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Abstract

Neurotrophin family are traditionally recognized for their nerve growth promoting function and 

are recently identified as crucial factors in regulating neuronal activity in the central and 

peripheral nervous systems. The family members including nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3) are reported to have distinct roles 

in the development and maintenance of sensory phenotypes in normal states and in the modulation 

of sensory activity in disease. This paper highlights receptor tyrosine kinase (Trk) -mediated 

signal transduction by which neurotrophins regulate neuronal activity in the visceral sensory reflex 

pathways with emphasis on the distinct roles of NGF and BDNF signaling in physiologic and 

pathophysiological processes. Viscero-visceral cross-organ sensitization exists widely in human 

diseases. The role of neurotrophins in mediating neural cross talk and interaction in primary 

afferent neurons in the dorsal root ganglia (DRG) and neurotrophin signal transduction in the 

context of cross-organ sensitization are also discussed.
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Introduction

Visceral hypersensitivity refers to increased sensation of stimuli to the visceral organs. It is a 

major source of abdominal pain which is attributable to abnormal responses of the sensory 

reflex pathways that govern the viscera. Information arising from the visceral organ project 

to extrinsic sensory neurons located in the dorsal root ganglia (DRG) and/or the nodose 

ganglia where information are organized and passed along to the central nervous system 

(CNS) in the spinal cord and brainstem. Descending nerves carrying excitatory or inhibitory 

neurotransmission in turn regulate the functionality of the organs. Neuronal tracing dye 

techniques have allowed identifying the spinal segmental distribution patterns of visceral 

sensory pathways and provide a powerful tool in study of the phenotypes of specifically 

labeled primary afferent neurons that innervate a particular organ. For example, neuronal 
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tracing studies demonstrate that primary afferent neurons with projection to the distal colon, 

the urinary bladder or a small number of neurons with dichotomizing projection to both 

bladder and colon are located in thoracolumbar (T10-L2) and lumbosacral DRG (L6-S1) 

(Applebaum et al., 1980; Morgan et al., 1981; Keast and Degroat, 1992; Christianson et al., 

2007; Qiao and Grider, 2007). DRG neurons are of the pseudo-unipolar type. They have an 

axon with two branches referred to as a distal process in the periphery and a proximal 

process at the terminals in the dorsal horn of the spinal cord. Primary afferents synapse at 

the dorsal gray of the spinal cord with the efferent neurons located in the lateral horn of the 

spinal cord, and lead to changes in the efferent pathways and ultimately in the function of 

visceral organs.

The primary afferent neurons exhibit extensive plasticity in response to a variety of 

conditions and innocuous/noxious stimuli of the viscera, resulting in alterations in 

neurochemical, structural, organizational and electrophysiological properties of the neurons. 

One of the driving forces that lead to sensory neuronal plasticity under pathophysiologic 

conditions arises from the visceral organs which demonstrate increased levels of endogenous 

factors including growth factors, cytokines, chemokines, cannabinoids, adenosines, etc. 

(Dinis et al., 2004; Theiss et al., 2004; Nazif et al., 2007; Saini et al., 2008). The large 

number of mediators that are identified in the viscera during organ inflammation or injury 

not only play significant roles in mediating inflammatory process in the organs but also can 

lead to increases in the excitability of the axonal terminals located in the organ, resulting in 

sensory hypersensitivity (Nazif et al., 2007). The increases in the axonal terminal 

excitability in turn lead to neuropeptide expression in and release from primary afferent 

neurons at the peripheral terminals through multiple pathways and ion channel activation, 

which result in an increase in local blood flow exacerbating the inflammatory process and 

dysfunction of the visceral organ (Donnerer et al., 1992; Donnerer and Stein, 1992; Tonra et 

al., 1998; Roza and Reeh, 2001). Among the numerous factors generated by the viscera, 

nerve growth factor (NGF) has a prominent role in regulating sensory sensitivity. Exogenous 

NGF injected into the normal rat bladder (Lamb et al., 2004; Zvara and Vizzard, 2007) or 

intrathecal NGF to rat spinal cord (Yoshimura et al., 2006) result in bladder hyperactivity; 

conversely treatment with NGF inhibitor attenuates visceral hypersensitivity and organ 

hypertrophy as results of inflammation (Tyagi et al., 2006; Chung et al., 2010; Matricon et 

al., 2013). NGF is produced in and released from the epithelial cells and mast cells during 

visceral inflammation, where it acts in a paracrine manner to regulate the cytological 

changes and the sensitivity of the viscera (Skaper et al., 2001; Stanzel et al., 2008). Within 

the NGF family, other members including brain-derived neurotrophic factor (BDNF) and 

neurotrophin-3 (NT-3) also have critical roles in modulating sensory activity in diseases 

(Obata and Noguchi, 2006; Tender et al., 2011). Distinct receptors and signal transduction 

mediated by these neurotrophins endow them unique roles in the sensory reflex pathway that 

govern the visceral organs.

Neurotrophin signal transduction

The mammalian neurotrophins consist of four secreted small proteins, NGF, BDNF, NT-3, 

and NT-4/5. The high affinity receptors for each distinct neurotrophin are tyrosine kinase A 

(TrkA) binding to NGF, TrkB binding to BDNF or NT-4, and TrkC binding to NT-3. Under 
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some circumstances, NT-3 can also bind to TrkA and TrkB. The general neurotrophin 

receptor (NTR) p75 that was originally cloned and identified as a receptor for NGF binds to 

each of the neurotrophins with low affinity (Kd ~ 10−9M) when present in cells alone or with 

high affinity (Kd ~ 10−11M) when co-expressed with Trk by which the cell responsiveness to 

neurotrophins is further enhanced (Zampieri and Chao, 2004; Wehrman et al., 2007). The 

unprocessed precursor of the neurotrophins, the proneurotrophins, can also bind to p75NTR 

in the present of sortilin. Sortilin recognizes the pro-domain of the proneurotrophins, which 

upon dimerization with p75NTR, transmits signals through the intracellular docking protein 

to the intracellular domain of p75NTR. The cellular responses to Trk/p75NTR complex 

verse sortilin/p75NTR complex are often leading to opposite and antagonistic effects, with 

the former enhancing survival and growth promoting signals and the latter causing apoptosis 

(Wehrman et al., 2007; Skeldal et al., 2012). These are due to that interaction of p75NTR 

and Trk can increase the specificity and affinity of Trk for specific ligands thereby 

enhancing cell growth and survival through activation of the phosphoinositide 3-kinase 

(PI3K)/Akt pathway or the mitogen-activated protein kinases (MAPK)/extracellular signal-

regulated kinases (ERK) pathway, while interaction of p75NTR with sortilin often activates 

the c-Jun N-terminal kinases (JNK), nuclear factor κ-B (NFκB), or Rho pathways which 

contribute to inflammatory responses and/or apoptosis. Neurotrophins influence cell 

biologic function through two mechanisms: 1) activation of signal transduction cascades at 

the nerve terminals, and 2) retrogradely transport of signaling molecules or signal from the 

nerve terminals to the neuronal cell body. The PI3K/Akt and ERK5 pathways are involved 

in the target-derived neurotrophin retrograde signaling cascades (Watson et al., 2001). The 

phospholipase C gamma (PLCγ) pathway activated by neurotrophins leads to Ca2+ and Na+ 

influx through the activation of ion channels and contributes prominently to long-term 

potentiation (LTP) and neuronal plasticity in CNS (Gruart et al., 2007). Another feature of 

neurotrophin transport involves anterograde transport of neurotrophins and receptors away 

from the neuronal cell body toward axonal terminals (Tonra et al., 1998; Wang et al., 2002; 

Ng et al., 2007; Ha et al., 2008).

