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Abstract

This study indicates that brain-derived neurotrophic factor (BDNF) can promote young cardiac microvascular endothelial cells (CMECs) to
migrate via the activation of the BDNF-TrkB-FL-PI3K/Akt pathway, which may benefit angiogenesis after myocardial infarction (MI). However,
the ageing of CMECs led to changes in the expression of receptor Trk isoforms in that among the three isoforms (TrkB-FL, TrkB-T1 and TrkB-
T2), only one of its truncated isoforms, TrkB-T1, continued to be expressed, which leads to the dysfunction of its ligand, a decrease in the
migration of CMECs and increased injury in ageing hearts. This shift in receptor isoforms in aged CMECs, together with changes in the ageing
microenvironment, might predispose ageing hearts to decreased angiogenic potential and increased cardiac pathology.
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Introduction

Coronary artery disease-induced myocardial infarction (MI) is one of
the leading causes of morbidity and mortality in elderly individuals. A
therapeutic angiogenesis strategy has high potential for the regenera-
tion of the infarcted myocardium [1–3]. Recent studies have shown
that brain-derived neurotrophic factor (BDNF) and its receptor, TrkB,
are expressed first during late gestation and then persistently at high
levels into adulthood in the endothelial cells lining the arteries and
capillaries of the heart. BDNF�/� mice exhibit the impaired survival of
TrkB-expressing endothelial cells in intramyocardial arteries and
capillaries in the late gestational and early postnatal periods.
Conversely, BDNF overexpression in the mid-gestational mouse heart
results in an increase in capillary density [4]. Compared with bFGF

alone, exogenous delivery of bFGF and BDNF in ischaemic myocar-
dium was able to improve the angiogenesis and left ventricular
function of the ischaemic myocardium [5]. BDNF expression is up-
regulated by neural signals from the young heart after MI and then
protects the myocardium against ischaemic injury [6]. We previously
reported that the number of truncated TrkB-positive cells and BDNF
protein levels are higher in the aged cardiac microvasculature. BDNF
levels in aged ischaemic cardiac microvasculature are higher
compared with levels in young non-ischaemic, young ischaemic and
old non-ischaemic hearts. The age-related increase in truncated TrkB
in cardiac microvascular endothelial cells (CMECs) is apparently
linked to an age-associated increase in inflammatory response and a
significant increase in myocardial injury following coronary artery
occlusion [7]. We and others have reported that the BDNF-TrkB
pathway plays an important role in the development of cardiac
vasculature, cardiac protection, angiogenesis of the myocardium and
myocardial injury seen in the aged heart. In this study, we further
determined if BDNF was able to promote the migration of CMECs,
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Fig. 1 Characterization of

the isolated CMECs. (A-I)
Immunofluorescent
staining for CD31 indi-

cated that more than

95% of the isolated

CMECs were CD31+. (A-
II) The fluorescent low-

density lipoprotein (Dil-

LDL) uptake assay

revealed that more than
95% of the isolated

CMECs was Dil-LDL

positive. (A-III) The flow
cytometry analysis con-

firmed that 92.8% of the

isolated CMECs were

CD31+. (B) The RT-PCR
demonstrated that the

isolated CMECs

expressed CD31 and

BDNF. (C) The real-time
PCR showed that young

and old CMECs both

expressed BDNF. How-

ever, the expression level
in old CMECs was higher

than that in young

CMECs. *P < 0.05 (old
CMECs versus young

CMECs) (D) SA-b-gal
staining shows that

numbers of SA-b-gal-
positive CMECs from old

rats (at Passage-2, Pas-

sage-5 and Passage-10)

were significantly higher
than those from young

rats at the same pas-

sages. All of the experi-
ments (n = 3) above

were performed in tripli-

cate. CMECs: Cardiac

microvascular endothelial
cells. Bars are 50 lm.

*P < 0.05 (compared

with Y-CMECs-P2). P2,

Passage-2.
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Fig. 2 BDNF-mediated migration of CMECs declined during ageing and age-related changes in TrkB isoforms. (A) The transwell motility assay

showed that BDNF enhances CMEC migration and that the effect of BDNF on migration was dose dependent (*P < 0.05, BDNF versus control). (B)
The assay also showed the age-related decline of CMEC migration. In addition, the migratory response of old BDNF-treated CMECs was reduced

when compared with that of young CMECs. Two-way ANOVA: F(1, 8) = 465.566, P < 0.05 for age, F(1, 8) = 879.060, P < 0.05 for BDNF treatment;
and F(1, 8) = 60.241, P < 0.05 for age 9 BDNF treatment. *P < 0.05 (young BDNF versus young control or old BDNF versus old control).

