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Abstract 

In these experiments, we primarily investigate the role and source of nerve growth factor (NGF) 

in peripheral tissues undergoing chronic inflammation.  It has been previously determined that 

there is a significant increase in the levels of NGF following prolonged inflammation of the 

urinary bladder or the colon, and the first of two projects discussed here mimics this increase with 

transgenic mice which ectopically produce NGF under control of the smooth muscle alpha-actin 

promoter.   It was determined by this increase that a p75-sensitive increase in sympathetic 

innervation occurs when an abundance of NGF is produced locally in the descending colon.  

Sensory innervation in the colon was found to come from two unique populations, one of which 

increased following heightened NGF levels.  The urinary bladders of NGF overexpressing mice 

were determined to have an increase in sensory axonal density.  The second project described 

here features chemically induced colonic inflammation and observes the nervous and growth 

factor changes as a response.  Transgenic reporter mice are used to observe the cellular source of 

NGF in the descending colon, which unexpectedly was determined to be Dogiel type II (DgII 

neurons) based on morphological and chemical characteristics.  We report the increase in NGF 

mRNA and protein observed following a brief 5-day colonic inflammation, and note that there is 

no increase in axonal density observed.  The chemical inflammation did, however, induce an 

increase in axonal varicosities, used as a measure of axon damage.  Finally, a heterozygous null-

mutation of NGF was made in a line of transgenic mice to observe changes in local sensory 

neurons, sympathetic innervation or NGF protein production, but no differences between the 

heterozygous null mutants and age-matched wild-type siblings were observed. 
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Chapter 1 

Literature Review 

1.1 The seminal discovery of nerve growth factor 

Discovered by Rita Levi-Montalcini and Stanley Cohen in the 1950s at 

Washington University (St. Louis), nerve growth factor (NGF) is one of a group of 

neurotrophins responsible for axonal growth and neuronal survival (Levi-Montalcini and 

Angeletti, 1962; Thoenen H, 1995; Hempstead et al, 1991, Hempstead et al 1989; Bibel 

et al, 1999; Brennan et al, 1999).  NGF was first noted by Levi-Montalcini upon the 

implantation of a mouse sarcoma into a 3 day chick embryo, which yielded significantly 

more nerve growth from sympathetic and sensory populations of nerve fibers compared 

to homologous chick tissue, and suggesting “that the tumour produces and releases an 

agent that potentiates and promotes the growth potentialities of sensory and sympathetic 

nerve cells” (Levi-Montalcini and Cohen, 1960).  In the same series of experiments, 

Levi-Montalcini and Cohen also revealed that this factor, present in the sarcoma, was 

responsible for producing a “halo effect” of nerve growth in culture, causing significant 

sympathetic neurite outgrowth into a media in which this factor was contained.   

In an attempt to determine whether or not this compound was protein or amino 

acid in nature, the group attempted to denature any proteins present with rattlesnake 

venom and then reapply the tumour extract to determine if the effect remained.  

Surprisingly, the nerve-growth properties of the application were increased by the venom, 

which was subsequently found to induce nerve growth in certain populations on its own 

(Cohen and Levi-Montalcini, 1956).  The two surmised that because the venom gland of 



 

2 

 

a snake is homologous to the submaxillary salivary gland in mice, it was possible that this 

compound was also produced in the murine submaxillary gland.  Indeed, purified extract 

of the mouse submaxillary gland yields significant results with regard to nerve growth.  It 

is worth noting that the removal of the submaxillary gland from the mouse did not result 

in any significant sympathetic or sensory deficit (Levi-Montalcini and Cohen, 1960). 

 

1.2 Nerve growth factor 

Nerve growth factor, as it was called, was determined to be a heat-labile, non-

dialyzable protein which is destructible by acid and stable in basic treatment of up to 6N 

urea/hour at 0°C.  UV absorption shows a 280/260 absorption ratio of 1.53.  Its molecular 

weight was estimated to be 440,000 g/mol (Levi-Montalcini and Cohen, 1960).  The 

snake venom growth factor was also determined to be protein with the same profile as the 

tumour growth factor, though potency was found to increase in urea (due to urea’s 

destruction of an inactivating agent in the venom) and was found to be 1000 times more 

potent than the tumour growth factor (Cohen and Levi-Montalcini, 1956). Using 

antibodies raised against NGF, it was possible to demonstrate that sensory and 

sympathetic ganglia are atrophic, and lack mitotic activity (Levi-Montalcini and Cohen, 

1960).  It has also been shown that NGF is a necessary part of the media when growing 

isolated sympathetic or sensory chick neurons in culture (Levi-Montalcini and Angeletti, 