Neurotrophin signaling in the viscera

NGF was discovered by Rita Levi-Montalcini, 1986 Nobel Laureate in Medicine, who found 

that NGF released from malignant tumors caused nerve fibers to grow rapidly. Subsequent 

studies have revealed that NGF is a target-derived trophic factor that promotes neuronal 

innervation and axonal terminal branching during development and has roles in the 

maintenance of neural homeostasis in adult. In the visceral organs, NGF and its receptor 

TrkA are found for their expression in neuronal and non-neuronal structures of the gut (Lin 

et al., 2005; Barada et al., 2007; Stanzel et al., 2008; Qiao and Grider, 2010), and NGF and 

TrkA are also expressed by the urinary bladder epithelial cells and detrusor muscle (see 

review (Cruz, 2014)). Pancreatic β cells are able to synthesize and secrete NGF (Rosenbaum 

et al., 1998) which can lead to selective hyperinnervation of the islets when NGF is 

overexpressed (Edwards et al., 1989). When the visceral organs are inflamed or 

dysfunctional by diseases, NGF levels are often elevated in the viscera which then become a 

strong chemical cue acting on cells within the organ via a paracrine manner and/or act on the 

nerve terminals and sensitize the nervous system (Nazif et al., 2007; Yu et al., 2012; Qiao et 
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al., 2013). In inflammatory states, NGF is a critical contributor in promoting excessive 

collagen production and deposition thereby resulting in poor compliance and stiffness of the 

organ (Chung et al., 2010; Kilic et al., 2011). In the urinary bladder with inflammation, 

endogenous NGF promotes type I collagen production through the MAPK and PI3K/Akt 

pathways (Chung et al., 2010). In chronic allergic airway inflammation, the increased NGF 

production contributes to type III collagen expression and deposition in the subepithelial 

compartment of the airways (Kilic et al., 2011). The novel role of NGF in regulating non-

neuronal structure morphology is also suggested by transgenic overexpression of NGF in the 

organ which leads to excessive collagen deposition resulting in altered visceral physiology 

(Allen and Saban, 2010; Schnegelsberg et al., 2010; Kilic et al., 2011). NGF-regulated 

collagen production is mediated by the MAPK pathways involving the activation of ERK 

and p38, however, is independent of the traditional pathway involving the transforming 

growth factor beta (TGF-β)1/mothers against decapentaplegic homolog (SMAD) pathway 

(Kilic et al., 2011; Zhang and Qiao, 2012).

In addition to the non-neuronal tissue, overexpression of NGF in the smooth muscle cells 

under the control of the smooth muscle alpha-actin promoter results in robust sprouting of 

sympathetic axons in the colon and bladder (Elliott et al., 2009). Overexpression of NGF in 

the urothelium under the control of the uroplakin II promoter results in a marked increase in 

the density of sensory afferent fibers positive to calcitonin gene-related peptide (CGRP), 

substance P, and neurofilament 200, as well as sympathetic nerve fibers positive to tyrosine 

hydroxylase (Schnegelsberg et al., 2010). Inhibition of NGF action in vivo by NGF 

antiserum or Trk inhibitor K252a reverses peripheral mechanical hypersensitivity as a result 

of bladder inflammation suggesting Trk-mediated NGF action in the regulation of sensory 

activity (Guerios et al., 2006). This may be due to an action of NGF on receptors localized at 

the sensory nerve terminals in the viscera. NGF receptors TrkA and p75NTR are both 

expressed in the neuronal and non-neuronal structures in the primary afferent pathways. 

These transmembrane proteins are generally embedded in the plasma membrane of the cells 

in the visceral organ or nerve terminals of innervating neurons. TrkA is also found to be 

expressed in the mitochondrial compartment (Carito et al., 2012) and is likely to be involved 

in the process of oxidation stress (Podratz and Windebank, 2005; Ersahin et al., 2012; 

Valdovinos-Flores and Gonsebatt, 2013).

BDNF, which has about 50% amino acid identity with NGF, was first isolated from pig 

brain (Barde et al., 1982). BDNF is also found to express in non-neuronal tissues such as gut 

mucosa, adipocytes, liver, lung, pancreas and the urinary bladder (Lommatzsch et al., 1999; 

Bonini et al., 2001; Lucini et al., 2003; Lommatzsch et al., 2005; Grider et al., 2006; 

Steinkamp et al., 2012; Yu et al., 2012; Cruz, 2014). Its role in peripheral tissues is less 

studied. In addition to its ability in affecting neuronal function via retrograde fashion, BDNF 

and receptor TrkB more likely undergo antergrade transport away from neuronal cell bodies 

(Tonra et al., 1998; Ng et al., 2007; Ha et al., 2008). NT-4, which is often interchangeable 

with BDNF in initiating TrkB-mediated signal transduction, also has a role in the periphery 

in sensitizing peripheral innervation and sensory sensitivity (Krimm et al., 2006; Aven et al., 

2014; Huang and Krimm, 2014).
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Neurotrophin signaling in primary afferent neurons

The primary afferent pathways such as the vagal pathway and the spinal pathway contain 

primary afferent neurons that convey normal and aberrant sensation of the visceral organs. 

Primary afferent neurons are composed of a variety of cells in terms of their size, genotype 

and function. The spinal afferent pathways projecting via DRG at different levels of the 

spinal cord support the visceral reflexes including both nociceptive and nonnociceptive 

signals. Nociceptive signals from primary afferents enter the spinal cord through Lissauer’s 

tract, a thin tract of small axons capping the dorsal horn, and terminate in laminae I of the 

dorsal horn gray matter, where ascend one or two segments before crossing to the 

contralateral side.

The distribution and expression level of each neurotrophin or Trk in primary afferent 

pathways are affected by many factors and dependent on the region, cell type and 

developmental stage. In adult DRG, TrkA, TrkB and TrkC mRNA are specifically expressed 

in functionally distinct neurons at a similar level ranging from 10% to 35% of the total 

number of neurons (Kashiba et al., 2003), with TrkA in nociceptive and thermoceptive small 

sensory neurons sensing temperature and noxious stimuli, TrkB in less specifically 

characterized touch neurons, and TrkC in proprioceptive neurons that sense body position 

(Huang and Reichardt, 2003). The phenotypic formation of DRG sensory neurons is largely 

dependent on the expression of certain Trks in these neurons (Wright and Snider, 1995). 