**P < 0.05 (old control versus young control). (C) qPCR quantification analysis of young CMECs indicated that the cells expressed all three of the

isoforms of the BDNF receptor (TrkB-FL, TrkB-T1 and TrkB-T2) but not p75NTR. In old CMECs, only TrkB-T1 was expressed *(P < 0.05 compared
with Y-CMECs-P2). All of the experiments (n = 3) above were performed in triplicate. P2: Passage-2.
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angiogenesis in cardiac ischaemia and the activation pathway. In
addition, we examined the potential age-related decrease and impair-
ment of BDNF, its receptor and the related angiogenic potential of
CMECs and aged hearts.

Materials and methods

Animals

In this study, we used 6- and 20-month-old female Sprague–Dawley
rats. Animal care, surgery and handling procedures for this study were
performed in accordance with the rules of The Ministry of Science and

Technology of the People’s Republic of China [(2006)398] and were

approved by the Ji Nan University Animal Care Committee. The detailed

methodology and statistical analysis are included in the Supplementary
material.

Results

Phenotype and b-gal staining for isolated CMECs

Immunofluorescent staining for CD31 indicated that more than
95% of the isolated CMECs were CD31 positive (Fig. 1A-I). The
fluorescent low-density lipoprotein (Dil-LDL) uptake assay revealed
that more than 95% of the isolated CMECs were Dil-LDL positive
(Fig. 1A-I). Flow cytometry analysis further confirmed that 92.8%
of the isolated CMECs were CD31 positive (Fig. 1A-III). RT-PCR
revealed that the isolated CMECs expressed CD31 and BDNF
(Fig. 1B). Real-time PCR also indicated that the young and old
CMECs expressed BDNF. In addition, expression of BDNF in old
CMECs was higher than that in young CMECs (Fig. 1C). The SA-
b-gal assay revealed that the replicative senescence percentages
of positive CMECs from young rats (at Passage-2, Passage-5 and
Passage-10) were 23%, 37% and 52%, respectively, whereas the
replicative senescence percentages for CMECs from old rats (at
Passage-2, Passage-5 and Passage-10) were 95%, 97% and 98%
respectively (Fig. 1D). All of these results confirmed that the iso-
lated and cultured CMECs used in this study maintained the nor-

mal endothelial phenotype and expressed BDNF. In addition,
replication senescence existed in the CMECs.

BDNF promotes the migration of CMECs via
activation of the BDNF-TrkB-FL-PI3K/Akt pathway

Promoting the migration of endothelial cells is one of the critical
events for angiogenesis. The transwell motility assay was applied to
evaluate the possible effect of BDNF on the migration of CMECs. The
results of the transwell motility assay revealed that BDNF promoted
the migration of young CMECs. The extent of the migration of the
CMECs occurred in a BDNF dose-dependent manner. Specifically, the
extents of migration were 258 ± 9 cells/well in 70 ng/ml BDNF,
178 ± 20 cells/well in 50 ng/ml BDNF and 109 ± 2 cells/well in
25 ng/ml BDNF. In the control, the extent of migration was
98 ± 4 cells/well (P < 0.05; Fig. 2A and B). Because the maximal
effect of BDNF was observed at 70 ng/ml, this concentration was
used in subsequent studies. In addition to the transwell motility
assay, we also performed real-time measurements of the migration of
CMECs using an xCelligence RTCA-DP instrument. BDNF treatment
promoted the migration of young CMECs after a 6-hr treatment com-
pared with the control (Fig. 3A).