1962a). In culture, the effect of short-term treatment with NGF includes an increase in 

neurofibrillary proteins in the cytoplasm indicating neurofiber growth, dilation in the 

endoplamic reticulum and an irregular nucleus with chromatin density increased, 

indicating protein production and gene transcription (Levi-Montalcini et al, 1967).  In 
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culture, NGF has also been shown to increase lipid synthesis, as measured by the rate of 

uptake of labeled acetate (Levi-Montalcini et al, 1967)  

As research progressed on NGF, its roles within the nervous system were gradually 

revealed.  It was found to be a critical factor in the development of sympathetic neurons 

in vivo by demonstrating that antiserum injections reduced noradrenaline (NA) 

concentrations in the heart and other peripheral organs (Levi-Montalcini and Angeletti, 

1962b).  This group proceeded to observe the recovery of such NGF antiserum systemic 

application to mice, noting that after 3 weeks post-treatment NA levels had recovered to 

20-30% of controls, after 6 weeks NA levels had risen to 60-80% and within 3 months 

there was no significant difference antiserum and control mice was negligible.  It should 

also be noted that the initial NA depletion was likely due to depletion of the sympathetic 

ganglia, because no significant NA changes were noted in the brain (Angeletti et al, 

1968). NGF was also found to be an important stimulator of glucose metabolism in both 

sensory and sympathetic nerve cells, as measured by the oxidation rates of labeled 

glucose to carbon dioxide with and without NGF (Angeletti et al, 1964). Adrenergic 

neurons were unaffected by the NGF antiserum application (as opposed to noradrenergic 

neurons). 

NGF also plays a role in the brain.  There is a group of cholinergic neurons in the 

basal forebrain ganglia which express trkA and are NGF-responsive, showing neurite 

outgrowth and branching in response to NGF infusion (Kolb et al, 1997). 

 It has been determined that ideal nerve growth in response to NGF in the environment 

comes from approximately 50,000 NGF receptors per cell, with the majority (90-95%) 

being the low-affinity p75 NGF receptor, and the remainder being the high-affinity trkA 
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receptor (Meakin and Shooter, 1992).  There remains a controversy with regards to the 

specific roles of each of the two NGF receptors.  For half-maximal neurite outgrowth, a 

concentration of 2x10
-12

M NGF is required at the distal end of the extending axon 

(Meakin and Shooter, 1992).  

 

1.3 TrkA: The high-affinity NGF receptor 

In 1991, it was discovered that NGF has two receptors differing in the affinity to 

which they bind NGF (Meakin and Shooter, 1991a).  The high-affinity nerve growth 

factor receptor (HNGFR or HNR) is capable of binding both NGF and brain-derived 

neurotrophic factor (BDNF), though is approximately 1000 times more specific for NGF 

(Rodriguez-Tebar et al, 1990).  The HNGFR was shown to contain phosphotyrosine 

residues by its immunoprecipitation with anti-phosphotyrosine (Meakin and Shooter, 

1991a), indicating that the phosphorylation of one of these tyrosine residues was likely an 

initiating step in the signal produced by NGF’s receptor by the HNGFR (Meakin and 

Shooter, 1991a; Meakin and Shooter, 1991b).  The HNGFR exists as either a 180 or 140 

kd species, though since there is only one observable mRNA, the difference must be the 

result of a post-translational modification (Ehlers et al, 1995).  The low-affinity NGF 

receptor (LNGFR) has no such phosphotyrosine immunoprecipitation, indicating it does 

not require phosphorylation for activation, though can be found in the same cells as the 

HNGFR (Meakin and Shooter, 1991a).  Upon phosphorylation, a c-fos induction pathway 

likely follows (Meakin and Shooter, 1991a; Hempstead et al, 1989). 

Through genetic manipulations of the tyrosine receptor kinase (trk) HNGFR 

(dubbed trkA) involving mutations and deletions of suspected binding sites, it was shown 
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that 4 cysteine-rich sequences are required for the successful binding of NGF (Welcher et 

al, 1991).  After it is phosphorylated, the NGF/trkA complex is dimerized and 

internalized for retrograde transport to from the growing end of the axon, where TrkA is 

found, to the soma.  This process was first observed in mice, where injection of iodinated 

NGF into the anterior chamber of the eye lead to accumulation of radioactivity in the 

superior cervical ganglia (SCG), after the NGF travelled the length of the sympathetic 

axons (Hendry et al, 1974). This radioactivity was abolished following axotomy of the 

post-ganglionic adrenergic fibers connecting the eye and the SCG.  TrkA travels down 

the axon in a phosphorylated state with NGF (Ehlers et al, 1995).  It has been shown that 

trkA and NGF allow for the incorporation of thymadine into the affected cell, an 

indicator of the mitogenic effect NGF has through the trkA receptor (Cordon-Cardo et al, 

1991).  NGF is a very potent mediator of cell multiplication.  When cells not normally 

expressing it were transfected with TrkA, exposure to NGF led to DNA synthesis in over 

70%, compared with less than 6% exposed to the growth factor insulin (Cordon-Cardo et 

al, 1991).  These experiments also led to the conclusion that trkA and NGF promote cell 

growth and division in any cell, whether or not it is neuronal in origin. 

