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ABSTRACT
Purpose The peptide-based delivery system constitutes a po-
tent approach to overcome the limitations of drug delivery in
vitro and in vivo. We recently proposed a novel peptide RDP,
which enables brain-targeting delivery of proteins into neuronal
cells. Here we investigate the possible internalization mecha-
nism of RDP, and identify the therapeutic effects of functional
proteins when linked with RDP in brain disease.
Methods The RDP fusion proteins are produced through
recombinant DNA technology, and cell culture is used to
investigate the uptake mechanism of RDP and its fusion protein.
Experimental Parkinson’s disease (PD) model is prepared in
mice by intra-striatal injection of 6-hydroxydopamine, and is
tested by apomorphine- and amphetamine-induced rotation.
Results The results suggest that the possible route for RDP
cellular uptake might involve GABA receptor-dependent,
clathrin-mediated endocytosis pathway. Additionally, the conju-
gate of RDP and glial cell-derived neurotrophic factor (GDNF)
exhibits the neuroprotective effect in experimental PD animals,
including reduction of apomorphine- and amphetamine-
induced rotation following toxin administration.
Conclusions RDP may become an effective tool for the
targeted delivery of proteins into brain for disease treatment.

KEY WORDS Brain-targeting delivery . Internalization
mechanism . Parkinson’s disease . RDP

INTRODUCTION

The poor permeability of the blood-brain barrier (BBB) of
mammalian to drugs is a major barrier for the development
of therapeutic molecules for brain diseases (1). BBB is composed
of specialized endothelial cells with tight junctions, and prevents
the passage of more than 98% of small-molecular weight drugs
and almost 100% of all macromolecular neurotherapeutic
drugs into brain parenchyma (2,3). To overcome this barrier,
considerable efforts have been made in the past years to design
new approaches and technologies.

The use of biological active proteins as therapeutic agents
constitutes a very promising approach for the treatment of
brain diseases. However, the transvascular delivery of these
large molecules into brain remains a challenge since they
can not cross BBB. Though different types of lipid- and
polymer-based vectors have been used for protein delivery,
including liposomes, microparticles and nanoparticles, most
of them have relatively poor efficiency (4,5).

Peptide-based delivery system is an alternative for protein
delivery, partly because of the advantages of peptide, includ-
ing biodegradability, biocompatibility, low toxicity and ease of
synthesis (6). For example, cell-permeable peptides (CPPs)
have been shown to mediate numbers of proteins into various
tissues, including brain (7,8). CPPs provide a means for deliv-
ery of exogenous proteins, but they can not deliver them with
cell specificity since CPPs are effective in a very large number
of different cell types (9,10). This limitation contributes to one
of the major drawbacks of CPPs, and hampers the most
promising applications of CPPs.

We recently proposed a novel peptide, RDP, consisting
of 39 amino acid res idues (KSVRTWNEIIPSK
GCLRVGGRCHPHVNGGGRRRRRRRRR), for effi-
cient and targeted delivery of proteins into brain cells fol-
lowing systemic administration (11). RDP is a peptide
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derived from rabies virus glycoprotein (RVG), the only
protein component that interacts specifically to enable viral
entry into neuronal cells (12). In this study, we demonstrated
the possible mechanism of cellular uptake of RDP by neu-
ronal cells, and confirmed the targeted delivery and phar-
macological activity of biological active proteins as
conjugated with RDP. The results suggested that the mech-
anism of selective cellular uptake of RDP might be mediated
by GABA receptor-dependent, clathrin-mediated endocyto-
sis, and the fusion protein of RDP and glial cell-derived
neurotrophic factor (GDNF) exhibited significant therapeu-
tic effect in experimental Parkinson’s disease (PD) animals
following intravenous injection.

MATERIALS AND METHODS

Construction of Recombinant Plasmid and Expression
of Fusion Protein

The plasmid pET28b (+) (invitrogen) was used as the expres-
sion vector. The nucleotide acids of RDP and linker
(GGGSGGGS) were inserted into the pET28b to construct
the plasmid pET/RDP. Subsequently, enhanced green fluo-
rescent protein (EGFP) gene or human GDNF gene was
cloned into the pET/RDP to construct the recombinant
plasmid pET-RDP-EGFP or pET-RDP-GDNF. As controls,
we also constructed the pET-EGFP and pET-GDNFplasmid.
The nucleotide acid sequences of the plasmids were analyzed
for their accuracy in Invitrogen Biotech. Co. LTD. (Shanghai,
China). The plasmids were transformed into the E. Coli. BL21
strain, then induced by 1 mmol/L IPTG to express the fusion
proteins. After the cells were harvested and sonicated, the
proteins were purified by Ni-NTA resin column (Amersham)
and analyzed by SDS-PAGE.

