, P = 0.0002) (A). At 8
weeks post saline RNU-/- showed significant right paw preference as compared to 4 wks
post saline (%54.81 —/+ 6.614 vs. 79.60 —/+ 9.261; *, P = 0.0236) (B). At 8 weeks post
60HDA lesion RNU -/+ showed a trend towards recovery from right paw preference
(%57.94 —/+ 14.49 vs. 85.94 —/+ 4.685; P = 0.069), while RNU-/- shows no significant
change in right paw use (%72.54 —/+ 8.286 vs. 84.91 —/+ 5.814; P = 0.2529). Error bars
equal SEM (*, P<0.05).
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Figure4.
Open Field test of Total Ambulatory and Central locomotor activity in RNU-/- and RNU

—/+ after D-amphetamine sulfate administration. In order to assess any potential differences
in the metabolism of the drug, D-amphetamine sulfate, and subsequent locomotor activity
between RNU—-/- and RNU-/+ rats, an Open Field test was conducted prior to surgery (i.e.
prior to saline or 6-OHDA injection). We found no significant differences in overall
ambulatory (A) during a 120-minute time interval. Error bars equal SEM (*, p=0.05).
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Figureb5.
Athymic rats exhibit greater D-Amphetamine-induced rotational behavior following

unilateral 6-OHDA striatal lesion of the nigro-striatal pathway. Two weeks afterunilateral 6-
OHDA lesioned (right) RNU-/- rats show a trend towards increased rotational behavioral
ipsilateral to the lesion (right) after d-amphetamine sulphate administration as compared to
RNU-/+ rats (1064 —/+ 203.4, N=5 vs. 685.4 —/+ 151.7, N=8; *, P = 0.071) (A). At six
weeks post-lesion there was a significant increase in RNU—-/- rotational behavior as
compared to RNU—/+rats (1188 —/+ 306.5, N=5 vs. 622.8 —/+ 129, N=8; *, P = 0.037) (B).
Error bars equal SEM (*, p=0.05).
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Figure®6.
Immunohistochemistry and blood-brain barrier analysis in 6-OHDA lesioned RNU—-/- rats.

Laser-scanning confocal microscopy images of triple immunostained tissues using
antibodies against GFAP (red), AQP4 (blue) and laminin (green) indicate BBB changes
between the contralateral (A and B) and 6-OHDA lesioned brain (C and D) in RNU-/- rats.
Localized morphological and protein expression changes suggests differences in the
interaction between astrocytes and blood vessels 4 weeks post 6-OHDA lesion between the
contralateral and ipsilateral side in RNU-/-. Magnification at 100x indicated direct
association of astrocytic end-feet on blood vessels (A and B). However, AQP4
immunoreactivity was diminished and not localized to blood vessels (laminin/green) in the
lesioned tissue (C and D).
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