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Abstract

Brain-derived neurotrophic factor (BDNF) release to nerve terminals in the central nervous system 

is crucial in synaptic transmission and neuronal plasticity. However, BDNF release peripherally 

from primary afferent neurons has not been investigated. In the present study, we show that BDNF 

is synthesized by primary afferent neurons located in the dorsal root ganglia (DRG), and releases 

to spinal nerve terminals in response to depolarization or visceral inflammation. In two-

compartmented culture that separates DRG neuronal cell bodies and spinal nerve terminals, 

application of 50 mM K+ to either the nerve terminal or the cell body evokes BDNF release to the 

terminal compartment. Inflammatory stimulation of the visceral organ (e.g. the urinary bladder) 

also facilitates an increase in spontaneous BDNF release from the primary afferent neurons to the 

axonal terminals. In the inflamed viscera, we show that BDNF immunoreactivity is increased in 

nerve fibers that are immuno-positive to the neuronal marker PGP9.5. Both BDNF and pro-BDNF 

levels are increased, however, pro-BDNF immunoreactivity is not expressed in PGP9.5-positive 

nerve-fiber like structures. Determination of receptor profiles in the inflamed bladder 

demonstrates that BDNF high affinity receptor TrkB and general receptor p75 expression levels 

are elevated, with an increased level of TrkB tyrosine phosphorylation/activity. These results 

suggest a possibility of pro-proliferative effect in the inflamed bladder. Consistently we show that 

the proliferation marker Ki67 expression levels are enhanced in the inflamed organ. Our results 

imply that in vivo BDNF release to the peripheral organ is an important event in neurogenic 

inflammatory state.
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INTRODUCTION

Bidirectional communication between sensory neurons and peripheral organs is an important 

physiological process. Signals emanating from the target organ flow into sensory neurons 

located in the dorsal root ganglia (DRG) to ensure correct sensation of environmental cues. 

In response to peripheral stimulation, neurotransmitters are produced by sensory neurons, 

which carries the signals into the central nervous system, i.e. spinal cord, where signals are 

further organized. Neurotransmitters can also release along the distal branch of the sensory 

neuron axon into the peripheral organs where a paracrine action is undertaken to affect the 

cytological and physiological properties of the organ. Under pathological condition such as 

peripheral inflammation or nerve injury, abnormal levels of neurotransmitters are generated 

by sensory neuronal cell bodies (Tonra et al., 1998, Obata and Noguchi, 2006, Qiao and 

Grider, 2007, Qiao et al., 2008, Lin et al., 2011). Neurotransmitters release to the spinal 

dorsal horn under these conditions often generate central sensitization contributing to painful 

sensation (Tonra et al., 1998, Lever et al., 2001, Kay et al., 2013). Excessive 

neurotransmitter release to the peripheral organs and their effects on the cellular changes in 

the organ have not been well characterized.

Brain-derived neurotrophic factor (BDNF) is one of the nerve growth factor (NGF) family 

members. As the same as all other neurotrophins, BDNF is initially generated as an 

unprocessed precursor, pro-BDNF (Mowla et al., 2001). In the cytoplasm, pro-BDNF can be 

cleaved within the endoplasmic reticulum or regulated secretory vesicles to generate mature 

BDNF (also called BDNF) (Greenberg et al., 2009). Pro-BDNF can also secret 

extracellularly where in the matrix pro-BDNF is either cleaved by plasmin to become 

BDNF, or functions as a ligand to facilitate cellular signals (Greenberg et al., 2009). Three 

cell surface receptors are responsible for BDNF and pro-BDNF action. The high affinity 

receptor TrkB is predominantly binding to BDNF. The low affinity receptor p75 can bind 

both pro-BDNF and BDNF. Sortilin binds a number of unrelated ligands including the pro-

domain of the pro-neurotrophins (Nykjaer and Willnow, 2012). In neurons, BDNF binding 

to TrkB supports neuronal growth, survival and differentiation. Coupling of TrkB and p75 

enhances BDNF action in growth and survive (Ho et al., 2011). On the other hand, pro-

BDNF binding to p75 and Sortilin leads to apoptosis (Teng et al., 2005).