Cell Culture

Chinese hamster ovary (CHO) cells, Hela (Human cervic
carcinoma) cells, and human neuroblastoma SH-SY5Y cells
were obtained from Beijing Dingguo Changsheng Biotech.
Co. Ltd., China. These cells were maintained as monolayer
cultures in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum
(FCS), 2 mM L-glutamine, 100 units/ml penicillin and
100 μg/ml Streptomycin. All media were obtained from
Gibco. The cells were cultured at 37°C under a humidified
atmosphere containing 5% CO2.

Fluorescence Analysis

N-terminal rhodamine B labeled RDP and its scrambled
control peptide (RSP; GRGGRNVRHPRHCRGGVRLC

GRKSRPIRIENRWTRVRSK) were synthesized by
Chinapeptides Co. Ltd. using standard solid-phase FMOC
method, and the peptides were purified to >99% by high-
performance liquid chromatography. The RDP, RSP and
RDP-EGFP were dissolved in sterile saline as concentrations
of 80 μM. In the presence of 400 μl DMEM and 10% FCS,
the RDP, RSP and RDP-EGFP (10 μl) were added respec-
tively to CHO, Hela and SH-SY5Y cells of 60% confluency
in a 24-well plate. After incubated for 30 min, the cells were
visualized under a fluorescent microscope (Olympus, Japan),
and the fluorescences of EGFP and rhodamine were
photographed with an attached camera.

To examine the mechanism of cellular uptake of RDP and
RDP-EGFP, colchicine, acetylcholine (Ach), γ-aminobutyric
acid (GABA) or chlorpromazine (Sigma) of different concen-
trations were added to the SH-SY5Y cells. After 15 min, RDP
or RDP-EGFP (10 μl) was added into the DMEM for 30 min,
and then the fluorescence images were obtained with excitation
wavelength of 470 nm for EGFP (emission wavelength
510 nm), and 550 nm for rhodamine (emission wavelength
610 nm) under the fluorescent microscope.

Animals

Healthy male mice, C57BL/6 J species, weighing 25–30 g,
were used in the animal model of PD. Healthy male null mice
(weighing 20–25 g) were used for in vivo imaging analysis. Both
species were purchased from the Department of Laboratory
Animal Sciences, Chinese Academy of Medical Sciences,
Beijing. Animals were maintained under standard housing
conditions with ad libitum access to standard laboratory mouse
chow and water. All animal experiments were carried out in
accordance with guidelines evaluated and approved by the
Animal Committee of Southwest University, China.

In Vivo Imaging Analysis

Rhodamine labeled RDP, RDP-EGFP and their respective
control, rhodamine and EGFP, were injected respectively into
the tail veins of nude mice at the dose of 1.0 mg/kg body
weight. The mice were anesthetized by isofluorane 30 min
following injection. After the mice were placed in the cassette
of In-Vivo Imaging System FX Pro (Carestream, USA), images
were captured in X-ray and fluorescence, and then overlaid
according to the protocol of the manufacturer (Carestream,
USA). The fluorescence images were taken at excitation wave-
length of 470 nm for EGFP (emission wavelength 535 nm), and
530 nm for rhodamine (emission wavelength 610 nm).

Western Blot Analysis

RDP-GDNF in saline (1.0 mg/kg body weight) was injected
into mouse tail veins. The mice were euthanized at 0.5, 1, 3,
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5 h after injection. The livers, kidneys and cerebra of mice
were removed and frozen immediately in liquid nitrogen.
The western blot was performed according to previous reports
(13,14). Briefly, the tissues of mice were homogenized in lysis
buffer, then the supernatant fluids were collected, and samples
were subjected to SDS-PAGE and transferred to PVDFmem-
brane. The membrane was blocked in blocking solution for
2 h at room temperature, then immersed in goat anti-GDNF
monoclonal antibody (Santa Cruz) overnight at 4°C. Mem-
branes were washed in wash buffer and incubated for 2 h with
HRP-conjugated secondary antibody, rabbit anti-goat IgG
(1:5000; Dingguo Changsheng Biotech, Co. Ltd., Beijing,
China). After washing twice for 15 min each in wash buffer,
the signal was detected by the ECL system (Pierce). A western
blot of GADPH was performed in the same way, using a
monoclonal GADPH antibody (Kangcheng Biotech. Co.
Shanghai, China.) as the first antibody, and a goat anti-
mouse antibody as the second antibody.

