
ORIGINAL RESEARCH

Authors Herrán E, Requejo C, Ruiz-Ortega JA, Aristieta A, Igartua M, Bengoetxea H, Ugedo L, Pedraz JL, Lafuente JV,

Hernández RM

Received 5 February 2014

Accepted for publication 29 March 2014

Published 27 May 2014 Volume 2014:9(1) Pages 2677—2687

DOI http://dx.doi.org/10.2147/IJN.S61940

Checked for plagiarism Yes

Review by Single-blind

Peer reviewer comments 3

Increased antiparkinson efficacy of the combined

administration of VEGF- and GDNF-loaded nanospheres

in a partial lesion model of Parkinson’s disease

Enara Herrán,1,2 Catalina Requejo,3 Jose Angel Ruiz-Ortega,4 Asier Aristieta,4 Manoli Igartua,1,2 Harkaitz
Bengoetxea,3 Luisa Ugedo,4 Jose Luis Pedraz,1,2 Jose Vicente Lafuente,3 Rosa Maria Hernández1,2

1NanoBioCel Group, Laboratory of Pharmaceutics, University of the Basque Country (UPV/EHU), School of
Pharmacy, Vitoria, Spain; 2Biomedical Research Networking Center in Bioengineering, Biomaterials and
Nanomedicine (CIBER-BBN), Vitoria, Spain; 3LaNCE, Department of Neurosciences, University of the
Basque Country (UPV/EHU), Leioa, Spain; 4Department of Pharmacology, University of the Basque
Country (UPV/EHU), Leioa, Spain

Abstract: Current research efforts are focused on the application of growth factors, such as glial cell
line-derived neurotrophic factor (GDNF) and vascular endothelial growth factor (VEGF), as
neuroregenerative approaches that will prevent the neurodegenerative process in Parkinson’s disease.
Continuing a previous work published by our research group, and with the aim to overcome different
limitations related to growth factor administration, VEGF and GDNF were encapsulated in poly(lactic-
co-glycolic acid) nanospheres (NS). This strategy facilitates the combined administration of the VEGF
and GDNF into the brain of 6-hydroxydopamine (6-OHDA) partially lesioned rats, resulting in a
continuous and simultaneous drug release. The NS particle size was about 200 nm and the simultaneous
addition of VEGF NS and GDNF NS resulted in significant protection of the PC-12 cell line against
6-OHDA in vitro. Once the poly(lactic-co-glycolic acid) NS were implanted into the striatum of 6-OHDA
partially lesioned rats, the amphetamine rotation behavior test was carried out over 10 weeks, in order to
check for in vivo efficacy. The results showed that VEGF NS and GDNF NS significantly decreased the 
number of amphetamine-induced rotations at the end of the study. In addition, tyrosine hydroxylase
immunohistochemical analysis in the striatum and the external substantia nigra confirmed a significant
enhancement of neurons in the VEGF NS and GDNF NS treatment group. The synergistic effect of VEGF
NS and GDNF NS allows for a reduction of the dose by half, and may be a valuable
neurogenerative/neuroreparative approach for treating Parkinson’s disease.
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Introduction

In recent years, there has been increasing interest in the struggle against neurodegenerative diseases
such as Parkinson’s disease (PD). PD is characterized by selective degeneration of the nigrostriatal
pathway and a concomitant reduction in the striatal concentration of dopamine, giving rise to motor
function impairments such as rigidity, rest tremors, bradykinesia, and postural abnormalities.1,2

Although PD is a major priority for health care systems, current dopamimetic therapies, such as L-dopa,
focus on modifying motor symptoms without treating the neurodegenerative process and without
providing neuroprotection to the surviving dopaminergic neurons.3 Thus, current research efforts are
focused on halting neurodegeneration using promising alternatives such as antioxidants, antiapoptotic
agents, cell-based therapies, and neuroprotective agents.4

An interesting and promising approach is the use of growth factors (GFs), and specifically the subfamily
of the neurotrophic factors (NTFs), which are potentially major players in therapeutic interventions for
neurodegenerative disorders such as PD.5 NTFs represent one of the most important challenges in the
treatment of neurodegenerative diseases due to their roles in the survival and phenotypic differentiation
of developing neurons, as well as maintenance and protection of mature and injured neurons.4,6

According to the scientific literature, and fueled by the positive results obtained in a previous study
published by our group,7 we decided to continue with the application of NTFs in future works, and, in
particular, with the promising combination of glial cell line-derived neurotrophic factor (GDNF) and
vascular endothelial growth factor (VEGF). GDNF is a potent factor that is able to act in vitro and in vivo,
promoting the survival and differentiation of dopaminergic neurons and protecting these cells from
dopaminergic toxins.8–12 Several clinical trials have been conducted to analyze the potential of GDNF in
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PD patients; however, in all these studies, intracerebroventricularly or intraputaminally administered
GDNF solution presented numerous negative side effects and no significant clinical improvements.13–15

