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Dopamine Nanoparticles (DA NPs) cross
BBB and reach brain striatum

ABSTRACT Sustained and safe delivery of dopamine across the blood brain barrier (BBB) is a major hurdle for

Rat model of
Parkinson's Disease

successful therapy in Parkinson's disease (PD), a neurodegenerative disorder. Therefore, in the present study we designed
neurotransmitter dopamine-loaded PLGA nanoparticles (DA NPs) to deliver dopamine to the brain. These nanoparticles
slowly and constantly released dopamine, showed reduced clearance of dopamine in plasma, reduced quinone adduct
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formation, and decreased dopamine autoxidation. DA NPs were internalized in dopaminergic SH-SY5Y cells and
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dopaminergic neurons in the substantia nigra and striatum, regions affected in PD. Treatment with DA NPs did not cause

reduction in cell viability and morphological deterioration in SH-SY5Y, as compared to bulk dopamine-treated cells, which
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showed reduced viability. Herein, we report that these NPs were able to cross the BBB and capillary endothelium in the
striatum and substantia nigra in a 6-hydroxydopamine (6-OHDA)-induced rat model of PD. Systemic intravenous
administration of DA NPs caused significantly increased levels of dopamine and its metabolites and reduced dopamine-D2 receptor supersensitivity in the
striatum of parkinsonian rats. Further, DA NPs significantly recovered neurobehavioral abnormalities in 6-OHDA-induced parkinsonian rats. Dopamine
delivered through NPs did not cause additional generation of ROS, dopaminergic neuron degeneration, and ultrastructural changes in the striatum and
substantia nigra as compared to 6-OHDA-lesioned rats. Interestingly, dopamine delivery through nanoformulation neither caused alterations in the heart
rate and blood pressure nor showed any abrupt pathological change in the brain and other peripheral organs. These results suggest that NPs delivered
dopamine into the brain, reduced dopamine autoxidation-mediated toxicity, and ultimately reversed neurochemical and neurobehavioral deficits in

parkinsonian rats.
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been widely developed and provide

an attractive alternative for long-term
delivery of otherwise blood brain barrier
(BBB) impermeable therapeutic agents to
the brain."~3 Dopamine is one such mole-
cule, the deficiency of which is a key feature
of neurodegenerative Parkinson's disease
(PD), which becomes gradually worse over
time.* The reason for dopamine loss is
progressive decay of a substantial propor-
tion of dopamine-synthesizing neurons in
the substantia nigra. The human brain has
~600 000 dopaminergic neurons comprising
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1% of the total CNS neuronal number. The
somatodendritic part of these neurons re-
sides in the substantia nigra, synthesizing the
neurotransmitter dopamine, while their ax-
onal projections are extended to the striatal
region.” Tonic firing pumps dopamine from
the nigra to the striatum, an essential me-
chanism to maintain striatonigral dopami-
nergic circuitry, which accounts for most of
the body movements. The death of dopa-
minergic neurons obstructs the supply of the
neurotransmitter dopamine to the brain
striatum, resulting in uncontrolled behavior-
al deficits and gait imbalance.® The disease
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symptoms are severe and precipitate only after sub-
stantial degeneration (>80%) of dopamine neurons
has taken place.” The ultimate effective approach to
relieve the disease symptoms is replenishment of
missing dopamine on a day-to-day basis. As a proof
of principle, direct dopamine infusion into the brain of
PD animal models is reported to curtail the behavioral
abnormalities imparting symptomatic relief2~'° As
dopamine does not cross the BBB and direct dopamine
infusion into the brain is not possible in human sub-
jects, the clinical management of PD is done through
frontline drugs including the dopamine precursor
.-DOPA  (.-3,4-dihydroxyphenylalanine), dopamine
receptor agonists, inhibitors targeting dopamine-
degrading catechol-o-methyltransferase, and mono-
amine oxidase B, alone or in combination." ~"* How-
ever, these drugs are not without side effects, with the
most prominent being dyskinesia and wearing-off
effects. On chronic use in advanced disease conditions,
these drugs become ineffective. Further, the capacity
of dopamine storage cells to retain dopamine deliv-
ered by the medication is also impaired. In addition,
loss of dopa decarboxylase enzyme involved in con-
version of -DOPA to dopamine compromises the
therapeutic efficacy of the drug.'* Often a stage is
reached where side effects of the drugs outweigh their
therapeutic benefits, leaving the patients in an unma-
nageable disease state.

A novel approach is to use dopamine itself by
making it cross the BBB in the form of dopamine-
loaded polymeric nanoparticles (DA NPs). DA NPs may
offer several advantages for dopamine delivery into
the brain. Entrapment of dopamine within a polymeric
matrix may help its delivery in the brain in a sustained
and continuous fashion, without significant peripheral
metabolism. This may reduce the need for repeated
drug administration, cutting down peripheral and
central toxicity. Interestingly, the small size of NPs
may make them compatible with various administra-
tion routes including intravenous (iv) injection.

Keeping these in mind, in the present study,
we prepared dopamine-encapsulated poly(lactic-co-
glycolic acid) (PLGA) NPs, capable of slow and sus-
tained release of dopamine. PLGA was used due to its
biodegradable, biocompatible properties and versatile
degradation kinetics. PLGA has been successfully used
as a delivery vehicle for several pharmacological
molecules in the brain."*~'8 In the present study, we
demonstrated that PLGA NPs mediated dopamine
delivery in the brain through systemic iv infusion in a
6-hydroxydopamine (6-OHDA)-induced rat model of
PD. We found that DA NPs crossed the BBB and
internalized into the brain. We further tested their
potential in restoring neurobehavioral and neuro-
chemical deficits in parkinsonian rats. These particles
up-regulated and maintained the dopamine levels in
the lesioned striatum through slow and sustained

PAHUJA ET AL.

release. This was accompanied by a decrease in dopa-
mine receptor supersensitivity and reversal of neuro-
behavioral deficits. We further observed no detrimental
cardiovascular and free radical toxicity. We hope this
approach after further validation can be used for safe
and effective systemic delivery of dopamine.

RESULTS AND DISCUSSION

Preparation and Characterization of DA NPs and In Vitro
Release Profile. Continuous and slow delivery of dopa-
mine, its precursor L-DOPA, or dopamine agonist in
the brain is a must in order to minimize motor com-
plications and drug-induced dyskinesia in PD.'?~2'
Therefore, in the present study we prepared a nano-
formulation of anti-Parkinson's neurotransmitter do-
pamine entrapped in a PLGA polymer to enable its
systemic delivery to the brain. Dopamine presentin the
blood is restricted from entering the brain because of
low lipid solubility and lack of specific transport carriers
in the luminal membrane of the capillary endothelial
cells, which constitute a major part of the BBB. Reports
related to direct delivery of dopamine into the brain,
through implantation of dopamine-loaded biodegrad-
able hydrogel or a titanium oxide—dopamine complex
or even through an infusion pump had shown its
usefulness in attenuating behavioral abnormalities in
parkinsonian rats.”'%%? Similarly, viral vector-mediated
continuous delivery of L-DOPA reversed behavioral
deficits in a rodent model of PD and .-DOPA-induced
dyskinesia.2° However, all these types of delivery meth-
ods involve surgical intervention and are not feasible for
long-term delivery of dopamine in the brain.

To start with the formulation, the initial step was to
select a suitable vehicle to deliver dopamine into the
brain. Previously, we successfully delivered curcumin
to the brain hippocampus through PLGA. Therefore,
we selected PLGA to deliver dopamine into the brain.>
Other reports also support the capability of PLGA in
trans-CNS delivery of different drugs/therapeutic mol-
ecules in models of neurodegenerative disorders.?*2°
Our recent study suggested that PLGA-encapsulated
nicotine significantly enhanced functional recovery
in a rodent model of PD.% Similarly, use of PLGA as a
delivery vehicle provided constant and sustained re-
lease of two therapeutic neurotrophic factors, namely,
glial cell line-derived neurotrophic factor (GDNF) and
vascular endothelial growth factor (VEGF) in a 6-OHDA-
induced rat model of PD.?” Another reason for using
PLGA as an entrapment agent was to minimize many
concerns regarding the fate of the NP matrix inside the
brain. PLGA is biodegradable and biocompatible, and
its degradation products lactic acid and glycolic acid
are eliminated as carbon dioxide and water via the
Krebs cycle.

We then targeted at evading rapid clearance of
dopamine from the blood. Dopamine has a very short
plasma half-life (~2 min) and undergoes metabolism
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Figure 1. Synthesis and characterization of nanoparticles: (a) Schematic representation of the synthesis of DA NPs. PLGA is
emulsified with dopamine and PVA and assembles to give DA NPs by the emulsion solvent evaporation method. (b) Size,
polydispersity index (PDI), and zeta-potential (§) of PLGA (PLGA NPs), dopamine-encapsulated PLGA (DA NPs), and FITC-
linked PLGA nanoparticles (PLGA NPs-FITC) as measured through dynamic laser light scattering. Entrapment and loading
efficiencies of dopamine in DA NPs were measured through spectrophotometry. (c) Photomicrographs of PLGA NPs and DA
NPs taken through a scanning electron microscope (SEM), and TEM depicts their smooth spherical morphology. Scale bar:
10 and 20 «m for SEM and 50 nm for TEM. Inset of the marked area in yellow shows particle size. (d) Graph showing in vitro
release kinetics of dopamine from DA NPs as percent drug release.

by neurotransmitter amine metabolizing enzymes pre-
sent in the peripheral circulation.?® Since maintenance
of prolonged and sufficient levels of dopamine in
circulation (plasma) was mandatory to increase its
chances to enter the brain, we preferred matrix-
entrapped dopamine rather than surface adsorbed.
Entrapment of dopamine in PLGA significantly enhanced
the retention time of dopamine, as evident from our
results. Encapsulation of dopamine not only protected
it from rapid peripheral metabolism but also enabled
its slow and sustained release. This also favored
the decreased plasma load of oxidative metabolites
of dopamine, leading to decreased toxicity, as evident
in our subsequent experiments.

Unloaded control PLGA nanoparticles (PLGA NPs),
dopamine-loaded (DA NPs), and FITC-linked PLGA NPs
(PLGA NPs-FITC) were prepared using the double
emulsion solvent evaporation method. Dopamine was
physically entrapped in the PLGA matrix in DA NPs,
while the other two were not loaded with dopamine
and used as controls. In the case of fluorescent labeled
particles, FITC was chemically conjugated first to PLGA
using EDAC/NHS chemistry followed by preparation of
NPs using the emulsification—evaporation technique.
Emulsifying polymer, poly(vinyl alcohol) (PVA), was
added to stabilize the formulation, which led to
the formation of NPs dispersible in aqueous media
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(Figures 1a and S1). We determined their particle size,
zeta-potential, shape, entrapment and loading effi-
ciencies, and release profile. The mean diameter and
charge of PLGA NPs-FITC as measured by dynamic light
scattering (DLS) were 156.7 £ 2.28 nm and —14.7 £+
0.747 mV, respectively (Figure 1b). The hydrodynamic
diameter/particle size of DA NPs was 119.7 £ 2.69 nm,
suggesting that the size of NPs was in nanometer
range. DA NPs showed a surface charge (zeta potential)
of —2.66 + 0.036 mV, with a low polydispersity index
(PDI) of 0.104 (Figure 1b). A low value of the PDI reflects
the uniformity in size of our particles. The particle size
in a therapeutic delivery system highly affects the
pharmacokinetic parameters. A large deviation can
cause irregularity in pharmacokinetics, its circulation,
and distribution, and thus affect its therapeutic effi-
ciency.?® Control PLGA NPs exhibited a size of 167.0 &
17.20 nm and zeta potential of —19.1 4+ 0.566 mV. The
plausible reason for the difference in size of PLGA NPs
and DA NPs could be their extent of hydration. DLS was
performed in the hydrated state. In PLGA NPs more
sites available in the polymer matrix can participate in
hydration in comparison to DA NPs, where some of the
sites are blocked by dopamine due to hydrophobic
interactions and may not be available for the hydration
process. In addition, the outward diffusion of dopa-
mine in DA NPs probably further counteracted the
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inflow of water into NPs. This probably led to the
different swelling of two preparations, and thus hydro-
dynamic size estimates of PLGA NPs were higher in
comparison to DA NPs, as a similar finding reported
earlier.®

Transmission electron microscopy (TEM) analysis
further confirmed the size to be in the nanometer
range (Figure 1c); however it was less than that mea-
sured through DLS. The mean size of DA NPs and PLGA
NPs as observed under TEM was 30 + 5 nm and 22 +
3 nm, respectively. This difference in values obtained
from TEM and DLS can be attributed to the state of NPs
used for measurement. TEM assessment was made
using dry particles, and it measured the area of the
sphere (core). On the other hand, DLS measurement
was performed in a liquid suspension of NPs and hence
measured the hydrodynamic size, which consisted of a
particle core along with the solvent layer attached to the
particle as it moves in the liquid under the influence of
Brownian motion. An identical pattern of difference in
the size estimated through TEM and DLS was also
evident in our previous study.?® TEM further depicted
the spherical shape of these particles. Scanning electron
microscopy (SEM) analysis confirmed the spherical
appearance and smooth surface of NPs (Figure 1c).
The entrapment and loading efficiencies of dopamine
in NPs were 35.55 & 5% and 11.85 &+ 2%, respectively
(Figure 1b). Thus, 1 mg of DA NPs carries around
118.5 ug of dopamine, which was reasonable consider-
ing the hydrophilic nature of dopamine.

