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Abstract  
Brain-derived neurotrophic factor (BDNF) has robust effects on synaptogenesis, neuronal differentiation and synaptic transmission and 
plasticity. The maturation of BDNF is a complex process. Proprotein convertase 1/3 (PC1/3) has a key role in the cleavage of protein 
precursors that are directed to regulated secretory pathways; however, it is not clear whether PC1/3 mediates the change in BDNF levels 
caused by ischemia. To clarify the role of PC1/3 in BDNF maturation in ischemic cortical neurons, primary cortical neurons from fetal 
rats were cultured in a humidified environment of 95% N2 and 5% CO2 in a glucose-free Dulbecco’s modified Eagle’s medium at 37°C for 
3 hours. Enzyme-linked immunosorbent assays and western blotting showed that after oxygen-glucose deprivation, the secreted and in-
tracellular levels of BDNF were significantly reduced and the intracellular level of PC1/3 was decreased. Transient transfection of cortical 
neurons with a PC1/3 overexpression plasmid followed by oxygen-glucose deprivation resulted in increased PC1/3 levels and increased 
BDNF levels. When levels of the BDNF precursor protein were reduced, the concentration of BDNF in the culture medium was increased. 
These results indicate that PC1/3 cleavage of BDNF is critical for the conversion of pro-BDNF in rat cortical neurons during ischemia. 
The study was approved by the Animal Ethics Committee of Wuhan University School of Basic Medical Sciences.
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Graphical Abstract   
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Introduction 
Ischemia is a common pathophysiological condition of the 
central nervous system (CNS). Brain-derived neurotrophic 
factor (BDNF) transcript levels rapidly increase in the cere-
bral cortex after ischemic insult (Cruz et al., 2018; Hu et al., 
2019). However, the source of BDNF following ischemia is 
not well understood. In the CNS, both neurons and astro-
cytes can produce BDNF. Furthermore, astrocytes are more 
abundant than neurons. Glial fibrillary acid protein-positive 
astrocytes stain for BDNF after ischemia (Himeda et al., 
2007) and oxygen-glucose deprivation (OGD) enhances 
BDNF expression in active astrocytes (Chen et al., 2015). 
Therefore, we speculated that the increase in BDNF tran-
script levels during ischemia mainly results from expression 
in active astrocytes; however, changes in BDNF expression 
in cortical neurons during ischemia are unclear. 

BDNF has robust effects on synaptogenesis, neuronal dif-
ferentiation and synaptic transmission and plasticity (Habte-
mariam, 2018; Shi et al., 2019). The maturation of BDNF is a 
complex process. BDNF is initially synthesized in a precursor 
form, and a series cleavage events are required to produce 
mature BDNF (m-BDNF). The BDNF precursor protein 
(pro-BDNF) is cleaved by either intracellular serine proteases, 
such as proprotein convertase 1/3 (PC1/3) and/or furin, or by 
extracellular proteases, such as plasmin, which is activated by 
tissue plasminogen activator, and/or matrix metallopeptidases 
(Lee et al., 2019). The significance of pro-BDNF cleavage in the 
CNS has been reported (Matsumoto et al., 2008; Yang et al., 
2009). These two reports suggest that the cleavage of pro-BD-
NF is regulated in a highly specific manner and depends on 
the cellular context. In addition, pro-BDNF can have opposing 
effects on neuronal structure and synaptic plasticity by bind-
ing to the p75 receptor (Fleitas et al., 2018). Thus, the relative 
levels of pro-BDNF and m-BDNF are likely to play important 
roles in regulating brain structure and function. 