As previously mentioned, the role of the low-affinity neurotrophin receptor (p75) 

is a controversial one, especially regarding its interactions with trkA.  Mutant mice 

expressing a null-mutated p75 protein have been observed with reduced trkA 

phosphorylation in response to NGF while maintaining other receptor-mediated 

phosphorylation (such as epidermal growth factor reception) (Berg et al, 1991). Cross-

linking experiments have also suggested that trkA and p75 form a heterodimer to create 

the high-affinity binding site for NGF (Hempstead et al, 1991), though this claim is 
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disputed with suggestions that p75 is responsible for assisting with the trkA-NGF 

complex formation and not part of a heterodimer with trkA (Jing et al, 1992).  It has also 

been shown that NGF is in the bound state (associated with a receptor) as much as 25 

times more when both p75 and trkA are present versus either receptor alone, and that 

NGF was internalized more efficiently when both receptors were present (Mahadeo et al, 

1994).  These experiments and others lend weight to the notion that trkA works in tandem 

with p75 for the maximal reception of NGF. 

  

1.4 The p75 neurotrophin receptor 

Unlike the high-affinity NGF receptor trkA, the neurotrophin receptor p75 readily 

binds all neurotrophins to exert its effect (Chao et al, 1994).  This being said, p75 does 

respond preferentially to neurotrophin (NT)-4, followed by brain derived neurotrophic 

factor (BDNF) and NT-3 equally.   P75 responds to NGF with the least affinity (Curtis et 

al, 1995).  While p75 and trkA both have very high kinetic association rates with NGF, 

p75’s dissociation rate is much higher than trkA’s, hence its title, the low affinity NGF 

receptor (Meakin et al, 1992).  

Cross-species southern blots (performed with cDNA raised against different 

domains of p75 mRNA) reveal that the structure of p75 is largely conserved across many 

species, including birds and mammals (Johnson et al, 1986; Buck et al, 1987).  P75 is 

detectable in peripheral ganglia as well as in the basal forebrain cholinergic neurons at 

different levels during development (Buck et al, 1987). In post-natal day 1 rats high 

levels of p75 mRNA were detected in the dorsal root ganglia (DRGs) compared with the 

superior cervical ganglia (SCGs).  At 3 months, this was reversed in favor of high p75 
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concentrations found in the sympathetic ganglia compared to the sensory.  P75 mRNA 

exhibited a 2-4 fold increase during the same developmental period, indicating its utility 

during development (Buck et al, 1987).  The structure of p75 includes a signal peptide 

sequence followed by basic amino acids, an extra-cellular domain with cysteine rich 

repeats and finally a threonine and serine-rich segment (Johnson et al, 1986).  The 

cysteine-rich repeats contain an even number of cysteine residues, suggesting that they 

form disulphide bonds within themselves rather than between separate repeat units.  This 

domain’s location and large negative charge make it the most likely candidate for a 

location of neurotrophin binding, and is large enough to induce enzymatic activity or 

interact with other receptors (Johnson et al, 1986).  In contrast with trkA, p75 has no 

tyrosine-kinase activity. 

P75 has the unique role of potentiating the activity of other neurotrophin 

receptors.  For instance, in NGF null mutant mice heterozygous for null-mutant NGF, 

50% of the NGF mRNA is present and only 50% of the SCG neurons survive compared 

to wild type siblings (Brennan et al, 1999).  If p75 is removed from these mice the 

survival of SCG neurons goes lower still, however, they are able to survive in lower 

concentrations of NGF than those with p75 present (Brennan et al, 1999).  This is 

believed to be due to the fact that p75 enhances the specificity for NGF.  In this case, p75 

is enhancing the NGF signal through trkA, while preventing NT-3 from stimulating trkA 

and rescuing the neurons at low NGF concentrations (Brennan et al, 1999, Davies et al, 

1993).  P75 is also believed to have a potentiating effect on trkB, the high-affinity 

receptor for BDNF.  This was determined in rat cells by first transfecting with only trkB 

and treating with all neurotrophins, then by transfecting with trkB and p75 and noting 
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that NT-3 and 4 reception by trkB went down and BDNF only remained the same (Bibel 

et al, 1999).  NGF does not activate TrkB at these concentrations.  These reports are 

supported by the conclusion that p75 null mutant mice require approximately 4 times the 

NGF for comparable neuronal survival with wild type mice, and p75 null heterozygotes 

require approximately double (Chao et al, 1994).  P75 is similar in structure and function 

to tumour necrosis factor (TNF) receptors (Chao et al, 1994). 