VEGF has prosurvival effects in neuronal culture and was demonstrated to be protective against
6-hydroxydopamine (6-OHDA) in a PD rat model. In the present study, we used this potent angiogenic
growth factor in combination with GDNF, in order to enhance the action of the latter.16,17

Major problems for the clinical use of VEGF and GDNF is their rapid degradation rate, their short half-life
in vivo, their difficulty in crossing the blood–brain barrier, and, consequently, the need for direct and
continuous administration of the factors into the brain.18,19 One approach that has been examined by our
group,7,20 to overcome these drawbacks is the encapsulation of VEGF and GDNF into biocompatible and
biodegradable poly(lactic-co-glycolic acid) (PLGA) microspheres and nanospheres (NS). This strategy
permits the intracranial administration of the formulations, allowing for a sustained drug release, with
promising results obtained for PD and Alzheimer’s disease recovery in preclinical studies.7,20 The
intracranial administration of GDNF-loaded PLGA microspheres has also been demonstrated by other
groups to be successful in improving behavioral deficits and reversing anatomical changes.21,22

To appraise novel formulations in animal models of PD, various 6-OHDA lesioned rat models have been
developed, in which the toxin was injected into different parts of the nigrostriatal pathway. In our
previous work,7 we used a severely lesioned rat model of PD, whereas, in this new study, subregions in
the caudoputamen complex were selected as a target for the lesion. This is a partial, more selective
damage of the nigrostriatal dopaminergic pathway, which appears to be a particularly effective site in
which to assess regeneration accompanied by recovery of motor behavior.23,24

Thus, in the present work, we studied the combined potential of low doses (half that of individual
treatment) of VEGF-loaded PLGA NS and GDNF-loaded PLGA NS in a partially lesioned PD rat model, with
the aim of studying their synergistic effects in neuronal recovery and protection.

Materials and methods

Preparation of NS

Recombinant human VEGF (PeproTech, London, UK) and recombinant murine GDNF (Peprotech)
enclosing PLGA (50:50; lactic/glycolic [%]) (Resomer® RG 503; Boehringer Ingelheim, Ingelheim,
Germany) NS were prepared as previously described.20

Briefly, 133 mg PLGA 50:50 (previously sterilized by gamma radiation) were dissolved in 3.33 mL
dichloromethane and emulsified with 200 µL of 0.15% w/v recombinant human VEGF or recombinant
murine GDNF aqueous solution (containing 7% [w/v] human serum albumin and 2.5% [w/v]
poly-ethylene-glycol 400) by probe sonication for 30 seconds at 50 W (Branson® Sonifier® 250, Biogen,
Derio, Spain). The first emulsion was poured into 5% (w/v) polyvinyl alcohol solution and sonicated
again for 1 minute, in order to obtain a double emulsion (w1/o/w2). This emulsion was poured into 2%
(v/v) isopropanol solution and stirred at room temperature for 2 hours to promote the removal of the
organic solvent. The newly formed NS were separated by centrifugation at 20,000× g, resuspended in
2.5% (w/w in respect to PLGA) trehalose aqueous solution and freeze-dried for 24 hours. The entire
process of NS preparation was conducted under aseptic conditions. Empty NS (without VEGF or GDNF)
were prepared using the same method described above.

Characterization of NS

The mean particle diameter, size distribution, and zeta potential were determined by the Malvern®

Zetasizer Nano ZS (model Zen 3600; Malvern Instruments, Malvern, UK). Different surface
characteristics of the NS were examined by scanning electron microscopy (JEOL® JSM-7000F; JEOL,
Tokyo, Japan).

The encapsulation efficiencies of VEGF and GDNF were determined using a Human VEGF ELISA (enzyme-
linked immunosorbent assay) Development Kit (Peprotech) and the GDNF Emax® ImmunoAssay System
(Promega Corporation, Fitchburg, WI, USA) after NS disruption with dimethyl sulfoxide. To evaluate the
surface-associated protein, 3 mg of NS were suspended in phosphate-buffered saline ([PBS] pH 7.4) and
maintained at 37°C for 30 minutes, under continuous orbital rotation. The resulting supernatant was 
collected and measured by the corresponding ELISA kit.