The pathway of BDNF-mediated CMEC migration was further
investigated. There are three isoforms of the TrkB receptor in mam-
malian cells. The full-length isoform (TrkB-FL) is a tyrosine kinase
receptor that transduces the BDNF signal [8–10]. The two truncated
isoforms, TrkB-T1 and TrkB-T2, possess the same extracellular
domain, transmembrane domain and the first 12 intracellular amino
acids in sequence as does TrkB-FL; however, the C-terminal
sequences are isoform specific: T1 has 11 amino acids and T2 has 9
amino acids [8]. The results of the real-time PCR revealed that young
CMECs expressed all of the subtypes of the TrkB receptors (TrkB-FL,
TrkB-T1 and TrkB-T2) at Passage-2, but FL and T2 were down-regu-
lated at Passage-5 and Passage-10 (Fig. 2C). In addition, our Western
blot results showed that young CMECs expressed TrkB-FL and TrkB-
T1. BDNF treatment up-regulated the expression of TrkB-FL, but not
TrkB-T1, when young CMECs were treated for 5 min. (Fig. 3B). BDNF
increased the phosphorylation of Akt in young CMECs at approxi-
mately 5 min. after treatment and reached maximal levels after
15 min. of treatment, maintaining the increased level approximately

Fig. 3 BDNF-mediated CMEC migration via the TrkB-FL-PI3K/Akt pathway. (A) The real-time migration assay showed that BDNF promotes the migra-

tion of both young and old CMECs. However, this BDNF-mediated migratory response was determined to be dysfunctional in old CMECs compared

with that in young CMECs. LY294002 (inhibitor of PI3K/Akt) and K252a (tyrosine kinase inhibitor) inhibited the migration of young and old CMECs.
In addition, the migration indices of LY294002- and K252A-treated young and old CMECs were significantly lower compared with those of the paral-

lel young and old control groups and the young and old BDNF-treated groups respectively. Furthermore, the migration indices for the individual

groups of old CMECs were lower than those of the corresponding young groups. The BDNF-mediated migration indices for young and old CMECs

pre-incubated with anti-TrkB-FL were lower than those of the corresponding young and old BDNF-treated and control groups respectively. (B) The
Western blot revealed that BDNF increased the expression of TrkB-FL in young CMECs at approximately 5 min. after treatment but not in old

CMECs. (C) BDNF increased Akt phosphorylation 5 min. after treatment. However, BDNF failed to increase Akt phosphorylation in old CMECs. (D)
LY294002 inhibited the BDNF-mediated phosphorylation of Akt. Treatment with K252a also inhibited Akt phosphorylation. No parallel effects

were identified in old CMECs. All of the experiments (n = 3) above were performed in triplicate. *P < 0.05 (BDNF versus control or inhibitor versus
control).
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2 hrs after treatment (Fig. 3C). However, LY294002, an inhibitor of
PI3K/Akt, inhibited the BDNF-mediated phosphorylation of Akt. Treat-
ment with K252a, a kinase inhibitor that is known to selectively block
tyrosine kinase isoforms of the Trk family [11–13], also inhibited the
BDNF-mediated phosphorylation of Akt (Fig. 3D). In addition, our
migration assay indicated that LY294002 and K252a inhibited the
migration of the young CMECs (Fig. 3A). The above results revealed
that the BDNF-mediated increase in Akt phosphorylation was associ-
ated with an increase in the migration of young CMECs. In addition,
the TrkB-FL receptor (a tyrosine kinase receptor) was mainly involved
in the BDNF-induced migration of young CMECs.

To confirm that the BDNF-mediated migration was associated with
ligand–receptor binding, blocking assays using the TrkB-FL antibody
and an shRNA knockdown assay were performed. The results of the
blocking assay showed that the BDNF-mediated migration index for
young CMECs pre-incubated with anti-TrkB-FL was lower than that
for either the control or the BDNF-treated group (Fig. 3A). In addition,
transfection with TrkB-shRNA into young CMECs decreased the
expression of the BDNF receptors (TrkB-FL, TrkB-T1 and TrkB-T2;
Fig. 4A-I) and also decreased BDNF-mediated CMEC migration
(Fig. 4B). Our above findings indicated that the BDNF-mediated
migration of CMECs was due to the activation of the BDNF-TrKB-FL-
PI3K/Akt pathway.

Because p75NTR is able to bind all neurotrophins [14, 15], it may
bind BDNF and then transduce the signal to regulate CMECs. To
exclude the effect of p75NTR in this experiment, real-time PCR evaluat-
ing p75NTR expression in CMECs was conducted. Our real-time PCR
results showed that p75NTR was not expressed in either isolated
young or old CMECs (Fig. 2C).