The true controversy regarding the role of p75 lies with its action upon NGF 

reception. Two schools of thought exist: that it triggers apoptosis or that it supports trkA 

in its reception of the nerve growth signal. It has been observed that transgenic mice 

without functional p75 have double the number of cholinergic neurons in their forebrain 

than wild type control mice, and that mice treated from PD0 to PD15 with a drug which 

interrupts the p75 pathway have 43% more medial septum cholinergic neurons than 

saline-injected controls (Van der Zee et al, 1996).  This group also postulated that in the 

absence of NGF, p75 causes cell death by inhibiting spontaneous ligand-independent 

autophospohorylation of trkA.  When bipolar progenitor cells transfected with p75 alone 

or p75 with trkA (allowed to differentiate before exposure to mitogens) were exposed to 

NGF, it lead to the death of those cells which only expressed p75 (Yoon et al, 1998).  

Apparently, trkA had been able to rescue those cells in which it was also expressed 

(Yoon et al, 1998). It is believed that this apoptotic p75 pathway is JNK-dependant, as 

JNK pathway inhibitors prevented apoptosis even without trkA.  NGF/trkA interaction 

activated a MAP-kinase pathway, restricting JNK activity in those mice expressing p75 

and trkA (Yoon et al, 1998). 
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There also exists a substantial body of evidence suggestive of a trkA 

supplementary role for p75.  In 1991, Berg and colleagues observed that mice with a 

mutation in p75 which prevented it from binding trkA had limited or no phosphorylation 

of trkA upon NGF exposure, and concluded that p75 must be at least partially responsible 

for the phosphorylation of trkA (Berg et al, 1991).  In 1992, a null-mutant p75 mouse 

was developed which showed decreased sensitivity in the periphery, specifically in the 

footpad, which was due to decreased sensory innervation and which could be recovered 

with the insertion of human p75 into the genome of the mouse (Lee et al, 1992).  These 

mice developed skin, hair and claw defects, probably because of pain insensitivity and 

the lack of CGRP/substance-P stimulated proliferation of fibroblasts and endothelial cells 

(Lee et al, 1992).  Interestingly, there was no noted decrease in sympathetic activity 

(measured by iris salivary gland activity) (Lee et al, 1992).  Later, another isoform of the 

p75 protein was discovered and a more complete p75 ablation transgenic mouse was 

developed.  Completely lacking p75, these mice were smaller than their wild-type litter 

mates and suffered impaired motility due to hind-limb ataxia (Von Schack et al, 2001). 

Neuronally, they had a reduction in the Schwann cells associated with the sciatic nerve, 

which was reduced in diameter by 50%. There was also a further decrease in the number 

of neurons in the DRGs compared to the original p75 null mutant, to a 54% decrease 

from wild type (Von Schack et al, 2001).  About 40% of these animals die in utero, 

because of a rupture in the aorta owed to the reduced blood vessel wall thickness; p75 is 

necessary for complete formation of blood vessel walls (Von Schack et al, 2001). 

In experiments performed in 1993, it was shown that trigeminal ganglia (only) require 3 

times the amount of NGF to reach half-maximal concentrations (halfway between 
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baseline and maximal concentrations) when compared with wild type controls, which was 

shown to be dependent on the “gene dosage” of p75 (Davies et al, 1993).  Sympathetic 

neurons had no change when p75 deficient.  P75 had no effect when neurons were in an 

environment with abundant NGF, which lends support to the theory that p75’s role in 

NGF reception is to sequester NGF to provide an ideal concentration at the surface 

receptor portion of trkA, to be discussed later in this report.  These results together lend 

significant weight to the theory that p75’s main role with regards to NGF is one of 

assisting trkA in its reception.  Considering all the evidence, it seems most likely that the 

effect p75 has may depend on the context and environment of the cell, the presence or 

absence of neurotrophins, and the ratio of trkA to p75 expression, functioning at different 

times and “providing the receptor with multiple ways to influence cell processes” 

(Greene and Kaplan, 1995). 