The release kinetics of dopamine from the DA NPs
was studied for 7 days in phosphate buffer saline (PBS)
at 37 £ 2 °C, and we observed continuous dopamine
release throughout this time. From the release graph it
is evident that 60% of the encapsulated dopamine was
released in 7 days (Figure 1d). The percent drug release
was recorded to be fast initially. Thereafter, a pro-
longed sustained release phase with varying release
rates was observed. Dopamine released from PLGA
exhibited a typical biphasic pattern, with an initial burst
(surface desorption, diffusion, and dissolution) fol-
lowed by sustained release (bulk erosion due to diffu-
sion of dopamine and degradation of the PLGA matrix).
This suited our requirement, as the encapsulant poly-
mer released the dopamine readily. A restricted release
otherwise would have hindered the availability of the
dopamine and may alter the drug efficacy. Earlier, a
detailed review on PLGA-based drug delivery systems
described a similar biphasic pattern of drug release,
with an initial burst followed by a lag phase with a
sustained liberation.?' The initial burst was ascribed to
the diffusion of the drug adsorbed on the surface, while
the sustained pattern reportedly involved release of
entrapped drug due to polymer matrix erosion along
with diffusion.>

DA NPs and PLGA NPs-FITC were assessed for
physical stability by suspending them in cell culture
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Figure 2. Stability assessment of the nanoparticles: DA NPs
and PLGA NPs-FITC were suspended in cell culture medium
and incubated at 37 °C. DLS size measurements were made
at 1 hiintervals. There was no significant change in the sizes
of the particles, and thus the particles showed stable
behavior in the medium.

medium and measuring their size using DLS (Figure 2).
Earlier a similar approach was followed by Lazzari
et al>® to analyze poly(lactic acid) and poly(methyl
methacrylate) NPs in different biological fluids. We
observed that the initial hydrodynamic sizes of DA
NPs and PLGA NPs-FITC in media were 124.3 4+ 10.13
and 138.6 £ 19.7 nm, respectively. We did not observe
any significant change in the hydrodynamic diameter
of DA NPs and PLGA NPs-FITC until 24 h. On the basis
of the above experiment, it can be stated that the
particles used in the study remained stable during
the test period. Wang et al.>* examined the stability
of doxorubicin- and paclitaxel-loaded PLGA NPs in PBS
and did not notice any remarkable change in hydro-
dynamic size. Similar findings have been reported by
others also.*®

DA NPs Are Less Prone to Oxidation than Bulk Dopamine. In
order to demonstrate the stability of polymer-coated
dopamine, we entrapped dopamine inside a polymeric
compartment to protect it from oxidative damage and
expected lesser oxidation of DA NPs in comparison to
bulk dopamine. To confirm this, we carried out oxida-
tion of bulk dopamine and DA NPs containing an
equivalent concentration of dopamine (Figure S2) in
the presence of sodium periodate (NalO,4) as per an
earlier report.3® The UV—visible spectra of oxidized
products of dopamine and DA NPs, recorded at various
time points, are shown in Figure S2. We observed that
the dopamine, which remained inside the matrix, was
not available for oxidation. On the basis of this finding,
it was presumed that nanotization made our prepared
DA NPs more stable against oxidative damage, which
would result in minimizing the formation of oxidative
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Figure 3. Photomicrographs showing internalization of NPs by SH-SY5Y human neuroblastoma cells. SH-SY5Y cells were
incubated with PLGA NPs-FITC or DA NPs suspended in culture media, for 4 or 24 h. (a) Flow cytometric assessment in the FITC
channel recorded a substantial population of cells as FITC +ve after 4 h exposure to PLGA NPs-FITC. (b) Representative
fluorescent photomicrographs of SH-SY5Y cells showing PLGA NPs-FITC ingress after 4 and 24 h incubation. The cells were
visualized using rhodamine phalloidin (red) and DAPI (blue). The insets in iii and vii are higher magnification areas marked by
white rectangles where the presence of PLGA NPs-FITC (green) was marked by arrowheads (scale bar = 20 um). (c) TEM
photographs of DA NPs-exposed (i—iv) and control (v—vii) SH-SY5Y cells. The presence of nanopatrticles (red circle) in the
cytoplasm of DA NPs-exposed cells was evident following 4 h incubation. Subpictures iii and iv illustrate particle morphology
and size. Control cells also showed an electron-dense black spot (v, blue circle), but higher magnification (vi and vii) using a
bottom-mount camera exhibited its nonspecificity (scale bar = 0.5 um for i and v, 200 nm for ii and vi, and 50 nm for iii and vii).
Mit = mitochondria, Er = endoplasmic reticulum, Gb = Golgi body, N = nucleus, DA NPs = dopamine nanoparticles.

metabolites. Therefore, this nanoformulation was used
in the rest of the experiments.

In Vitro Interaction of DA NPs with SH-SY5Y Dopaminergic
Cells. DA NPs Internalized in the Dopaminergic Cells.
Cellular uptake of the prepared DA NPs using a combi-
nation of flow cytometry, fluorescent tracking, and TEM
was assessed. This is important, as dopamine cycling is
an integral part of its circuitry. It involves continuous
dopamine trafficking from the soma of dopaminergic
neurons to the axonal terminal and shuttling in and out
of neuronal storage vesicles to the synaptic vicinity.*”
Dopamine synthesized or released from somato-
axonal or dendritic terminals when in surplus is taken
up and shipped to storage vesicles through specific
uptake carriers, viz,, dopamine transporter (DAT) and
vesicular monoamine transporter 2 (VMAT?2), respec-
tively.®® These transporters are expressed throughout
the neuronal soma and axons.>*~*' This stored dopa-
mine is released when required and may activate either
local or more distant receptors through volume trans-
mission. This is a natural phenomenon with great
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significance, which prevents dopamine wastage by
metabolic degradation and also is a means to impart
protection from an excess of its toxic metabolites.

We then ascertained whether DA NPs undergo
cellular accumulation, which we thought significant,
as it could be used to replenish vesicular dopamine
stores. We studied neuronal uptake/internalization of
NPs using fluorescent PLGA NPs-FITC in dopaminergic
SH-SY5Y cells, a model of dopaminergic neurons. This
cell line expressed dopaminergic markers for dopa-
mine synthesis (TH), transport (DAT and VMAT2),
and transmission (dopamine receptors) (Figure S3).
Cultures of SH-SY5Y cells were incubated with PLGA
NPs-FITC for 4 h to study internalization of NPs in
neuronal cells using a flow cytometer (Figure 3a). The
fluorescence intensity in the cells exposed to PLGA
NPs-FITC was assessed in the FITC channel. Prior to
recording, these cells were washed with PBS to elim-
inate free NPs. We recorded the high mean fluores-
cence intensity (MFI) in the cells exposed to fluorescent
NPs in comparison to control cells (Figure 3a). However,
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on the basis of flow cytometric analysis, we were not
able to differentiate whether this fluorescence is a
result of interaction of PLGA NPs-FITC with the cell
membrane or actual uptake of FITC-tagged NPs by the
cells has taken place. Therefore, we next exposed
SH-SY5Y cells to PLGA NPs-FITC for 4 and 24 h and
investigated their intracellular internalization by fluo-
rescence microscopy (Figure 3b). The location of NPs
was visualized by staining the cells with rhodamine
phalloidin and nuclear dye DAPI. We observed sub-
stantial incorporation of FITC-tagged PLGA NPs into
SH-SY5Y cells following 4 and 24 h incubation
(Figure 3b). The majority of the FITC-tagged NPs were
found to be localized within the cytoplasm of SH-SY5Y
cells. The uptake was found to be time dependent, as
the particle internalization was greater following 24 h
(7 £+ 4) exposure when compared to 4 h (4 + 1) by
counting nanoaggregates. A time- and concentration-
dependent uptake of PLGA NPs was also reported
earlier.*? This was in agreement with our previous
study, where curcumin-loaded PLGA NPs were found
to be internalized by neurons, astrocytes, and neural
stem cells.?® Internalization of polyethylenimine- and
PLGA-based NPs by adult neuronal cells was also
demonstrated in previous studies.**** Clathrin-
mediated endocytosis was reported to be involved in
the process of internalization of PLGA NPs.?®

We observed similar findings in TEM analysis
(Figure 3c). DA NPs-exposed cells, scanned using a
side-mount camera, showed the presence of electron-
dense nanoparticles in the cytoplasm (Figure 3c¢; i
arrow marked red circle). We confirmed their identity
by morphology and size assessment using a bottom-
mount CCD camera used for materials (Figure 3¢; ii—iv).
SH-SY5Y cells that were not exposed to DA NPs were
also assessed in parallel to serve as a negative control
(Figure 3¢; v—vii). An electron-dense dark spot was
also visible there (Figure 3¢; v, blue circle), but high-
magnification visualization through a bottom-mount
CCD camera showed their nonspecificity (Figure 3c; vi
and vii). Our earlier studies have also reported the pre-
sence of curcumin- and nicotine-encapsulated PLGA
NPs in the brain, following systemic administration.>?>

DA NPs Are Less Cytotoxic than Bulk Dopamine. The
above findings suggested that DA NPs interacted with
cells and internalized in the cytoplasm. We hypothe-
sized that the internalization of NPs would influence
cellular functions and viability. Therefore, we next
evaluated the safety of DA NPs by studying the effects
of different concentrations of DA NPs on viability,
mitochondrial activity, morphology, and reactive oxy-
gen species (ROS)-mediated changes in SH-SY5Y cells
and compared it with bulk dopamine. This was a
prerequisite, as our formulation incorporated dopa-
mine, which if left unguarded, readily forms ROS. In
cells, dopamine is stable only inside the synaptic
vesicles maintained at low pH.

PAHUJA ET AL.

The excess cytosolic dopamine existing outside the
synaptic vesicles is prone to metabolism via mono-
amine oxidase (MAO) or by autoxidation.** During
the oxidation of dopamine by MAO, several oxidative
molecules including H,0,, and 3,4-dihydroxyphenyla-
cetic acid (DOPAC) are generated.*® Conversely, non-
enzymatic and spontaneous autoxidation of dopamine
produces O," and reactive quinones.*” This was im-
portant, considering our aim to deliver dopamine into
the PD brain, where with the demise of dopaminergic
neurons the dopamine transport and vesicular storage
were also disrupted.