Age-related decrease in TrkB-FL expression
impairs BDNF-mediated CMEC migration

The possible age-related dysfunction in BDNF-mediated migration for
CMECs was further evaluated by using a transwell motility assay. The
capacity to migrate in response to BDNF declined in old CMECs. Analy-
sis of the data by two-way ANOVA indicated that the differences were sig-
nificant. In the controls, the numbers of CMECs that migrated were
98 ± 4 cells/well and 38 ± 4 cells/well for the young and old groups
respectively (P < 0.05). In addition, BDNF increased the number of
migrating CMECs in the young and old groups compared with their par-
allel controls. The introduction of BDNF increased CMEC migration in
both the young and old groups: the young group had 258 ± 9 cells/
well (young control, 98 ± 4/well) and the old group had 132 ± 8 cells/
well (old control, 38 ± 4/well) (control versus BDNF group, P < 0.05).
The CMEC migration in the old BDNF-treated group (132 ± 8 cells/
well) was significantly higher than that of the old control group
(38 ± 4 cells/well, P < 0.05). However, these measurements were
significantly lower than those of the young BDNF-treated group
(258 ± 9 cells/well, P < 0.05, Fig. 2B). The real-time migration assay
also revealed that the migration index for the old group was lower than
those of the young control and the young BDNF-treated group. In addi-
tion, the migration index for the old BDNF-treated group was higher
than that of the old control group (Fig. 3A).

The expression profiles of TrkB-FL, TrkB-T1 and TrkB-T2 were fur-
ther investigated using quantitative PCR. The TrkB-FL and TrKB-T2
expression levels were undetectable in old CMECs at Passage-2, Pas-
sage-5 and Passage-10, whereas both young and old CMECs
expressed TrkB-T1 (Fig. 2C). In addition, both young and old CMECs
expressed BDNF (Fig. 1D).

The age-related decrease in TrkB-FL expression further sug-
gests that dysfunction of the BDNF-TrkB-PI3K/Akt pathway might
occur in the migration of old CMECs. Western blot results revealed
that TrkB-FL was not expressed (or was expressed at a very low
level) in old CMECs compared with young CMECs. In contrast,
TrkB-T1 expression was maintained in old CMECs (Fig. 3B). How-
ever, BDNF was not able to increase Akt phosphorylation in old
CMECs, similar to LY294002, BDNF+LY294002, K252a or BDNF
+K252a (Fig. 3C and D). The real-time migration assay also indi-
cated that the migration indices of LY294002- and K252A-treated
old CMECs were significantly lower compared with those of the old
controls and the old BDNF-treated groups respectively. In addition,
the migration indices of the individual groups of old CMECs were
lower than those of the parallel young groups (Fig. 3A). The
results of the blocking assay showed that the BDNF-mediated
migration index of the old CMECs pre-incubated with anti-TrkB-FL
was lower than those of the BDNF-treated and the control groups
(Fig. 3A).

In addition, transfection with TrkB-shRNA in the old CMECs signif-
icantly decreased the expression of TrkB-T1 (Fig. 4A-II). The extents
of migration were 7 ± 2 cells/well in the TrkB-shRNA-transfected old
CMECs group, 14 ± 5 cells/well in the TrkB-shRNA-transfected,
BDNF (70 ng/ml)-treated old CMECs group, 41 ± 7 cells/well in the
old CMECs control group and 65 ± 6 cells/well in the BDNF (70 ng/
ml)-treated old CMECs group. The extent of migration of the TrkB-
shRNA-transfected BDNF (70 ng/ml)-treated old CMECs group was
significantly lower than those of the old CMECs control group and the
BDNF (70 ng/ml)-treated old CMECs group. However, the extent of
migration was significantly higher than that of the TrkB-shRNA-trans-
fected old CMECs group (P < 0.05, Fig. 4B).

In vivo angiogenesis potential of BDNF in the
heart

The possible in vivo angiogenic effect of BDNF in the myocardium
was further investigated. We injected 500 ng of BDNF into the left
ventricular myocardia of non-ischaemic young and old hearts. The
vessel density at the injection site was analysed 2 days after injec-
tion using immunostaining for vWF, an endothelial cell marker. The
vessel densities in BDNF-injected young and old hearts were similar
to the parallel controls. The density of the BDNF-treated young heart
was 59 ± 17/mm2 (control: 54 ± 4/mm2), and the density of the
BDNF-treated old heart was 58 ± 6/mm2 (control: 59 ± 16/mm2).
Analysis of the data by two-way ANOVA revealed no significant differ-
ences (Fig. 5A).