Finally, the release profile of VEGF and GDNF from PLGA NS was assessed. Three milligrams of NS was
placed in an Eppendorf tube (containing 1 mL of PBS 20 mM [pH 7.4]) at 37°C±0.5°C and shaken with a
rotator shaker at 25 rpm. At determined time intervals, the release medium was withdrawn by
centrifugation (20,000× g, 15 minutes) and replaced with 1 mL of fresh PBS. The amount of VEGF and
GDNF in the supernatants was determined by VEGF ELISA and GDNF ELISA kits. The test was carried out
in triplicate, representing the obtained results as the percentage of the total amount entrapped in the
NS.

Establishment of neurotoxic cell model with 6-OHDA

This assay was conducted in the PC-12 Adh cell line (American Type Culture Collection [ATCC], Manassas,
VA, USA), a specific cell lineage of dopaminergic neurons. PC-12 cells were sustained in specific medium
(F-12K Gibco®; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 2.5% fetal bovine
serum, 15% horse serum, and 1% penicillin/streptomycin in standard conditions. The culture plates were
previously coated with attachment factor (Gibco®) in order to promote the attachment of seeded cells.
After 24 hours, freshly prepared 6-OHDA (Sigma-Aldrich, St Louis, MO, USA), at different concentrations
(0.05 mM, 0.1 mM, and 0.2 mM), was added into the cell culture. Cell viability was examined at 16 hours
after the exposure to 6-OHDA, and CCK-8 (Cell Counting Kit-8 for quantization of viable cell number in
proliferation and cytotoxicity assays; Sigma-Aldrich) and 4′,6-diamidino-2-phenylindole (DAPI)
immunostaining assays were conducted.

Protective effect of VEGF and GDNF on PC-12 cell cultures

Once the 6-OHDA concentration was selected, VEGF and GDNF protection assays were also conducted in
the PC-12 cell line. Cells were seeded in 96-well culture plates at a density of 150×103 cells/well,
previously treated with an attachment factor, and maintained in standard conditions for 24 hours prior to
experimentation. Then, culture medium was replaced, and cells were treated for 16 hours with 6-OHDA
(0.1 mM) and 5 ng/mL or 10 ng/mL of the factors released from the NS: 1) 0.1 mM 6-OHDA; 2) 0.1 mM
6-OHDA +10 ng/mL of VEGF; 3) 0.1 mM 6-OHDA +10 ng/mL of GDNF; 4) 0.1 mM 6-OHDA +10 ng/mL
VEGF +10 ng/mL GDNF; 5) 0.1 mM 6-OHDA +5 ng/mL VEGF +5 ng/mL GDNF. The bioactivity of the
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samples was evaluated by measuring cell proliferation by adding 10 µL of CCK-8 to each well.

Animals and 6-OHDA lesion

Thirty minutes before the surgery, male albino Sprague Dawley (150–175 g) rats were pretreated with
desipramine (25 mg/kg, intraperitoneally [ip]; Sigma-Aldrich) and pargyline (50 mg/kg, ip; Sigma-
Aldrich), to protect noradrenergic terminals and to inhibit monoamine oxidase activity, respectively.23

Then, rats were deeply anesthetized with isoflurane (1.5%–2%; Esteve Química, Barcelona, Spain) and
placed on a Kopf stereotaxic instrument (David Kopf Instruments, Tujunga, CA, USA). 6-OHDA was
unilaterally infused in the right striatum through three different injections. Seven point five micrograms
of 6-OHDA were injected in each coordinate: anteroposterior (AP) +1.3 mm, mediolateral (ML) +2.8 mm,
and dorsoventral (DV) -4.5 mm; AP -0.2 mm, ML +3.0 mm, and DV -5.0 mm; AP -0.6 mm, ML +4.0
mm, and DV -5.5 mm, relative to bregma and dura with the tooth bar set at -2.4. Taking into account
the protocol, this lesion produces a partial degeneration (or parkinsonism).22

Two weeks after the 6-OHDA surgery, the rotational behavior was tested with amphetamine
administration as a marker of dopaminergic degeneration. Only the rats that rotated more than three full
turns/minute were included in this study.

NS implantation surgery

NS were implanted 3 weeks after the 6-OHDA injection. Rats were anesthetized with isoflurane
(1.5%–2%; Esteve Química) and mounted on a Kopf stereotaxic instrument for NS implantation. Five
different groups of animals were used (six to eight rats per group): 1) vehicle; 2) empty-NS; 3) VEGF
NS (2.5 µg VEGF); 4) GDNF NS (2.5 µg GDNF); and 5) VEGF NS and GDNF NS (1.25 µg VEGF and 1.25
µg GDNF). The NS were suspended in 15 µL of PBS (0.1% w/v carboxymethyl cellulose, 0.8% w/v Tween
80 [Sigma-Aldrich] and 0.8% w/v mannitol) before administration.