PC1/3 expression is restricted to endocrine and neuroen-
docrine tissues (Seidah, 2011) and PC1/3 has a key role in the 
cleavage of protein precursors that are directed to regulated 
secretory pathways. In the CNS, PC1/3 immunoreactive sig-
nals localize to nerve terminals and the trans-Golgi network 
(Winsky-Sommerer et al., 2000). It is unclear whether PC1/3 
mediates the change in BDNF expression during ischemia. We 
previously showed that furin mediates BDNF up-regulation 
in reactive astrocytes induced by OGD (Chen et al., 2015); 
therefore, we speculated that PC1/3 mediates the change in 
BDNF expression in neurons during ischemia. We used cul-
tured rat cortical neurons to explore the impact of PC1/3 on 
BDNF expression in cortical neurons following OGD. 
  
Materials and Methods 
Primary cortical neuron culture
Embryonic day 18–20 embryos were isolated from pregnant 
Sprague-Dawley rats [n = 3, provided by Hubei Provincial 
Center for Disease Control and Prevention, China, license 
No. SYXK(E)2017-0065]. The study was approved by the An-
imal Ethics Committee of Wuhan University School of Basic 
Medical Sciences. Brains were dissected from the embryos 
and the cortices were isolated and then dissociated with pa-
pain and DNase using previously published methods (Brewer, 
1995). Cell suspensions were plated in poly-L-lysine-coated 
6-well plates at a density of 500 cells/mm2. Cultured neurons 

were maintained in serum-free Neurobasal medium (Life 
Technologies, New York, NY, USA) at 37°C in a humidified 
incubator with 5% CO2. The growth medium was changed 
twice a week. At 9 days in vitro, the growth medium was 
changed to Neurobasal medium supplemented with B27. To 
determine the proportion of neurons at 10 days in vitro, the 
cultured cells were double-immunostained with antibodies 
against microtubule-associated protein 1 (a neuron marker) 
and against glial fibrillary acid protein (an astrocyte marker). 
Cells were 80–90% microtubule-associated protein 1-pos-
itive and 5–10% glial fibrillary acid protein-positive (data 
not shown). The cultured cells were used for experiments at 
10–14 days in vitro.

Exposure of neurons to OGD 
To imitate ischemic conditions in vitro, the cultured corti-
cal neurons were exposed to OGD as described previously 
(Furuichi et al., 2005). Briefly, cortical neurons were seeded 
in 6-well plates. When cells reached 60–70% confluency, the 
culture medium was changed to Dulbecco’s modified Eagle’s 
medium without glucose and pre-equilibrated with 95% N2 
and 5% CO2. Cells were maintained in a humidified airtight 
chamber (Billups-Rothberg, Del Mar, CA, USA) with 5% 
CO2 and 95% N2 at 37°C for 3 hours. At the end of the OGD 
treatment, cells were maintained in Neurobasal medium 
supplemented with B27. Control cultures were incubated 
with normal Dulbecco’s modified Eagle’s medium at 37°C 
in 5% CO2 and 95% air for 3 hours. Trypan blue staining 
showed that all neurons were alive after 3 hours of OGD. 

Cell transfection
Cortical neurons at 60–70% confluency were transiently 
transfected using FuGENE HD transfection reagent (Prome-
ga, Madison, WI, USA). Transfections using pPC1/3 and 
pIRES2-EGFP plasmids (provided by the Fifth Affiliated 
Hospital of Sun Yat-sen University, China) were performed 
in six-well plates. pro-BDNF, BDNF and PC1/3 levels were 
measured in cell lysates and culture supernatants at 0, 12, 24 
and 48 hours after transfection. 

Enzyme-linked immunosorbent assay
BDNF was detected using an enzyme-linked immunosor-
bent assay according to a previously published method (Chen 
et al., 2015). Identical volumes (300 μL) of culture superna-
tant were centrifuged at 1000 × g at 4°C for 20 minutes. The 
BDNF Emax immunoassay (ELabscience, Wuhan, China) 
was performed according to the manufacturer’s protocol. 
BDNF concentrations were estimated from a standard curve 
and are expressed as pg/mL protein. The intra- and inter-as-
say coefficients of variation were less than 10%.