During development, all nociceptive neurons initially expressed TrkA, which mediates 

target-dependent cell survival. In mice lack of TrkA activation, 70% – 85% of sensory 

neurons are lost (Silossantiago et al., 1995); however, when mice are engineered to express 

TrkC protein from the TrkA genomic locus, overexpression of TrkC rescues the DRG 

neurons from apoptosis, but turns these DRG neurons from TrkA-containing nociceptive 

and thermoceptive phenotype to TrkC-containing proprioceptive-like neurons (Moqrich et 

al., 2004). TrkA also plays a role in sensory neuron diversification and maturation. During 

the first 2 to 3 postnatal weeks, a fraction of nociceptive neurons switch their neurotrophic 

factor dependence by downregulating expression of TrkA and upregulating the expression of 

Ret, the GDNF receptor, turning the nociceptive sensory neurons from TrkA-containing 

peptidergic to Ret-containing non-peptidergic subtypes (Molliver et al., 1997; Chen et al., 

2006; Lopes et al., 2012). Activation of Trks in sensory neurons is mediated by retrograde or 

autocrine/paracrine neurotrophin signals (Korsching, 1993; Delcroix et al., 2003). NGF 

synthesis in the peripheral tissue and TrkA expression in the sensory neuronal soma do not 

begin until the fibers reach their peripheral targets (Davies et al., 1987). BDNF, on the other 

hand, is synthesized in the afferent neuronal cell body and released synaptically or 

extrasynaptically to induce pre- or post-synaptic efficacy, or maintain sensory neuronal 

survival (Swanwick et al., 2004; Obata and Noguchi, 2006; Qiao et al., 2008; Vaz et al., 

2011; Xia et al., 2012). BDNF protein is expressed in small- and medium-sized sensory 

neurons that also express TrkA but not TrkB (Kashiba et al., 1997; Michael et al., 1997; 

Mannion et al., 1999; Qiao et al., 2013). Within the DRG, BDNF acts on TrkB-expressing 

neurons via a paracrine manner (Obata and Noguchi, 2006; Qiao and Grider, 2007; Xia et 

al., 2012).
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Neurotrophin signaling in visceral sensory activity

The expression of neurotrophins in sensory neurons at physiologic state keeps at a low level. 

In normal healthy rats, less than 10% of DRG neurons express BDNF (Qiao et al., 2008; Lin 

et al., 2011; Yu et al., 2012). The level of BDNF dramatically increases with inflammation 

(Mannion et al., 1999; Obata and Noguchi, 2006; Qiao et al., 2008; Lin et al., 2011; Yu et 

al., 2012). The mechanism underlying BDNF upregulation in sensory neurons has been 

suggested showing an involvement of NGF-mediated ERK and PI3K/Akt pathways 

(Michael et al., 1997; Obata et al., 2003; Qiao and Grider, 2010; Yu et al., 2012; Qiao et al., 

2013). Changes in the level of neurotrophins in sensory neurons with inflammation also 

contribute to the upregulation of a series of sensory markers thereby enhancing the activity 

of pronociceptive receptors and ion channels. CGRP is one of the most prominent sensory 

markers that labels peptidergic nociceptors and has a key role in mediating visceral sensory 

hypersensitivity (Plourde et al., 1997; Delafoy et al., 2006). In DRG, CGRP is co-expressed 

with TrkA and partially TrkB and its expression is regulated by NGF and BDNF (Patel et 

al., 2000; Ruiz and Banos, 2005; Qiao and Grider, 2007; Yu et al., 2012). In cultured DRG 

neurons, NGF, BDNF and NT-3 regulate CGRP expression with a different magnitude and 

time course (Mulderry 1994; Sterne et al., 1998; Qiao and Grider, 2007). NGF induces 

CGRP expression with an acute to prolonged effects (Ruiz and Banos, 2005); while acute 

BDNF treatment has no effects on CGRP expression but prolonged BDNF treatment is able 

to enhance CGRP expression (Qiao and Grider, 2007); in contrast, CGRP is unable to be 

regulated by NT-3 (Sterne et al., 1998). In an animal model of bladder inflammation, NGF-

induced CGRP expression in DRG is regulated by the ERK5 but not the PI3K/Akt pathway 

(Yu et al., 2012). It is suggested that NGF-induced Akt activation participates in the 

expression, activation and trafficking of vaniloid receptor TRPV1 (Zhang et al., 2005; Stein 

et al., 2006; Zhu and Oxford, 2007). In DRG, TRPV1 is expressed in both peptidergic and 

non-peptidergic neurons and 60% of CGRP DRG neurons contain TRPV1 

immunoreactivity, however, there is scarce overlap of TRPV1 and CGRP fibers in the dorsal 

horn of the spinal cord (Guo et al., 1999). NGF-induced TRPV1 expression also involves the 

activation of Ras-mediated MAPK (Bron et al., 2003; Zhu and Oxford, 2007), and Rac-

mediated p38 MAPK (Puntambekar et al., 2005), which upregulates TRPV1 expression and 

increases pain perception (Ji et al., 2002). Other ion channels that participate in visceral pain 

perception, e.g. the tetrodotoxin-resistant (TTX-R) sodium channel α subunits Nav1.8 and 

Nav1.9, are also co-expressed with TrkA in sensory neurons and is regulated by NGF (Benn 

et al., 2001). Conversely, intrathecal infusion of NT-3 reduces the levels of Nav1.8 and 

Nav1.9 mRNA and proteins in DRG neurons (Wilson-Gerwing et al., 2008). This is 

consistent with an antagonistic role of NT-3 in suppressing thermal hyperalgesia associated 

with neuropathic pain (Wilson-Gerwing et al., 2005).

The axon terminals of primary afferent neurons are located in the dorsal horn of the spinal 

cord. Afferent input received by the sensory cell bodies in DRG pass along to the spinal cord 

where the signals are organized and in turn affect the physiological function of peripheral 

organ through efferent output. The spinal plasticity is initiated by the neurotransmitters 

produced in the afferent cell body and released at the terminal. These neuroactive 

compounds include glutamate, substance P, somatostatin, VIP, CGRP, neurotrophins, etc. 
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Electrophysiological recording of C-fiber evoked field potentials in spinal dorsal horn shows 

that exogenous BDNF is able to induce a LTP-like activity, which is blocked by antagonists 

of TrkB, N-methyl-D-aspartate (NMDA) receptor, ERK, p38MAPK, NF-κB, but not by 

JNK inhibitor (Zhou et al., 2008). Upregulation of BDNF in the DRG during visceral 

inflammation may also release at the central axonal terminals located in the spinal cord and 

regulates spinal central sensitization by activating the MEK/ERK pathway (Qiao et al., 

2008). CGRP is able to induce the activation of cAMP-responsive element binding protein 

(CREB), a molecular switch of neuronal plasticity, in the spinal cord through signal 

convergent of PI3K/Akt and NMDA receptor-mediated pathways (Kay et al., 2013) and 

contribute to cystitis-induced bladder hyperactivity (Kay et al., 2013).

Neurotrophin signaling in cross-organ sensitization

Inter-organ cross-talk has been identified between visceral organs, such as the distal colon 

and the urinary bladder. Clinical evidence has shown sensory cross-sensitization between 

the urinary bladder and the distal colon (Alagiri et al., 1997; Ben-Ami et al., 2002). Patients 

with bowel dysfunction such as inflammatory bowel disease (IBD) are more likely to 

experience nocturia and some forms of urinary urge incontinence compared to the non-IBD 

population (Ben-Ami et al., 2002). Case studies show that 50% of patients with bowel 

dysfunction have evidence of bladder dysfunction including detrusor instability (Whorwell 

et al., 1986), suggesting the necessity of periodic urologic evaluation in the management of 

patients with bowel problems. Vice versa, individuals with interstitial cystitis are 100 times 

more likely to have IBD in comparison to the general population (Alagiri et al., 1997). In the 

past years, rigorous studies have been initiated to increase the understanding of the 

underlying mechanisms and pathways by which cross-organ sensitization is regulated 

