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Abstract

Brain-derived neurotrophic factor (BDNF) plays an important role in the repair of central nervous system injury, but cannot directly tra-
verse the blood-brain barrier. Liposomes are a new type of non-viral vector, able to carry macromolecules across the blood-brain barrier
and into the brain. Here, we investigate whether BDNF could be transported across the blood-brain barrier by tail-vein injection of lipo-
somes conjugated to transferrin (Tf) and polyethylene glycol (PEG), and carrying BDNF modified with cytomegalovirus promoter (pCMV)
or glial fibrillary acidic protein promoter (pGFAP) (Tf-pCMV-BDNF-PEG and Tf-pGFAP-BDNF-PEG, respectively). Both liposomes were
able to traverse the blood-brain barrier, and BDNF was mainly expressed in the cerebral cortex. BDNF expression in the cerebral cortex was
higher in the Tf-pGFAP-BDNF-PEG group than in the Tf-pCMV-BDNEF-PEG group. This study demonstrates the successful construction
of a non-virus targeted liposome, Tf-pGFAP-BDNE-PEG, which crosses the blood-brain barrier and is distributed in the cerebral cortex.
Our work provides an experimental basis for BDNF-related targeted drug delivery in the brain.
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Qin, 2011). BDNF and its receptor TrkB play an important
role in regulating various biological properties, including

Introduction
Brain-derived neurotrophic factor (BDNF) was the sec-

ond member of the neurotrophin factor family to be dis-
covered, after nerve growth factor (Binder, 2008; Zhang,
2012). It is widely expressed in the central nervous system,
especially in the hippocampus and cortex (Bertrand, 2010;

neuronal survival, differentiation, growth and plasticity
(Ploughman et al., 2009; Zhang et al., 2009; Tuinstra, 2012;
Zhang, 2012; Mayara, 2014). In the developing brain, en-
dogenous BDNF levels are very low; therefore, in cases of
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brain injury (such as ischemia, degeneration and inflam-
mation) during development, administration of exoge-
nous BDNF is a promising treatment approach. However,
as a macromolecular protein, exogenous BDNF cannot
directly traverse the blood-brain barrier (BBB) or other
biomembranes to exert its therapeutic function (Tapas,
2012; Vijender, 2015).

Despite the promise of viral vectors in drug delivery, their
application is restricted by issues such as toxicity, and the
search for a safe and effective treatment is ongoing. Lipo-
somes are a new non-viral vector for the delivery of drugs to
the brain, such as doxorubicin, which can be encased in the
aqueous phase of the liposome (Schnyder et al., 2005; Xie et
al., 2005; Afergan et al., 2008; Xu, 2011; Gao et al., 2013).

Transferrin (Tf) is a single glycoprotein synthesized in
the liver, and is the main iron-containing protein in blood
plasma. Upon combination with Fe*", its molecular structure
changes and it acquires binding affinity for the transferrin
receptor (TfR) (Widera et al., 2003; Yang et al., 2009). TfR
is widely expressed in capillary endothelial cells of the BBB,
and targeted administration via the Tf-TfR pathway is a
promising method of drug delivery.

In a preliminary experiment, we encased exogenous genes
encoding Tf-BDNF in liposomes conjugated to polyethylene
glycol (PEG), to increase the stability and targeting of the
liposomes in vivo.

Glial fibrillary acidic protein (GFAP) is an intermediate
filament protein, and transcriptional regulation of this pro-
tein has attracted considerable research attention. The GFAP
promoter (pGFAP) can induce BDNF gene expression. pG-
FAP is used widely in the study of gene therapy (Girah et al.
2010; Yeo et al., 2013).

We previously obtained the gene sequence for BDNF by
PCR amplification. After recovery, purification and mac-
rorestriction, we conjugated this with the cytomegalovirus
promoter (pCMV) and pGFAP carrier, to construct the ex-
pression vectors pPCMV-BDNF and pGFAP-BDNF (Hou et
al., 2013; Chen et al., 2014). We then in turn conjugated each
vector with thiolated Tf and PEG-liposomes.