The NS were implanted in the right striatum in three different coordinates: AP +1.3 mm, ML +2.8 mm,
and DV -4.5 mm; AP -0.2 mm, ML +3.0 mm, and DV -5.0 mm; AP -0.6 mm, ML +4.0 mm, and DV -5.5
mm, relative to bregma and dura with the tooth bar set at -2.4.

To carry out this in vivo assay, the rats were housed in usual conditions with a invariable temperature of
22°C, a 12-hour dark/light cycle and ad libitum access to water and food. All experimental methods were
carried out in agreement with the Ethical Committee of Animal Welfare (CEBA) at the University of the
Basque Country, Leioa, Spain (CEBA/154/2010//RUIZ ORTEGA).

Behavioral study

Amphetamine-induced turning behavior tests were developed 2, 4, 6, 8, and 10 weeks after the NS
implantation, as previously described.24

Before each behavioral session, animals were weighed and amphetamine (5 mg/kg) was intraperitoneally
administrated. After 15 minutes of latency, the full ipsilateral rotations were counted for 90 minutes with
an automatized rotameter (multicounter LE3806; Harvard Apparatus, Holliston, MA, USA). Data were
expressed as the number of full turns per minute.

Fourteen weeks after NS implantation, apomorphine-induced rotational behavior was tested. The
apomorphine (a dopaminergic agonist) was used as a dopamine (DA) degeneration indicator because it
induces contralateral turning behavior after dopaminergic denervation. Thus, before each behavioral
session, animals were weighed and apomorphine (0.5 mg/kg) was subcutaneously administrated. After 5
minutes of latency, the full contralateral rotations were measured for 50 minutes with an automatized
rotameter (Harvard Apparatus multicounter LE3806). Data were expressed as the number of full turns
per 5 minutes.

Figure 1 shows a schematic illustration of the experimental design for the treatments in 6-OHDA lesioned
rats.

Figure 1 Experimental design for the NS treatments in 6-OHDA lesioned rats.
Abbreviations: 6-OHDA, 6-hydroxydopamine; NS, nanosphere; PLGA,
poly(lactic-co-glycolic acid); TH, tyrosine hydroxylase; wk, weeks.

Tyrosine hydroxylase (TH) immunohistochemistry

Animals underwent transcardial perfusion with saline solution and 4% paraformaldehyde in 0.1 M PBS,
pH 7.4. Brains were removed and postfixed for 48 hours in the same fixative solution and then
cryopreserved in 30% sucrose diluted in 0.1 M PBS. Three days after, brains were sectioned on a freezing
microtome (52 µm thick) and coronal slices collected in PBS containing 0.6% sodium azide. TH
immunochemistry assay was performed in free-floating slices and used to evaluate dopamine loss in
basal ganglia and substantia nigra (SN). For TH immunostaining, we neutralized endogenous peroxidases
with a solution of 3% H2O2, 10% methanol in potassium PBS (KPBS) (0.02 M, pH 7.1) for 30 minutes at
room temperature. Cerebral slices were preincubated with 5% normal goat serum (NGS) and 1% TritonTM

X-100 (Sigma-Aldrich) in KPBS (KPBS/T) for 1 hour and then incubated overnight with rabbit polyclonal
anti-TH (1:1000) in 5% NGS KPBS/T at 4°C. After rinsing twice with KPBS and once with 2.5% NGS
KPBS/T, slices were incubated for 2 hours with a secondary biotinylated goat anti-rabbit immunoglobulin
G (1:200 in KPBS/T containing 2.5% NGS). All slices were processed with avidin–biotin–peroxidase
complex (Elite ABC kit; Vector Laboratories, Inc., Burlingame, CA, USA) for 1 hour with
3,3′-diaminobenzidine (DAB) as the chromogen. Finally, slices were mounted, dehydrated, and
coverslipped with permanent mounting DPX medium (Sigma-Aldrich).

Integrated optical density (IOD)

The optical density of basal ganglia was evaluated using a computerized image analysis system
(Mercator Image Analysis system; Explora Nova, La Rochelle, France). Digitalized images from coronal
sections were taken with a 1,200 dpi resolution digital scanner (Epson, Suwa, Japan). The IOD reading
was corrected for background staining (subtracting the values of a region outside of the tissue). For each
animal, the IOD was estimated at two medial–caudal levels along the basal ganglia according to Paxinos
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and Watson,25 placing a square of 900 µm2 on the most degenerated lateral region: 1) medial striatum
(bregma -0.24 mm); 2) caudal striatum (bregma -0.60 mm). Optical density values are given as
percentage of ipsilateral striatum versus the contralateral non-lesioned striatum, which was considered
as 100%.