We exposed SH-SY5Y cells to bulk dopamine
(2—300 ug/mL) and a corresponding concentration
of DA NPs for 24 (Figure S4a) and/or 48 h (Figure 4).
Exposure to bulk dopamine for 48 h resulted in sig-
nificant cell death at 100 and 300 ug/mL concentra-
tions, as assessed by the trypan blue assay (Figure 4a).
In contrast, DA NPs were not found to cause significant
cell death at any test concentration. Similarly, SH-SY5Y
cells exposed to PLGA NPs, which were void of dopa-
mine, did not exhibit any significant loss of cell viability
at any test concentration (data not shown). These
findings correlate well with the earlier reports where
polymer-encapsulated .-DOPA formulations were found
to be less toxic than L-DOPA when exposured to NT3 or
PC12 cells, respectively.*®4

We also assessed the changes in mitochondrial
activity through the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay.
Both bulk dopamine and DA NPs did not cause sig-
nificant alteration in MTT reduction at lower concen-
trations (2—50 ug/mL) (Figure 4b). Exposure to bulk do-
pamine at higher concentrations (100 and 300 xg/mL)
for 48 h resulted in a significant decrease (p < 0.05 and
p < 0.01) in mitochondrial activity (Figure 4b). This
observation was in line with earlier reports, where
dopamine at 100 ug/mL or above caused significant
impairment in mitochondrial activity, accompanied
by cell death.*®*° In contrast, DA NPs, corresponding
to dopamine concentrations of 100 and 300 ug/mL,
caused increased (p < 0.05, p < 0.01) MTT reduction,
suggesting enhanced mitochondrial function (Figure 4b).
A similar trend of an increase in PC12 cell proliferation
on exposure to dopamine was reported earlier,”’
which was explained on the basis of dopamine-D1
receptor-mediated protection. Similarly, dopamine
was also reported to show an antioxidant property,?
which could be one of the reasons related to the
proliferative effect of DA NPs in the present experi-
ment. We anticipated that both encapsulation of do-
pamine, which made it safe from liberal oxidation, and
controlled release of dopamine from DA NPs together
confined dopamine concentration well below the toxic
threshold, which in turn masked its toxic effects and
favored proliferation. Our results are consistent with
earlier studies reporting enhanced proliferation of
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Figure 4. Effect of bulk dopamine (2 to 300 xg) and equivalent concentrations of DA NPs on SH-SY5Y cells. (a) Trypan blue
exclusion assay: Cells were exposed to various concentrations of bulk dopamine and DA NPs for 48 h, and loss of cell viability
was measured. (b) Spectrophotometric measurement of changes in mitochondrial activity as MTT reduction. Data are mean +
SE of n = 3 in triplicate. **Significantly different from respective control, **p < 0.05, ****p < 0.01. (c) Representative phase
contrast photomicrographs showing concentration-dependent changes in morphology of cells following 48 h exposure to
bulk dopamine and DA NPs. Scale bar = 100 um. (d) TEM photomicrographs representing ultrastructural changes in cells after
48 h exposure to 100 xg/mL bulk dopamine and DA NPs. Bulk DA = bulk dopamine, DA NPs = dopamine nanoparticles.

precursor population in the subventricular zone by
dopamine.>® Dopamine is also reported to stimulate
epidermal growth factor (EGF) release and activation of
EGF receptors, while dopamine depletion resulted in
impaired cell growth >*>>

We reanalyzed our findings on the basis of mor-
phological changes and formazan crystal appearance.
We recorded abnormal cell morphology, with smaller
and round cells at different concentrations of bulk
dopamine, which caused a significant decrease in
MTT reduction (Figure 4c). However, DA NPs did not
produce morphological alterations at the same con-
centrations studied. This again suggested that slow
and constant release of dopamine from NPs produced
significantly less morphological deterioration. Further,
the formazan crystals produced by bulk dopamine had
lost their normal star-like appearance, and crystals
appeared blunt and small (Figure S4b). On the basis

PAHUJA ET AL.

of these results, we deduced that on application of
higher bulk dopamine concentration, the cells got
stressed, possibly due to the generation of ROS. These
results were in accordance with an earlier study, where
dopamine and L-DOPA caused significant morphologi-
cal alterations in neuronal cells.”’

The differential effect of bulk dopamine and DA NPs
was also evident in ultrastructural changes in SH-SY5Y
cells (Figure 4d). Control SH-SY5Y cells showed a
substantial number of normal mitochondria with
preserved crista architecture (Figure 4d). The bulk
dopamine-treated cells, however, showed a discontin-
uous cell membrane. The mitochondria also exhibited
membrane damage and significant crista fracture
(Figure 4d). Cells exposed to DA NPs, however, did
not exhibit any such abnormality. In DA NPs-treated
cells, the cell membrane was intact and the mito-
chondrial membrane was also continuous with
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Figure 5. Effect of exposure to bulk dopamine (100 x#g/mL, 48 h) and equivalent concentration of DA NPs on tyrosine
hydroxylase (TH) expression and its relation to ROS-mediated mitochondrial impairment in SH-SY5Y cells. Representative
photomicrographs (a—c) show changes in immunolabeling for TH (arrow). Bulk dopamine-exposed SH-SY5Y cells (b) showed
substantial loss of TH expression when compared to control (a) and DA NPs-exposed (c) cells. (d) Blots of TH expression and
activation (phosphorylation at ser31) and (e) its quantification. Significant loss of TH and its activity was evident on bulk
dopamine exposure. (f) Concentration-dependent increase in ROS generation higher in bulk dopamine-treated cells than in
DA NPs-treated group when compared to untreated cells. (g) Representative immunoblots of Bcl-2/Bax expression and (h)
their quantification. Significant down-regulation of Bcl-2:Bax occurred in bulk dopamine-exposed cells when compared to
control. (i to k) Representative photomicrographs of control (i), bulk dopamine (j), and DA NPs (k) exposed SH-SY5Y cells
colabeled with Mitotracker Deep Red and anti-cytochrome ¢ (Cyto C) antibody. Increased cytosolic presence of Cyto C
expression (green arrow) was evident in bulk dopamine-exposed cells when compared to control. (I) Graphical representation
of % of co-localization (Manders' co-localization coefficient) of green (Cyto C) with red (mitotracker deep red). Scale
bar = 50 um. Data are mean =+ SE of n = 3 in triplicate. *Significantly different from control, *p < 0.05, **p < 0.01, ***p < 0.001.
Bulk DA = bulk dopamine, DA NPs = dopamine nanoparticles.

well-preserved crista architecture. The observed mor-
phological alterations in the mitochondria by bulk
dopamine could be due to the generation of a high
amount of ROS by dopamine. In contrast, in DA NPs-
treated cells, dopamine was released slowly, which
possibly did not produce sufficient ROS in culture to
cause toxicity.

A similar trend was also emulated in our following
experiment, where bulk dopamine caused a significant
down-regulation of tyrosine hydroxylase (TH) expres-
sion and activity (Figure 5b,d,e). TH is an intermediate
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enzyme of dopamine biosynthesis and reflects dopa-
minergic neuron function.>® An equivalent concentra-
tion of DA NPs did not cause significant TH alterations
(Figure 5¢,d,e) when compared to control (Figure 5a,d,e).
Significant ROS generation (Figure 5f), observed in the
presence of higher concentrations (100 and 300 «g/mL)
of bulk dopamine, can be linked to the above observa-
tions. Earlier studies have reported enhanced ROS gen-
eration by dopamine or its oxidation products.>’~®
Further, enhanced ROS levels were also reported to
inhibit TH.>® Therefore, significantly decreased TH levels
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observed in our study by bulk dopamine treatment
could be due to enhanced ROS generation by dopamine
itself. In contrast, DA NPs produced significant ROS only
at 300 ug/mL, when compared to control (Figure 5f).
Going further downstream, we examined a panel of anti-
and pro-apoptotic proteins related to mitochondrial
function and susceptible to change by oxidative meta-
bolites of dopamine (Figure 5g—I). Mitochondrial dys-
function was implicated in apoptosis, where localization
of the anti-apoptotic Bcl-2 was reported to be decreased
at the outer mitochondrial membrane.®° Proper expres-
sion and location of Bcl-2 is important, as it inhibits the
efflux of cytochrome ¢, which is a link between mito-
chondrial events and the activation of the proteolytic
caspase cascade.’ It also keeps check on pro-apoptotic
protein Bax. Bax is known to form channels in the
mitochondrial membrane through oligomerization and
thereby facilitates the cytosolic release of cytochrome c.
Cytosolic cytochrome ¢ in turn promotes associated
caspases and apoptosis.®? Therefore, the ratio of Bcl-2
to Bax is important for normal mitochondrial function
and cellular viability. We examined the levels of Bax and
Bcl-2 through Western blot (Figure 5g,h). We observed a
significant decrease in the protein ratio of Bcl-2 to Bax in
bulk dopamine-exposed SH-SY5Y cells, when compared
to control, 48 h postexposure. However, no significant
decrease in Bcl-2:Bax was observed in the DA NPs-
treated group. Earlier, dopamine itself reportedly
induced apoptosis through alteration of the Bax/Bcl-2
ratio.5*¢* Therefore, NP-mediated delivery of dopamine
significantly prohibited apoptosis by preventing altera-
tions in the Bcl-2:Bax ratio in cells.

As the above changes may lead to mitochondrial
permeability transition, we further analyzed this by
studying localization of cytochrome ¢ on exposure to
bulk dopamine and DA NPs. Cytochrome c is retained
in intact mitochondria between intermembrane and
intracristal spaces.®’ In the event of any disruption in
mitochondrial permeability, it leaks into the cytosol.®®
Double labeling of cells with Mitotracker Deep Red and
cytochrome ¢ antibody was performed to study mito-
chondrial function. Control SH-SY5Y cells depicted
distinct co-localization of cytochrome ¢ (green) with
Mitotracker Red (Figure 5i, Mander's co-localization
coefficient; M = 0.938). Bulk dopamine-treated cells
exhibited a pronounced diffused cytosolic pattern of
cytochrome ¢ immunoreactivity (Figure 5j) and de-
creased localization in mitochondria (M = 0.339). Inter-
estingly, DA NP exposure did not cause significant
cytosolic localization of cytochrome c (Figure 5k, M =
0.73). A related finding earlier reported disruption in
mitochondrial membrane potential by dopamine and
its precursor L-DOPA,%® which was protected in our
study by the application of DA NPs.

In Vivo Study. The therapeutic potential of DA NPs
administration was next evaluated in vivo by studying
plasma pharmacokinetics of DA NPs vs bulk dopamine,
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delivery of DA NPs across the BBB, and their restorative
potential in a 6-OHDA-induced rat model of PD.
Further, as our preparation involves dopamine, which
is prone to oxidative metabolism, we studied the level
of oxidative stress-mediated effects caused by DA NP
administration and its influence on the endogenous
dopamine system. Since DA NPs were administered
intravenously, we further evaluated the effect of their
infusion on the cardio vascular system (CVS).

Enhanced Plasma Retention of DA NPs in Compar-
ison to Bulk Dopamine. The plasma pharmacokinetics
of dopamine following iv administration of bulk
dopamine and DA NPs was studied (S5). In the DA
NP formulation, the polar nature of dopamine was
masked. Its systemic clearance was also reduced, and
in turn a higher delivery of dopamine into the brain can
be anticipated. After intravenous administration as
DA NPs, the systemic plasma clearance of dopamine
was significantly reduced (from 108.17 mL/min/kg to
21.19 mL/min/kg), and the plasma half-life of dopa-
mine was increased (from 1.22 h to 2.53 h) in com-
parison to the bulk dopamine administration. A con-
siderable dopamine level (~45 ng/mL) upon DA NP
treatment was recorded up to 6 h, which is greater
than the basal plasma levels of dopamine in the rats
(<0.5 ng/mL).”