The concentration of p75 and trkA at the reception site at the tip of the axon are 

dependent on that neuron’s intake of NGF (Verge et al, 1992).  Measured in sympathetic 

and primary sensory neurons, axotomy preventing the retrograde transport of NGF 

caused a decrease in the concentrations of trkA and p75.  Concentrations of p75 returned 

to normal, and trkA partially recovered following the exogenous application of NGF to 

the affected ganglia (Verge et al, 1992).  Similarly, p75 is shown to increase following 

peripheral nerve injury.  In rat spinal cord motor neurons, a partial unilateral crush lesion 

led to a p75 mRNA increase of between 8 and 12 times on the injured side compared 

with the contralateral spinal cord neurons (Ernfors et al, 1989).  After approximately 6 

weeks, function returned to normal and so did the concentrations of p75 mRNA.  In the 
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same manner, a reduction of p75 mRNA occurs in embryo-day 13/14 and again between 

birth and adulthood, when these neurons undergo periods of atrophy. 

 

1.5 The reception of NGF 

Monoclonal192 (MC192) is an antibody raised against p75 which has been shown 

to inhibit the interaction of p75 with trkA by limiting the c-fos reaction occurring when 

trkA and p75 are coexpressed in the presence of NGF (Barker and Shooter, 1994). This 

study observed that NGF binding p75 was necessary for MC192 to create its limiting 

effect, and that phosphorylation of trkA was decreased when cells treated with MC192 

were exposed to regular amounts of NGF, but at higher concentrations the effect was lost.  

These observations together suggest that the regulation of trkA at the level of the surface 

receptor is probably a function of the local concentration of NGF, and that p75 may 

control this concentration through its interactions with trkA (Barker and Shooter, 1994).  

This is supported by the observation that at high concentrations of NGF, the effect of p75 

knockout is negated.  It is also likely that at this level p75 enhances the specificity of trkA 

for NGF.  Without the specificity-enhancing affects of p75, NT-3 can cause a calcium-

efflux effect through trkA on a nervous cell (Mischel et al, 2001).  If p75 is present the 

effect of trkA is specific to NGF, and NT-3 can cause no effect, though this is dependent 

on a functional extracellular domain for p75 (Mischel et al, 2001). 

A study performed in 1997 showed that when insect cells were transfected with 

trkA and p75, antibodies raised against trkA only could precipitate both p75 and trkA out 

of solution or vice versa (Gargano et al, 1997).  This suggests that the two receptors for 

NGF form a physical connection.  The same study concluded that specific binding 
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domains were required for this connection to be made by deleting certain domains in the 

receptors and noting which deletions eliminated the coprecipitation (Gargano et al, 

1997). The study went on to conclude that p75 decreases the internalization of NGF by 

trkA by about half.  Mutant p75 incapable of binding NGF, but capable of binding trkA, 

showed half of the NGF taken into the cell compared to trkA alone (Gargano et al, 1997).  

NGF was determined to be internalized by its resistance to an acid wash procedure.   

After the reception of NGF by its receptors, p75 and trkA are internalized (with 

NGF) into the cell inside endosomes in events independant of one another (Bronfman et 

al, 2003; Wade et al, 2012).  With regard to p75, it is internalized roughly 3 times slower 

than trkA, and its degradation along with NGF is prevented in the endosome as it travels 

retrogradely through the axon to the soma (Curtis et al, 1995; Bronfman et al, 2003). 

TrkA associates with a molecule known as activated leukocyte cell adhesion molecule 

(ALCAM) for its signalling.  ALCAM potentiates trk phosphorylation and undergoes 

transport in the degradation-protected endosome with trkA and NGF in a similar fashion 

to p75 (Wade et al, 2012). 

 

1.6 Dogiel type II myenteric neurons 

Dogiel type II (DgII) neurons are a mechanosensory (Mao et al, 2006) neuronal 

population found within the myenteric plexus and submucosal plexus.  In rodents, DgII 

neurons make up approximately 20% of the neuronal population in the myenteric plexus, 

and have ovular soma which range between 12 and 24µm wide by 27-40µm long, (Iyer et 

al, 1987; Song et al, 1996; Nurgali et al, 2004).  Through a combination of 

immunohistochemistry and dye-injection (through the same micropipette used to measure 
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electrophysiology) it is possible to examine the morphology and electrophysiology of the 

same neuron.  This technique has been utilized by different groups to show that DgII 

neurons are afterhypolarizing (Iyer et al, 1987; Furness et al, 1998; Furness et al, 2004; 

Nurgali et al, 2004; Nurgali et al, 2011).  This means that after multiple consecutive 

action potentials the cell’s membrane potential will dip below resting potential for 

between 3 and 7 seconds to discourage multiple immediate action-potentials by this cell.  