Different from NGF which is target-derived and is generated by the peripheral organs 

(Zhang and Qiao, 2012), BDNF is enriched in the sensory neuronal cell body in the DRG 

and is implicated to participate in sensory neuronal activation in a variety of states (Mannion 

et al., 1999, Obata and Noguchi, 2006, Cao et al., 2012, Xia et al., 2012, Yu et al., 2012, 

Qiao et al., 2013). In the DRG, BDNF is synthesized by a subpopulation of unmyelinated 

primary afferents and is packaged in large dense-core vesicles for anterograde transport to 

the axon terminals (Conner et al., 1997, Michael et al., 1997). It is extensively reported that 

anterograde transport of BDNF to the central terminals in the spinal cord dorsal horn 

(Conner et al., 1997, Michael et al., 1997) can interact with receptors and facilitate 

excitatory (glutamatergic) neurotransmission (Kerr et al., 1999), or modulate inhibitory 

(GABAergic/glycinergic) signaling in spinal neurons (Carrasco et al., 2007). BDNF release 

is often accompanied with other neurotransmitters including glutamate, substance P (SP), 

somatostatin, calcitonin gene related peptide (CGRP), etc. in facilitation of spinal cord 

Qiao et al. Page 2

Neuroscience. Author manuscript; available in PMC 2017 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plasticity (Tonra et al., 1998, Lever et al., 2001, Luo et al., 2001, Ng et al., 2007, Ha et al., 

2008). Peripheral release of CGRP and SP has been reported (White and Helme, 1985, Kilo 

et al., 1997). However, few information is known about peripheral release of BDNF.

The present study combined in vitro and in vivo approaches and investigated the possibility 

of BDNF release to the peripheral terminals of the DRG axons. We used a DRG-spinal 

nerve preparation along with an in vivo rat model of visceral inflammation to better 

understand the nature of BDNF peripheral release and its possible effect on peripheral 

organs. This is clinically significant because neurotransmitter release from primary afferent 

neurons at the peripheral terminals in response to the increase in the axonal terminal 

excitability may participate in the generation and maintenance of neurogenic inflammation.

MATERIALS AND METHODS

Experimental animals

Adult male rats (200–250 g) from Harlan Sprague Dawley, Inc. (Indianapolis, IN) were 

used. All experimental protocols involving animal use were approved by the Institutional 

Animal Care and Use Committee at the Virginia Commonwealth University. Animal care 

was in accordance with the Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) and National Institutes of Health guidelines. All efforts were made 

to minimize the potential for animal pain, stress or distress as well as to reduce the number 

of animals used.

Immunoprecipitation and western blot

After determination of protein concentration, protein extracts from tissues were separated on 

a 10 % SDS-PAGE gel and transferred to a nitrocellulose membrane directly for western 

blot. Antibodies used for western blot include rabbit anti-TrkB (1:500, Santa Cruz 

Biotechnology, Santa Cruz, CA), rabbit anti-BDNF/pro-BDNF (1:500, Santa Cruz 

Biotechnology, Santa Cruz, CA), mouse monoclonal antibody against p75 (1 μg/mL, 

Chemicon-Millipore), rabbit anti-Sortilin (1 μg/mL, Chemicon-Millipore), and mouse 

antibody against β-actin antibody (1:3000, Sigma-Aldrich, St. Louis, MO). To examine 

phospho-TrkB, protein extracts were pre-incubated with rabbit anti-TrkB primary antibody 

(1:200) overnight at 4 °C and then immunoprecipitated by Protein A/G PLUS-Agarose 

(Santa Cruz Biotechnology, Santa Cruz, CA). The precipitates were boiled in laemmili 

loading buffer and loaded for western blot against phospho-tyrosine with a mouse 

monoclonal antibody (1:1000, Cell Signaling Technology). Horseradish peroxidase (HRP)-

conjugated secondary antibody/enhanced chemiluminescence (ECL) or IRDye/ODYSSEY 

infrared imaging was used to detect immunoreactive bands. Internal loading control used for 

normalization was obtained by re-probing the same membrane with anti-β-actin antibody 

after thorough stripping procedure. In immunoprecipitation, the supernatant after 

precipitation of TrkB was used to examine β-actin as loading control. Densitometric analysis 

was achieved by scanning and quantifying the density of the immunoreactive bands with 

software FluorChem 8800 (Alpha Innotech, San Leabdro, CA).
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BDNF release assay

BDNF release was tested in ex vivo preparation of DRG-spinal nerve complex as described 

previously by us (Yu et al., 2012). Briefly, the Campenot chamber was used to separate the 

ganglion and the nerve terminals. After initial equilibration in Dulbecco’s Modified Eagle 

Medium (DMEM) (~2h), the chambers were filled with fresh medium. The amount of 

DMEM used in both chambers kept consistently among experimental groups. In some of 

these preparations, a final concentration of 50 mM K+ was added to either the terminal-

containing chamber or the cell body-containing chamber. The relative amount of BDNF 

release into the nerve terminal-containing chamber was determined by slot blot (Bio-Rad). 