Further, the benefit of the above observation was
evidentin our later experiment in the form of increased
levels of dopamine in the rat striatum following DA NP
exposure. A recent related study reported that NPs of
PLGA-encapsulated antiparkinsonian drug .-DOPA sig-
nificantly enhanced L-DOPA half-life, bioavailability,
and efficacy when delivered to the brain through
intranasal administration.®® Similarly, dopamine deliv-
ery through intraperitoneal administration of dopa-
mine-loaded chitosan NPs resulted in increased levels
of dopamine in the striatum of the rat brain.%®

Successful Delivery of PLGA NPs-FITC and DA NPs to
Striatum after Intravenous Injection. DA NPs must cross
the BBB in order to deliver the dopamine in the striatal
region, which was required for restoring the functional
deficits related to dopamine deficiency. To evaluate in-
brain delivery of NPs in rats, we studied the distribution
of FITC-tagged PLGA NPs and DA NPs in the striatal
region 4 h and 7 days post-iv injections, respectively.
Fluorescent microscopic analysis showed the presence
of PLGA NPs-FITC in the striatum of control, sham, and
6-OHDA-lesioned animals (Figure 6a—c). Significant
fluorescence signal was detected in detergent-soluble
fractions of the homogenate of the striatum from PLGA
NPs-FITC-injected animals. Detectable accumulation of
FITC-tagged DA NPs in the striatal region of control,
sham, and 6-OHDA-lesioned animals was observed
(Figure 6e), as calculated from a standard plot of PLGA
NPs-FITC (Figure 6d). Specificity of signal was con-
firmed by comparing with an experimental control
injected with nonfluorescent PLGA NPs (data not
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Figure 6. (a—c) Representative fluorescent photomicro-
graphs of rat brain striatal sections (marked by immunoex-
pression for TH, red) of control, sham, and 6-OHDA-lesioned
(Les) animals illustrating in vivo uptake of iv-administered
PLGA NPs-FITC, 4 h postinjection. Insets in a—c are higher
magnification of area enclosed in a small rectangle showing
PLGA NPs-FITC (white arrow). (d) Standard curve of PLGA
NPs-FITC obtained after spiking the striatum of control ani-
mals with serially diluted NP suspensions (0.3—100 x«g/mL).
(e) Percent uptake of PLGA NPs-FITC in control, sham, and
Les rats. (f—h) Transport of intravenously injected PLGA
NPs-FITC (arrow) outside blood capillaries (arrowhead)
immunomarked with anti-endoglin antibody in rat brain
striatal sections. (i—k) Higher magnification of area marked
with dotted lines in part f. (I) TEM photomicrograph show-
ing the presence of DA NPs aggregating in the striatal
sections of rats 7 days post-iv infusion, captured with a
bottom-mounted camera used for materials. (m) Higher
magnification of area marked by a red circle in part I. Inset
in m illustrates higher magnification of the area marked
with dotted lines showing the size of NPs in the nanoag-
gregate. Scale bar = 200 um for a—c, 50 um for f—k, 0.5 um
for I, and 50 nm for m. CC = corpus callosum, ST = striatum,
LA = lesioned area. n = 3.

shown). In our previous study also, we found that PLGA
NPs-FITC reached the hippocampus and subventricular
zone of the rat brain.?

The detection of fluorescence emission in the brain
homogenate did not discriminate between NPs being
confined within blood capillaries/microvasculature or
leaving this domain to reach the brain parenchyma
(neurons and glial cells). To determine the brain loca-
lization of NPs at a microscopic level, we conducted
double immunofluorescence microscopic analysis 4 h

PAHUJA ET AL.

after intravenous injection of PLGA NPs-FITC in the rats.
The representative photomicrographs of the striatal
region (Figure 6f—k) illustrate capillaries stained in red
by marker antibody endoglin (Figure 6g,j), while the
presence of PLGA NPs-FITC was marked by green
(Figure 6h,k). We observed the presence of NPs
both inside and outside labeled vessels/capillaries
(Figure 6f,i).

Their extravasation to the brain parenchyma was
further confirmed by labeling the striatal sections from
PLGA NPs-FITC-infused rats (n = 3) with neuronal and
glial markers S-tubulin and glial fibrillary acidic protein
(GFAP), respectively. We could detect FITC signals near
and inside the neuron and astrocytes, confirming their
reach to these cells (Figure S7). These findings are of
interest, as DA NPs internalized in astrocytes may act as
areservoir for dopamine. A recent study has suggested
that striatal astrocytes may act as a storage site for
dopamine precursor .-DOPA.”®

Striatal localization of DA NPs was further verified at
the ultrastructural level by TEM. We observed poly-
meric NP aggregates located in the striatal region
(Figure 6l,m). The NPs' identity was established by
studying their shape and size with the help of a camera
used for material sciences. Our recent study also
showed localization of curcumin-loaded PLGA NPs in
the neuronal and glial cells of the hippocampus in the
rat brain.?

DA NP Administration Restored Functional Deficits in
a 6-OHDA-Lesioned Rat Model of PD. The biodistribu-
tion study demonstrated the delivery and presence of
DA NPs in the brain striatum. Next, we focused on our
ultimate goal, which was to explore the utility and
efficacy of DA NPs in providing functional relief in a rat
model of PD. This model exhibits key features of an
impaired dopamine system, viz., decrease in the striatal
dopamine levels, and dopamine-D2 receptor super-
sensitivity. We prepared this model by unilateral
stereotaxic lesioning of the rat brain nigrostriatal path-
way through 6-OHDA.”" The nigrostriatal dopaminer-
gic system innervates the dorsal striatum. Its disruption
led to severe degeneration of dopaminergic neurons.
We next measured the content of dopamine and its
metabolites DOPAC and homovanillic acid (HVA) in the
striatum by high-performance liquid chromatography
(HPLC). DOPAC and HVA were taken as indirect indices
of dopamine content. 6-OHDA-lesioning caused a
marked decrease in levels of striatal dopamine and
its metabolites DOPAC and HVA in lesioned striatum,
when compared to the sham (Figure 7a). This model
further exhibited marked adaptation in striatal D2
receptors in the form of supersensitivity. We observed
a significant increase in striatal *H-spiperone binding in
the lesioned striatum, when compared to the sham
(Figure 7b). Scatchard analysis showed the increase
was due to the enhanced number of binding sites
(Figure 7c). Earlier, we and others have reported that in
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Figure 7. (a) Levels of dopamine and its metabolites (DOPAC and HVA) in the rat brain striatal region (ipsilateral in the case of
all Les groups), 7 days after last iv injection of DA NPs or PLGA NPs. The test groups also include sham, Les, or control rats with
single or double infusion of DA NPs. Values are expressed as ng/g wet tissue weight and represent mean =+ SE of 5 rats. (b)
Dopamine-D2 receptor binding in the ipsilateral striatal region of rats (sham, Les, and DA NPs-DD) 7 days after last iv
administration. Values expressed as pmol bound/g protein are mean + SE of 5 animals in each group. (c) Scatchard analysis of
binding of 3H-spiperone (in triplicate) to rat brain striatal membrane (lesioned side) of various test groups (sham, Les, and
Les + DA NPs-DD). Value of dissociation constant (K4) expressed in nM and maximum number of binding sites (Byax), in pmol
bound/g protein, were determined by linear regression using GraphPad Prism. *Significantly different (*p < 0.05, **p < 0.01,
**¥p < 0.001), a = compared to sham, b = compared to Les. DA NPs-SD = single infusion of DA NPs; DA NPs-DD = two infusions

of DA NPs at 1-day interval.

response to the lesion-induced decrease in the levels
of dopamine in the striatum, the dopamine-D2 recep-
tors become supersensitive.’®”? This is so because
dopamine checks the inhibitory effects of striatopalli-
dal inhibitory GABAergic neurons by acting on striatal
dopamine-D2 receptors localized on their cell bodies.”®
A comparable increase in dopamine-D2 receptors
was also reported in Parkinson-related and idiopathic
Parkinson's patients.”*

Next, we studied the therapeutic effects of intrave-
nous DA NP infusion on the restoration of dopamine
levels, and striatal >H spiperone binding to dopamine-
D2 receptors in the rats (Figure 7a and b). For this,
rats of various groups were given either a single
intravenous infusion of DA NPs (DA NPs-SD) or two
infusions (DA NPs-DD) at an interval of 1 day, and the
assessments were made 7 days after the last injection.
Lesioned animals infused with PLGA NPs were consid-
ered as particle control. Selection of the iv route was
based on earlier reports describing it as the only
method for effective dopamine administration due to
its rapid peripheral metabolism and susceptibility to
alkaline pH.

Single and double doses of DA NPs enhanced the
dopamine levels significantly, when compared to

PAHUJA ET AL.

lesioned. The increase in dopamine levels was more
in animals receiving a double infusion of DA NPs
(Figure 7a). This was anticipated considering the slow
and sustained release of dopamine from NPs. Infusion
of PLGA NPs that contain no dopamine showed no
recovery in dopamine levels.

Next we evaluated changes in dopamine-D2 recep-
tors to further confirm the efficacy of the DA NP
formulation in providing neurorestoration. Lesioned
animals when given a double infusion of DA NPs
showed a significant decrease in striatal *H-spiperone
binding when compared to lesioned rats (Figure 7b,c).
The decrease was due to the decrease in By« of the
receptors. Our results are substantiated by an earlier
study, where direct intrastriatal delivery of dopamine
significantly decreased dopamine-D2 receptor super-
sensitivity in a 6-OHDA-induced PD model.”? These
results further supported that dopamine released in
the brain via NPs is capable of reversing the dopamine
receptor changes caused by lack of this neurotrans-
mitter. These findings become more relevant in ad-
vanced stages of degeneration, where the released
pool of dopamine could not be replenished by just
dopamine precursors due to the loss of controlled
dopamine transport and storage machinery, which
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Figure 8. (a) Rotational scores of sham, Les, and Les rats treated with a single or double dose of DA NPs. Seven days after the
last NP injection, rats were challenged with b-amphetamine 5 mg/kg b.wt ip, and 30 min later full body turns ipsiversive to the
lesioned side were recorded for 10 min. (b) Spontaneous locomotor activity of sham, Les, and single or twice DA NPs-infused
Les rats, 7 days after iv infusion. Data are mean =+ SE of 5 animals. *Significantly different (*p < 0.05, **p < 0.01, ***p < 0.001).
a = vs respective pretreatment score, b = vs sham. DA NPs-SD = single infusion of DA NPs, DA NPs-DD = two infusions of

DA NPs at 1-day interval.

results in an imbalance between stimulation of D1 and
D2 receptors, causing a loss of synergic activity of
direct and indirect input pathways.”> The .-DOPA or
nano -DOPA formulation may become ineffective in
this state and can possibly aggravate symptoms, such
as dyskinesia.

