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Mature brain-derived neurotrophic factor and its receptor
TrkB are upregulated in human glioma tissues
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Abstract. There are two forms of brain-derived neurotrophic
factor (BDNF), precursor of BDNF (proBDNF) and mature
BDNF, which each exert opposing effects through two different
transmembrane receptor signaling systems, consisting of
p75 neurotrophin receptor (p7SNTR) and tyrosine receptor
kinase B (TrkB). Previous studies have demonstrated that
proBDNF promotes cell death and inhibits the growth and
migration of C6 glioma cells through p75SNTR in vitro, while
mature BDNF has opposite effects on C6 glioma cells. It is
hypothesized that mature BDNF is essential in the develop-
ment of malignancy in gliomas. However, histological data
obtained in previous studies were unable distinguish mature
BDNF from proBDNF due to the lack of specific antibodies.
The present study investigated the expression of mature BDNF
using a specific sheep monoclonal anti-mature BDNF antibody
in 42 human glioma tissues of different grades and 10 control
tissues. The correlation between mature BDNF and TrkB was
analyzed. Mature BDNF expression was significantly increased
in high-grade gliomas, and was positively correlated with the
malignancy of the tumor and TrkB receptor expression. The
present data have demonstrated that increased levels of mature
BDNF contribute markedly to the development of malignancy
of human gliomas through the primary BDNF receptor TrkB.
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Introduction

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family, is regarded as an oncogenic factor in
tumorigenesis, proliferation and survival, and is associated
with a poor prognosis in nervous system tumors (1-3). Malig-
nant glioma cells are extremely infiltrative, and patients with
malignant glioma demonstrate a short survival time and poor
prognosis. Neurotrophin genes are widely expressed in 24 cell
lines derived from human malignant gliomas, and the BDNF
gene is the most abundantly expressed (4). There are two
forms of BDNF, consisting of precursor of BDNF (proBDNF)
and mature BDNF, in the central nervous system (CNS) (5).
ProBDNF is synthesized and subsequently cleaved, either
intracellularly, by prohormone convertases and furin, or extra-
cellularly, by plasmin and matrix metalloproteinases (MMPs),
to generate mature BDNF (6,7). Mature BDNF and proBDNF
exert opposing effects through two different transmembrane
receptor signaling systems, consisting of tyrosine receptor
kinase B (TrkB) and p75 neurotrophin receptor (p7SNTR) to
modulate cell apoptosis (8-10), long-term depression (11) and
synaptic plasticity (12-15).

Specific antibodies have previously been generated against
mature BDNF and proBDNF (5). In previous studies (16,17), the
proBDNF/p75NTR pathway has been demonstrated to promote
cell death and inhibit growth and migration in C6 glioma cells
through p75NTR in vitro, while mature BDNF demonstrates
the opposite effect on C6 glioma cells. It is hypothesized that
mature BDNF plays an essential role in the development of
gliomas towards malignancy. However, histological data in
previous studies were unable distinguish mature BDNF from
proBDNF due to the lack of specific antibodies (1-3). In the
present study, the expression of mature BDNF was examined
in human glioma tissue of various grades using a specific
antibody against mature BDNF.

Materials and methods
Patients. All 42 patients in the present study were enrolled
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University (Kunming, Yunnan, China). The use of human tissue
in the present study was approved by the Ethics Committee of
Kunming Medical University (Kunming, Yunnan, China), and
written informed consent was obtained from all patients. All
tumor specimens were classified and graded by two indepen-
dent pathologists, with full diagnostic agreement, according to
the 2007 World Health Organization (WHO) classification of
tumors of the CNS (18). The glioma samples were classified
as follows: 3 samples, all pilocytic astrocytomas, were clas-
sified as grade I; 18 samples, all diffuse astrocytomas, were
classified as grade II; 13 samples, all anaplastic astrocytomas,
were classified as grade III; and 8 samples, all glioblastoma,
were classified as grade I'V. For convenience, all gliomas were
divided into two groups for analysis. The low-grade glioma
group consisted of tissues from 8 male and 13 female patients
with grade I and II glioma (mean age, 35.57+14.95 years), and
the high-grade group consisted of tissues from 13 male and
8 female patients with grade IIT and IV glioma (mean age,
47+15.42 years). In total, 19 samples were resected from the
frontal lobe, 12 from the temporal lobe, 5 from the parietal
lobe, 3 from the occipital lobe and 3 from the ventricles. There
were 9 tumors that involved multiple lobes.

In addition, 10 non-neoplastic brain tissues obtained from
8 males and 2 females (mean age, 41.30+14.49 years) were used
as control tissues. In total, 3 patients underwent lobe resection
for epilepsy, 4 for brain trauma, 2 for hypertensive cerebral
hemorrhage and 1 for internal decompression, the sample
from which consisted of normal tissue located near a tumor.
In addition, 4 control tissues were acquired from the frontal
lobe (3 patients with brain trauma, 1 patient with glioma who
underwent internal decompression), 4 from the temporal
lobe (3 patients with epilepsy who underwent lobe resection,
1 patient with brain trauma who underwent internal decom-
pression), 1 from the parietal lobe (1 patient who underwent
internal decompression for hypertensive cerebral hemorrhage)
and 1 from the cerebellum (1 patient who underwent internal
decompression for hypertensive cerebral hemorrhage).