All of medium from the terminal-containing chamber was collected and added to the 

designated slot. After all medium passed through, the membrane was subjected to primary 

antibody incubation followed by secondary antibody similar to the western blot procedure.

Quantitative real-time PCR

Total RNA was extracted using a RNA extraction kit RNAqueous (Ambion, TX). RNA 

concentration was determined spectrophotometrically. cDNA was obtained by reverse 

transcription. Quantitative real-time PCR was performed on a 7300 real-time PCR system 

(Applied Biosystems). Taqman probes (Applied Biosystems) were used for quantification of 

BDNF. β-actin expression in the same sample with the same amount of cDNA was used as 

internal control for normalization.

Enzyme-linked immunosorbent assay

BDNF ELISA kit (Promega Corporation) was used for examination of BDNF content. 

Briefly, polystyrene microtiter plates (96-well) were pre-coated according to manufacturer’s 

instruction. The protein extracts were sequentially treated with 1 N HCl and then neutralized 

with 1 N NaOH. The treated samples and BDNF standard were incubated sequentially with 

chicken anti-human BDNF pAb (1:500), anti-IgY HRP conjugate (1:200) and TMB One 

Solution (3,3′,5,5′-tetramethylbenzidine). The absorbance at 450 nm was measured within 

30 min of stopping the reaction and the BDNF levels were expressed as pg BDNF per mg 

total protein calculated against the standard curve.

Immunohistochemistry

Cryostat sections were incubated with specific primary antibodies followed by secondary 

antibody conjugated to fluorescence or peroxidase enzyme used for 3,3′-Diaminobenzidine 

(DAB) stain. Sagittal sections of the urinary bladder were obtained to visualize fiber-like 

structures in the urinary bladder examined by guinea pig anti-PGP9.5 primary antibody 

(1:1000, Chemicon-Millipore) and co-stained by rabbit anti-BDNF (1:500, Santa Cruz, CA), 

or rabbit anti-pro-BDNF (1:400, Millipore), followed by incubation with Alexa 488 

(green)-, or Cy3 (red)-conjugated species-specific secondary antibody. Transverse sections 

were obtained to determine cellular proliferation visualized by Ki67 immunostaining with 

DAB method. Transverse sections were also stained by 4’,6-Diamidino-2-Phenylindole 

(DAPI), a DNA-specific fluorescent probe (Thermo Fisher Scientific Inc.). A Zeiss 

fluorescent microscope equipped with a black-white camera, and a Nikon brightfield 

microscope equipped with a color camera were used to obtain microscopic photographs. For 
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analysis of the Ki67 immunoreactivity in the tissue, three random microscopy fields were 

chosen from each section with caution to avoid field overlap. We focused on the detrusor 

muscle layers. The number of Ki67 positive cells in each field was counted. Results were 

averaged. The size of the area in the microscopic field that contained cells were measured, 

for the purpose of normalization, with free-tool software installed with the microscopy. The 

Ki67 expression level was expressed as number of immuno-positive cell per mm2 area. 

Similarly, randomly selected detrusor muscle areas were also measured for DAPI intensity 

with the built-in analysis software that was attached to the microscope. For BDNF, pro-

BDNF and PGP9.5 immuno-densitometry, the fluorescent images were converted to a gray 

scale that ranged in intensity from 0 (black) to 255 (white) for the purpose of densitometry. 

Intensity measured, after subtracting the background stain, was averaged from each animal 

as one point. The results in the inflamed animals were presented as percentage of those in 

control animals.

Induction of urinary bladder inflammation

Bladder acute inflammation was used as an in vivo model. Bladder inflammation was 

induced by intraperitoneal injection of cyclophosphamide (CYP) at a single dose of 150 

mg/kg as described by us previously (Chung et al., 2010). Control rats received volume-

matched injections of saline. All injections were performed under isoflurane (2 %) 

anesthesia.