As any impairment in the level of dopamine and its
receptors leads to alteration in motor behavior includ-
ing locomotor activity, we studied the effect of DA NP
administration on neurobehavioral function in parkin-
sonian rats. We selected amphetamine-induced rota-
tion for this purpose. Amphetamine causes uneven
release of dopamine between lesioned and unlesioned
striatal lobes in rats with a unilateral 6-OHDA lesion,
making it rotate in the ipsilateral direction. This is
an essential quantitative index of striatal lesion
severity.’®”"7® We compared the amphetamine-
induced rotational scores of sham and 6-OHDA-lesioned
rats before NP infusion. The number of ipsilateral
rotations was significantly increased in 6-OHDA-
lesioned rats when compared to sham, depicting the
efficacy of the lesion. To test the neurotherapeutic
effects of DA NPs on neurobehavior, 6-OHDA-lesioned
animals were then divided into three subgroups.
One remained untreated, while the other two groups
received a single (DA NPs-SD) or two repeated (DA
NPs-DD) intravenous injections of DA NPs. We ob-
served a significant decrease in amphetamine-induced
rotations 7 days after DA NP injections when compared
to 6-OHDA-lesioned rats or to their respective pretreat-
ment scores (Figure 8a). However, the decrease in
rotational scores was more pronounced in DA NPs-
DD-treated rats compared to a single injection. The
attenuating effect of DA NPs on rotational behavior
indicated its potential antiparkinsonian activity. Next,
we studied the effects of single and double infusion of
DA NPs on locomotor activity in 6-OHDA-lesioned rats.
6-OHDA administration caused a decrease in locomo-
tor activity, which was restored to sham level in DA
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NPs-administered rats (Figure 8b). Our results are
substantiated by an earlier study, where delivery of
dopamine precursor .-DOPA NPs significantly induced
motor function recovery in the 6-OHDA-induced rat
model of PD®® or led to behavioral endurance in
dyskinetic rats. Similarly, NP-mediated controlled de-
livery of .-DOPA methyl ester significantly prevented
L-DOPA-induced dyskinesia in rats.”” Overall, these
results suggest that DA NPs were able to recover motor
deficits in a parkinsonian rat model.

No Adverse Effects of DA NP Administration on the
Dopaminergic System of PD Rats. To rule out any addi-
tional disturbance in dopamine circuitry of lesioned
areas as a consequence of DA NP administration, we
next evaluated the effect of DA NP administration on
key parameters of dopamine synthesis and uptake.
This was important, as our approach involved sus-
tained release of dopamine into the brain. Surplus
dopamine in the synaptic cleft or around it is prone
to oxidation and can produce toxic dopamine quinone,
aminochrome, and quinoprotein adducts together
with numerous free radicals.***’” We measured the
expression of TH, DAT, and quinoprotein adducts. TH
is a rate-limiting enzyme for dopamine synthesis, while
DAT manages dopamine levels in the brain through
presynaptic uptake and transporting it to vesicles,
where it is taken inside through vesicular monoamine
transporter, when in excess. Covalently linked quino-
protein adducts are reaction products of dopa qui-
nones and cellular nucleophiles such as the cysteinyl
residue of glutathione, TH, and several mitochondrial
proteins.”® We observed a significant decrease in TH
and DAT expression in the striatum of 6-OHDA-
lesioned rats when compared to the sham (Figure 9a
and b). We found no further loss of TH and DAT
expression in the lesioned areas of DA NPs-adminis-
tered rats when compared to 6-OHDA-lesioned rats
(Figure 9a and b). These results suggested that dopa-
mine released by DA NPs in slow and continuous

VOL.9 = NO.5 = 4850-4871 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

4861



BTH ODAT

Figure 9. (a) Representative photomicrographs showing
TH-immunolabeled striatal (ST) sections (ipsilateral) of
sham, Les, and twice DA NPs-infused Les rats. Les rats as
such and after DA NP administration exhibited comparable
loss of TH expression. (b) Western blot and densitometry of
TH and DAT expression in the ipsilateral striatal region of
Les and DA NPs-infused Les rats showing significant loss
in TH and DAT expression when compared to the sham.
(c) TEM photomicrographs showing striatal (ipsilateral)
ultrastructure of the sham, Les, and rats who received a
single or double infusion of DA NPs after lesioning. The
sham striatum showed a number of clearly marked syn-
apses, healthy mitochondria, and intact axonal boutans. In
contrast the striatum of rats of all other groups showed a
loss in synapses, swelled mitochondria, and degenerating
boutans. (d) Quinoprotein estimates (expressed as ODss5o/mg
protein) of the striatum of sham, Les, and DA NPs/PLGA
NPs-infused Les rats showed no significant difference.
*Significantly differ from sham, *p < 0.05. Scale bar = 200 um
for a and 0.5 um for c. Sy = synapse, B = boutan, Mit =
mitochondria, S = dendritic spine.

manner caused no deleterious effect on the dopa-
minergic system in the striatum. These findings were
further confirmed at the ultrastructural level. Ultra-
structural changes, if any, caused by DA NPs were
studied by TEM analysis. In the striatum of sham rats
healthy unmyelinated neurons with several normal
synaptic contacts were visualized (Figure 9c). Mito-
chondria had a double membrane with clear cristae
in control rats. In 6-OHDA-lesioned PD model rats, the
mitochondria were evidently swelled and the cristae
were lessened, distorted, or even absent (Figure 9c).
Many degenerating axons with few diffused synaptic
contacts were visible in the striatum of 6-OHDA-le-
sioned rats. Disintegration of synaptic contacts was
also reported earlier in the post-mortem parkinsonian
brain’® and in the 6-OHDA-lesioned animal model.®°

PAHUJA ET AL.

DA NPs-treated animals also showed comparable pecu-
liarities, as observed in lesioned rats (Figure 9c). These
results suggest that administration of DA NPs did not
cause any additional mitochondrial damage or ultrastruc-
tural changes in parkinsonian rats. Similarly, we observed
that neither a single nor a double dose of DA NPs pro-
duced significant quinone adducts in the striatum when
compared to lesioned and sham levels (Figure 9d).

We also observed that DA NPs after systemic ad-
ministration reached the substantia nigra (Figure 10a),
a region implicated in the pathogenesis of PD. We
found a substantially increased number of FITC-tagged
NPs in the substantia nigra of 6-OHDA-lesioned rats as
compared to the sham (Figure 10b). Similar to the
results of the striatum, we found DA NPs did not cause
any additional change in the expression of TH and DAT
in the substantia nigra of parkinsonian rats (Figure 10c).
Further, ultrastructural damage was also evident in the
nigral region of 6-OHDA-lesioned rats, when compared
to the sham, where a number of degenerating neuro-
nal soma were visible (Figure 10d). Mitochondria also
showed significant crista fracture and membrane
disorganization in the substantia nigra of 6-OHDA-
lesioned rats. Similar manifestations were also ob-
served in lesioned rats exposed to DA NPs. We ob-
served no additional visible damage in the lesioned
nigra in DA NPs-exposed animals (Figure 10d). Simi-
larly, no significant formation of quinone adducts was
found in the substantia nigra, on administration of a
single or double infusion of DA NPs, when compared to
sham or Lesioned rats (Figure 10e).

DA NPs Exert No Toxicity in Nontargeted Brain
Regions and Organs. We observed that besides the
striatum and nigra, intravenously administered FITC-
tagged NPs were also distributed in nontargeted brain
parts such as the frontal cortex (FC), hippocampus (HP),
and cerebellum (CERE) 4 h post-intravenous administra-
tion (Figure S8a and b). Dopamine released in these areas
from DA NPs may undergo autoxidation and thereby can
induce side effects such as free radical damage. To
analyze this, we further measured quinoprotein adducts
in these brain parts of DA NPs-administered rats, 7 days
after two intravenous injections. Quinoprotein adducts
have been shown to have a strong correlation with
dopamine-induced toxicity.”® No significant difference
in quinoprotein adducts of these areas was observed on
comparing with respective regions of sham or 6-OHDA-
lesioned rats (Figure S8c).

We could also locate many FITC-tagged NPs in the
kidney, liver, and spleen of animals 4 h following
intravenous administration (Figure S9a—c and j).
This confirmed that a detectable portion of iv-injected
NPs reached these areas. We further undertook a
histopathological study of these organs following
DA NP administration. When compared to the control
(Figure S9d—f), we observed no detectable pathology
in the liver or spleen; however the kidney of these
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Figure 10. (a) Representative photomicrograph of rat brain nigral (SN) sections illustrating substantial in vivo uptake of
iv-administered PLGA NPs-FITC, 4 h postinjection. Nuclei were labeled in blue with DAPI. (b) Percent uptake of PLGA NPs-FITC
quantified following 4 h infusion in the nigral region (ipsilateral) of sham and Les rats. (c) Photomicrographs showing
TH-immunolabeled nigral sections and Western blot/densitometric quantification of nigral TH and DAT immunoreactivity of
sham, Les, and twice DA NPs-infused Les rats. Les rats as such and after DA NP administration exhibited comparable loss of TH
and DAT expression. (d) TEM photomicrographs showing the nigral ultra structure of sham, Les, and rats who received a single
or double infusion of DA NPs after lesioning. Sham nigra show closely arranged neuronal cell bodies with well-marked nuclei.
Lesioned nigra show formation of balloon cells depicting degenerating cell bodies carrying a number of entrapped
mitochondria, and other cellular components at various stages of degeneration are clearly visible. Nigra of Les animals
receiving a single or double infusion of DA NPs also show similar phenomena. (e) Nigral quinoprotein level (expressed as
0Ds550/mg protein) of sham, Les, and Les + single or double infusion of DA NPs or PLGA NPs showed no significant difference.
Scale bar =50 um for (a) 200 um for ¢, 5 and 0.5 um for d. *Significantly different from sham, p < 0.05. Data are the mean + SE of
4, n = 3. DA NPs-SD = single infusion of DA NPs, DA NPs-DD = two infusions of DA NPs at 1-day interval.

animals showed dilated tubules (Figure S9g-i). A re-
lated finding by Hu et al?® had shown a transient
inflammatory reaction in the brain and other organs
of lactoferrin-conjugated PEG-PLGA NPs, which was
reported to subside within a few hours.

No Adverse Cardiovascular Effects of DA NPs. The
presence of excess dopamine in the peripheral system
can exert cardiovascular effects. Therefore, we studied
the effects of DA NP administration on systemic blood
pressure (BP) and heart rate (HR) of rats and compared
the effects with bulk dopamine. We found that PLGA

PAHUJA ET AL.

NPs-FITC were present in the heart of sham and
parkinsonian rats 4 h after iv administration (data not
shown). Bulk dopamine produced significant alteration
in the HR and BP in control rats (Figure 11a and b). DA
NPs showed only a rise in HR without any change in BP.
An equal amount of PLGA NPs did not produce any
significant effect on BP and HR. These results sug-
gested that sustained and slow release of dopamine
from DA NPs was able to limit unwanted alterations in
BP and HR. In addition, DA NP administration did not
cause any remarkable histopathological change in the
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Figure 11. Tracings of hemodynamic parameters and its quantification in rats following iv infusion of n-saline, PLGA NPs, DA
NPs, and bulk dopamine. (b) Effect of iv administration of n-saline, PLGA NPs, DA NPs, and bulk dopamine on blood pressure
(BP) and heart rate (HR) of rats. (c) Representative photomicrographs showing histopathology of the heart of control and
twice DA NPs (DA NPs-DD)-infused rats (n = 5). SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean
arterial pressure, bulk DA = bulk dopamine, DA NPs = dopamine nanoparticles.

heart (Figure 11c). These results suggested that dopa-
mine administration through NPs did not produce any
abnormal cardiovascular change in rats.