Furthermore, the possible angiogenic effect of BDNF during an is-
chaemic situation was investigated using a left anterior descending
coronary artery (LAD) ligation. As in our pilot study, we found that an
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Fig. 4 shRNA knockdown of TrkB receptors inhibited BDNF-mediated CMEC migration. (A) and (B) TrkB-shRNA transfection repressed BDNF recep-

tor (TrkB-FL, TrkB-T1 and TrkB-T2) expression and BDNF-mediated young and old CMEC migration. All of the experiments (n = 3) above were per-

formed in triplicate. *P < 0.05 (shRNA versus control or BDNF versus control).
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injected dose of more than 100 ng of BDNF resulted in a mortality
rate of approximately 60% in the LAD-ligated old rats. Therefore,
70 ng of BDNF, which increased the migration of CMECs in vitro,
was applied in this study. Immunostaining for vWF was again
applied to determine the vessels at the infarcted zone and the border
zone 14 days after the LAD ligation. Analysis of data by two-way ANO-

VA indicated significant differences between the vessels at the
infarcted zone and the border zone. The vessel density of the
infarcted zone in the BDNF-injected young heart (95 ± 12/mm2) was
higher than that of the control (63 ± 14/mm2; P < 0.05). In addition,
the vessel density of the infarcted zone in the BDNF-injected old heart
(65 ± 5/mm2) was slightly higher than that of the control, but the dif-
ference was not statistically significant (56 ± 2/mm2; P > 0.05). How-
ever, the vessel density of the infarcted zone in the BDNF-injected old
heart (65 ± 5/mm2) was lower than that of the BDNF-injected young
heart (95 ± 13/mm2; P < 0.05; Fig. 5B). The density of the BDNF-
treated young heart in the border zone (64 ± 5/mm2) was also higher
than that of the control (38 ± 3/mm2; P < 0.05). The density of the
BDNF-treated old heart in the border zone (47 ± 2/mm2) was similar
to that of the control (45 ± 2/mm2; P > 0.05). The vessel density of
the border zone in the BDNF-injected old heart (47 ± 2/mm2) was
lower than that of the BDNF-injected young heart (64 ± 5/mm2;
P < 0.05; Fig. 5B).

To evaluate the possible therapeutic effect of BDNF in ischaemic
rat hearts, the infarct sizes were simultaneously compared. Analysis
of the data by two-way ANOVA indicated significant differences in the
infarcted sizes. The infarction size (%LV) of the BDNF-treated old
group (0.40 ± 0.05) was higher than that of the old control group
(0.32 ± 0.06; P < 0.05). However, the infarction size (%LV) of the
BDNF-treated young group (0.34 ± 0.06) was similar to that of the
young control group (0.33 ± 0.07; P > 0.05; Fig. 5C).

Discussion

In this study, CMECs were used to investigate the effects of BDNF on
cell migration. Our RT-PCR results indicated that young CMECs
expressed BDNF and its three receptors TrkB-FL, TrkB-T1 and TrkB-

T2. The results suggested that BDNF plays an important function in
CMECs, possibly using an autocrine/paracrine modality. The results
of the transwell and real-time cell migration assays revealed
that BDNF promoted CMEC migration in a dose-dependent manner,
suggesting that BDNF acted as a chemotaxis factor for the CMECs to
promote their migration.