Statistical analysis

The results from each study were presented as mean ± SD. Comparison between control and 

experimental groups was made by using student t-test. Differences between means at a level 

of p<0.05 were considered to be significant.

RESULTS

BDNF release to periphery was enhanced in response to activity and inflammation

Extensive studies have suggested that primary afferent neurons in DRG produce high levels 

of BDNF which participates in sensory sensitization (Mannion et al., 1999, Obata and 

Noguchi, 2006, Cao et al., 2012, Xia et al., 2012, Yu et al., 2012, Qiao et al., 2013). 

Anterograde release of BDNF from primary afferent neurons to spinal cord dorsal horn is 

critical in spinal plasticity (Conner et al., 1997, Michael et al., 1997). The ability of BDNF 

peripheral release has not been examined. Here we showed that in a two-compartmented 

culture that separated the cell bodies and the axonal terminals (Figure 1A), depolarization 

(application of 50 mM KCl) to either the nerve terminal compartment (Figure 1B: TE), or 

the ganglion compartment (Figure 1B: CB) for 30 min evoked BDNF release to the terminal 

compartment. BDNF content in the medium after K+ treatment was robustly increased when 

compared to baseline BDNF release level (Figure 1B).

Ganglion-nerve preparations from healthy animal and animal with urinary bladder 

inflammation were also compared. These preparations were not treated with any chemical 

for examination of spontaneous BDNF release. After parallel culture in fresh medium for 30 

min, BDNF content in the terminal compartment containing preparation from the inflamed 
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animal demonstrated higher BDNF release when compared to those from the control animal 

(Figure 1C).

It was noteworthy that the level of BDNF release to the medium in the terminal 

compartment was not detectable by ELISA when a commercial kit was used. This may be 

due to low concentration of BDNF that was diluted by the volume of medium in the 

chamber. To examine whether the released BDNF contained pro-BDNF, we used a specific 

pro-BDNF antibody and performed the same experiments, however, we did not observe any 

pro-BDNF content in the medium.

BDNF protein was expressed in peripheral nerve fibers

We next examined whether there was endogenous BDNF release in intact animals. We 

compared the urinary bladder in control (Figure 2A–2C) and inflammatory state (Figure 

2D–2F). Immunostaining with a BDNF antibody (also recognizes pro-BDNF due to shared 

mature BDNF sequence) showed that BDNF immunoreactivity (Figure 2A, 2D: red stains) 

co-expressed with neuronal marker PGP9.5 (Figure 2B, 2E: green stains; 2C, 2F: merged 

yellow stains). The intensity of fiber-like structures expressing BDNF was higher in the 

inflamed organ when compared to control (compare Figure 2D to 2A, Figure 2M); while the 

intensity of fiber-like structures expressing PGP9.5 appeared similar in both animals 

(compare Figure 2E to 2B, Figure 2M). It was noted that BDNF immunoreactivity was not 

exclusively expressed in PGP9.5-positive structures (Figure 2D, F: blue arrowheads).

Since the BDNF antibody used recognizes both mature form (called BDNF) and pro-form 

(called pro-BDNF) of the peptide due to their overlapped domain, a pro-BDNF antibody 

was further used and demonstrated that these non-neuronal BDNF (or pro-BDNF) 

immunoreactivity was likely pro-BDNF-positive (Figure 2J, L: blue arrowhead). In addition, 

pro-BDNF also expressed in tube-like structures appearing like blood vessels (Figure 2J, L: 

yellow arrow). Pro-BDNF immunoreactivity was increased in the inflamed organ (compare 

Figure 2J to 2G, Figure 2M), however, pro-BDNF did not express in PGP9.5-positve nerve 

fibers (Figure 2G–L, red arrows).

The BDNF content in the organ was further examined by ELISA showing that BDNF 

protein levels were indeed higher in the inflamed state when compared to control (Figure 

3A). However, BDNF mRNA level in the inflamed organ was not detectable when 

examined by conventional PCR and compared to that in L6 DRG where BDNF mRNA 

levels were increased in inflammation (Figure 3B and 3C). We also used real-time PCR to 

confirm these findings. The CT value of BDNF in the urinary bladder from control and 

inflammation were greater than 40. A CT value bigger than 40 was often considered as a 

threshold of undetectable level.