(Malykhina, 2007; Brumovsky and Gebhart, 2010; Daly et al., 2013). In regard to the role of 

neurotrophins, strong evidence suggests that NGF elevated in one visceral organ such as the 

distal colon may lead to activation of the primary afferent neurons projecting to this organ 

and cross-activation of the nearby afferent neurons projecting to a different viscus such as 

the urinary bladder (Qiao and Grider, 2010; Xia et al., 2012). In an animal model involving 

visceral-somatic cross-sensitization, injection of NGF to the urinary bladder causes 

enhanced sensitivity to mechanical and thermal stimulation of both hind paws (Bielefeldt et 

al., 2006). Overexpression of NGF in the urinary bladder also triggers hypersensitivity of the 

distal colon (Bielefeldt et al., 2006). This suggests that excess of NGF at the nerve terminals 

may induce neuronal alterations in the primary afferent pathway that receives afferent input 

from multiple organs. NGF signaling can undergo retrograde transport to the DRG and 

regulate a paracrine effect within the DRG to facilitate neuron-neuron interaction (Qiao and 

Grider, 2010; Xia et al., 2012), or may act on dichotomizing DRG neurons that project to 

both organs (Christianson et al., 2007; Qiao and Grider, 2007). NGF signal can also activate 

the ERK pathway and lead to neuropeptide expression (Li et al., 2008; Berger, 2009). As for 

BDNF, its paracrine action on nearby TrkB-containing DRG neurons or perineuronal 

satellite cells may lead to inter-cell interaction and neuronal cross-sensitization (Lee et al., 

1999; Qiao and Grider, 2007; Xia et al., 2012). Cross-organ sensitization can also be 

regulated at the spinal level (Qin et al., 2005). It is not known whether BDNF release to the 

spinal cord regulates this process. The increases in mast cells are suggested to have a role in 
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cross-organ sensitization (Fitzgerald et al., 2013). In the periphery, TrkB/BDNF binding can 

acutely sensitize nocireceptive pathway that require the presence of mast cells (Huang and 

Reichardt, 2001). Activation of ion channels such as TRPV1 and TTX-R sodium channels in 

the DRG are involved in viscera-visceral cross-organ sensitization (Malykhina et al., 2006; 

Chaban, 2008; Pan et al., 2010; Lei and Malykhina, 2012). The ability of neurotrophins in 

regulating the activity of these channels (Benn et al., 2001; Natura et al., 2005; Zhang et al., 

2005; Stein et al., 2006; Zhu and Oxford, 2007; Zhang et al., 2008) may underlie the 

mechanisms of DRG neuronal cross - activation.

Conclusions

Neurotrophins are traditionally known for their roles in inducing the survival, 

differentiation, and growth of neurons. With each neurotrophin binding to a specific receptor 

and facilitate unique signaling pathways, the family members, NGF, BDNF and NT-3 as 

mostly studied, have distinct roles in mediating neuronal physiology especially in visceral 

hypersensitivity. Target-derived NGF acts on sensory nerve terminals leading to sensory 

activation and neuropeptide production in the primary afferent neurons that innervate the 

visceral organ. BDNF generated by the primary afferent neurons acts in a paracrine manner 

within the DRG leading to neuron-neuron cross-activation, and also releases to the nerve 

terminals peripherally to the target organ where reinforcing terminal sensitization in the 

presence of mast cells and/or centrally to the spinal cord leading to central sensitization. 

NT-3 often has antagonistic role in sensory hypersensitivity. Although supporting 

documents suggest the role of neurotrophins in regulating cross-organ sensitization, the 

underlying mechanisms and signaling pathways by which neurotrophins regulating 

neuropeptide expression and ion channel activity is unknown. Tanezumab, a humanized 

monoclonal antibody against NGF, has been tested in reducing pain arising from 

inflammation of the urinary bladder (Evans et al., 2011), however it shows unfavorable side 

effects. In March 2012 the FDA Committee voted in favor of a continuation of Anti-NGF 

testing as long as certain safety precautions were made. A better understanding of 

neurotrophin action and signal transduction in visceral hypersensitivity and pain may 

provide strategies for an alternative target in the neurotrophin cascades.

Acknowledgments

This work was supported by National Institutes of Health (Grant suppot: NIH DK077917).

References

Alagiri M, Chottiner S, Ratner V, Slade D, Hanno PM. Interstitial cystitis: Unexplained associations 
with other chronic disease and pain syndromes. Urology. 1997; 49(5 5A):52–57. [PubMed: 
9146002] 

Allen AM, Saban R. Model for chronic overexpression of NGF challenges old paradigms: focus on 
“overexpression of NGF in mouse urothelium leads to neuronal hyperinnervation, pelvic sensitivity, 
and changes in urinary bladder function”. Am J Physiol Regul Integr Comp Physiol. 2010; 
298(3):R532–R533. [PubMed: 20089712] 

Applebaum AE, Vance WH, Coggeshall RE. Segmental Localization of Sensory Cells That Innervate 
the Bladder. J Comp Neurol. 1980; 192(2):203–209. [PubMed: 7400394] 

Qiao Page 8

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Aven L, Paez-Cortez J, Achey R, Krishnan R, Ram-Mohan S, Cruikshank WW, Fine A, Ai X. An 
NT4/TrkB-dependent increase in innervation links early-life allergen exposure to persistent airway 
hyperreactivity. FASEB J. 2014; 28(2):897–907. [PubMed: 24221086] 

Barada KA, Mourad FH, Sawah SI, Khoury C, Safieh-Garabedian B, Nassar CF, Tawil A, Jurjus A, 
Saadé NE. Up-regulation of nerve growth factor and interleukin-10 in inflamed and non-inflamed 
intestinal segments in rats with experimental colitis. Cytokine. 2007; 37(3):236–245. [PubMed: 
17517520] 

Barde YA, Edgar D, Thoenen H. Purification of a new neurotrophic factor from mammalian brain. 
EMBO J. 1982; 1(5):549–553. [PubMed: 7188352] 

Ben-Ami H, Ginesin Y, Behar DM, Fischer D. Diagnosis and treatment of urinary tract complications 
in Crohn’s disease: An experience over 15 years. Can J Gastroenterol. 2002; 16(4):225–229. 
[PubMed: 11981574] 

Benn SC, Costigan M, Tate S, Fitzgerald M, Woolf CJ. Developmental expression of the TTX-
resistant voltage-gated sodium channels Nav1.8 (SNS) and Nav1.9 (SNS2) in primary sensory 
neurons. J Neurosci. 2001; 21(16):6077–6085. [PubMed: 11487631] 

Berger RE. Inflammation in the uterus induces phosphorylated extracellular signal-regulated kinase 
and substance P immunoreactivity in dorsal root ganglia neurons innervating both uterus and colon 
in rats comment. J Urol. 2009; 181(3):1136–1136.

Bielefeldt K, Lamb K, Gebhart GF. Convergence of sensory pathways in the development of somatic 
and visceral hypersensitivity. Am J Physiol Gastrointest Liver Physiol. 2006; 291(4):G658–G665. 
[PubMed: 16500917] 

Bonini P, Pierucci D, Cicconi S, Porzio O, Lauro R, Marlier LNJL, Borboni P. Neurotrophins and 
neurotrophin receptors mRNAs expression in pancreatic islets and insulinoma cell lines. JOP. 
2001; 2(3):105–111. [PubMed: 11870332] 

Bron R, Klesse LJ, Shah K, Parada LF, Winter J. Activation of Ras is necessary and sufficient for 
upregulation of vanilloid receptor type 1 in sensory neurons by neurotrophic factors. Mol Cell 
Neurosci. 2003; 22(1):118–132. [PubMed: 12595244] 

Brumovsky PR, Gebhart GF. Visceral organ cross-sensitization - an integrated perspective. Auton 
Neurosci. 2010; 153(1–2):106–115. [PubMed: 19679518] 

Carito V, Pingitore A, Cione E, Perrotta I, Mancuso D, Russo A, Genchi G, Caroleo MC. Localization 
of nerve growth factor (NGF) receptors in the mitochondrial compartment: characterization and 
putative role. Biochim Biophys Acta. 2012; 1820(2):96–103. [PubMed: 22138126] 

Chaban VV. Visceral sensory neurons that innervate both uterus and colon express nociceptive TRPv1 
and P2X3 receptors in rats. Ethn Dis. 2008; 18 Suppl 2(2) S2–20–24. 