Our results also showed that BDNF up-regulated TrkB-FL expres-
sion in young CMECs as early as 5 min. after treatment, which was
accompanied by a corresponding increase in the phosphorylation of
Akt. The increased Akt phosphorylation was at a maximum level at
30 min. after treatment and remained at an increased level for
approximately 2 hrs. However, BDNF did not affect TrkB-T1 expres-
sion. Because TrkB-FL, but not TrkB-T1 or TrkB-T2, contains the tyro-
sine kinase domain [8–10], it is suggested that the BDNF-mediated
migration of young CMECs is mainly via binding to TrkB-FL, activating
the associated tyrosine kinase and then activating the PI3K/Akt signal-
ling pathway by increasing Akt phosphorylation. Indeed, our shRNA
knockdown assay also confirmed that transfection of TrkB-shRNA
into young CMECs decreased the expression levels of all of the iso-
forms of the BDNF receptor and decreased the BDNF-mediated migra-
tion of CMECs. Furthermore, blocking TrkB-FL with its antibody was
found to decrease BDNF-mediated CMECs migration. In addition,
LY294002, an inhibitor of PI3K/Akt, and K252a, a selective inhibitor
of Trk receptors [11–13], inhibited the BDNF-mediated phosphoryla-
tion of Akt. Both LY294002 and K252a inhibited the migration of
young CMECs, which clearly indicates that the BDNF-mediated migra-
tion of young CMECs was due to the activation of the BDNF-TrKB-FL-
PI3K/Akt pathway.

Although BDNF was still able to promote the migration of old
CMECs, the initiation of the migration of old CMECs was not as effec-
tive as that of young CMECs. Because 98% of the old CMECs in this
study were positive for SA-b-gal staining, it is possible that the senes-
cence of CMECs impaired the BDNF-mediated migration. The TrkB
receptor expression profiles showed that old CMECs only expressed
TrkB-T1 but not TrkB-FL and TrkB-T2. Thus, the BDNF-mediated
migration was dysfunctional in old CMECs because TrkB-FL was not
expressed, and BDNF failed to induce the phosphorylation of Akt in
old CMECs. Thus, the age-related decrease in TrkB-FL expression and

Fig. 5 Exogenous BDNF increases angiogenesis in the infarcted zones of MI in young hearts. (A) Immunostaining for vWF at day 2 after injection

revealed that the vessel densities in BDNF-injected young and old hearts were similar to those in their parallel controls. Two-way ANOVA:

F(1, 25) = 0.112, P > 0.05 for age, F(1, 25) = 0.255, P > 0.05 for BDNF treatment and F(1, 25) = 0.468, P > 0.05 for the age 9 BDNF treatment.
(B) Immunostaining for vWF at day 14 after the LAD-ligated heart injection revealed that the vessel density of the infarcted zone in the BDNF-

injected young heart was higher than that of the control. The vessel density of the BDNF-treated young heart in the border zone was also higher

than that of the control (P < 0.05). In addition, the vessel density of the infarcted zone in the BDNF-injected old heart was slightly higher than that

of the control, but the difference was not statistically significant (P > 0.05). The vessel density in the border zone of the BDNF-treated old heart
was similar to that of the control. The vessel density of the infarcted zone in the BDNF-injected old heart was lower than that of the BDNF-injected

young heart, and the vessel density of the border zone in the BDNF-injected old heart was lower than that of the BDNF-injected young heart. Two-

way ANOVA: F(1, 14) = 9.797, P < 0.05 for age, F(1, 14) = 11.536, P < 0.05 for BDNF treatment and F(1, 14) = 3.602, P > 0.05 for the age 9 BDNF

treatment in the MI zone; and F(1, 13) = 6.344, P < 0.05 for age, F(1, 13) = 56.828, P < 0.05 for BDNF treatment and F(1, 13) = 38.022, P < 0.05
for the age 9 BDNF treatment in the border zone *P < 0.05 (BDNF versus PBS), **P < 0.05 (old BDNF versus young BDNF). Bars are 100 lm. All

of the experiments above were performed in five animals. (C) The infarction size (%LV) of the BDNF-treated young group was similar to that of the

young control group (P > 0.05). However, the infarction size (%LV) of the BDNF-treated old group was higher than that of old control group
(P < 0.05). Two-way ANOVA: F(1, 25) = 3.877, P > 0.05 for age, F(1, 25) = 3.825, P > 0.05 for BDNF treatment and F(1, 25) = 5.668, P < 0.05 for

the age 9 BDNF treatment. LV: left ventricle. *P < 0.05 (BDNF versus PBS). All of the experiments above were performed in five animals.
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the consequential impairment of BDNF-TrkB-FL-PI3K/Akt signalling
are the reasons for the dysfunction of BDNF-mediated migration in
old CMECs.