The aim of the present study was to determine wheth-
er the modified BDNF traversed the BBB after peripheral
administration through the tail vein, and to investigate the
expression pattern of the different liposomes in the brain at
high and low doses. Our results provide an experimental ba-
sis for targeted gene therapy.

Materials and Methods

Animals

Sixty male Sprague-Dawley rats, aged 6-8 weeks and weigh-
ing 180 + 30 g, were provided by the Public Health College
of Jilin University, China (animal license No. SCXK (Ji)
2013-0003). Surgery was performed under anesthesia, and
all efforts were made to minimize pain and distress in the
experimental animals. All animal experiments were carried
out in accordance with the United States National Institutes
of Health Guide for the Care and Use of Laboratory Animals
(NTIH Publication No. 85-23, revised 1986).
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Construction of targeting liposomes

In a preliminary experiment (Hou et al., 2013), we con-
structed two expression vectors: pCMV-BDNF and pG-
FAP-BDNEF. We conjugated each of these with Tf and long-
chain PEG to improve targeting and increase the peripheral
circulation time. We performed non-isotope measurement
of the liposome envelopment ratio, targeting ligand coupling
ratio and molecular biological features to construct the re-
quired vectors: Tf-pGFAP-BDNE-PEG, Tf-pCMV-BDNF-
PEG and the control, Tf-H,O-PEG.

Group assignment

Rats were acclimated in individual ventilated cages for three
days, and assigned randomly to six groups (n = 10 rats per
group), to receive low (2 pg) or high (10 pg) doses of Tf-
pGFAP-BDNE-PEG, Tf-pCMV-BDNE-PEG, or Tf-H,0-PEG
through the tail vein. The rats were sacrificed 48 hours later
and the brains were removed, fixed in 4% paraformaldehyde,
and stored in liquid nitrogen.

Immunofluorescence for BDNF protein expression in the
brain

The fixed brain tissue was dehydrated in alcohol, cleared
in xylene, embedded in paraffin and cut into sections 3 pm
thick. Dewaxing and epitope retrieval was carried out. All
samples were incubated in rabbit anti-rat BDNF polyclonal
antibody (1:300; Beijing Biosynthesis Biotechnology Co.,
Ltd., Beijing, China) at 4°C overnight, rinsed three times
with PBS for 5 minutes each time, incubated with Cy5-la-
beled goat anti-rabbit IgG at 37°C for 30 minutes in the
dark, and rinsed as before. The sections were mounted with
glycerin and observed under a fluorescence microscope
(BX51; Olympus, Tokyo, Japan). Images were captured and
the immunoreactive cells were counted in sections through
the cortex, hippocampal CA1 and white matter. The number
of positive cells was recorded in each specimen from five dif-
ferent visual fields, and the mean was calculated.

Reverse transcription-polymerase chain reaction (RT-
PCR) for BDNF mRNA expression in the cerebral cortex
Thirty samples of brain tissue were stored in liquid nitrogen.
The samples were then homogenized and repeatedly centri-
fuged to obtain the RNA. Using an ultraviolet spectropho-
tometer, the purity of the RNA was measured at 280 and 260
nm to ensure the ratio fell between 1.8 and 2.1. High-qual-
ity RNA had a ratio of 2.0. Primers were designed using
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and synthe-
sized by Sangon Biotech, Shanghai, China, and included a
semi-quantitative primer (Table 1).

Table 1 Primer information

Primer  Sequence (5'-3") Product
size (bp)
BDNF  Forward: GGT TAT TTC ATA CTT CGG TTG C 475
Reverse: ATC GGA TTA CACTTG GTCTCG T
B-Actin  Forward: TGA CAG TAT TAG CGA GTG GG 246

Reverse: CCG AAC ATA CGA TTG GGT TT

BDNF: Brain-derived neurotrophic factor.
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The primers were used for one-step RT-PCR amplification
of gene fragments (Qiagen, Frankfurt, Germany), which
were then electrophoresed, and the intensity of the bands
measured to estimate the expression level in each group.

Statistical analysis

Data were analyzed using SPSS 17.0 software (SPSS, Chica-
go, IL, USA) and followed a normal distribution. All values
are presented as the mean + SD. One-way analysis of vari-
ance and the least significant difference t-test were used to
compare group means. P < 0.05 was considered statistically
significant.