Immunohistochemistry. Small fragments of tissue were fixed
in 10% neutral buffered formalin and embedded in paraffin
for immunohistochemistry (IHC) of mature BDNF and TrkB.
Single-labeling THC was performed as described in a previous
study (16). Sheep monoclonal anti-mature BDNF (2 pg/ml;
laboratory of Professor Xin-Fu Zhou, School of Pharmacy and
Medical Sciences, University of South Australia, Adelaide,
Australia) and rabbit anti-TrkB (dilution, 1:1000; Catalog
no. 07-225; EMD Millipore, Billerica, MA, USA) primary
antibodies were used as previously described (17). IHC
staining was assessed semi-quantitatively by measuring the
intensity of the staining and the number of positive cells, as
previously described (16).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The expression levels of the BDNF and TrkB
genes in the control brain tissues and glioma tissues of various
malignancy grades were determined by RT-qPCR. Quantita-
tive data were normalized relative to ACTB. The 5'-3' primer
sequences were as follows: BDNF forward, TACTTTGGTTG-
CATGAAGGCTGCC and reverse, ACTTGACTACTGAGC
ATCACCCTG; TrkB forward, AGGGCAACCCGCCCA
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CGGAA and reverse, GGATCGGTCTGGGGAAAAG:; and
ACTB forward, CGGGAAATCGTGCGTGAC and reverse,
TGGAAGGTGGACAGCGAGG. All primers were synthe-
sized by Invitrogen (Carlsbad, CA, USA). The total RNA
extraction from tissue samples and reverse transcription were
performed as described (16). The data were analyzed using the
2-48C method (19).

ELISA for mature BDNF and TrkB. The tissue samples were
homogenized, and levels of mature BDNF in the homogenate
were determined by a highly specific, mature BDNF ELISA
kit, as previously described (20). The procedure is highly
specific for mature BDNF only and does not detect proBDNF
or the other neurotrophins, such as neurotrophins-3 and -4 and
nerve growth factor. Levels of TrkB in the protein samples
were determined using a commercial human TrkB kit (Sino
Biological, Inc., Beijing, China), according to the manufac-
turer's instructions.

Statistical analysis. The Kruskal-Wallis test, Mann-Whitney
U test and Spearman's rank correlation coefficient were used
to compare the differences between the control brain samples
and glioma samples. P<0.05 was considered to indicate a
statistically significant difference.

Results

Expression of mature BDNF in human glioma tissues.
Immunostaining for mature BDNF was detected in the
neuronal cytoplasm of control tissues (Fig. 1A) and cytoplasm
of glioma cells (Fig. 1B and C). Strong staining for mature
BDNF occurred in the cytoplasm of the high-grade glioma
tissues (Fig. 1C). Compared with low-grade glioma and
control tissues, the semi-quantitative analysis revealed that
mature BDNF immunostaining in high-grade glioma was
increased (Fig. 1D; P<0.001). The RT-qPCR (Fig. 1E) analysis
also revealed the increased BDNF mRNA levels in high-grade
glioma tissues (P=0.003). These results were further supported
by data obtained from ELISA (Fig. 1F). The expression
of mature BDNF in low-grade gliomas was significantly
increased 1.98-fold compared with the normal control tissue
specimens (P<0.001). Notably, the expression of mature BDNF
in high-grade gliomas was significantly increased 4.14-fold
compared with low-grade gliomas (P<0.001).

Expression of TrkB in human glioma tissues. TrkB immu-
nostaining was evidently present in the cytoplasm of neurons
in the control tissues (Fig. 2A). There was a weak immu-
nostaining for TrkB in the cytoplasm of the tumor cells of
low-grade gliomas (Fig. 2B). By contrast, strong TrkB immu-
nostaining was observed in the cytoplasm of the high-grade
glioma cells (Fig. 2C). The semi-quantitative analysis revealed
that TrkB immunostaining in high-grade gliomas was signifi-
cantly increased compared with low-grade glioma and control
tissues (Fig. 2D; P<0.001). The RT-qPCR analysis revealed that
the expression of 7rkB mRNA was increased in high-grade
glioma tissues, which was consistent with the results of
immunostaining (Fig. 2E; P=0.032). An ELISA assay for
TrkB revealed that the concentration of TrkB was significantly
increased in high-grade gliomas (Fig. 2F; P<0.001).
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Figure 1. Expression of mature BDNF in human glioma tissues at various grades of malignancy. (A-C) IHC for mature BDNF in (A) control tissue, (B) low-grade
glioma tissue and (C) high-grade glioma tissue (scale bar, 25 ym). (D) IHC scores for mature BDNF immunostaining. (E) Detection of BDNF mRNA by
reverse transcription-quantitative polymerase chain reaction. (F) Findings of the ELISA assay. “P<0.01 vs. control. BDNF, brain-derived neurotrophic factor;
IHC, immunohistochemistry; DAB, 3,3'-diaminobenzidine.
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Figure 2. Expression of TrkB in human glioma tissues at various grades of malignancy. (A-D) IHC for TrkB in (A) control tissues, (B) low-grade glioma tissues
and (C) high-grade glioma tissues (scale bar, 25 ym). (D) IHC scores for TrkB immunostaining. (E) Detection of TrkB mRNA by reverse transcription-quanti-
tative polymerase chain reaction. (F) Findings of the ELISA assay. “P<0.01, “P<0.05 vs. control. TrkB, tyrosine receptor kinase B; IHC, immunohistochemistry.
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Figure 3. Correlation between mature BDNF and TrkB expression and glioma tumor grade. (A) Correlation between mature BDNF expression and the tumor
grade. (B) Correlation between TrkB expression and tumor grade. (C) Correlation between the expression of mature BDNF and the expression of TrkB. BDNF,
brain-derived neurotrophic factor; TrkB, tyrosine receptor kinase B.
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Correlation between the expression of mature BDNF and TrkB
and the glioma malignancy grade. Spearman's rank correla-
tion analysis revealed that mature BDNF (r=0.54, P<0.001)
and TrkB (r=0.805, P<0.001) were positively associated with
the grade of malignancy in glioma (Fig. 3A and B). Spear-
man's rank correlation analysis also revealed that there was a
positive correlation between the expression levels of mature
BDNF and TrkB (r=0.404, P=0.02; Fig. 3C).