Most studies referenced above revealed the majority, if not all DgII neurons possessing 

an after hyperpolarizing (AH) potential.  In guinea-pig, AH neurons held a resting 

potential between -70 and -90 mV, had DgII morphology and were immunopositive for 

calcium-binding proteins, while S-phase neurons held a resting potential between -45 and 

-65 mV, had DgI morphology and were immunonegative for calcium binding proteins 

(Iyer et al, 1987). Mouse DgII neurons had a very similar electrophysiological profile to 

the guinea-pig, including the afterhyperpolarization and the action-potential that fired if 

the neuron being recorded was subjected to any touch (indicating mechanosensitivity) 

(Mao et al, 2006).  

 DiI is a chemical which, when applied physically to the mucosa, will travel 

retrogradely down the axon to the somata of any neuron which extends an axon to the 

area DiI was applied.  This technique has been used to label DgII neurons projected 

axons to the mucosa, and classified as DgII by their shape and calbindin 

immunopositivity.  Nearly all of the DgII neurons near the DiI application site were 

positive for DiI, which allowed the study to conclude that all DgII neurons project an 

axon to the mucosa (Song et al, 1994; Mitsui et al, 2009).  Removing the mucosa and 

submucosa allowed for DiI application to a single intermodal strand in the myenteric 
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plexus.  The majority of neurons (77%) labelled in this procedure were oral to the 

application site, meaning they project an axon anally (Song et al, 1996).  DgII neurons 

were found to project most of their axons anally (as far as 100 µm), with a small 

percentage travelling circumferentially, with an average of 2.6 processes per cell (Song et 

al, 1996; Furness et al, 2004).  Interestingly, DgI neurons project axons in all directions, 

though the majority still project anally (Song et al, 1996).  

DgII neurons can most simply be classified by their morphology and their 

immunohistochemistry.  The most reliable biomarker for DgII neurons is calretinin, a 

calcium-binding protein (Furness et al, 2006), though other calcium-binding proteins 

such as calbindin are also effective (Iyer et al, 1987; Song et al, 1994). Calcitonin gene-

related peptide (CGRP), substance-P, neurofilament-200 and NK1R (the receptor for 

substance-p) are also reliable biomarkers for DgII neurons (Wolfe et al, 2007; Mitsui, 

2009; Mitsui 2010). Interestingly, in rats, colchicine treatment prior to 

immunohistochemistry lead to CGRP-positive DgII soma, while immunohistochemistry 

without colchicine treatment resulted in CGRP-positive DgII axons (Mitsui 2009).  

Cytoplasmic expression of neuronal nuclei (NeuN) indicates a DgII neuron, while nuclear 

expression of NeuN indicates a DgI neuron (Van Nassauw et al, 2005). 

Upon 2,4,6-Trinitrobenzenesulfonic acid (TNBS)-induced inflammation of the 

guinea-pig ileum, DgII projections to the mucosa were sparse, fragmented and irregular 

(Nurgali et al, 2011). DgII neurons in the inflamed ileum were hyperexcitable compared 

to controls, but maintained their after hyperpolarizing potential (Nurgali et al, 2011). 
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1.7 Hypothesis 

The purpose of these studies is to elucidate the source and effect of NGF in the 

descending colon, as well as to further understand the role of p75 as a NGF receptor in 

both the descending colon and the urinary bladder.  It is our hypothesis that NGF is 

endogenously produced by a population of neurons in the descending colon, and that 

during inflammation when the production of NGF is known to increase there will be an 

increase in the density of NGF-sensitive sympathetic axons.  We hypothesize that p75 has 

a regulatory role on the activity of NGF at the level of the surface receptor trkA, 

modulating the concentration of NGF presented to trkA positively in at low or normal 

concentrations of NGF and negatively in high concentrations of NGF.  We predicted that 

in biological concentrations of NGF axons from neurons expressing null-mutant p75 

would be reduced, and in abundant concentrations of NGF axons from neurons 

expressing null-mutant p75 would be increased beyond the difference due to the 

heightened concentration of NGF alone. 
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Chapter 2 

 

OVEREXPRESSION OF NERVE GROWTH FACTOR BY MURINE SMOOTH 

MUSCLE CELLS: ROLE OF P75 NEUROTROPHIN RECEPTOR ON 

SYMPATHETIC AND SENSORY SPROUTING 
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2.1 ABSTRACT 

Elevating levels of nerve growth factor (NGF) can have pronounced effects on the 

survival and maintenance of distinct populations of neurons. We have generated a line of 

transgenic mice in which NGF is expressed under the control of the smooth muscle α-

actin promoter. These transgenic mice have augmented levels of NGF protein in the 

descending colon and urinary bladder, so these tissues display increased densities of 