Number of neurons

Immunoreactive neurons were measured using a stereological tool (optical dissector) provided by the
computerized image analysis system (Mercator Image Analysis system; Explora Nova, La Rochelle,
France). Probes of 50×50 µm separated by 100 µm were launched into the previously delimited region
belonging to the lateral region of the SN. This region is topologically related to the dorsolateral
caudoputamen complex, where the 6-OHDA lesion was produced.21,26

Immunopositive neurons inside the probe or crossing on the right side of the X–Y axis were counted. A
minimum of three histological sections per animal and five animals from each experimental group were
analyzed. Density of neurons per slice and per animal were calculated.

Statistical analysis

All statistical analysis was performed with GraphPad Prism (v 5; GraphPad Software, Inc., La Jolla, CA,
USA) and SPSS Statistics (v 20; IBM Corporation, Armonk, NY, USA). Prior to analysis, the Shapiro–Wilk
test was used to assess normal distribution of samples, and Levene’s test was used to determine the
homogeneity of variance. One-way analysis of variance (ANOVA) with Tamhane’s post hoc test was used
to explore differences between groups. In the behavioral studies, we used Student’s t-test to compare
intergroup differences. Significance was declared when P<0.05.

Results

Characterization of NS

NS presented particle sizes of around 235.6±0.111 nm for VEGF NS, 221.1±0.065 nm for GDNF NS, and
267.00±0.111 nm for empty NS. The zeta potential was similar for all the formulations, around -25 mV.
When visualized by scanning electron microscopy, the NS showed a spherical shape without irregularities
(Figure 2). The encapsulation efficiency (EE) was 44% for VEGF NS and was higher for GDNF NS, at 74%
(Figure 2A and Table 1). Both formulations had similar percentages of surface-associated protein
(approximately 23%) and similar in vitro release profiles. Figure 2B shows that VEGF and GDNF released
from PLGA NS presented similar release profiles, with an initial burst release of 28%±0.5% of the total
loaded protein in the first 24 hours, and a second continuous release rate of 1 ng/day/mg persisting until
the end of the assay.

Figure 2 GDNF NS and VEGF NS characterization and in vitro toxicity study.
Notes: (A) Scanning electron microscope (SEM) photomicrographs of GDNF
NS and VEGF NS. (B) The in vitro VEGF NS and GDNF NS release profiles at
37°C in phosphate-buffered saline (pH 7.4). The results are represented as the
mean ± standard deviation (n=3).
Abbreviations: GDNF, glial cell line-derived neurotrophic factor; NS,
nanospheres; VEGF, vascular endothelial growth factor.

Table 1 Characteristics of the NS
Note: The results are presented as the mean ± standard deviation.
Abbreviations: EE, encapsulation efficiency; GDNF, glial cell line-derived
neurotrophic factor; NS, nanospheres; SAP, surface associated protein; VEGF,
vascular endothelial growth factor.

The combination of VEGF and GDNF released from PLGA NS increases cell viability against 6-OHDA

In this assay, we tested whether VEGF and GDNF released from PLGA NS were able to protect PC-12 cells
from 6-OHDA toxicity. As shown in Figure 3A, when the PC-12 cell line was exposed to different 6-OHDA
concentrations, the damage to cells was evident under fluorescence microscopy when 0.1 mM and 0.2
mM concentrations were added. These results have been convincingly corroborated by cell viability assay,
giving rise to a selection of 0.1 mM 6-OHDA as the ideal dose with which to damage half of the cells
(data not shown).

Figure 3 In vitro neurotoxicity assay.
Notes: (A) DAPI immunostaining after different 6-OHDA concentration
treatments to establish the neurotoxic cell model. (B) PC-12 cell viability
evaluation after 6-OHDA induced toxicity in vitro. *P<0.05, V 10 + G 10
(+6-OHDA) versus C-, and C- (+6-OHDA) groups. ***P<0.001, V 5 + G 5
(+6-OHDA) versus C-, and C- (+6-OHDA) groups.
Abbreviations: 6-OHDA, 6-hydroxydopamine; C-, negative control; DAPI,
4′,6-diamidino-2-phenylindole; G 5, GDNF 5 ng/mL; G 10, GDNF 10 ng/mL;
GDNF, glial cell line-derived neurotrophic factor; OD, optical density; V 5, VEGF
5 ng/mL; V 10, VEGF 10 ng/mL; VEGF, vascular endothelial growth factor.