Discussion

The important role of the BDNF/TrkB signaling system
in tumor cell proliferation and survival have been demon-
strated in previous studies (1-3). The expression of BDNF is
correlated with a poor prognosis in various TrkB-expressing
human cancers, including tumors in the nervous system (1-3).
Previous studies have revealed that BDNF mRNA is a preva-
lent transcript in 24 cell lines derived from human malignant
gliomas (4).

ProBDNF and mature BDNF coexist in the CNS and
perform opposite roles in neuronal functions through two trans-
membrane receptor signaling systems, consisting of p7SNTR
and TrkB (5-7). ProBDNF is a high-affinity functional ligand
for the pro-apoptotic p7SNTR, whereas the proteolytically
cleaved mature BDNF is the preferred ligand for TrkB (6-7).
A previous study has demonstrated that proBDNF negatively
regulates the growth and migration of C6 glioma cells through
p7SNTR (16). It has also been demonstrated that mature BDNF
induces C6 glioma cell proliferation and invasion in vitro (17).
Considering the opposite effects on the biological behavior
of gliomas cells in vitro, measurement of the level of mature
BDNF alone in normal human brain tissue and glioma tissue
samples in vivo may be informative.

The present study has revealed that mature BDNF and
its receptor TrkB are highly expressed in human glioma
cells using various approaches, consisting of IHC, ELISA
and RT-qPCR assays. In the present study, the expression
of TrkB was found to be upregulated in human high-grade
gliomas, and the receptor is positively correlated with the
grade of the gliomas. The present results are consistent with
previous studies that reported the frequent robust expression
of TrkB in highly invasive tumors (21) and the activity of
TrkB as a key regulator of tumor malignancy. Notably, the
expression profiles of mature BDNF and TrkB are similar,
demonstrating increased expression parallel to the increase
in gliomas grades. In addition, the co-localization of mature
BDNF and TrkB in human gliomas was increased in
high-grade samples, suggesting that the mature BDNF/TrkB
signaling pathway plays a role in modulating the malignancy
and prognosis of glioma. These results are consistent with the
results of a previous study that reported the promotion of the
proliferation, infiltration and migration of C6 glioma cells
demonstrated by mature BDNF in vitro (17). The promotion
of the proliferation, infiltration and migration of glioma
cells by mature BDNF may be critical in the promotion of
low-grade gliomas to over-aggressive high-grade gliomas.
Suppression of the mature BDNF/TrkB signaling pathway
by either specific mature BDNF neutralizing antibodies
or TrkB-receptor antibodies may demonstrate therapeutic
significance in high-grade glioma.
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These results are consistent with previous findings that
suggested the possibility of the proBDNF-p75-sortilin pathway
being a balancing signal for tumor growth through the mature
BDNF-TrkB pathway (7,16). The balance between tumor cell
death and survival may depend upon the proportions of mature
and proBDNF available to cells expressing TrkB and p7SNTR.
ProBDNF-converting enzymes, such as MMPs or tissue
plasminogen activator are produced and released by glioma
cells (22,23). In particular, these proteases have been reported
to be closely associated with invasion and angiogenesis in
malignant gliomas (22,23). It would be of considerable interest
to study the precise mechanisms controlling the relative expres-
sion levels of proBDNF and mature BDNF to limit or amplify
distinct neurotrophin activities in the development of glioma.

Overall, the present data have indicated that increased
levels of mature BDNF contribute notably to the development
of malignancy in human gliomas through the primary BDNF
receptor TrkB. The present study suggests that the suppression
of the mature BDNF signaling pathway, but not the proBDNF
signaling pathway, may be a novel therapeutic strategy for
high-grade gliomas.
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