NGF-sensitive sympathetic efferents and sensory afferents. Here we provide a thorough 

examination of sympathetic and sensory axonal densities in the descending colon and 

urinary bladder of NGF transgenic mice with and without the expression of the p75 

neurotrophin receptor (p75NTR). In response to elevated NGF levels, sympathetic axons 

(immunostained for tyrosine hydroxylase) undergo robust collateral sprouting in the 

descending colon and urinary bladder of adult transgenic mice (i.e., those tissues having 

smooth muscle cells); this sprouting is not augmented in the absence of p75NTR 

expression. As for sensory axons (immunostained for calcitonin gene-related peptide) in 

the urinary bladders of transgenic mice, fibers undergo sprouting that is further increased 

in the absence of p75NTR expression. Sympathetic axons are also seen invading the 

sensory ganglia of transgenic mice; these fibers form perineuronal plexi around a 

subpopulation of sensory somata. Our results reveal that elevated levels of NGF in target 

tissues stimulate sympathetic and sensory axonal sprouting and that an absence of 

p75NTR by sensory afferents (but not by sympathetic efferents) leads to a further 

increase of terminal arborization in certain NGF-rich peripheral tissues. 
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2.2 INTRODUCTION 

The seminal discovery of nerve growth factor (NGF) by Levi-Montalcini and 

colleagues in the 1950s led to the detection and characterization of other growth factors 

that affect the development and maintenance of the mammalian nervous system (Levi-

Montalcini,1987; Levi-Montalcini et al.,1996). It is now recognized that NGF is one 

member of the neurotrophin family of homologous molecules, each of which governs the 

survival of distinct neuronal populations in the peripheral and central nervous systems 

(for reviews see Thoenen,1991; Barde,1994; Klein,1994). For instance, treatment of 

rodents with antibodies against NGF compromises the survival of sympathetic and 

sensory neurons peripherally (Hughes et al.,1973; Coughlin et al.,1977; Gorin and 

Johnson,1979; Otten et al.,1979; Yip et al.,1984; Johnson and Yip,1985). Validation of 

this pivotal role for NGF during development was made possible through the generation 

of null mutant mice that do not express the functional form of this growth factor. Mice 

lacking NGF have a limited life span, rarely surviving beyond 14 days after birth 

(Crowley et al.,1994). These mutant mice have a near-complete loss of postganglionic 

sympathetic neurons and display a pronounced depletion of sensory neurons in the 

trigeminal ganglia and dorsal root ganglia (DRG). In addition, the number of basal 

forebrain cholinergic neurons is reduced in the absence of functional NGF expression 

(Counts and Mufson,2005). The specific loss of NGF-sensitive neurons is attributable to 

the fact that NGF signals through the transmembrane tyrosine kinase A (trkA) receptor 

(Kaplan et al.,1991a, b; Klein et al.,1991; Meakin and Shooter,1991). Target-derived 

NGF binds to trkA on the distal terminals of sympathetic and sensory axons, signaling 
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survival cues downstream of the autophosphorylation of the tyrosine kinase motifs on the 

intracellular portion of trkA (Vetter et al.,1991; Allsopp et al.,1993; Grimes et al.,1996; 

White et al.,1996; Saragovi et al.,1998). Null mutant mice lacking trkA have a phenotype 

nearly identical to that of NGF null mutant mice (Smeyne et al.,1994), which provides 

compelling evidence that NGF–trkA interactions are critical for the survival and 

maintenance of the three aforementioned populations of neurons. 

Although low levels of target-derived NGF can compromise neuronal survival, 

the opposite is true with regard to elevated amounts of NGF. Enhancing levels of NGF 

during embryonic and early postnatal development allows more neurons to survive 

through critical periods of neuronal pruning (Aloe et al,1975; Chun and Patterson,1977; 

Oppenheim et al.,1982; Yip et al.,1984; Straznicky and Rush,1985). Elevation of NGF 

levels can also have a profound effect on axonal densities in target organs, such that 

sympathetic and sensory fibers will undergo robust sprouting in those tissues displaying 

higher than normal levels of NGF (see Diamond et al.,1987; Saffran et al.,1989). This 

phenomenon of NGF-mediated collateral growth of terminal axons can be achieved by 

injecting rats with exogenous NGF (Isaacson et al.,1990; Saffran and Crutcher,1990; 