western blot assay
After different reperfusion times following 3 hours of OGD, 
protein samples were separated on 10% sodium dodecyl sul-
fate-polyacrylamide gels (for PC1/3) or 15% sodium dodecyl 
sulfate-polyacrylamide gels (for BDNF and pro-BDNF) and 
then electrotransferred to polyvinylidene fluoride mem-
branes. The membranes were incubated with mouse anti-BD-
NF (1:400, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
mouse anti-pro-BDNF (1:400, Abcam, Cambridge, UK), 
rabbit anti-PC1/3 (1:1000, Abcam) and mouse anti-glycer-
aldehyde-3-phosphate dehydrogenase (1:1000, Kang-chen 
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Biological Technology Co., Ltd., Shanghai, China) at 4°C 
overnight. The blots were incubated with appropriate peroxi-
dase-conjugated mouse/rabbit secondary antibodies (1:1000; 
Santa Cruz Biotechnology) for 1 hour at room temperature 
after repeated washes. Immunoreactivity was detected using 
enhanced chemiluminescence assays (Thermo Scientific, 
Waltham, MA, USA). The relative expression of each protein 
was determined by densito-metric analysis using LabWorks 
4.0 software (UVP Ltd., Cambridge, UK).

Statistical analysis
Data from independent experiments, each performed in 
triplicate, were pooled. Data are presented as the mean ± 
SEM. A two-tailed Student’s t-test was applied for compar-
isons between the control and OGD groups, and one-way 
analysis of variance was applied for multiple comparisons. 
All statistical analyses were conducted using SPSS 11.0 soft-
ware (SPSS, Chicago, IL, USA). A P value < 0.05 indicates 
significant difference. 

Results
Changes in BDNF levels in cultured cortical neurons 
exposed to OGD 
We used OGD to mimic ischemic conditions in cultured cor-
tical neurons. BDNF levels were estimated in cell lysates by 
western blotting and in culture medium by enzyme-linked 
immunosorbent assays after reperfusion for 0, 12, 24, 48 and 
72 hours following OGD for 3 hours. At all times evaluat-
ed, the concentration of BDNF in the culture medium was 
reduced; there were significant differences after reperfusion 
for 24 and 48 (P < 0.05) and 72 hours (P < 0.01). Intracellu-
lar BDNF expression was also significantly decreased after 
reperfusion for 12 and 24 (P < 0.05) and 48 and 72 hours (P 
< 0.01; Figure 1).

Down-regulation of PC1/3 by OGD in cultured cortical 
neurons
PC1/3 and furin can cleave pro-BDNF (Yang et al., 2009) and 
furin levels increase during hypoxia (McMahon et al., 2005; 
Chen et al., 2015). We also found that furin expression was 
up-regulated in cortical neurons subjected to OGD (data not 
shown). Therefore, we measured changes in PC1/3 expression 
in cultured cortical neurons following OGD. PC1/3 expres-
sion was estimated by western blotting after reperfusion for 
0, 12, 24, 48 and 72 hours following 3 hours of OGD. PC1/3 
expression in cultured cortical neurons was down-regulated 
after OGD; there was significant down-regulation after reper-
fusion for 12 (P < 0.05) and 48 and 72 hours (P < 0.01; Fig-
ure 2). In cultured cortical neurons subjected to OGD, PC1/3 
and BDNF expression were simultaneously down-regulated. 

PC1/3 overexpression increases BDNF and reduces 
pro-BDNF levels 
We attempted to determine whether the cleavage of secret-
ed BDNF by PC1/3 is a factor determining whether BDNF 
is sorted into regulated secretory pathways. PC1/3 activity 
was increased by the transfection of pPC1/3, a plasmid that 
overexpresses PC1/3. When PC1/3 levels were increased 
(Figure 3A), the levels of BDNF were also increased. Intra-
cellular BDNF levels were significantly increased 12 hours 
after transfection (P < 0.05), and continued to increase at 
24 and 48 hours after transfection (P < 0.01; Figure 3B). At 

the same time, pro-BDNF levels were reduced (Figure 3C), 
and the down-regulation of pro-BDNF was significant at 24 
hours (P < 0.05) and 48 hours (P < 0.01) after transfection. 
The concentration of BDNF in the culture medium was in-
creased (Figure 3D). There was no significant difference in 
BDNF levels 12 hours after transfection compared with the 
control group but there were significant differences at 24 (P 
< 0.01) and 48 hours (P < 0.01) after transfection relative to 
the control group. 