Immunofluorescence Staining of GDNF

The method of immunofluorescence staining was described
previously (15). The mice were intravenously injected RDP
(synthesized by Chinapeptides Co. Ltd., purity >99%),
GDNF and RDP-GDNF (1.0 mg/kg), respectively. At
30 min after injection, the mice were euthanized, and the
brains were dissectioned. The coronal sections of brains
were cut on a cryostat microtome. The slices were incubated
in 10% normal goat serum, subsequently in human GDNF
monoclonal antibody (1:1000; Santa Cruz) and FITC-
labeled goat anti-human IgG (Beijing Boaoshen Biotech.
Co., China). The PBS was used to wash the slices before
each addition. All immunostaining sections were observed
with the fluorescence microscope and were photographed.

Preparation of PD Model and Treatment

Themice were anesthetized with pentobarbital (30mg/kg), and
received a unilateral intra-cerebral injection of a total of 12 μg
of 6-hydroxydopamine · HBr (6-OHDA, Sigma) dissolved in
0.02% ascorbic acid in 0.9% saline. The 6-hydroxydopamine
(6 μg in 2 μL) was microinjected into the right striatum at two
locations as described previously (16,17). Mice were treated
intravenously with saline, RDP, GDNF or RDP-GDNF
(1.0 mg/kg) at the day 2 after toxin injection, followed by once
daily for 2 weeks. Ten mice were used in each group.

Behavioral Tests

Beginning 1 week after the 6-OHDA injection, mice were
tested weekly for apomorphine- and amphetamine-induced
rotation, which was performed on separate days. For the
apomorphine testing, mice were subcutaneously injected

apomorphine (0.6 mg/kg). Full (360°) and contralateral
rotations only were counted over 20 min, starting 5 min
after administration. For the amphetamine testing, mice
were intraperitoneally injected amphetamine (2.5 mg/kg).
Full (360°) and ipsilateral rotations only were counted over
20 min, starting 5 min after administration.

A vibrissae-elicited forelimb placing trial was carried out
as described previously for mice (17,18). Each session
included 120 trials (60 left side and 60 right side), in which
a forelimb motor response to ipsilateral facial whisker
stimulation was scored. In trials scored as a “3,” paw
pads made full contact with table top. In trials scored as
a “2,” paw pads do not make contact with the table. In
trials scored as a “1” the limb moves forward only. In
trials scored as a “0,” the limb does not move.

Tyrosine Hydroxylase Activity Measurement

Tyrosine hydroxylase (TH) activity in mouse brain frontal
cortex and in striatum (left and right side) was measured
with [3,5-3H]-L-tyrosine as substrate; the labelled [3H]-water
and [3H]-L-DOPA were assayed with a charcoal separation
technique, as described previously (17,18). Briefly, left and
right striatum, and frontal cortex were removed and homog-
enized in phosphate buffer (pH=6.2). The homogenates were
centrifuged and the supernatant fluids were stored at −20°C
before use. The buffer composition of TH activity assay
included NADPH, (6R)-5,6,7,8-tetrahydrobiopterin, bovine
liver catalase, Fe(NH4)2(SO4)2, L-tyrosine (Sigma), and 3H-
L-tyrosine (Perkin Elmer) in phosphate buffer. TH enzyme
activity was expressed as pmol/h/mg protein.

Statistical Analysis

All data were given as mean ± S.E.M. For comparison
between three groups a one-way analysis of variance
(ANOVA) followed by the Tukey’s post hoc test was
performed. A p value of <0.05 was considered to be statistically
significant.

RESULTS

RDP and RDP-EGFP Specifically Entered Neuronal
Cells

RDP-EGFP was produced in pET expression vector in vitro.
SDS-PAGE analysis showed that the expression band of
RDP-EGFP was about 30 kDa (Fig. 1a), which was consis-
tent with its theoretical molecular weight (32.7 kDa).