Results
Comparison of BDNF content in different brain regions

Forty-eight hours after injection of 10 pg of different lipo-
somes through the tail vein, BDNF was observed in the Tf-
pGFAP-BDNF-PEG and Tf-pCMV-BDNEF-PEG groups, but
not the Tf-H,O-PEG group, as expected. There was no dif-
ference in BDNF expression between the two hemispheres.
However, the distribution of BDNF varied across the brain,
with the greatest expression in the cortex. Less BDNF ex-
pression was detectable in the hippocampus or white matter

(Figure 1).

BDNF immunoreactivity in the cerebral cortex with
different liposomes at high and low doses

Cortical BDNF immunoreactivity was significantly higher
in the Tf-pGFAP-BDNF-PEG group than in the Tf-pCMV-
BDNF-PEG (P < 0.05) or Tf-H,0-PEG (P < 0.05) groups, at
both doses. High dose liposome administration resulted in sig-
nificantly higher BDNF immunoreactivity than the low dose
in the Tf-pGFAP-BDNF-PEG (73.6 vs. 44.8, P < 0.05) and Tf-
pCMV-BDNF-PEG (48 vs. 36.4, P < 0.05) groups. No effect of
dose was observed in the number of BDNF-immunoreactive
cells after administration of Tf-H,O-PEG (P > 0.05; Figure 2).

Expression of BDNF mRNA in the cerebral cortex

BDNF mRNA expression was higher in the Tf-pGFAP-BD-
NF-PEG and Tf-pCMV-BDNE-PEG groups than in the Tf-
H,O-PEG group at both doses, and higher in the high-dose
groups than in the low-dose groups for each liposome (P <
0.05; Figure 3).

Discussion

In the present study, we used liposomes as vectors to wrap
BDNF, and modified the liposomes with PEG, which can
effectively increase peripheral circulation time. Tf is biode-
gradable, non-toxic, and shows good targeting properties
(Daniels et al., 2006; Gregoriadis et al., 2008; Miiller et al.,
2008; Yeo et al., 2009). Gao et al. (2013) conjugated lipo-
somes with both folate and transferrin to produce dual-tar-
geting doxorubicin liposomes, which effectively crossed the
BBB and targeted tumors. We therefore conjugated Tf with
PEG liposomes and improved the targeting and stability of
the liposomes by receptor-mediated methods in order to tar-
get drugs to the brain more effectively. Tf targeting PEG2000

lipid surface has a long circulation time and low absorption.
The blood half-life of PEG-liposomes made by this method
is extended to 90 hours (Sun et al., 2012). However, Tf re-
ceptors are abundant in the peripheral tissues where the en-
capsulated BDNF may be further destroyed. Therefore, when
preparing the liposomes in the preliminary experiment, we
also used the brain-specific promoter GFAP as a marker for
specific expression of the targeted genes.

GFAP, an intermediate filament protein, is mainly ex-
pressed in glial cells for stability of the normal astrocyte cy-
toskeleton (Restrepo et al., 2011). Because of the specificity
of GFAP for astrocytes and its involvement in the response
to central nervous system damage, the regulation of GFAP
gene transcription has attracted widespread attention (Lv
et al., 2013; Yeo et al., 2013). pGFAP can successfully guide
BDNF gene targeting, and is widely used in the study of gene
therapy. Virta et al. (2006) demonstrated functional expres-
sion of the pGFAP gene in astrocytes. Chen et al. (2012) also
confirmed that pGFAP was more effective than a general
virus promoter in achieving therapeutic gene expression.

Here, we used immunofluorescence staining to show that in-
jection of three different liposomes resulted in different num-
bers of BDNF-immunoreactive cells in the brain. The greatest
BDNEF expression occurred in the cerebral cortex, and there
was no obvious expression in the hippocampus or white mat-
ter. Furthermore, the number of BDNF-immunoreactive cells
in the cerebral cortex was greater in the Tf-pGFAP-BDNF-PEG
group than in the Tf-pCMV-BDNF-PEG group. In addition,
BDNF expression levels in the high-dose groups were higher
than in the low-dose groups of the same vector, illustrating
that increasing the dose of liposomes can enhance the brain
delivery efficiency. Our results demonstrate that liposomes can
target more effectively when combined with pGFAP.