Discussion
The present study shows that BDNF expression is down-reg-
ulated in cultured cortical neurons after OGD. These results 
are consistent with previous findings (Ferrer et al., 2001; 
Himeda et al., 2007). Himeda et al. (2007) found that BDNF 
immunoreactivity was not significantly changed in hippo-
campal neurons for up to 2 days after transient cerebral isch-
emia, although BDNF immunoreactivity was significantly de-
creased in damaged hippocampal neurons. Moreover, BDNF 
was significantly up-regulated in hippocampal CA1 glial cells 
5 days after ischemia (Himeda et al., 2007). In addition, we 
previously found that BDNF expression was enhanced after 
OGD in astrocytes (Chen et al., 2015). Among the neuropro-
tection mechanisms mediated by astrocytes is the release of 
neurotrophic factors by reactive astrocytes to sustain neuro-
nal survival during hypoxia (Ishitsuka et al., 2012). However, 
the reason for BDNF down-regulation in neurons during 
ischemia has not been clarified. 

To clarify the mechanism underlying the down-regulation 
of BDNF in neurons during ischemia, we mimicked isch-
emia in cortical neurons through OGD and measured BDNF 
cleavage, with a focus on PC1/3. Cultured cortical neurons 
were subjected to OGD, and PC1/3 levels were determined. 
Compared with the control group, PC1/3 levels were signifi-
cantly decreased in the OGD group after reperfusion for 24 
hours. Our results indicate that the change in PC1/3 levels 
was similar to the change in BDNF levels in cortical neurons 
after OGD. We, therefore, suggest that PC1/3 cleavage of 
BDNF is important in cortical neurons during ischemia.

The cleavage of neurotrophins by proprotein convertases, 
such as furin, may be a factor that determines whether a 
neurotrophin is transported into the constitutive or regu-
lated secretory pathways in the trans-Golgi network (Mat-
sumoto et al., 2008). Without furin cleavage, the precursor 
protein retains the sorting signal that directs the protein to 
the regulated pathway. When furin is up-regulated under 
certain conditions, more pro-BDNF will be cleaved by furin. 
However, during hypoxia, our results show that furin was 
up-regulated (data not shown), and at the same time, BDNF 
levels were down-regulated in cortical neurons. The reason 
for this is possibly related to OGD inducing a change in the 
expression of the furin-like proprotein convertase. PC1/3 
is a key enzyme involved in the cleavage of protein precur-
sors that are guided to the regulated secretory pathway, and 
PC1/3 immunoreactive signals were found in the trans-Gol-
gi network and at nerve terminals in the CNS. Based on 
these findings, we speculate that PC1/3 has a major role in 
modulating BDNF levels in cortical neurons during OGD. 
Moreover, our results also show that PC1/3 was down-regu-
lated in cortical neurons after OGD. The down-regulation of 
PC1/3 and BDNF was similar in cortical neurons after OGD.

To clarify the effect of PC1/3 cleavage on the maturation of 
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Figure 1 Change in BDNF levels after reperfusion for different times 
following OGD. 
Cells were exposed to OGD for 3 hours and then subjected to reperfusion 
for 0, 12, 24, 48, or 72 hours. (A) Intracellular BDNF (ratio to levels at 0 
hour) was detected by western blotting. The illustrated western blot is of the 
OGD group. (B) The concentration of BDNF in the culture medium was 
assayed with an enzyme-linked immunosorbent assay. Data are expressed as 
the mean ± SEM (ratio to levels at 0 hour), and were analyzed by Student’s 
t-test. Values are from three independent experiments. *P < 0.05, **P < 0.01, 
vs. control group. BDNF: Brain-derived neurotrophic factor; GAPDH: glyc-
eraldehyde-3-phosphate dehydrogenase; OGD: oxygen-glucose deprivation.