To identify the cell specificity of RDP delivery, three different
cell lines, CHO, Hela and SH-SY5Y cells, were used in the
study. The results showed that strong fluorescence was only
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observed in SH-SY5Y cells following rhodamine labeled RDP
or RDP-EGFP treatment, suggesting that RDP and RDP-
EGFP specifically entered neuronal cells (Fig. 1b). However,
no fluorescence was detected after rhodamine labeled RSP was
added in all tested cells, indicating that amino acid sequence of
RDP was essential for cell transport. Moreover, cellular
distributions of RDP and RDP-EGFP in SH-SY5Y cells
were examined, and the results indicated that rhodamine
labeled RDP was located in the whole cells, while RDP-
EGFP was only distributed in the cytoplasm.

The time course of RDP-EGFP in SH-SY5Y cells
showed that RDP-EGFP rapidly entered the cells within
10 min, and lasted for at least 2 days (Fig. 1c). Additionally,
all cells in the vision field showed green fluorescence following
RDP-EGFP treatment, implying that RDP might deliver
EGFP into 100% cells.

We also examined the ability of RDP injected intravenous-
ly to cross the BBB and enter brain cells. Mice were injected
with fluorescence labeled RDP or RDP-EGFP and, 30 min
later, fluorescence intensities were examined by in vivo imaging
system. The results showed that the fluorescence obviously
accumulated in the brains of the mice treated with RDP and
RDP-EGFP (Fig. 1d), while there was no significant fluores-
cence in the brains of the rhodamine and EGFP treated mice,
indicating that the RDP peptide could cross the BBB and
enter the brain cells. In addition, since fluorescence accumu-
lation in the lung was detected in peptide/protein (RDP,
RDP-EGFP and EGFP) treated mice, we assume that the
exogenous peptides/proteins transport across alveolar epithe-
liummight opt for nonspecific fluid phase endocytosis or other
paracellular routes of lung, such as passive diffusion (19).

RDP Entered Neuronal Cells by an Energy-Dependent
Mechanism

Cell energy status plays an essential role in efficient internaliza-
tion of some peptides, including CPPs (20–22). Thus, we tested
whether RDP was internalized in an energy-dependent man-
ner. To address this question, the impact of temperature was
evaluated on RDP transport efficiency. SH-SY5Y cells were
incubated with RDP or RDP-EGFP at 37°C or 4°C, for
30 min, the transport efficiency was observed using fluores-
cence microscopy. The results showed that the fluorescence
intensities in RDP andRDP-EGFP treated cells were increased
in a concentration-dependent manner at 37°C, but only weak
fluorescence appeared at 4°C when the concentration of RDP
or RDP-EGFP arrived at 2 μM (Fig. 2), suggesting that RDP
could efficiently enter metabolically active cells.

RDP Entered Cells Dependent on Endocytosis

Endocytosis serves as an important energy-dependent
mechanism by which cells internalize macromolecules (23).

Here we used a common endocytosis inhibitor, colchicine, to
examine whether RDP enter neuronal cells through endocy-
tosis pathway. SH-SY5Y cells were incubated with 2 μM
fluorescently labeled RDP or RDP-EGFP, in the presence of
the high and low concentrations of colchicine. The results
showed that colchicine dramatically prevented the internali-
zation of both RDP and RDP-EGFP (Fig. 3), and the cells
treated with high concentration of colchicine (40 μM)
exhibited weaker fluorescence intensity than that of low con-
centration (10 μM), indicating that the cellular internalization
of RDP and its conjugate RDP-EGFP may be dependent on
endocytosis pathway.

RDP-EGFP Prevented Cellular Uptake of RDP

To test the interaction between RDP and RDP-EGFP during
internalization process, fluorescently labeled RDP and RDP-
EGFP were co-incubated in SH-SY5Y cells. The results
showed that green fluorescence intensities of RDP-EGFP
had no significant change when the cells were co-treated with
fluorescence labeled RDP, while red fluorescence of rhoda-
mine labeled RDP became weak as co-incubation with RDP-
EGFP (Figs. 4 and 2), suggesting that RDP-EGFP might
competitively inhibit the cellular uptake of RDP.