Once the optimal 6-OHDA dose was selected, we found that a combined administration of reduced doses
of VEGF and GDNF released from PLGA NS was able to protect dopaminergic cells from 6-OHDA-induced

Increased antiparkinson efficacy of the combined administration of VEG ... https://www.dovepress.com/increased-antiparkinson-efficacy-of-the-c...

4 de 10 18/03/2016 15:36



neurotoxicity in vitro. The incubation of PC-12 cells with VEGF (5 ng/mL) and GDNF (5 ng/mL) resulted
in a 51% increase in cell viability (negative control: 0.19±0.03; VEGF 5 ng/mL and GDNF 5 ng/mL:
0.29±0.07; P<0.001 with respect to control group, one-way ANOVA [Figure 3B]), achieving a synergistic
effect when administered together.

Behavioral study: evaluation of in vivo effects of implanted PLGA NS

In vivo functionality of nanoencapsulated VEGF and GDNF releasing PLGA NS was assessed by
amphetamine-induced rotation test. Only the rats that presented more than three turns/minute after the
6-OHDA lesion were included in the study, and were divided into five experimental groups: 1) vehicle; 2)
empty NS; 3) VEGF NS (2.5 µg VEGF); 4) GDNF NS (2.5 µg GDNF); and 5) VEGF NS and GDNF NS (1.25
µg VEGF and 1.25 µg GDNF). There was no obvious change in the body weight of the rats receiving the
different treatments throughout the experiment (data not shown).

In the amphetamine-induced behavioral experiments, no differences were found in the initial number of
rotations between groups, as shown in Figure 4A. After a unilateral 6-OHDA lesion, the animals receiving
only the vehicle administration did not show significant recovery of the rotational behavior at any time
(sham: 10.15±2.19 ipsilateral turns/minute at 0 weeks to 11.57±2.49 turns/minute at 10 weeks). Rats
receiving empty NS, VEGF NS, and GDNF NS treatments showed a slight reduction in rotations at the
end of the study (week 10). GDNF NS implantation, in particular, showed a statistical reduction in the
number of rotations when compared with sham group (empty NS: 9.71±2.92 turns/minute; VEGF NS:
6.37±2.11 turns/minute; GDNF NS: 4.43±2.75 turns/minute; P<0.05 GDNF NS with respect to sham
group, Student’s t-test). In addition, we observed that striatal implantation of the combined VEGF NS
and GDNF NS treatment at half the dose of the factors administered individually achieved the best
behavioral results and significantly reduced the number of rotations (VEGF NS and GDNF NS: 0.87±0.53
turns/minute) when compared to the empty NS and sham groups (P<0.001 with respect to empty NS
and sham groups, Student’s t-test [Figure 4A]).

Figure 4 Behavioral study: amphetamine and apomorphine rotational tests.
Notes: (A) The results obtained from the amphetamine rotational behavior
test after NS administration. GDNF NS group versus sham group show
statistically significant differences (*P<0.05). The VEGF NS and GDNF NS
group versus sham and empty NS groups showed statistically significant
differences (***P<0.001). (B) Data obtained from the apomorphine rotational
behavior test 14 weeks after NS implantation. The VEGF NS and GDNF
NS-treated group exhibited the best behavioral recovery (*P<0.05, VEGF NS
and GDNF NS versus empty NS; **P<0.01, VEGF NS and GDNF NS versus
sham). The data are shown as the mean ± standard deviation (n=6–8).
Abbreviations: GDNF, glial cell line-derived neurotrophic factor; NS,
nanospheres; VEGF, vascular endothelial growth factor.

Once the amphetamine test was completed, rats were exposed to the apomorphine-induced test. The
data obtained from this test confirmed the promising results obtained previously, showing statistically
significant changes between the VEGF NS and GDNF NS group and sham and empty NS treatment
groups (P<0.01 with respect to empty NS and P<0.05 with respect to sham group, Student’s t-test
[Figure 4B]). As can be seen from Figure 4B, the VEGF NS and GDNF NS-treated group presented the
smallest number of contralateral rotations, demonstrating the highest level of behavioral recovery.

Histological evaluation of the treatments

The efficacy of the treatment was also analyzed with immunohistochemical techniques, measuring IOD of
TH+ fibers of the striatum and density of dopaminergic neurons in the SN (Figure 5A).