Both BDNF and pro-BDNF levels were increased in the inflamed organ

To confirm the above immunohistochemistry results and further differentiate BDNF and 

pro-BDNF expression profiles, we used western blot to differentiate these two isoforms by 

the differences of their molecular weight and also to compare their relative levels (Figure 

4A). Results showed that both pro-BDNF and BDNF levels were elevated in the inflamed 

Qiao et al. Page 6

Neuroscience. Author manuscript; available in PMC 2017 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



organ (Figure 4B). The levels of pro-BDNF were lower than BDNF levels in both control 

and inflamed animals (Figure 4B).

Up-regulation of BDNF receptors in the inflamed organ

Two receptors are responsive to BDNF, namely TrkB that has high affinity binding to 

BDNF, and p75 that is a general receptor for both BDNF and pro-BDNF (Figure 5A). 

Examination of these receptors showed that TrkB expression level (Figure 5B) and activity 

(phosphorylation) (Figure 5C), as well as p75 expression level (Figure 5D) were increased 

in the inflamed organ.

Enhanced cellular proliferation in the inflamed organ

BDNF binding to TrkB and p75 increases cellular proliferation and survival. Since BDNF, 

TrkB and p75 expression levels were increased in the inflamed bladder, we examined the 

level of proliferation marker Ki67. Immunostaining of the bladder section (7 μm) showed 

that there was a greater number of cells positive to Ki67 per unit area during inflammation 

when compared to control (compare Figure 6B to 6A, arrows; Figure 6C), suggesting an 

enhancement of cellular proliferation in the inflamed bladder. DAPI stain of the bladder 

sections showed that the density of cell profiles revealed by DAPI was greater in the 

inflamed organ (Figure 6E) when compared to control (Figure 6D; 6F).

DISCUSSION

Three pieces of evidence are presented in the present study in support of each other to 

demonstrate BDNF release to the peripheral terminals of the primary afferent neurons upon 

activity and inflammatory stimulation. Firstly we show that depolarization of nerve 

terminals or neuronal cell body increases BDNF release to the terminal compartment in two-

compartmented culture. We then demonstrate that BDNF transcripts are present in the 

primary afferent neurons but not in the peripheral organ (i.e. urinary bladder in the present 

study); while BDNF protein levels are elevated in the viscera upon inflammatory challenge. 

Furthermore, we find that BDNF immunoreactivity is present in fiber-like structures, 

presumably neuronal axons, which are immuno-positive to the neuronal marker PGP9.5. 

Western blot shows that the BDNF detected in the organ include both isoforms namely pro-

BDNF and mature BDNF (also called BDNF). However, pro-BDNF, unlike mature BDNF, 

is not released by the nerve terminals but is likely produced by the visceral organ in a 

relatively lower level than BDNF. BDNF and pro-BDNF receptors are further examined 

showing that the expression and activity levels of BDNF high affinity receptor TrkB is 

increased in the inflamed organ. The expression level of the general neurotrophin receptor 

p75 is also increased in the inflamed organ, suggesting a possibility of an enhanced growth/

survival signal because coupling of TrkB and p75 can strengthen BDNF action in promoting 

cellular growth. This is in line with further findings that the expression level of Ki67, a 

proliferation marker, is also increased in the inflamed organ. These results implicate that 

activity and inflammation are able to facilitate anterograde release of BDNF from neuronal 

cell bodies to the nerve terminals located at the periphery, which may contribute, in part, to 

cellular growth and neurogenic inflammation.
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It is well documented that in the peripheral nervous system BDNF is primarily synthesized 

by primary afferent neurons located in the DRG. The present study using PCR and ELISA 

obtains consistent results showing that BDNF transcription mainly occurs in the ganglia 

with less detectable amount of BDNF mRNA in the visceral organ (In our hands, both real-

time PCR and conventional PCR confirm that BDNF mRNA in the urinary bladder is 

undetectable). However, BDNF protein levels are increased in the viscera during 

inflammation. These results are consistent with studies by others that BDNF/TrkB system 

prefers anterograde transport away from the neuronal cell bodies toward the axonal 

terminals (Tonra et al., 1998, Ng et al., 2007, Ha et al., 2008). Indeed BDNF protein largely 

co-expresses with PGP9.5 in the neuronal axons located in the urinary bladder. In culture, 