GABA Prevented Internalization of RDP
and RDP-EGFP

Because RDP peptide was derived from RVG, the only
protein component by which virus interacts specifically with
the nicotinic acetylcholine receptor (AchR) of neuronal cells
(24). We therefore tested whether AchR mediated the inter-
nalization of RDP and RDP-EGFP. Ach, the non-selective
AchR agonist, was added and co-incubated with RDP or
RDP-EGFP. As shown in Fig. 5a, the presence of either high
or low concentration of Ach (100 μM or 400 μM), during
the treatment of SH-SY5Y cells with RDP or RDP-EGFP,
had no significant effect on the fluorescence intensity. The
results indicated that the internalization of RDP and RDP-
EGFP might be irrelevant to AchR.

Because GABA is a major neurotransmitter which is widely
distributed throughout the central nervous system (CNS), and
its receptor or transporter is also widely expressed in brain and

�Fig. 1 RDP specifically enter neuronal cells in vitro and in vivo. (a) SDS-
PAGE of the expressed and purified RDP-EGFP fusion protein. Lane 1,
protein molecular weight markers; lanes 2, cell lysate of induced E. coli
harboring pRDP-EGFP; lane 3, purified RDP-EGFP; lane 4, uninduced E.
coli.; lane 5, uninduced E. coli harboring pRDP-EGFP. (b) SH-SY5Y, CHO
and HeLa cells were respectively incubated with rhodamine labeled RDP
and RSP, or RDP-EGFP (2 μM). Scale bar 20 μm. (c) The time course of
RDP-EGFP in SH-SY5Y cells. RDP-EGFP were transported into 100% of
cells of a given cell culture population. (d) Specific brain-targeting of the
RDP and RDP-EGFP in vivo. Images were taken at 30 min after intravenous
injection.
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endothelial cells of brain capillaries (25), we examined wheth-
er GABA could affect the internalization of RDP. The results
showed that the cells co-treated with GABA resulted in dra-
matic decreases of fluorescent intensity (Fig. 5b), and high
concentration of GABA completely inhibited the cellular up-
take of RDP and RDP-EGFP, indicating that the GABA
receptor might mediate RDP and its conjugate in cell entry.

Since GABA enters cells by clathrin-mediated endocytotic
pathway, we further tested whether the clathrin-mediated
endocytotic inhibitor, chlorpromazine, affected the internali-
zation of RDP and RDP-EGFP. The results showed that
strong reductions of cellular uptake of RDP and RDP-EGFP
were observed after the cells were treated with chlorpromazine
(Fig. 5c), suggesting that RDP entered cells probably through
GABA receptor-dependent, clathrin-mediated endocytotic
pathway.

RDP Peptide Delivers GDNF into Brain

To confirm the ability of brain-targeting delivery of RDP, we
tested whether RDP could deliver a potential therapeutic
protein, GDNF, into brain. SDS-PAGE showed that the
expression band of RDP-GDNF was about 20 kDa (Fig. 6a),
which is similar to its theoretical molecular weight (20.8 kDa).

Western blot analysis and immunofluorescence staining
were used to examine the biodistribution and level of
GDNF in vivo. The results of western blot showed that
GDNF levels in the mouse brains were significantly in-
creased at 0.5 h after RDP-GDNF administration, and then
gradually decreased to the base level (the endogenous level
of mouse brain) at about 3 h after injection (Fig. 6b). The
slight signals were obtained in the livers at 0.5 and 1 h,
whereas no signal was detected in the kidneys.

Additionally, the result of immunofluorescence staining
confirmed the ability of RDP in brain delivery. A number of
immunopositive cells were detected in the brains of RDP-
GDNF treated mice, and the fluorescence appeared mainly
in the cytoplasm of the GDNF-positive cells, whereas there
were few fluorescence positive cells in the control groups
(Fig. 6c). These results indicated that RDP enabled the
intravenous delivery of protein into neuronal cells following
systemic administration.

The Therapeutic Effect of RDP-GDNF in Experimental
PD Mice

Experimental PD model was induced in mice by intra-striatal
injection of 6-OHDA. Mice were tested for apomorphine-

Fig. 2 RDP enters neuronal cells
by an energy-dependent
mechanism. SH-SY5Y cells were
incubated with 10 μM of RDP or
RDP-EGFP at 37°C or 4°C, for
30 min, and the transport
efficiency was observed using
fluorescence microscopy. Scale
bar 20 μm.