Chen CL, Broom DC, Liu Y, de Nooij JC, Li Z, Cen C, Samad OA, Jessell TM, Woolf CJ, Ma Q. 
Runx1 determines nociceptive sensory neuron phenotype and is required for thermal and 
neuropathic pain. Neuron. 2006; 49(3):365–377. [PubMed: 16446141] 

Christianson JA, Liang RM, Ustinova EE, Davis BM, Fraser MO, Pezzone MA. Convergence of 
bladder and colon sensory innervation occurs at the primary afferent level. Pain. 2007; 128(3):
235–243. [PubMed: 17070995] 

Chung CW, Zhang QL, Qiao LY. Endogenous nerve growth factor regulates collagen expression and 
bladder hypertrophy through Akt and MAPK pathways during cystitis. J Biol Chem. 2010; 285(6):
4206–4212. [PubMed: 19996110] 

Cruz CD. Neurotrophins in bladder function: what do we know and where do we go from here? 
Neurourol Urodyn. 2014; 33(1):39–45. [PubMed: 23775873] 

Daly DM, Nocchi L, Grundy D. Highlights in basic autonomic neurosciences: cross-organ 
sensitization between the bladder and bowel. Auton Neurosci. 2013; 179(1–2):1–4. [PubMed: 
23810481] 

Davies AM, Bandtlow C, Heumann R, Korsching S, Rohrer H, Thoenen H. Timing and site of nerve 
growth-factor synthesis in developing skin in relation to innervation and expression of the 
receptor. Nature. 1987; 326(6111):353–358. [PubMed: 3031505] 

Delafoy L, Gelot A, Eschalier A, Bertrand C, Doherty AM, Diop L. Interactive involvement of brain 
derived neurotrophic factor, nerve growth factor, and calcitonin gene related peptide in colonic 
hypersensitivity in the rat. Gut. 2006; 55(7):940–945. [PubMed: 16401692] 

Qiao Page 9

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Delcroix JD, Valletta JS, Wu C, Hunt SJ, Kowal AS, Mobley WC. NGF signaling in sensory neurons: 
Evidence that early endosomes carry NGF retrograde signals. Neuron. 2003; 39(1):69–84. 
[PubMed: 12848933] 

Dinis P, Charrua A, Avelino A, Yaqoob M, Bevan S, Nagy I, Cruz F. Anandamide-evoked activation 
of vanilloid receptor 1 contributes to the development of bladder hyperreflexia and nociceptive 
transmission to spinal dorsal horn neurons in cystitis. J Neurosci. 2004; 24(50):11253–11263. 
[PubMed: 15601931] 

Donnerer J, Schuligoi R, Stein C. Increased content and transport of substance P and calcitonin gene-
related peptide in sensory nerves innervating inflamed tissue: evidence for a regulatory function of 
nerve growth factor in vivo. Neuroscience. 1992; 49(3):693–698. [PubMed: 1380138] 

Donnerer J, Stein C. Evidence for an increase in the release of CGRP from sensory nerves during 
inflammation. Ann N YAcad Sci. 1992; 657:505–506. 1 Calcitonin Ge. 

Edwards RH, Rutter WJ, Hanahan D. Directed expression of NGF to pancreatic beta cells in transgenic 
mice leads to selective hyperinnervation of the islets. Cell. 1989; 58(1):161–170. [PubMed: 
2665941] 

Elliott J, MacLellan A, Saini JK, Chan J, Scott S, Kawaja MD. Transgenic mice expressing nerve 
growth factor in smooth muscle cells. Neuroreport. 2009; 20(3):223–227. [PubMed: 19444944] 

Ersahin M, Ozdemir Z, Özsavcı D, Akakın D, Yeğen BÇ, Reiter RJ, Şener G. Melatonin treatment 
protects against spinal cord injury induced functional and biochemical changes in rat urinary 
bladder. J Pineal Res. 2012; 52(3):340–348. [PubMed: 22220508] 

Evans RJ, Moldwin RM, Cossons N, Darekar A, Mills IW, Scholfield D. Proof of concept trial of 
tanezumab for the treatment of symptoms associated with interstitial cystitis. J Urol. 2011; 185(5):
1716–1721. [PubMed: 21420111] 

Fitzgerald JJ, Ustinova E, Koronowski KB, de Groat WC, Pezzone MA. Evidence for the role of mast 
cells in colon-bladder cross organ sensitization. Autonomic Neuroscience-Basic & Clinical. 2013; 
173(1–2):6–13. [PubMed: 23182915] 

Grider JR, Piland BE, Gulick MA, Qiao LY. Brain-derived neurotrophic factor augments peristalsis by 
augmenting 5-HT and calcitonin gene-related peptide release. Gastroenterology. 2006; 130(3):
771–780. [PubMed: 16530518] 

Gruart A, Sciarretta C, Valenzuela-Harrington M, Delgado-Garcia JM, Minichiello L. Mutation at the 
TrkB PLC gamma-docking site affects hippocampal LTP and associative learning in conscious 
mice. Learn Mem. 2007; 14(1–2):54–62. [PubMed: 17272652] 

Guerios SD, Wang ZY, Bjorling DE. Nerve growth factor mediates peripheral mechanical 
hypersensitivity that accompanies experimental cystitis in mice. Neurosci Lett. 2006; 392(3):193–
197. [PubMed: 16203088] 

Guo A, Vulchanova L, Wang J, Li X, Elde R. Immunocyto-chemical localization of the vanilloid 
receptor 1 (VR1): relationship to neuropeptides, the P2X(3) purinoceptor and IB4 binding sites. 
Eur J Neurosci. 1999; 11(3):946–958. [PubMed: 10103088] 

Ha J, Lo KW, Myers KR, Carr TM, Humsi MK, Rasoul BA, Segal RA, Pfister KK. A neuron-specific 
cytoplasmic dynein isoform preferentially transports TrkB signaling endosomes. J Cell Biol. 2008; 
181(6):1027–1039. [PubMed: 18559670] 

Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and function. Annu Rev 
Neurosci. 2001; 24(1):677–736. [PubMed: 11520916] 

Huang EJ, Reichardt LF. Trk receptors: roles in neuronal signal transduction. Annu Rev Biochem. 
2003; 72(1):609–642. [PubMed: 12676795] 

Huang T, Krimm RE. BDNF and NT4 play interchangeable roles in gustatory development. Dev Biol. 
2014; 386(2):308–320. [PubMed: 24378336] 

Ji RR, Samad TA, Jin SX, Schmoll R, Woolf CJ. p38 MAPK activation by NGF in primary sensory 
neurons after inflammation increases TRPV1 levels and maintains heat hyperalgesia. Neuron. 
2002; 36(1):57–68. [PubMed: 12367506] 

Kashiba H, Uchida Y, Senba E. Distribution and colocalization of NGF and GDNF family ligand 
receptor mRNAs in dorsal root and nodose ganglion neurons of adult rats. Brain Res Mol Brain 
Res. 2003; 110(1):52–62. [PubMed: 12573533] 