Although only TrkB-T1 was detected in old CMECs, BDNF was still
able to promote CMEC migration, but at a significantly lesser extent
than the migration of young CMECs, which suggested that TrkB-T1
had some activity in promoting migration. In addition, the expression
of TrkB-T1 was significantly lower when old CMECs were transfected
with TrkB-shRNA; in parallel, the migration capacity was significantly
lower when compared with young and old controls, young and old
BDNF-treated groups and young and old BDNF+TrkB-shRNA-trans-
fected groups. These results implied that old CMECs might still be
able to transduce downstream signalling through the BDNF-TrkB-T1
pathway to mediate migration using an as yet unknown mechanism.
However, our quantitative PCR assay confirmed that neither young
nor old CMECs used in this study expressed p75NTR, a non-specific
receptor for all neurotrophic factors. Therefore, we could also exclude
the idea that the BDNF-mediated migration of old CMECs was attrib-
uted to transduction via non-specific binding with p75NTR. Indeed,
recent studies revealed that TrkB-T1 was able to regulate the mor-
phology of neurons and glial cells via BDNF-mediated signalling of
the Rho GDP dissociation inhibitor I and the actin cytoskeleton [16–
18], which indicates that TrkB-T1 has a functional cytoplasmic
domain. In addition, the BDNF-TrkB-FL (possibly with TrKB-T1 or
TrKB-T2) used by young CMECs might be more effective than the
BDNF-TrkB-T1 pathway alone used by old CMECs. Therefore, the
possible downstream effectors and the pathway related to BDNF-
TrkB-T1-mediated migration in old CMECs need to be investigated
further in the future. This ageing-associated change is apparently
important in the dysfunction of cardiac angiogenesis seen in aged
hearts.

In addition, we discovered that exogenous delivery of BDNF into
young ischaemic hearts significantly increased the number of blood
vessels present in the ischaemic regions. However, this delivery had
no effect on non-ischaemic young and old hearts, suggesting that
even though CMECs normally express BDNF at basal levels in the
young heart, BDNF does not individually initiate angiogenesis. BDNF-
mediated angiogenic potential might cross-talk with the focal micro-
environment of inflammation. Indeed, previous reports documented
that the BDNF pathway was associated with vascular inflammation
[19] and peripheral inflammation [20]. Previously, we demonstrated
that BDNF could mediate the enhancement of inflammation and
injury in the aged heart under ischaemic situations. In addition, our
in vivo studies revealed that the dose of BDNF (70 ng) that pro-
motes angiogenesis in an infarcted zone failed to decrease the

infarct sizes of MI in young hearts. The inability to reduce the size of
the infarct area by the delivery of BDNF was likely not due to the
dose of BDNF used because we previously found that using five
times the present dose of BDNF did not decrease the infarct size in
the young heart [7]. These findings suggest that in the adult, BDNF
might initiate a multitude of effects in vivo, such as recruiting TrkB+

endothelial cells [21], focal inflammation [7] and promoting the
migration of CMECs, as found in this study, which all have important
effects in cardiac angiogenesis. However, BDNF alone might not be
enough to achieve the cardiac protection necessary to decrease the
infarct size of MI.

We also found that the delivery into the old heart of the same
amount of BDNF as that found in the young heart led to an
increase in the infarct size of MI. These results suggested that
senescence-associated down-regulation of TrkB-FL in CMECs not
only contributed to the dysfunction of the BDNF-mediated migration
of CMECs, which diminished the angiogenic potential of BDNF in
aged hearts, but also shifted the BDNF-transducing pathway from
BDNF-TrkB-FL in young hearts to the BDNF-TrkB-T1 in old hearts.
This change would induce more myocardial injuries in aged hearts,
such as an increase in the infarct size, super-inflammation and
apoptosis, which were observed in this study and our previous
study [7, 22, 23]. Indeed, other recent studies also indicated that
BDNF in coronary circulation was increased in unstable angina
patients [24]. In addition, the serum BDNF in patients with acute
myocardial infarction was increased compared with individuals with
stable angina pectoris [25]. Our findings provide a possible func-
tional link for the shifting of the BDNF-TrkB pathway to the poor
regenerative capacity observed in old hearts. Therefore, further
studies on the BDNF-TrkB-T1 pathway in old CMECs and aged
hearts will be beneficial to fully elucidate the molecular mechanisms
of age-related dysfunction in the angiogenesis and regeneration
capacity of old hearts.
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