BDNF release to the sensory neuron nerve terminals is also detected in response to 

depolarization or inflammation. The DRG neurons are of the pseudo-unipolar type with a 

split two axonal branches referring to as a distal process in the periphery and a proximal 

process at the terminals in the spinal dorsal horn. BDNF release to the spinal cord has been 

extensively studied where BDNF acts on spinal neurons facilitates spinal cord plasticity and 

long-term potentiation (LTP)-like activities, and is believed to contribute to spinal “central 

sensitization” (Tonra et al., 1998, Lever et al., 2001, Luo et al., 2001, Ng et al., 2007, Ha et 

al., 2008). BDNF is also able to act on microglia and facilitates tumor necrosis factor-α 

(TNF-α) release (Zhang et al., 2014), and TNF-α-potentiated N-methyl-D-aspartate 

(NMDA) receptor activation (Xu et al., 2010). BDNF release along the distal (peripheral) 

axonal branch has not been characterized. The present study proves that BDNF indeed is 

able to release to the peripheral organ, which is enhanced under the condition of peripheral 

organ inflammation. This does not preclude the possibility of local BDNF translation which 

can increase BDNF protein level independent of mRNA up-regulation. It may also explain 

the up-regulation of pro-BDNF protein but not mRNA in non-neuronal structures that an 

enhanced protein synthesis may occur in the inflamed viscera. Our previous study shows 

that the activity of Akt is increased in the inflamed bladder (Chung et al., 2010); this can 

activate the pathway that governs protein synthesis.

BDNF release by non-neuronal tissues has also been suggested (Vohra et al., 2013). For 

example, BDNF secretion by smooth muscle cells have been demonstrated in culture (Vohra 

et al., 2013). In the present study, BDNF protein is found not to exclusively express in 

PGP9.5-positive structures in the urinary bladder. Some cells appearing in muscle bundles 

also express BDNF protein. Originated from the same transcripts, pro-BDNF and BDNF 

share the same sequence of the mature domain. The BDNF antibody used in this study and 

those commercially available recognizes the mature domain of the peptide thus detects both 

BDNF and pro-BDNF. In fact, western blot shows both isoforms are elevated in the 

inflamed organ. Using a specific pro-BDNF antibody that does not recognize the mature 

BDNF, we find that the immunoreactivity detected in the non-neuronal structures by BDNF 

antibody is likely pro-BDNF. Pro-BDNF immunoreactivity appears in the cells within the 

muscle bundles that are not PGP9.5-positive. Pro-BDNF immunoreactivity also appears in 

tube-like structures, presumably blood-vessels (needs further characterization in future 

studies). These results suggest that mature BDNF and pro-BDNF in the visceral organ are 

likely generated differentially, with mature BDNF emanating from a neuronal origin while 

pro-BDNF is produced locally.
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To examine the cellular physiology of BDNF in the urinary bladder, we checked the 

expression levels of receptors including TrkB and p75. In neurons, BDNF binds to high 

affinity receptor TrkB and sometimes binds to TrkB/p75 complex to enhance growth and 

survival promoting signals (Ho et al., 2011). In this study we show that the protein levels of 

TrkB and p75 are increased. The level of TrkB tyrosine phosphorylation is also elevated in 

the inflamed organ, suggesting a possible growth-promoting signal in the inflamed bladder. 

Elevation of Ki67 expression and the enhanced intensity of cell profiles examined by DAPI 

in the inflamed organ support the effects of BDNF-TrkB/p75 action in vivo. BDNF binding 

to TrkB/p75 can lead to the activation of the extracellular signal regulated pathway (ERK) 

and/or the phosphatidylinositide 3-kinases (PI3K)/Akt pathway (Binder and Scharfman, 

2004). Both of these two pathways are reported to be activated in the inflamed bladder 

(Chung et al., 2010). The pro-proliferative effect of BDNF on smooth muscle in culture is 

also mediated by TrkB and ERK1/2 (Kwapiszewska et al., 2012). It is noted that although 

the proliferative effects of BDNF are correlated to Ki67 expression in the inflamed organ, it 

is not certain yet whether BDNF/TrkB/p75 system is a dominant pathway in regulating 

proliferation in the inflamed urinary bladder. Other growth factors such as NGF, insulin-like 

growth factor (IGF) etc. and cytokines may also have roles in promoting cellular 

proliferation and growth. With a decreased level of Sortilin by gene deletion, cell death can 

be inhibited even though in the presence of pro-BDNF (Jansen et al., 2007). It is possible 

that excessive pro-BDNF in the inflamed bladder may also bind to TrkB (Mowla et al., 

2001). The biological function of this interaction reminds to be elucidated.