Qiao Page 10

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Kashiba H, Ueda Y, Ueyama T, Nemoto K, Senba E. Relationship between BDNF- and trk-expressing 
neurones in rat dorsal root ganglion: An analysis by in situ hybridization. Neuroreport. 1997; 8(5):
1229–1234. [PubMed: 9175119] 

Kay JC, Xia CM, Liu M, Shen S, Yu SJ, Chung C, Qiao LY. Endogenous PI3K/Akt and NMDAR act 
independently in the regulation of CREB activity in lumbosacral spinal cord in cystitis. Exp 
Neurol. 2013; 250:366–375. [PubMed: 24184018] 

Keast JR, Degroat WC. Segmental distribution and peptide content of primary afferent neurons 
innervating the urogenital organs and colon of male-rats. J Comp Neurol. 1992; 319(4):615–623. 
[PubMed: 1619047] 

Kilic A, Sonar SS, Yildirim AO, Fehrenbach H, Nockher WA, Renz H. Nerve growth factor induces 
type III collagen production in chronic allergic airway inflammation. J Allergy Clin Immunol. 
2011; 128(5):1058–1066. e1051–e1054. [PubMed: 21816457] 

Korsching S. The Neurotrophic Factor Concept - a Reexamination. J Neurosci. 1993; 13(7):2739–
2748. [PubMed: 8331370] 

Krimm RF, Davis BM, Noel T, Albers KM. Overexpression of neurotrophin 4 in skin enhances 
myelinated sensory endings but does not influence sensory neuron number. J Comp Neurol. 2006; 
498(4):455–465. [PubMed: 16937395] 

Lamb K, Gebhart GF, Bielefeldt K. Increased nerve growth factor expression triggers bladder 
overactivity. J Pain. 2004; 5(3):150–156. [PubMed: 15106127] 

Lee SL, Kim JK, Kim DS, Cho HJ. Expression of mRNAs encoding full-length and truncated TrkB 
receptors in rat dorsal root ganglia and spinal cord following peripheral inflammation. 
Neuroreport. 1999; 10(13):2847–2851. [PubMed: 10511451] 

Lei Q, Malykhina AP. Colonic inflammation up-regulates voltage-gated sodium channels in bladder 
sensory neurons via activation of peripheral transient potential vanilloid 1 receptors. 
Neurogastroenterol Motil. 2012; 24(6) 575–e257. 

Li JC, Micevych P, McDonald J, Rapkin A, Chaban V. Inflammation in the uterus induces 
phosphorylated extracellular signal-regulated kinase and substance P immunoreactivity in dorsal 
root ganglia neurons innervating both uterus and colon in rats. J Neurosci Res. 2008; 86(12):2746–
2752. [PubMed: 18478547] 

Lin A, Lourenssen S, Stanzel RDP, Blennerhassett MG. Nerve growth factor sensitivity is broadly 
distributed among myenteric neurons of the rat colon. J Comp Neurol. 2005; 490(2):194–206. 
[PubMed: 16052501] 

Lin YT, Ro LS, Wang HL, Chen JC. Up-regulation of dorsal root ganglia BDNF and trkB receptor in 
inflammatory pain: an in vivo and in vitro study. J Neuroinflammation. 2011; 8(1):126. [PubMed: 
21958434] 

Lommatzsch M, Braun A, Mannsfeldt A, Botchkarev VA, Botchkareva NV, Paus R, Fischer A, Lewin 
GR, Renz H. Abundant production of brain-derived neurotrophic factor by adult visceral epithelia 
- Implications for paracrine and target-derived neurotrophic functions. Am J Pathol. 1999; 155(4):
1183–1193. [PubMed: 10514401] 

Lommatzsch M, Quarcoo D, Schulte-Herbrüggen O, Weber H, Virchow JC, Renz H, Braun A. 
Neurotrophins in murine viscera: a dynamic pattern from birth to adulthood. Int J Dev Neurosci. 
2005; 23(6):495–500. [PubMed: 15978771] 

Lopes C, Liu ZJ, Xu Y, Ma Q. Tlx3 and runx1 Act in combination to coordinate the development of a 
cohort of nociceptors, thermoceptors, and pruriceptors. J Neurosci. 2012; 32(28):9706–9715. 
[PubMed: 22787056] 

Lucini C, Maruccio L, Girolamo P, Castaldo L. Brain-derived neurotrophic factor in higher vertebrate 
pancreas: immunolocalization in glucagon cells. Anat Embryol (Berl). 2003; 206(4):311–318. 
[PubMed: 12649729] 

Malykhina AP. Neural mechanisms of pelvic organ cross-sensitization. Neuroscience. 2007; 149(3):
660–672. [PubMed: 17920206] 

Malykhina AP, Qin C. greenwood-van meerveld, foreman, lupu, akbarali. Hyperexcitability of 
convergent colon and bladder dorsal root ganglion neurons after colonic inflammation: mechanism 
for pelvic organ cross-talk. Neurogastroenterol Motil. 2006; 18(10):936–948. [PubMed: 
16961697] 

Qiao Page 11

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Mannion RJ, Costigan M, Decosterd I, Amaya F, Ma QP, Holstege JC, Ji RR, Acheson A, Lindsay 
RM, Wilkinson GA, Woolf CJ. Neurotrophins: peripherally and centrally acting modulators of 
tactile stimulus-induced inflammatory pain hypersensitivity. Proc Natl Acad Sci USA. 1999; 
96(16):9385–9390. [PubMed: 10430952] 

Matricon J, Muller E, Accarie A, Meleine M, Etienne M, Voilley N, Busserolles J, Eschalier A, 
Lazdunski M, Bourdu S, Gelot A, Ardid D. Peripheral contribution of NGF and ASIC1a to colonic 
hypersensitivity in a rat model of irritable bowel syndrome. Neurogastroenterol Motil. 2013; 
25(11):e740–e754. [PubMed: 23902154] 

Michael GJ, Averill S, Nitkunan A, Rattray M, Bennett DLH, Yan Q, Priestley JV. Nerve growth 
factor treatment increases brain-derived neurotrophic factor selectively in TrkA-expressing dorsal 
root ganglion cells and in their central terminations within the spinal cord. J Neurosci. 1997; 
17(21):8476–8490. [PubMed: 9334420] 

Molliver DC, Wright DE, Leitner ML, Parsadanian AS, Doster K, Wen D, Yan Q, Snider WD. IB4-
binding DRG neurons switch from NGF to GDNF dependence in early postnatal life. Neuron. 
1997; 19(4):849–861. [PubMed: 9354331] 

Moqrich A, Earley TJ, Watson J, Andahazy M, Backus C, Martin-Zanca D, Wright DE, Reichardt LF, 
Patapoutian A. Expressing TrkC from the TrkA locus causes a subset of dorsal root ganglia 
neurons to switch fate. Nat Neurosci. 2004; 7(8):812–818. [PubMed: 15247919] 

Morgan C, Nadelhaft I, de Groat WC. The distribution of visceral primary afferents from the pelvic 
nerve to Lissauer's tract and the spinal gray matter and its relationship to the sacral 
parasympathetic nucleus. J Comp Neurol. 1981; 201(3):415–440. [PubMed: 7276258] 

Mulderry PK. Neuropeptide expression by newborn and adult-rat sensory neurons in culture – effects 
of nerve growth-factor and other neurotrophic factors. Neuroscience. 1994; 59(3):673–688. 
[PubMed: 7516508] 

Natura G, von Banchet GS, Schaible HG. Calcitonin gene-related peptide enhances TTX-resistant 
sodium currents in cultured dorsal root ganglion neurons from adult rats. Pain. 2005; 116(3):194–
204. [PubMed: 15927395] 