Fig. 3 Cellular uptake of RDPand RDP-EGFP in the presence of endocytosis
inhibitor. SH-SY5Y cells were treated with different concentrations of
colchicine (10 μM and 40 μM). Scale bar 20 μm.

Fig. 4 RDP prevents the cellular uptake of RDP-EGFP. SH-SY5Y cells
were co-treated with both RDP-EGFP (2 μM) and (a) RDP (1 μM), or (b)
RDP (0.5 μM). Scale bar 20 μm.
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and amphetamine-induced rotation at 1, 2, and 3 weeks after
toxin administration. The results were shown in Fig. 7. The
mice treated with RDP and GDNF exhibited an increase in
apomorphine- and amphetamine-induced rotation at
1–3 weeks after toxin injection (Fig. 7a and b). However, the
mice treated with the RDP-GDNF showed significant de-
creases in both apomorphine- and amphetamine-induced
rotation compared to the RDP or GDNF group, suggesting
that the mice in the RDP-GDNF group had a marked im-
provement in induced rotation behaviors.

At the end of the study, the mice were evaluated with the
vibrissae-elicited forelimb placing test to identity the phar-
macologic effect of the RDP-GDNF therapy. The unilateral
6-OHDA lesioned mouse failed to place the forelimb con-
tralateral to the lesion. The results showed that all of mice in
the different groups had maximal placing scores on the right
side, which is ipsilateral to the side of toxin injection
(Fig. 7c). The mice treated with RDP and GDNF showed
a reduction in placing score on the lesioned side, while the
mice treated with RDP-GDNF showed a significant increase
in placing score, relative to the saline treated mice, on the
lesioned side (Fig. 7c).

TH is a marker enzyme of dopaminergic neuron. Our
results indicated that the TH activity in the cortex or left
(non-lesioned) striatum of RDP-GDNF treated mice was not
significantly different from that of saline treated mice
(Fig. 7d), whereas the RDP-GDNF treatment caused about
4-fold increase in the TH activity of the right (lesioned)
striatum compared to that of saline treated mice, suggesting
that the function of dopaminergic neuron was recovered in
PD model mice after RDP-GDNF administration.

DISCUSSION

Targeted delivery of drugmolecules to brain is one of themost
challenging research areas in pharmaceutical sciences (26,27).
In the study, we identified the brain-targeting effect and
possible internalization mechanism of RDP. The results also

suggested that RDP had the capability of penetration within
100% of cells of a given cell culture population, and proved
the therapeutic effect of biological active proteins as conjugat-
ed with RDP in brain diseases following systemic administra-
tion. The study provides an effective approach for targeted
delivery of proteins into neuronal cells in vitro and in vivo.

Understanding cellular uptake of molecules remains an
important task in order to improve their potency or promote
their in vivo application. In the present study, we firstly
examined the cell specificity of RDP delivery, then investi-
gated the internalization mechanism of RDP using fluores-
cently labeled-RDP and RDP-EGFP in live cells. The
concentration of RDP was selected according to previous
studies of CPPs (28,29). The uptake process showed a
temperature-depending manner as the fluorescence intensi-
ty decreased significantly at 4°C, the cellular transport of
RDP was blocked by endocytosis inhibitor, as well as the
conjugate of RDP and EGFP clearly influences the cellular
uptake of RDP, suggesting that the energy-depending mech-
anism involved active endocytosis and competitive inhibi-
tion character. Also, the studies revealed that though RDP
enabled proteins into the neuronal cells, the cellular location
seemed dependent on the protein delivered. RDP was dis-
tributed in the whole cells, while RDP-EGFP and RDP-
GDNF were located in the cytoplasm.

Receptor-mediated endocytosis is one of the major mech-
anisms by which macromolecules cross biological membranes.
In previous studies, a 29 amino-acid peptide, derived from the
189–214 amino acid sequences of RVG (RVG29-d9R,
YTIWMPENPRPGTPCDIFTNSRGKRASNGGGG(d)R
RRRRR RRR), enables siRNA and cationic-polymers specifi-
cally to enter neuronal cells, probably through nicotinic AchR-
mediated transcytosis (30–32). Besides 189–214 amino acid
sequences, the analysis reveals that the 330–357 amino acid
sequences is another important nerve binding region of RVG
(33,34). Since part of sequences of RDP was originated from the
330–358 amino acid sequences of RVG, we assumed that AchR
might mediate the internalization of RDP. However, the results
showed that the cellular internalization of RDP was not affected

Fig. 5 Cellular uptake of RDP and RDP-EGFP in the presence of different concentrations of Ach, GABA or chlorpromazine. Scale bar 20 μm.
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by different concentration of Ach, implying that the binding site
of Ach might be different from that of RDP.