Visceral inflammation is often accompanied by organ hypertrophy which impairs normal 

physiology. Neuronal components from the extrinsic pathway have been suggested to have 

roles in the generation and maintenance of neurogenic inflammation and subsequent organ 

dysfunction (Liu et al., 2015). The present study implicates that neurogenic inflammation 

and inflammation-induced organ hypertrophy may also associate to BDNF release to the 

periphery, and subsequent hyperplasia.
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A list of abbreviations

BDNF brain-derived neurotrophic factor

CGRP calcitonin gene related peptide

DAB diaminobenzidine

DRG dorsal root ganglion

ELISA enzyme-linked immunosorbent assay

ERK extracellular signal-regulated kinases

IGF insulin-like growth factor

NGF nerve growth factor
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NMDA N-methyl-D-aspartate

PI3K phosphatidylinositide 3-kinases

SP substance P

TNF-α tumor necrosis factor-α
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Highlights

• Depolarization evoked BDNF release to nerve terminals

• BDNF released to the visceral organ in vivo

• Both BDNF and pro-BDNF content were increased in the viscera in response to 

inflammation

• TrkB and p75 expression/activity were increased during inflammation
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Figure 1. BDNF release in response to stimulation
Ganglion-spinal nerve complex was cultured in two-compartmented chambers with ganglion 

and nerve terminals separated (A). Stimulation of either terminals or cell bodies evoked 

BDNF release to the terminal compartment (B). Inflammatory stimulation of visceral organ 

that contained nerve terminals also resulted in an increase in spontaneous BDNF release to 

the terminal compartment (C). TE: terminals; CB: cell body.
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Figure 2. Co-expression of BDNF with PGP9.5 in the urinary bladder
In control animals, few fiber-like structure expressed BDNF immunoreactivity in the urinary 

bladder (A, red stain). The number of fibers expressing BDNF was increased in the viscera 

during inflammation (D, red stain). BDNF-positive fibers were immunoreactive to PGP9.5 

which was not changed during inflammation (B and E, green stain; C and F, yellow fibers 

indicated by white arrows). Not all PGP9.5-potitive fibers expressed BDNF (C and F, green 

stain indicated by red arrows). Some of BDNF was not expressed in PGP9.5-potive 

structures (C and F, blue arrowheads). Pro-BDNF immunoreactivity was also increased in 

the viscera during inflammation (compare J to G, red stain). Pro-BDNF did not express in 

PGP9.5-positive structures (H, K, green stain). Immuno-intensity analysis was performed 

and compared by student t-test between treated group and control and expressed by 

percentage (M). Bar = 30 μm. n=4. *, p<0.05.
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Figure 3. BDNF expression in the visceral organ
BDNF protein content was significantly increased in the inflamed organ (A). However, 

BDNF transcripts was increased in the L6 DRG but not detectable in the viscera (B and C). 

*, p<0.05; n=4.
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Figure 4. Expression of BDNF isoforms in the organ
Western blot characterized both BDNF and pro-BDNF (A) showing that the levels of both 

isoforms were elevated in the urinary bladder during inflammation, with the BDNF having a 

relative higher level than pro-BDNF (B). The relative level of pro-BDNF in control animals 

was designated as 1 and was used for comparison of the expression levels of rest pro-BDNF 

and mature BDNF. *, p<0.05; n=4.
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Figure 5. BDNF receptor profiles
Two receptors including TrkB and p75 (A) were characterized. The expression levels of 

TrkB (B), the phosphorylation (activity) level of TrkB (C), and the expression level of p75 

(D) were increased in the inflamed organ. *, p<0.05; n=4–5.

Qiao et al. Page 18

Neuroscience. Author manuscript; available in PMC 2017 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Increases in cellular proliferation in the bladder
The expression profile of proliferation marker Ki67 was examined in the viscera before (A) 

and during inflammation (B). The number of Ki67-positive cells was increased during 

inflammation (C). DAPI stain was performed to measure the density of detrusor cell profiles 

(D–F). *, p<0.05; n=4–5.
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