Nazif O, Teichman JM, Gebhart GF. Neural upregulation in interstitial cystitis. Urology. 2007; 69(4 
Suppl):24–33. [PubMed: 17462476] 

Ng BK, Chen L, Mandemakers W, Cosgaya JM, Chan JR. Anterograde transport and secretion of 
brain-derived neurotrophic factor along sensory axons promote Schwann cell myelination. J 
Neurosci. 2007; 27(28):7597–7603. [PubMed: 17626221] 

Obata K, Noguchi K. BDNF in sensory neurons and chronic pain. Neurosci Res. 2006; 55(1):1–10. 
[PubMed: 16516994] 

Obata K, Yamanaka H, Dai Y, Tachibana T, Fukuoka T, Tokunaga A, Yoshikawa H, Noguchi K. 
Differential activation of extracellular signal-regulated protein kinase in primary afferent neurons 
regulates brain-derived neurotrophic factor expression after peripheral inflammation and nerve 
injury. J Neurosci. 2003; 23(10):4117–4126. [PubMed: 12764099] 

Pan XQ, Gonzalez JA, Chang S, Chacko S, Wein AJ, Malykhina AP. Experimental colitis triggers the 
release of substance P and calcitonin gene-related peptide in the urinary bladder via TRPV1 
signaling pathways. Exp Neurol. 2010; 225(2):262–273. [PubMed: 20501335] 

Patel TD, Jackman A, Rice FL, Kucera J, Snider WD. Development of sensory neurons in the absence 
of NGF/TrkA signaling in vivo. Neuron. 2000; 25(2):345–357. [PubMed: 10719890] 

Plourde V, St-Pierre S, Quirion R. Calcitonin gene-related peptide in viscerosensitive response to 
colorectal distension in rats. Am J Physiol. 1997; 273(1 Pt 1):G191–G196. [PubMed: 9252526] 

Podratz JL, Windebank AJ. NGF rescues DRG neurons in vitro from oxidative damage produced by 
hemodialyzers. Neurotoxicology. 2005; 26(3):343–350. [PubMed: 15935206] 

Puntambekar P, Mukherjea D, Jajoo S, Ramkumar V. Essential role of Rac1/NADPH oxidase in nerve 
growth factor induction of TRPV1 expression. J Neurochem. 2005; 95(6):1689–1703. [PubMed: 
16283857] 

Qiao LY, Grider JR. Up-regulation of calcitonin gene-related peptide and receptor tyrosine kinase 
TrkB in rat bladder afferent neurons following TNBS colitis. Exp Neurol. 2007; 204(2):667–679. 
[PubMed: 17303123] 

Qiao Page 12

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Qiao LY, Grider JR. Colitis elicits differential changes in the expression levels of receptor tyrosine 
kinase TrkA and TrkB in colonic afferent neurons: a possible involvement of axonal transport. 
Pain. 2010; 151(1):117–127. [PubMed: 20638179] 

Qiao LY, Gulick MA. bowers kuemmerle grider. Differential changes in brain-derived neurotrophic 
factor and extracellular signal-regulated kinase in rat primary afferent pathways with colitis. 
Neurogastroenterol Motil. 2008; 20(8):928–938. [PubMed: 18373519] 

Qiao LY, Yu SJ, Kay JC, Xia CM. In Vivo Regulation of Brain-Derived Neurotrophic Factor in Dorsal 
Root Ganglia Is Mediated by Nerve Growth Factor-Triggered Akt Activation during Cystitis. 
PLoS ONE. 2013; 8(11):e81547. [PubMed: 24303055] 

Qin C, Malykhina AP, Akbarali HI, Foreman RD. Cross-organ sensitization of lumbosacral spinal 
neurons receiving urinary bladder input in rats with inflamed colon. Gastroenterology. 2005; 
129(6):1967–1978. [PubMed: 16344065] 

Rosenbaum T, Vidaltamayo R, Sanchez-Soto MC, Zentella A, Hiriart M. Pancreatic beta cells 
synthesize and secrete nerve growth factor. Proc Natl Acad Sci USA. 1998; 95(13):7784–7788. 
[PubMed: 9636228] 

Roza C, Reeh PW. Substance P, calcitonin gene related peptide and PGE2 co-released from the mouse 
colon: a new model to study nociceptive and inflammatory responses in viscera, in vitro. Pain. 
2001; 93(3):213–219. [PubMed: 11514080] 

Ruiz G, Banos JE. The effect of endoneurial nerve growth factor on calcitonin gene-related peptide 
expression in primary sensory neurons. Brain Res. 2005; 1042(1):44–52. [PubMed: 15823252] 

Saini R, Gonzalez RR, Te AE. Chronic pelvic pain syndrome and the overactive bladder: the 
inflammatory link. Curr Urol Rep. 2008; 9(4):314–319. [PubMed: 18765131] 

Schnegelsberg B, Sun TT, Cain G, Bhattacharya A, Nunn PA, Ford APDW, Vizzard MA, Cockayne 
DA. Overexpression of NGF in mouse urothelium leads to neuronal hyperinnervation, pelvic 
sensitivity, and changes in urinary bladder function. Am J Physiol Regul Integr Comp Physiol. 
2010; 298(3):R534–R547. [PubMed: 20032263] 

Silossantiago I, Molliver DC, Ozaki S, Smeyne RJ, Fagan AM, Barbacid M, Snider WD. Non-TrkA-
expressing small DRG neurons are lost in TrkA deficient mice. J Neurosci. 1995; 15(9):5929–
5942. [PubMed: 7666178] 

Skaper SD, Pollock M, Facci L. Mast cells differentially express and release active high molecular 
weight neurotrophins. Brain Res Mol Brain Res. 2001; 97(2):177–185. [PubMed: 11750074] 

Skeldal S, Sykes AM, Glerup S, Matusica D, Palstra N, Autio H, Boskovic Z, Madsen P, Castren E, 
Nykjaer A, Coulson EJ. Mapping of the Interaction Site between Sortilin and the p75 
Neurotrophin Receptor Reveals a Regulatory Role for the Sortilin Intracellular Domain in p75 
Neurotrophin Receptor Shedding and Apoptosis. J Biol Chem. 2012; 287(52):43798–43809. 
[PubMed: 23105113] 

Stanzel RD, Lourenssen S, Blennerhassett MG. Inflammation causes expression of NGF in epithelial 
cells of the rat colon. Exp Neurol. 2008; 211(1):203–213. [PubMed: 18377896] 

Stein AT, Ufret-Vincenty CA, Hua L, Santana LF, Gordon SE. Phosphoinositide 3-kinase binds to 
TRPV1 and mediates NGF-stimulated TRPV1 trafficking to the plasma membrane. J Gen Physiol. 
2006; 128(5):509–522. [PubMed: 17074976] 

Steinkamp M, Schulte N, Spaniol U, Pfluger C, Hartmann C, Kirsch J, Von Boyen G. Brain derived 
neurotrophic factor inhibits apoptosis in enteric glia during gut inflammation. Med Sci Monit. 
2012; 18(4):Br117–Br122. [PubMed: 22460084] 

Sterne GD, Brown RA, Green CJ, Terenghi G. NT-3 modulates NPY expression in primary sensory 
neurons following peripheral nerve injury. J Anat. 1998; 193(2):273–281. [PubMed: 9827642] 