In summary, we have used liposomes conjugated with PEG
and Tf to carry BDNF across the BBB via a receptor-mediated
pathway after intravenous injection to achieve expression of
exogenous macromolecules in the brain. Furthermore, trans-
fection efficiency in the brain was enhanced by increasing
the dose of injected liposomes. The use of Tf targeting PEG
liposomes and pGFAP can reduce distribution into periph-
eral tissues, prolong the action of the drug, achieve specific
expression of the exogenous gene in the brain and improve
the ability of drugs to cross the BBB, resulting in the targeted
delivery of genes. Further research is necessary to determine
the safety of gene therapy and to improve drug targeting, but
liposome-mediated gene transfer is a promising avenue of re-
search into the treatment of central nervous system diseases.
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Figure 1 BDNF expression in different
brain regions after high dose (10 pg)
liposome injection (immunofluorescence
staining, fluorescence microscope, x 200).
Red-stained cells (arrows) are BDNF-pos-
itive and labeled with Cy5. BDNF expres-
sion was observed in the cortex (A) after
injection of Tf-pGFAP-BDNEF-PEG (I)
and Tf-pCMV-BDNE-PEG (II), but not
Tf-H,O-PEG (III). Less BDNF expression
was visible in the hippocampal CAl (B) or
white matter (C). Scale bars: 50 pm. BDNF:
Brain-derived neurotrophic factor; Tf:
transferrin; pGFAP: glial fibrillary acidic
protein promoter; PEG: polyethylene gly-
col; pPCMV: cytomegalovirus promoter.

Figure 2 Comparison of
BDNF-immunoreactive cells in
the cerebral cortex after tail-vein
injection of different liposomes at
high and low doses
(immunofluorescence staining).
(A-F) BDNF-immunoreactive cells
(arrows) in the cortex at 10 pg (A—
C) and 2 pg (D-F). (A, D) Tf-pG-
FAP-BDNF-PEG; (B, F) Tf-pCMV-
BDNE-PEG; (C, F) Tf-H,0-PEG.
(G, H) Number of BDNF-immu-
noreactive cells in the cortex after
injection of 10 pg (G) and 2 pg (H)
liposomes. Red-stained cells (ar-
rows) are BDNF-immunoreactive
and labeled with Cy5. *P < 0.05, vs.
Tf-H,0-PEG; #P < 0.05, vs. Tf-pC-
MV-BDNF-PEG. Data are present-
ed as the mean + SD (10 rats per
group; one-way analysis of variance
followed by the least significant
difference f-test). Scale bar: 50 pm.
BDNF: Brain-derived neurotrophic
factor; Tf: transferrin; pGFAP: glial
fibrillary acidic protein promoter;
PEG: polyethylene glycol; pCMV:
[ cytomegalovirus promoter.
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Figure 3 Expression of BDNF mRNA in cerebral cortex after tail-vein injection of different liposomes at high and low doses (reverse
transcription-polymerase chain reaction).
(A, B) Tf-pGFAP-BDNF-PEG and Tf-pCMV-BDNF-PEG at different doses: BDNF mRNA expression was greater in the high-dose groups than
in the low-dose groups (*P < 0.05, **P < 0.01). (C, D) Tf-pGFAP-BDNF-PEG and Tf-pCMV-BDNE-PEG groups at 2 pug (C) or 10 pg (D); BDNF
mRNA expression was higher in the Tf-pGFAP-BDNF-PEG group than in the Tf-pCMV-BDNE-PEG group at both doses (#P < 0.05, ##P < 0.05).
Data are presented as the mean + SD (10 rats in each group; one-way analysis of variance followed by the least significant difference-t test). BDNF:
Brain-derived neurotrophic factor; Tf: transferrin; pGFAP: glial fibrillary acidic protein promoter; PEG: polyethylene glycol; pCMV: cytomegalovi-
rus promoter.
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