CONCLUSIONS

In the present study, we reported dopamine delivery
into the brain of PD rats, through application of PLGA
NPs. In conclusion, we found that DA NPs slowly and
constantly released dopamine, internalized in the
brain, reduced clearance of dopamine in plasma, re-
duced quinone adduct formation, and decreased do-
pamine autoxidation. These NPs significantly reversed
neurobehavioral abnormalities in parkinsonian rats.
Further, DA NPs did not produce additional ROS, do-
paminergic neuron degeneration, and ultrastructural

MATERIALS AND METHODS

Chemicals. Poly(p,L-lactide-co-glycolide) lactide:glycolide
(50:50) mol wt 30 000—60 000, dopamine hydrochloride, poly-
(vinyl alcohol) mol wt 30 000—70 000, 3-[4,5-dimethylthiazol-2-
yll-2,5-diphenyltetrazolium bromide (MTT), trypan blue, fluo-
rescein isothiocyanate isomer | (FITC), N-Boc-ethylenediamine,
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changes in the striatum and substantia nigra as com-
pared to 6-OHDA-lesioned rats. These NPs did not
cause alterations in the heart rate and blood pressure
nor any pathological changes in the brain and periph-
eral organs. Overall, these results suggest that NPs
delivered dopamine into the brain, reduced dopamine
autoxidation-mediated toxicity, and ultimately re-
versed neurochemical and neurobehavioral deficits in
parkinsonian rats. Our results provide evidence that DA
NPs delivered dopamine into the brain, reduced do-
pamine associated toxicity, and recovered neurochem-
ical and neurobehavioral alterations in PD. Thus, the DA
NP formulation may provide a novel therapeutic ap-
proach for delivery of dopamine in the brain for the
treatment of PD.

paraformaldehyde, (-glutamine, dimethyl sulfoxide (DMSO),
2',7'-dichlorodihydrofluorescin diacetate (DCFH-DA), 3,4-dihydroxy-
phenylacetic acid, homovanillic acid (HVA), osmium tetraoxide,
glutaraldehyde, trizma base, anti-GFAP, anti-S-tubulin, and anti-
TH were procured from Sigma (USA). Secondary antibodies
conjugated to HRP/Alexa 488/Alexa 568, Mitotracker Deep
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Red, fetal bovine serum (FBS), Dulbecco's modified Eagle's
medium (DMEM): F12, phosphate-buffered saline (PBS), trypsin,
antibiotic—antimycotic solution, and rhodamine phalloidin
were obtained from Invitrogen (USA). Antifade mounting media
Vectashield was purchased from Vector Laboratories (USA).
Anti-cytochrome ¢, anti-$-actin, anti-Bax, and anti-Bcl-2 were
purchased from Cell Signaling (USA). Radioligand *H-spiperone
was procured from Amersham (England). Anti-VMAT2 and anti-
DAT were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-dopamine D2R and anti-endoglin antibodies
were purchased from Chemicon International (USA). We pro-
cured Halt protease/phosphatase inhibitor cocktail and ECL
Western blotting substrate from Thermo Fisher (USA), BioTrace
NT membrane from Pall (USA), and culture ware from Nunc
(Denmark). All the other chemicals were of AR grade and
purchased from local companies based in India.

Preparation of PLGA NPs and DA NPs. DA NPs were prepared
following the double emulsion solvent evaporation method
with slight modifications.®’ Briefly, dopamine hydrochloride,
50 mgin 1 mL of water, was added dropwise to 100 mg of PLGA,
dissolved in 5 mL of dichloromethane (DCM), followed by
sonication for 5 min (30% amplitude, 50:10 pulse on:off) to
generate a primary water/oil emulsion. This emulsion was
dropwise added to a 1% w/v aqueous solution of PVA (20 mL)
while stirring at 1500 rpm and sonicated for 5 min to get a
secondary water/oil/water emulsion. Stirring was continued for
6—8 h until complete removal of organic solvent, followed by
centrifugation at 10000 rpm for 45 min at 4 °C. The pellet
obtained was resuspended in water and washed twice. Finally,
the nanoparticles were freeze-dried and stored at 4 °C under
anhydrous conditions. Control PLGA NPs were formulated with-
out the addition of dopamine, the rest of the protocol remaining
the same.

Preparation of FITC-Tagged PLGA NPs. Fluoresceinylated PLGA
NPs (PLGA NPs-FITC) were prepared (Figure S1) in a two-step
reaction as previously reported.? Initially, 1 mmol of t-Boc-
protected ethylenediamine was dissolved in 5 mL of DMF
followed by addition of 1.1 mmol of FITC, and the mixture
was stirred at room temperature in the dark for 12 h. Solvent
was removed, and the residue was mixed by shaking for 1 hina
solution of trifluoroacetic acid/DCM (2 mL, 1:1, v/v). The reaction
mixture was concentrated, triturated with 10 mL of DCM, and
vacuum-dried to obtain fluoresceinyl-ethylenediamine. Next,
fluoresceinyl-ethylenediamine was attached with PLGA (50 mg)
by dissolving it in 1 mL of DMF. N-hydroxysuccinimide
(NHS, 1.5 ug), 1-ethyl-3-(3-(dimethylamino)propyl) carbodii-
mide (EDAC, 2.5 ug), and triethylamine (TEA, 4 ulL) were added,
and the mixture was stirred for 2 h. Further, fluoresceinyl-
ethylenediamine (5 ug, for 1% substitution) was added to the
mixture, followed by stirring at room temperature for 6 h.
A rotary evaporator was used to concentrate the mixture. The
residue was partitioned between DCM and water, and the
organic phase was collected and concentrated to dryness. The
resulting mixture was dissolved in 2 mL of DCM and added
dropwise into a solution of 1% PVA. The mixture was stirred for
3 h at room temperature and centrifuged. The pellet was
washed with water and freeze-dried to obtain PLGA NPs-FITC.

Characterization of NPs. Size and Zeta-Potential Measurements.
Mean particle size and zeta potential were analyzed by dynamic
light scattering using a Zetasizer Nano-ZS (Malvern Instruments,
Malvern, UK), employing a He—Ne laser (5 mW) operating at
633 nm wavelength. Samples were prepared by dispersing
NPs in filtered water (viscosity: 0.89 cP; refractive index: 1.33)
at a concentration of 0.5 mg/mL. The size and zeta potential
were measured as an average of 20 and 30 runs in triplicate,
respectively. The data analysis was performed in automatic
mode, and the average values were calculated from the
electrophoretic mobility applying the Smoluchowski approxi-
mation 22

TEM Analysis. PLGA NPs and DA NPs were suspended in
water, layered over carbon-coated grids, and negatively stained
prior to morphological examination. The diameter of particles
was measured through Gatan digital micrograph software
under a FEI transmission electron microscope (Tecnai G2 Spirit,
The Netherlands) at 80 kV.
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SEM Analysis. The polymeric NPs were characterized for
their shape, surface morphology, and particle size distribution by
high-resolution field emission SEM (Quanta FEG 450, FEI, The
Netherlands). The polymeric sample was placed on a double-stick
conducting carbon tape over an aluminum stub and coated with
gold under an argon atmosphere by means of a sputter coater
(SC 7620, mini sputter coater, Quorum Technology Ltd. UK).
Samples were analyzed at an accelerating voltage of 5 kV and a
working distance of 10 mm in a high-vacuum mode.

Determination of Drug Loading and Entrapment Efficiency.
The amount of dopamine loading and entrapment in DA NPs
were determined using a spectrophotometer. Briefly, 5 mg of
DA NPs was dissolved in T mL of DMSO, and the absorbance of
the solution was measured at 280 nm. The amount of encapsu-
lated dopamine was calculated from the calibration curve
established using standard solutions of dopamine in the same
solvent. The loading and encapsulation (entrapment) efficien-
cies were calculated as

Weight of d ine in NP
Loading Efficiency % = €9 V\(/)eigfc\)fz;nll\lnlim 5 % 100
Weight of dopamine in NPs

Weight of total dopamine

100

Entrapment Efficiency % =

In Vitro Dopamine Release Profile. In vitro release kinetics of
dopamine from DA NPs was evaluated by the dialysis method as
described earlier.2? In brief, DA NPs (10 mg) dispersed in 1 mL of
PBS (pH 7.4) were transferred to a dialysis bag (molecular weight
cut-off: 12 kDa) and allowed to dialyze against 10 mL of PBS with
constant stirring at 100 rpm in an incubator shaker maintained at
37 °C. Aliquots (1 mL) were withdrawn at predetermined time
intervals, and the container was replenished with the same
amount of fresh PBS. Absorbance of the samples was measured
at 280 nm. The amount of the released dopamine was calculated
using a standard curve of dopamine in PBS.

Stability Studies. The stability of DA NPs and PLGA NPs-FITC
was assessed as per earlier reports.>>~3° In brief, the nanoparticles
(0.5 mg/mL) were suspended in cell culture media. The samples
were incubated at 37 °C, and the hydrodynamic diameters
were recorded at 1 h intervals up to 24 h using DLS as discussed
above.

In Vitro Studies. SH-SY5Y Cell Culture and Characterization.
We used undifferentiated SH-SY5Y cells (ATCC) in the current
study to compare the effects of bulk dopamine and DA NPs,
as they are reportedly a more sensitive indicator of oxidative
stress-mediated effects as compared to differentiated cells.
Both undifferentiated and retinoic acid-differentiated SH-SY5Y
cells are used to model neurons. However, it is reported that
differentiation makes these cells less prone to oxidative stress-
related changes and to dopamine neurotoxins.®®

SH-SY5Y cells were maintained in DMEM: F12 supplemen-
ted with 10% FBS, penicillin/streptomycin (100 U/mL; 100 «g/mL),
and 2 mM L-glutamine in an incubator at 37 °C with 5% CO,
and 99% humidity. Cells were confirmed for the expression of
marker proteins (TH, DAT, VMAT2, and dopamine-D2 receptors)
using specific antibodies by immunocytochemistry prior to
experiments (Figure S3).

Cellular Internalization of NPs. Cellular uptake of NPs was
determined using flow cytometry, fluorescent microscopy, and
TEM as described earlier.?® For flow cytometry and fluorescent
microscopy we used PLGA NPs-FITC, which had comparable
properties to those of DA NPs. In brief, SH-SY5Y cells were
seeded onto a six-well culture plate or slide flask at a density of
4 x 10 cells per well/flask. Cells were incubated 24 h later with
either PLGA NPs-FITC (10 ug/mL), DA NPs, or unlabeled PLGA
NPs (10 ug/mL) suspended in cDMEM: F12 media for different
time intervals (4 and 24 h) in a humidified CO, incubator at
37 °C. The unlabeled PLGA NPs were used as a control.

Flow cytometry was carried out to assess the cellular uptake
of PLGA NPs-FITC as per an earlier published method.? After
exposure, the cells were washed twice with PBS to remove
unbound NPs followed by trypsinization and resuspension in
500 uL of PBS. Flow cytometric analysis was carried out in the
FITC channel employing an Argon 488 laser. Results are ex-
pressed in terms of mean fluorescence intensity of FITC.
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For fluorescent microscopy, the cells following incubation
with PLGA NPs-FITC were washed with PBS and fixed in 4%
paraformaldehyde for 30 min at room temperature. The fixed
cells were washed with PBS and incubated in 0.1 M glycine for
5 min. Cells were permeabilized by brief exposure (1 min) to
0.1% Triton X-100. Subsequently, the cells were incubated with
rhodamine—phalloidin solution (1:3000, Invitrogen) for 30 min.
The fluorescent labeled cells were washed with PBS and
mounted using Vectashield aqueous mounting media (USA).
Imaging was done in FITC, TRITC, and DAPI channels using a
Nikon Eclipse Ti—S inverted fluorescent microscope equipped
with a Nikon Digital Sight Ds-Ri1 CCD camera and NIS Elements
BR 4.0 imaging software (Nikon, Japan).

TEM was performed to confirm the presence of DA NPs at
ultrastructural levels in NPs-exposed cells. For this, SH-SY5Y
cultures were incubated with DA NPs (10 ug/mL) suspended in
cDMEM: F12 media in a humidified CO, incubator at 37 °C. After
24 h, the cells were trypsinized, washed with PBS, and processed
for TEM analysis as described later.

In Vitro Effects of Bulk Dopamine vs DA NPs Treatment. In
order to study and compare the effect of bulk dopamine and DA
NPs at the cellular level, SH-SY5Y cells were plated 24 h prior to
the treatment and exposed to different concentrations of bulk
dopamine or DA NPs as per the experimental setup. The group
without any treatment served as the control. For the trypan blue
exclusion assay, the MTT assay, and morphological assessment,
SH-SY5Y cells were seeded into 96-well culture plates at a
density of 1 x 10* cells/well and exposed to bulk dopamine
(2—300 ug/mL) or DA NPs carrying an equivalent concentration
of dopamine for 24 or 48 h. ROS was estimated in the 96-well
plate at a density of 1 x 10 cells/well after 48 h exposure to
10—300 ug/mL bulk dopamine or DA NPs. Significant cytotoxic
effects were initiated at 100 ug/mL bulk dopamine or above;
hence we used a 100 ug/mL concentration of bulk dopamine
and equivalent DA NPs in our further experiments.