Swanwick CC, Harrison MB, Kapur J. Synaptic and extrasynaptic localization of brain-derived 
neurotrophic factor and the tyrosine kinase B receptor in cultured hippocampal neurons. J Comp 
Neurol. 2004; 478(4):405–417. [PubMed: 15384067] 

Tender GC, Kaye AD, Li YY, Cui JG. Neurotrophin-3 and tyrosine kinase C have modulatory effects 
on neuropathic pain in the rat dorsal root ganglia. Neurosurgery. 2011; 68(4):1048–1055. 
[PubMed: 21221027] 

Qiao Page 13

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Theiss AL, Fruchtman S, Lund PK. Growth factors in inflammatory bowel disease: the actions and 
interactions of growth hormone and insulin-like growth factor-I. Inflamm Bowel Dis. 2004; 10(6):
871–880. [PubMed: 15626905] 

Tonra JR, Curtis R, Wang V, Cliffer KD, Park JS, Timmers A, Nguyen T, Lindsay RM, Acheson A, 
Distefano PS. Axotomy upregulates the anterograde transport and expression of brain-derived 
neurotrophic factor by sensory neurons. J Neurosci. 1998; 18(11):4374–4383. [PubMed: 9592114] 

Tyagi P, Banerjee R, Basu S, Yoshimura N, Chancellor M, Huang L. Intravesical antisense therapy for 
cystitis using TAT-peptide nucleic acid conjugates. Mol Pharm. 2006; 3(4):398–406. [PubMed: 
16889433] 

Valdovinos-Flores C, Gonsebatt ME. Nerve growth factor exhibits an antioxidant and an autocrine 
activity in mouse liver that is modulated by buthionine sulfoximine, arsenic, and acetaminophen. 
Free Radic Res. 2013; 47(5):404–412. [PubMed: 23472850] 

Vaz SH, Jorgensen TN, Cristovao-Ferreira S, Duflot S, Ribeiro JA, Gether U, Sebastiao AM. Brain-
derived Neurotrophic Factor (BDNF) Enhances GABA Transport by Modulating the Trafficking 
of GABA Transporter-1 (GAT-1) from the Plasma Membrane of Rat Cortical Astrocytes. J Biol 
Chem. 2011; 286(47):40464–40476. [PubMed: 21969376] 

Wang X, Butowt R, Vasko MR, von Bartheld CS. Mechanisms of the release of anterogradely 
transported neurotrophin-3 from axon terminals. J Neurosci. 2002; 22(3):931–945. [PubMed: 
11826122] 

Watson FL, Heerssen HM, Bhattacharyya A, Klesse L, Lin MZ, Segal RA. Neurotrophins use the Erk5 
pathway to mediate a retrograde survival response. Nat Neurosci. 2001; 4(10):981–988. 
[PubMed: 11544482] 

Wehrman T, He XL, Raab B, Dukipatti A, Blau H, Garcia KC. Structural and mechanistic insights into 
nerve growth factor interactions with the TrkA and p75 receptors. Neuron. 2007; 53(1):25–38. 
[PubMed: 17196528] 

Whorwell PJ, Lupton EW, Erduran D, Wilson K. Bladder Smooth-Muscle Dysfunction in Patients 
with Irritable-Bowel-Syndrome. Gut. 1986; 27(9):1014–1017. [PubMed: 3758813] 

Wilson-Gerwing TD, Dmyterko MV, Zochodne DW, Johnston JW, Verge VM. Neurotrophin-3 
suppresses thermal hyperalgesia associated with neuropathic pain and attenuates transient 
receptor potential vanilloid receptor-1 expression in adult sensory neurons. J Neurosci. 2005; 
25(3):758–767. [PubMed: 15659614] 

Wilson-Gerwing TD, Stucky CL, McComb GW, Verge VMK. Neurotrophin-3 significantly reduces 
sodium channel expression linked to neuropathic pain states. Exp Neurol. 2008; 213(2):303–314. 
[PubMed: 18601922] 

Wright DE, Snider WD. Neurotrophin receptor mRNA expression defines distinct populations of 
neurons in rat dorsal root ganglia. J Comp Neurol. 1995; 351(3):329–338. [PubMed: 7706545] 

Xia CM, Gulick MA, Yu SJ, Grider JR, Murthy KS, Kuemmerle JF, Akbarali HI, Qiao LY. Up-
regulation of brain-derived neurotrophic factor in primary afferent pathway regulates colon-to-
bladder cross-sensitization in rat. J Neuroinflammation. 2012; 9(1):30. [PubMed: 22335898] 

Yoshimura N, Bennett NE, Hayashi Y, Ogawa T, Nishizawa O, Chancellor MB, de Groat WC, Seki S. 
Bladder overactivity and hyperexcitability of bladder afferent neurons after intrathecal delivery 
of nerve growth factor in rats. J Neurosci. 2006; 26(42):10847–10855. [PubMed: 17050722] 

Yu SJ, Grider JR, Gulick MA, Xia C, Shen S, Qiao LY. Up-regulation of brain-derived neurotrophic 
factor is regulated by extracellular signal-regulated protein kinase 5 and by nerve growth factor 
retrograde signaling in colonic afferent neurons in colitis. Exp Neurol. 2012; 238(2):209–217. 
[PubMed: 22921460] 

Yu SJ, Xia CM, Kay JC, Qiao LY. Activation of extracellular signal-regulated protein kinase 5 is 
essential for cystitis- and nerve growth factor-induced calcitonin gene-related peptide expression 
in sensory neurons. Mol Pain. 2012

Yu YB, Zuo XL, Zhao QJ, Chen FX, Yang J, Dong YY, Wang P, Li YQ. Brain-derived neurotrophic 
factor contributes to abdominal pain in irritable bowel syndrome. Gut. 2012; 61(5):685–694. 
[PubMed: 21997550] 

Zampieri N, Chao MV. Structural biology. The p75 NGF receptor exposed. Science. 2004; 304(5672):
833–834. [PubMed: 15131296] 

Qiao Page 14

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Zhang QL, Qiao LY. Regulation of IGF-1 but not TGF-beta 1 by NGF in the smooth muscle of the 
inflamed urinary bladder. Regul Pept. 2012; 177(1–3):73–78. [PubMed: 22579999] 

Zhang XM, Huang JH, McNaughton PA. NGF rapidly increases membrane expression of TRPV1 
heat-gated ion channels. EMBO J. 2005; 24(24):4211–4223. [PubMed: 16319926] 

Zhang YH, Chi XX, Nicol GD. Brain-derived neurotrophic factor enhances the excitability of rat 
sensory neurons through activation of the p75 neurotrophin receptor and the sphingomyelin 
pathway. Journal of Physiology-London. 2008; 586(13):3113–3127.

Zhou LJ, Zhong Y, Ren WJ, Li YY, Zhang T, Liu XG. BDNF induces late-phase LTP of C-fiber 
evoked field potentials in rat spinal dorsal horn. Exp Neurol. 2008; 212(2):507–514. [PubMed: 
18565512] 

Zhu WG, Oxford GS. Phosphoinositide-3-kinase and mitogen activated protein kinase signaling 
pathways mediate acute NGF sensitization of TRPV1. Mol Cell Neurosci. 2007; 34(4):689–700. 
[PubMed: 17324588] 

Zvara P, Vizzard MA. Exogenous overexpression of nerve growth factor in the urinary bladder 
produces bladder overactivity and altered micturition circuitry in the lumbosacral spinal cord. 
BMC Physiol. 2007; 7(1):9. [PubMed: 17725832] 

Qiao Page 15

Front Biol (Beijing). Author manuscript; available in PMC 2014 December 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