GABA is a common neurotransmitter whose receptors are
expressed in all major brain structures and brain capillary
endothelial cells (25,35). Both GABA type A (GABAA) re-
ceptors and nicotinic AchR belong to the superfamily of
ligand-gated ion channel, and clathrin-dependent endocytosis
is their common internalization mechanism when ligands
enter cells (36,37). In the study, the specific cellular uptake of
RDP was inhibited by GABA and chlorpromazine (clathrin-

mediated endocytotic inhibitor), suggesting that RDP, derived
from RVG, might interact with GABA receptor, then enter
cells by clathrin-mediated endocytosis pathway.

GDNF, a member of the transforming growth factor-β
superfamily, is a potent neurotrophic factor that promotes
the survival and morphological differentiation of dopaminer-
gic neurons and motor neurons (38,39). However, GDNF
molecule is a protein that does not readily pass BBB. Although
the neuroprotective effects of GDNF have been established in
PD animal models by intracerebral microinjection (40,41),
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Fig. 6 Targeted delivery of RDP-GDNF into mouse brain after intravenous injection. (a) SDS-PAGE for RDP-GDNF fusion protein. Lane 1, protein
molecular weight markers; lanes 2, purified RDP-GDNF; lane 3, cell lysate of induced E. coli harboring pRDP-GDNF; lane 4, supernatant of cell lysate of
induced E. coli harboring RDP-GDNF; lane 5, uninduced E. coli harboring pRDP-GDNF; lane 6, uninduced E. coli. (b) Western blot analysis of the GDNF in
brain, kidney and liver of mice. GDNF levels were detected on 0.5 h. 1 h, 3 h, 5 h after injection. Data are mean ± SEM (n=3 mice/group). *p<0.05,
**p<0.01 compared to the control. (c) Representative photographs of GDNF immunostraining in cerebral cortex. Scale bar 100 μm. The mice were
respectively injected RDP, GDNF and RDP-GDNF (three mice in per group) and were euthanized at 0.5 h after injection. The results clearly showed that
RDP mediated the GDNF selectively into the brain, while the control protein GDNF did not cross the BBB when delivered in the same manner.
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this method results only in local diffusion around the injection
site, also it’s invasive and unadapted for human therapy.

The use of peptide as vector may be a safe alternative for
GDNF delivery. It’s reported that an 11-amino-acid CPP of
Tat delivers the rat GDNF mature protein across the BBB in
vivo (42,43). However, Tat-GDNF did not provide
neuroprotection of dopaminergic neurons in 1-methyl-4-
phenyl-1,2,3,6- tetrahydropyridine (MPTP) induced subchronic
PD model mice (43). The possible cause for the result might be
that Tat-CPP is lack of cell specificity and can enter almost all
types of cells, which induces lower concentration of protein in
brain than in other tissues at even large injection dose (9,44).
Contrary to CPP, RDP exhibits high cell specificity, and selec-
tively delivers proteins into brain. RDP-GDNF fusion protein
showed biological activity in the brain and produced
neuroprotection in the experimental PD model. Moreover,
since repeated administration of RDP-GDNF fusion protein
for 14 days did not show obvious toxic reactions in mice, this
approach might be a potential new treatment for PD.

CONCLUSION

The study suggests that RDP is a novel peptide that enables
proteins targeted-delivery into neuronal cells both in vitro and in
vivo. Also, the conjugates of RDP and neurotrophic proteins
show neuroprotective function in brain diseases, including PD.
The mechanism of RDP in cell specificity might be character-
ized as clathrin-mediated endocytosis and probably relating to
the GABA receptor. Although the mechanisms of efficient
delivery of RDP are not fully understood and under investiga-
tion, we believe that RDP holds great promises in noninvasive,
efficient and brain-targeting molecule delivery.
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