For TEM, Western blot, and immunocytochemistry, cells
were plated onto six-well culture plates or chamber slides at a
density of 6 x 10° cells/well and were exposed to 100 xg/mL
bulk dopamine or equivalent DA NPs for 48 h. After treatment,
the cells were analyzed for morphological and biochemical
changes. All the experiments were carried out in triplicate.

Trypan Blue Exclusion Assay. Cell viability was evaluated by
trypan blue exclusion as in our earlier study.®* For this, SH-SY5Y
cells were exposed to bulk dopamine or DA NPs as discussed
above. After treatment, cells were gently trypsinized and washed
with DMEM: F12 containing 10% FBS. Cells were resuspended
in sterile PBS. Trypan blue solution (0.4%) was added to each
sample, followed by loading onto a Neubauer chamber. An
unbiased microscopic counting was carried out by a person
unaware of group identity. A total of 200 cells per field were
counted. Cells stained blue were marked as dead, and unstained
cells were considered as live. The percent of trypan blue +ve cells
among the total number of counted cells was calculated. Data are
presented as percent of trypan blue +ve cells per group.

MTT Reduction Assay. In order to analyze the effect of bulk
dopamine and DA NPs on mitochondrial integrity, the MTT
assay was carried out as discussed earlier.2® In this, formazan
crystals formed by the cleavage of MTT tetrazolium salt, by
mitochondrial dehydrogenases of live cells, were estimated. In
brief, cells were plated in a 96-well plate. Twenty-four hours
after plating, cells were exposed to bulk dopamine or equivalent
DA NPs for 24 or 48 h as discussed above. After completion of
treatment, 10 uL of MTT (5 mg/mL) was added to each well, and
cells were incubated under 5% CO, for 4 h at 37 °C. The resulting
formazan crystals formed were solubilized in DMSO (100 uL/
well). Absorbance was read after 10 min at 570 nm using a
Multiwell microplate reader (Synergy HT, Bio-Tek, USA). The
results were calculated as percent of unexposed control.

Morphological Assessment. Cultured SH-SY5Y cells follow-
ing treatment of bulk dopamine or DA NPs, as discussed above,
were assessed for changes in morphology. A person unaware of
experimental setup evaluated 10 microscopic fields of each
experimental group (n = 3 in duplicate) using a phase contrast
microscope (Nikon, Japan). A representative photomicrograph
is included in the results.
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Determination of Cellular ROS Content. In order to assess
the effect of bulk dopamine or DA NP exposure on the cellular
ROS level, the redox-sensitive dye dichlorodihydrofluorescein
diacetate was used as discussed earlier.®* On oxidation by
cellular ROS, nonfluorescent DCFH-DA turns to fluorescent
2',7'-dichlorofluorescein. In brief, SH-SY5Y cells 24 h after plat-
ing onto a 96-well plate were exposed to bulk dopamine and DA
NPs as discussed above. After treatment, DCFH-DA (20 uM) was
added to each well, and the plate incubated for 30 min at 37 °C
in the dark. Fluorescence produced by DCFH-DA was measured
in a multiwell microplate reader at an excitation wavelength of
485 nm and emission wavelength of 528 nm. The results were
expressed as percentage with respect to unexposed control.

Immunocytochemistry. SH-SY5Y cultures (n = 3) following
treatment were fixed in 4% paraformaldehyde at room tem-
perature for half an hour followed by three washes with PBS.
These cells were analyzed for expression of various proteins
using specific anti-TH (1:500), anti-DAT (1:500), anti-dopamine
D, receptor (1:500) and anti-VMAT2 (1:500) primary antibodies
as described earlier.?° In brief, the fixed cells were then blocked
in PBS containing 5% bovine serum albumin and 0.01% Tween-
20 for half an hour followed by overnight incubation with primary
antibodies at 4 °C. The next day the primary antibodies were
aspirated and the cells were washed three times with PBS. Cells
were further incubated with anti-mouse, anti-goat, or anti-rabbit
Alexa 488/Alexa 568 conjugated secondary antibodies (diluted
1:200 in PBS) at room temperature for 2 h followed by washing
with PBS. Subsequently the cells were mounted in antifade
mounting medium and visualized under a fluorescent micro-
scope (Leica, Germany) equipped with QWin 500 image analysis
software. Ten microscopic fields were captured on each slide in a
blinded manner. For Mitotracker Deep Red and cytochrome
¢ dual labeling, cells after treatment with bulk dopamine and
DA NPs were incubated with Mitotracker Deep Red dye (100 nM)
and incubated for 1 h at 37 °C. After incubation the dye was
aspirated followed by washing with PBS. The cells were then
paraformaldehyde fixed and processed for cytochrome ¢ immu-
nocytochemistry as discussed above. Representative photo-
micrographs are included in the article.

Protein Expression in Cells by Western Blot (WB). WB of bulk
dopamine- or DA NPs-exposed SH-SY5Y cells was carried out as
discussed earlier* In brief, cells following exposure were
trypsinized and centrifuged at 1000 rpm at room temperature.
The cells were lysed using CellLytic buffer (Sigma, USA) supple-
mented with protease and phosphatase inhibitor cocktail in a
shaking water bath incubator maintained at 37 °C. The lysate was
centrifuged at 12000 rpm. Protein in the supernatant was esti-
mated using a Bradford protein estimation kit (Bangalore Genei,
India) prior to addition of sample loading buffer. An equal amount
of proteins (35 ug) was loaded on 10% tris-glycine gel and
transferred onto a nitrocellulose membrane. Membranes were
blocked for 1 h at room temperature in Western blocker (Sigma)
followed by overnight incubation with anti-TH, anti-pTH®"',
anti-Bcl-2, and anti-Bax antibodies (1:1000). 3-Actin was used as
loading control. Membranes were then washed three times with
TBST and incubated for 2 h with horseradish peroxidase conjugated
secondary antibody. Immunoreactive proteins were detected using
a chemiluminescent substrate (Pierce, USA) according to the
manufacturer's instructions. Bands were quantified using the Gel
Documentation System (Alpha Innotech, USA), and densitometry
was performed by AlphaEase FC StandAlone V. 4.0.0 software

In Vivo Studies. In vivo studies were carried out in order to
study plasma pharmacokinetics of DA NPs, their delivery across
the BBB, and restorative potential in a 6-OHDA-induced rat
model of PD.

Animals. Adult Wistar rats (225 £+ 10 g body weight) ob-
tained from the animal breeding colony of Indian Institute of
Toxicology Research were used in the current study. These rats
were given ad libitum water and pellet diet (Hindustan Lever
Laboratory Animal Feed, India), and a 12 h light/dark cycle was
maintained. All the procedures of animal experimentation were
approved by the Institutional Animal Care and Ethical Committee.

Preparation of the Rat Model of PD through 6-OHDA Lesion-
ing and Administration of NPs. The rat model of PD was
prepared following our earlier study.®® In brief, rats were
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anesthetized with an intraperitoneal injection of a ketamine/
xylazine mixture. Each rat received two unilateral stereotaxic
injections of freebase 6-OHDA (4 ug/uL in 0.2% L-ascorbate
saline, 1 uL/min) in the right medial forebrain bundle of the
nigrostriatal pathway following coordinates (in mm with re-
spect to bregma): (i) 3 uL at anterior posterior (AP) = 4.4, lateral
(L) = 1.2, ventral (V) = 7.8; (i) 2 uL at AP = 40, L = 08,
V = 8.0.5 The needle was left in situ for an additional 5 min
for 6-OHDA diffusion. Rats of the sham group were infused
similarly with L-ascorbate saline. To reduce pain, animals were
given subcutaneous injections of bupivacaine (2 mg/kg) every
12 h during thefirst 2 days postsurgery. Three weeks later, lesion
efficacy was determined by the number of ipsilateral rotations
shown by animals on b-amphetamine challenge (5 mg/kg, ip) as
described earlier.”" Rats who exhibited >6 ipsilateral rotations/
min were considered adequately lesioned and used in further
study. The animals were randomly divided into the following
groups and exposed as per the experimental setup:

Group | (control): normal animals

Group Il (sham): L-ascorbate saline lesioned rats

Group Il (Les): 6-OHDA-lesioned rats receiving n-saline as
sham infusion

Group IV (Les + DA NPs-SD): lesioned rats receiving single iv
infusion of DA NPs (equivalent to 4.95 mg/kg body weight
dopamine)

Group V (Les + DA NPs-DD): lesioned rats receiving two iv
infusions of DA NPs (equivalent to 4.95 mg/kg body weight
dopamine/injection) on alternate days

Groups VI (Les + PLGA NPs): lesioned rats receiving iv
infusion of PLGA NPs

Seven days after last iv injection, rats were subjected to
neurobehavioral, neurochemical, and immunohistochemical
evaluations.

Visualization of NPs across the BBB. Rats of control, sham,
and Les groups were given an iv injection of PLGA NPs-FITC
(6 mg/kg body weight) suspended in sterile n-saline or vehicle
alone. After 4 h, the rats were anaesthetized. To demonstrate the
presence of fluoresceinylated NPs in the striatal region, the animals
were perfused with n-saline and paraformaldehyde. The brains
were excised and cryopreserved in graded sucrose (10—30%).
The perfused brains were then sectioned across the striatum, and
the sections were immunostained with anti-TH antibody as dis-
cussed later. In order to localize the striatum, photographs were
taken at lower magnifications where, below the line of the corpus
callosum, the striatum could be easily distinguished.

To show whether infused NPs have crossed the capillary wall,
following 4 h of PLGA NPs-FITC iv infusion, the animals were
anaesthetised and sacrificed by cervical dislocation. The brains
were excised, immediately chilled on dry ice, and transferred to
—80 °C. Frozen brains were sectioned across the striatal region
and collected on gelatin-coated slides. These sections were
further immunostained with anti-endoglin antibody (1:250) to
mark the capillaries similarly as discussed later.>* Suitable sec-
ondary antibodies linked to Alexa Fluor-568 were used. These
sections were evaluated for location of PLGA NPs-FITC, which
crossed the blood capillaries, under a fluorescent microscope.

NP Visualization and Quantification in the Brain and Periph-
eral Organs. Rats were infused with PLGA NPs-FITC (6 mg/kg
body weight, iv), anaesthetized, and sacrificed by cervical
dislocation after 4 h of treatment. For NP visualization, the
brain, kidney, spleen, liver, and heart were excised, immediately
chilled on dry ice, and transferred to —80 °C. Sections of 20 um
thickness were cut using a cryotome (Labcon, Germany). Sections
were transferred onto slides and mounted in agueous mounting
media followed by visualization under a fluorescent microscope
for FITC signal. The quantification of NPs reaching various brain
parts and extra CNS organs was carried out 4 h postinjection
following the method of Sundaram et al® In brief, 55 mg of
various tissues was homogenized in T mL of 2% Triton X-100. The
homogenate was centrifuged at 3000 rpm for 10 min to remove
tissue debris. The supernatant was collected to analyze the
amount of PLGA NPs-FITC taken up by the tissue using a spectro-
fluorometer. An excitation wavelength of 483 nm, emission
wavelength of 538 nm, and bandwidths of 3 or 5 nm were used.
A similar approach was used for the preparation of standards in
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tissues. Briefly, similar amounts of area-matched tissues obtained
from control animals were spiked with serially diluted stock NP
suspensions (0.3—100 «g/mL) prepared in 2% Triton X-100. The
tissues were homogenized and centrifuged, and the supernatant
obtained was used to plot standard curves.