Figure 2 western blot analysis of PC1/3 in cultured cortical neurons after 
OGD for 3 hours and reperfusion for various times. 
The illustrated western blot is of the OGD group. Data are expressed as 
the mean ± SEM (ratio to levels at 0 hour), and were analyzed by Student’s 
t-test. Values are presented as the fold change relative to control values and 
are from three independent experiments. *P < 0.05, **P < 0.01, vs. control 
group. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; OGD: oxy-
gen-glucose deprivation; PC1/3: proprotein convertase 1/3.

BDNF in cortical neurons, pro-BDNF and BDNF levels were 
measured when PC1/3 activity was increased by PC1/3 over-
expression. When PC1/3 expression was increased, pro-BD-
NF was down-regulated and BDNF was up-regulated. This 
indicates that PC1/3 has a major role in BDNF maturation in 
cortical neurons. In addition, previous reports showed that 
pro-BDNF may escape cleavage by furin and be transported 
into the regulated secretory pathway, where it is cleaved by 
PC1/3 and released in an activity-dependent manner (Seidah 
et al., 1996). Our results support the notion that neurons reg-
ulate neurotrophins by changing furin or furin-like proprotein 
convertase levels, which regulates the intracellular transport 
of the neurotrophins they produce (Mowla et al., 1999).

Intracellular pro-BDNF has different fates in vivo (Foltran 
and Diaz, 2016): intracellular cleavage and release of m-BDNF 
and secretion as pro-BDNF. In fact, pro-BDNF is the main 
secreted form although it is difficult to verify in vivo (Dieni 
et al., 2012). Regulation of the ratio between pro-BDNF and 
m-BDNF is important under pathological conditions (Lu et 
al., 2005). In addition, pro-BDNF can act in vivo to regulate 

neurite growth, spine formation and cell survival, effects that 
are all distinct from those of m-BDNF (Koshimizu et al., 
2009; Yang et al., 2014). Therefore, we suggest that in isch-
emic cortical neurons, the ratio of pro-BDNF to BDNF is reg-
ulated by PC1/3. However, our study is a preliminary in vitro 
exploration of the relationship between BDNF and PC1/3 in 
neurons and the further studies should be performed in vivo. 

In conclusion, PC1/3 and BDNF levels were reduced in 
cultured cortical neurons after OGD. The furin-like cleavage 
mechanism induced by OGD that processes BDNF in corti-
cal neurons is different from that in reactive astrocytes. This 
study shows a new effect of PC1/3 on pro-BDNF cleavage in 
ischemic cortical neurons. The impact of BDNF and PC1/3 
down-regulation in cortical neurons following OGD requires 
further study.
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Figure 3 Effects of PC1/3 cleavage on 
BDNF expression. 
BDNF expression was estimated at 0, 12, 
24 and 48 hours after transfecting cortical 
neurons with pPC1/3. (A–C) Intracellular 
PC1/3 (A), BDNF (B) and pro-BDNF (C) 
were detected by western blotting. The 
illustrated western blots are of the OGD 
group. (D) BDNF in the culture medium 
was assayed by an enzyme-linked immu-
nosorbent assay. Data are expressed as 
the mean ± SEM, and were analyzed by 
Student’s t-test. Values are presented as 
the percentage of control values and are 
from three independent experiments. #P < 
0.05, ##P < 0.01, vs. pIRES2-EGFP group. 
BDNF: Brain-derived neurotrophic factor; 
GAPDH: glyceraldehyde-3-phosphate de-
hydrogenase; PC1/3: proprotein convertase 
1/3; pIRES2-EGFP: pIRES2-EGFP plas-
mid; pPC1/3: pPC1/3 plasmid; pro-BDNF: 
precursor protein of BDNF.
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