Figure 5 Histological evaluation of the treatments in the striatum.
Notes: (A) The images give an illustrative overview of the medial and caudal
sections of the caudoputamen complex for TH immunohistochemistry. Squares
placed on lesioned and non-lesioned (control) hemispheres delimit the
surfaces where the integrated optical density was measured using a
computerized image analysis system. Scale bar =2 mm. (B) The graphic shows
the percentage of integrated optical density of the lesioned hemisphere with
respect to the non-lesioned hemisphere (control) for each experimental group.
Data are shown as the mean ± standard error of the mean (n=6–8) (*P<0.05
VEGF NS and GDNF NS group versus sham group). (C) Photomicrographs of
striata immunostained for TH from a representative intact hemisphere (control)
and 6-OHDA lesioned hemispheres from the different experimental groups.
Abbreviations: 6-OHDA, 6-hydroxydopamine; GDNF, glial cell line-derived
neurotrophic factor; NS, nanospheres; TH, tyrosine hydroxylase; VEGF,
vascular endothelial growth factor.

From the data shown in Figure 5B, we can see that, 14 weeks after NS implantation, the percentage of
TH+ fibers remaining in the ipsilateral hemisphere, in comparison with the non-lesioned half, was greater
in the group receiving the combined treatment. The TH+ fiber intensity of the lesioned side expressed as
percentage over the control side observed in the striatal area of the VEGF NS and GDNF NS-treated
group was 58%, while that of the sham group was 42%. The combined treatment enhanced the
restoration of TH+ fibers and neurons to a greater extent than the treatments with only VEGF or GDNF
(P<0.05 with respect to the sham group, one-way ANOVA [Figure 5B]). Figure 5C demonstrates
enhanced restoration of the lesioned striatum in the VEGF NS and GDNF NS group.

Further evidence of this improvement was found when neuron density of the SN was analyzed.
Stereological study showed changes in whole SN neuron density, demonstrating that VEGF NS and GDNF
NS increased the density of dopaminergic neurons in a satisfactory way. Moreover, these changes were
significantly higher among groups when the “external SN” was considered (Figure 6A and B). The results
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obtained from the analysis of this specific area showed a considerable increase in neuron density in the
VEGF NS and GDNF NS-treated group, the neuronal density being 43% of that of the contralateral side,
compared to only 11% in the sham cases (P<0.001 with respect to sham and empty NS groups, one-way
ANOVA [Figure 6C]). This improvement can be clearly observed in the serial pictures of Figure 6D.

Figure 6 Histological evaluation of the treatments in the SN.
Notes: (A) Schematic illustration of the SN with the “external SN” delimited.
This area is topologically related to the lesioned area of striatum and includes
SNL, a part of the SNR, and half of the SNC. (B) Picture of whole SN and
delimited “external SN”. Scale bar =1 mm. (C) Density of dopaminergic
neurons in “external SN”. The results are expressed as a percentage of lesioned
hemisphere compared to the non-lesioned one (control). Data are shown as
the mean ± standard error of the mean (n=6–8) (#P<0.05 GDNF NS group
versus sham group; ***P<0.001 VEGF NS and GDNF NS group versus sham
and empty NS groups). (D) Photomicrographs of SN immunostained for
tyrosine hydroxylase from a representative intact hemisphere (control) and
6-OHDA lesioned hemispheres from the different experimental groups. Scale
bar =1 mm.
Abbreviations: 6-OHDA, 6-hydroxydopamine; GDNF, glial cell line-derived
neurotrophic factor; NS, nanospheres; SN, substantia nigra; SNC, SN pars
compacta; SNL, SN lateral; SNR, SN pars reticulata; SNE, SN externa; VEGF,
vascular endothelial growth factor.

Discussion

Extensive work has been carried out in recent years toward PD treatments aiming at reducing or slowing
down the progression of neurodegenerative processes. Concerning new treatments, GFs, and especially
neurotrophic factors, offer one of the most compelling opportunities for significantly improving the
treatment of this serious neurological disorder, treating both the symptoms of the disease as well as its
pathogenesis.27

In particular, the efficacy of NTFs such as GDNF, or angiogenic factors like VEGF, in the upregulation of
essential neurogenic processes makes them ideal candidates for modifying the evolution of this
disorder.4,5,28 Previous studies published by our group, as well as research conducted by numerous other
laboratories,16,29,30 has demonstrated that the administration of VEGF or GDNF improves behavioral
deficits as well as decreases neuronal degeneration in different animal models of neurodegenerative
disorders.7,11,20

Nevertheless, the essential problems for the application of these hydrophilic molecules are their short
half-life and rapid degradation rate in vivo. That is why many studies focus on designing different drug
delivery systems to enhance the release of these proteins into the brain tissue, either through invasive or
noninvasive methods.31,32

Considerable attention has been paid to the improvement of PLGA nanoparticles, making the local
delivery of neuroprotective agents into the brain possible. In fact, PLGA NS can preserve the
encapsulated unstable therapeutic drug from enzyme degradation, release the drug in a controlled and
continuous manner, enhance its biodistribution, and permit drug targeting. In addition, numerous
studies have demonstrated that PLGA is well tolerated by the brain tissue without toxic effects, with few
adverse effects, and in the absence of immune response.33,34

Thus, the aim of this study was to administer VEGF-loaded and GDNF-loaded PLGA NS directly into the
striatum, and analyze their synergic ability to restore the 6-OHDA-damaged areas, as well as their
capability to improve behavioral deficits in a partially lesioned model of PD.