Ultracellular Analysis through TEM. Localization of DANPsin
SH-SY5Y cells/rat brain regions and ultrastructural changes
caused by bulk dopamine and DA NPs following various
exposure schedules were studied using TEM.23 In brief, after
exposure to 100 ug/mL bulk dopamine for 48 h or equivalent DA
NPs, SH-SY5Y cells were trypsinized and centrifuged at 1000 rpm
to pellet. Animals of sham and 6-OHDA-lesioned group or
6-OHDA-lesioned animals who received a single or double
infusion of DA NPs (equivalent to 4.95 mg/kg dopamine/
injection) were transcardially perfused with prechilled 1 N saline
followed by a 4% paraformaldehyde + 0.2% glutaraldehyde
mixture 7 days after the last infusion. Brains were excised, and
the striatum and nigra were dissected out and chopped into
small pieces (~2 mm?). Both cells and tissues were fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, at 4 °C
for 2 h and overnight, respectively, followed by postfixation in 1%
aqueous osmium tetraoxide (OsO,) for 2 h at room temperature.
0s0, was removed, and both cell pellets/tissue pieces were
serially dehydrated in graded acetone (15—100%). Cell pellets/
tissue pieces were then embedded in an Araldite and dodecenyl
succinic anhydride mixture to prepare blocks. These blocks were
then baked for 48 h at 65 °C. Ultrathin sections (50—70 nm) were
cut with a Leica EM UC7 ultramicrotome and stained with uranyl
acetate and lead citrate. Analysis of sections was performed
under a TEM (FEI Technai G2spirit twin) equipped with a Gatan
digital CCD camera (The Netherlands) at 60 or 80 kV.

Neurobehavioral Studies. Amphetamine-Induced Rotations. For
assessment of circling behavior, rats of sham and lesioned
groups were used. Lesioned rats were further assigned to three
groups. All these rats were housed individually. p-Amphetamine
(5 mg/kg ip) was given, and ipsilateral circling was scored after
30 min for 10 min as reported earlier.”" Thereafter, animals of
the two-lesioned group were given a single or double infusion
of DA NPs. Seven days after the last infusion, the amphetamine
challenge was repeated. All the scoring was performed in a
blinded fashion by an observer unaware of group identity. Data
were represented as ipsilateral rotations/min in comparison
to sham or to pretreatment score.

Spontaneous Locomotor Activity (SLA). An ActiMot detec-
tion system (TSE Systems, Bad Homburg, Germany) was used to
monitor SLA in rats of sham, lesioned, and lesioned with single
or double infusion of DA NPs with minimal observer's bias
in the quantification of motility.2° The locomotor activity was
recorded for 5 min and processed by the microcomputer
for data analysis. After every trial, the activity chamber was
swabbed with ethanol (70%) to eliminate interference due to
animal odors. Results were expressed as distance traveled (cm).

Determination of Dopamine and Metabolites through High-
Performance Liquid Chromatography. Brain striatal levels of do-
pamine and its metabolites DOPAC and HVA were determined by
an HPLC-electrochemical detector system (Waters, Milford, MA,
USA) as reported earlier.*® In brief, rats of various groups (control,
sham, lesioned, and control and lesioned with single or double
infusion of DA NPs or PLGA NPs) after completion of treatment
were anaesthetized as discussed above and sacrificed. The brain
striatum was dissected and homogenized in 0.17 M perchloric acid
containing 3,4-dihydroxybenzylamine (25 ng/mL) as an internal
standard. The homogenate was centrifuged (36000g) at 4 °C for
10 min. Then 20 uL of supernatant was run on HPLC for estimation
of dopamine, DOPAC, and HVA. The mobile phase (pH 4.2)
consisted of 0.15 M sodium dihydrogen phosphate, 0.25 mM
ethylenediaminetetraacetic acid, 1.75 mM sodium octyl sulfate,
and 4% methanol. A flow rate of 1.5 mL/min was maintained to
separate peaks. The results are expressed as ng/g by tissue weight.

Dopamine-D2 Receptor Assay. Radioligand 3H-spiperone
was used to determine dopamine-D2 receptors in the rat brain
striatum as reported earlier.”® In brief, the crude synaptic
membrane was prepared by homogenizing the striatal region
in 19 volumes of Tris-HCl buffer (5 mM, pH 7.4) followed by
centrifugation at 50000g for 15 min at 4 °C. The pellet was
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washed twice with the same buffer and finally suspended in
Tris-HCl buffer (40 mM, pH 7.4) and stored at —20 °C. Receptor
binding was carried out in 1 mL final volume in triplicate. Total
binding was estimated using a reaction cocktail composed of
Tris-HCI buffer (40 mM, pH 7.4), synaptic membrane protein
(200 ug), and radioligand *H-spiperone (10~° M, specific activ-
ity: 18.5 Ci/mmol). For nonspecific binding, dopamine antago-
nist haloperidol (107® M) was included in the reaction cocktail.
The reaction mixture was incubated for 15 min at 37 °C followed
by filtration through glass fiber filter discs (25 mm diameter,
0.3 um pore size, Whatman GF/B) using a vacuum manifold.
The filters were washed twice, air-dried, and transferred to
scintillation vials. Scintillation fluid was added to the vials, and
membrane-bound radioactivity was counted using a -scintillation
counter (Packard, USA) at an efficiency of 30—40% for 3H.
Specific biding was calculated by subtracting the nonspecific
binding from the total binding. The results are expressed as
pmol *H-spiperone bound/g protein. In addition to this, recep-
tor affinity (Kg) and maximum number of receptor binding sites
(Bmax) Were analyzed through Scatchard analysis at increasing
concentrations of radioligand (1/10 to 10 times the affinity).

Immunohistochemistry. In order to examine the effects of
DA NPs on striatal and nigral TH expression, immunohistochem-
ical analysis was carried out as per our earlier published
method.”" Seven days after the last infusion of DA NPs, rats
(n = 5/group) of sham, 6-OHDA-lesioned, and lesioned + DA
NPs-DD were anaesthetized as discussed above and were
perfused sequentially with prechilled n-saline and 4% parafor-
maldehyde. The brains were excised, postfixed in 4% parafor-
maldehyde, and cryopreserved in graded sucrose. Coronal
sections (12 um) of rat brain striatum and nigral regions were
cut using a cryotome (Microm, Germany). Free-floating sections
were blocked with 3% normal goat serum, 0.1% Triton X-100,
and 0.5% bovine serum albumin for 2 h. Sections were then
incubated in mouse anti-TH (1:500) antibody for 24 h at 4 °C
followed by three washes with PBS containing Tween-20. These
sections were then incubated with anti-mouse peroxidase or
Alexa Fluor-488 (1:200) conjugated antibodies for 2 h at room
temperature. Color in peroxidase-labeled sections was developed
using diaminobenzidine substrate. The sections were transferred
to gelatin-coated slides, followed by serial dehydration in graded
alcohol and finally in xylene. The sections were then mounted in
DPX mountant. Fluorescent labeled sections were mounted in
DAPI containing antifade mounting medium (Vectashield, Vector
Laboratories, USA) and stored in the dark at 4 °C. Slides were
analyzed under a Nikon Eclipse Ti—S inverted fluorescent micro-
scope equipped with a Nikon Digital Sight Ds-Ri1 CCD camera
and NIS Elements BR imaging software (Nikon, Japan).

Striatal and Nigral Protein Expression by Western Blot. WB
was carried out in order to evaluate the effect of DA NP
exposure on the brain dopamine system as discussed in our
earlier report.23 In brief, rats of sham, 6-OHDA-lesioned and
lesioned + DA NPs-DD groups, 7 days after last infusion, were
deeply anesthetized and decapitated, and brains were imme-
diately excised. The striatum of the lesioned side was dissected,
weighed, and homogenized in tissue lysis medium (Sigma, USA)
supplemented with protease and phosphatase inhibitor cock-
tail. The homogenate was centrifuged for 15 min at 14000g to
remove insoluble material. Protein concentration was deter-
mined by the Bradford method kit. A 2x SDS loading buffer
(10 mM Tris-HCl buffer pH 6.8, 10% glycerol, 2% sodium dodecyl
sulfate, 0.01% bromophenol blue, and 5% [-mercaptoethanol)
was added to the samples followed by boiling for 10 min. A
35 ug amount of protein was applied to a 10% SDS-polyacrylamide
minigel and transferred onto the nitrocellulose membranes.
Membranes were then probed with primary antibodies for TH
(1:1000) and DAT (1:1000). Detection of primary antibody was
done by anti-rabbit secondary antibodies conjugated to horse-
radish peroxidase (1:5000), and the signals were detected with
ECL Western blotting substrate and imaged using VersaDoc
(Biorad, Hercules, CA, USA). For level of protein loading, the blots
were stripped and reprobed with antibody A-actin (1:1000).
Several exposure times were used to obtain signals in the linear
range. Bands were imaged using the Gel Documentation System
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(Alpha Innotech, USA), and densitometry was performed by
AlphaEase FC StandAlone V. 4.0.0 software.

Estimation of Protein-Bound Quinones (Quinoprotein).
Quinoprotein estimation was carried out as described earlier.”’
In brief, after completion of exposure, 5% lysate was prepared
by homogenizing tissues in ice-cold lysis buffer (PBS, pH 7.4, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl
sulfate + 10 ug/mL phenylmethylsulfonyl fluoride). The NBT
(nitro blue tetrazolium)/glycinate assay was used to determine
quinoprotein in the lysate. In brief, 100 uL of lysate was added to
an equal amount of the NBT reagent (0.24 mM NBT in 2 M
potassium glycinate, pH 10) followed by incubation at 25 °C for
2 h in the dark with continuous shaking. Absorbance (OD) was
measured at 550 nm. The Bradford protein assay kit (Merck,
India) was used to measure protein. Bovine serum albumin was
used as a standard. Results are expressed as ODss5o/mg protein.

Histopathology. Tissue histopathology (n = 5) was carried
out in formalin-fixed tissues as described earlier.’? In brief,
kidney, liver, spleen, and heart were extracted, washed in saline,
and fixed in 10% buffered formalin for 72 h prior to dehydration
in graded ethanol series, with final clearance in xylene. Dehy-
drated tissues were embedded in paraffin to prepare blocks.
These blocks were sequentially sectioned (4—5 um), using a
microtome (Leica, RM 2155), and subsequently stained with
hematoxylin and eosin. Images were taken using a Leica (DFC
295) camera on a Leica microscope.

Measurement of Hemodynamic Parameters. Estimation of
hemodynamic parameters was performed as described earlier
with slight modifications.”** Rats (n = 5) were anaesthetized with
urethane (0.625 g/kg, ip; Sigma, USA), and the trachea was cannu-
lized with polyethylene tubing. The left carotid artery was cannu-
lized and catheterized. The catheters were connected to a pressure
transducer to record the blood pressure and heart rate. Normal
saline, PLGA NPs, DA NPs, and bulk dopamine (200 ug/kg, positive
control) were administered through the cannulated right external
jugular vein. Computer-based recording and a data acquisition
system (AD Instruments) were used for recording the output signals.

Co-localization. Co-localization data were analyzed using
ImageJ (National Institutes of Health) employing the JACoP plugin.
The statistical test included in the analyses was Mander's co-locali-
zation coefficient, showing the percentage of FITC co-localization
with Mitotracker Red (M = 1 regarded as perfect correlation).”

Statistics. Statistical analysis was carried out by using
GraphPad InStat statistical analysis software (San Diego, CA,
USA). The homogeneity of variance between all the experi-
mental groups was ascertained, and the mean significant
difference in the experimental groups was determined using
one-way analysis of variance (ANOVA) followed by the Tukey—
Kramer post hoc multiple comparisons test. p-Values less than
0.05 were considered to be statistically significant.
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