The formulation and characterization of the NS employed in this paper was performed in a similar
manner to as reported in our previous work,20 generating NS of around 250 nm particle size and zeta
potential around -30 mV, which is considered sufficient to form stable dispersions. In the current study,
the in vitro release experiment conducted with VEGF NS and GDNF NS showed a similar biphasic profile
with a sustained VEGF and GDNF release for 30 days. Once NS were administered, VEGF and GDNF were
released due to diffusion and erosion mechanisms, and, consequently, a constant drug release in
therapeutic concentrations in a localized area was obtained, achieving desired effects during the in vivo
study.

As soon as the NS were characterized, and with the goal of defining the doses for the in vivo study in
6-OHDA partially lesioned rats, the efficacy of the combined administration of VEGF NS and GDNF NS in
the protection of PC-12 cells from degeneration was assessed in vitro. After establishing an in vitro model
of PC-12 cell damage using 6-OHDA toxin, we provided new evidence on the protective effect of the
mixed administration of VEGF and GDNF released from NS against 6-OHDA neurotoxicity. In this assay,
we demonstrated that the combination of VEGF and GDNF increased the cell viability and attenuated
6-OHDA-induced apoptosis, even when half of the dose of the individual factors was administered,
showing the synergistic effects of VEGF and GDNF as suggested by Tufro et al.35

After the combined administration was successfully proven to be the most effective in PC-12 cell line
cultures, we investigated the in vivo potential of the combined administration at lower doses of VEGF NS
and GDNF NS for inducing the restoration of the damage brain areas. The data of this new in vivo study
showed improvements on the results obtained in our previous work, carried out in a totally lesioned rat
model, using microspheres to administer the factors.7

In the present study, we selected a partially lesioned rat model, with the aim of proving the efficacy of
our therapy at an incipient stage of PD and with the possibility of comparing with other similar studies
published by Garbayo et al and Jollivet et al.29,30 During the 10 weeks of treatment, we corroborated the
behavioral benefits generated by VEGF NS and GDNF NS. In the amphetamine-induced rotation test, the
results obtained from GDNF NS treatment were consistent with those of other studies and corroborated
the beneficial effects of GDNF in the behavioral recovery. Furthermore, VEGF NS and GDNF NS combined
treatment presented a lower number of ipsilateral rotations, demonstrating higher recovery levels when
compared with other treatment groups in the lesioned animals. This result was supported by the
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experimental data obtained from the apomorphine-induced rotation test. Therefore, the positive
behavioral results obtained in the combined treatment group suggest that a sufficient recovery in the
lesioned brain tissue could have occurred.

Because the injection of 6-OHDA is directly related to the loss of dopaminergic neurons, and,
consequently, is associated with disturbed behavioral function, we investigated the number of TH+ fibers
in the striatum of the lesioned rats. The immunohistochemical analysis correlated with the result
obtained in the behavioral study, showing increased fiber density in the striatum in the combined
treatment group. A particularly interesting finding was the statistically significant changes found in
“external SN” dopaminergic neurons after GDNF NS and VEGF NS and GDNF NS treatments. It is well
documented that neurons located on the most “external SN” are topologically related to the dorsolateral
caudoputamen complex, corresponding to the most lesioned area in this partially lesioned PD rat model.
Thus, the restorative changes we observed in SN may be due to the activity of GFs in the striatum.21,26

These findings support the neurorestorative role of nanoencapsulated VEGF and GDNF on the
dopaminergic system, where functional improvement was accompanied with a morphological restoration
in a partial-lesion model of PD. The synergistic effects of VEGF NS and GDNF NS allow for a reduction of
the dose by half, thus reducing possible side effects, and is a promising
neuroregenerative/neuroreparative approach for the treatment of PD.

Conclusion

The data obtained from behavioral studies and immunohistochemical analysis of the striatum and SN
confirm that the combination of VEGF NS and GDNF NS at half the dose of their individual administration
can be a suitable and promising treatment for neuronal regeneration and protection in a partially
lesioned rat model of PD. In addition, the measurements focused on the “external SN” achieve more
specific and significant results. Therefore, the administration of VEGF NS and GDNF NS is an interesting
potential strategy for the treatment of PD.
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