Miller et al.,1994). Transgenic mice that ectopically overexpress NGF in a site-specific 

manner also display sympathetic and/or sensory hyperinnervation of those tissues having 

elevated NGF levels. Transgenic overexpression of NGF has been reported in the mouse 

pancreatic islets (Edwards et al.,1989), skin (Albers et al.,1994), heart (Hassankhani et 

al.,1995), lungs (Hoyle et al.,1993; Quarcoo et al.,2004), brain (Kawaja and 

Crutcher,1997), spinal cord (Ma et al.,1995), urinary bladder (Elliott et al.,2009; 

Schnegelsberg et al.,2010), and arteries/arterioles and colon (Elliott et al.,2009). Injury 
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and disease in tissues can also result in an elevation of NGF levels (Sebert and 

Shooter,1993; Mearow et al.,1993; Manni et al.,2002; Brown et al.,2007), which in turn 

stimulates local sympathetic and sensory axons to undergo collateral sprouting. 

In both the central and the peripheral nervous systems, NGF carries out its many 

functions by binding to two different types of transmembrane receptors: trkA and p75 

neurotrophin receptor (p75NTR). The high-affinity trkA receptor, after binding to NGF, 

signals for the survival and maintenance of postganglionic sympathetic and sensory 

neurons, whereas the low-affinity p75NTR may, under certain circumstances, augment 

the NGF–trkA response (Greene and Kaplan,1995; Bibel et al.,1999; Hannila et al.,2004; 

Wehrman et al.,2007). Mutant mice lacking expression of functional p75NTR display a 

50% reduction of sensory neurons; postganglionic sympathetic neurons appear to be 

unaffected by the loss of p75NTR (Lee et al.,1992). Ectopic NGF expression in the brains 

and spinal cords of p75NTR null mutant mice results in exuberant sprouting by 

sympathetic and sensory axons, at densities higher than those seen in NGF transgenic 

mice having functional p75NTR expression (Walsh et al.,1998, 1999a, b; Hannila and 

Kawaja,1999; Dhanoa et al.,2006). In light of these observations, we have speculated that 

one role of p75NTR may be to restrain sympathetic (and possibly sensory) sprouting in 

response to elevated levels of NGF. 

We have generated a line of transgenic mice that over expresses NGF under 

control of the smooth muscle α-actin promoter (designated as SMPpr-NGF; Elliott et 

al.,2009). These transgenic mice have enhanced levels of NGF protein in those tissues 

with smooth muscle cells, such as arteries/arterioles, the descending colon, and the 
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urinary bladder. Our SMPpr-NGF mice display robust collateral sprouting by 

sympathetic axons in the muscle layers of the descending colon and urinary bladder. In 

this study, we have undertaken a more comprehensive assessment of sympathetic 

sprouting in the NGF-rich tissues of these SMPpr-NGF mice. Moreover, we have 

examined whether sensory (putatively nociceptive) afferents that innervate the 

descending colon and urinary bladder of NGF transgenic mice display collateral growth, 

similar to that seen by sympathetic efferents. We have addressed the question of whether 

a loss of p75NTR expression affects the degree to which sympathetic and sensory axons 

innervate these two target tissues in both null mutant mice and transgenic mice 

overexpressing NGF. Altogether these new data reveal that ectopic expression of NGF in 

the descending colon and urinary bladder results in robust sprouting by sympathetic and 

sensory fibers and that the expression of p75NTR may be required to restrain exuberant 

axonal growth by sensory axons in the urinary bladder (having elevated levels of NGF). 

These observations provide further support for the idea that p75NTR can play an integral 

role in modifying NGF–trkA interactions in certain target tissues, thereby affecting the 

densities of sympathetic and sensory fibers during normal innervation and in response to 

injury and/or disease. 
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2.3 MATERIALS AND METHODS 

Generation of hybrid mice 

As in previous studies performed in our laboratory (Walsh et al.,1999a; Hannila 

and Kawaja,1999; Dhanoa et al.,2006), new lines of hybrid mice were generated by 

breeding male NGF transgenic mice with female mice carrying two mutated alleles of 

exon III in the p75NTR gene. Here we used NGF transgenic mice that express this 

neurotrophin under control of the mouse smooth muscle α-actin promoter (SMP8; kindly 

provided by Dr. J. Fagin); this promoter sequence consists of ∼1,074 bp of the 5′ flanking 

region, the 63-bp 5′ untranslated region, and ∼2.5 kb of the first intron. The 1-kb prepro-

NGF sequence was cloned downstream of the SMP8 promoter to create our construct 

(Fig. 1A). Curiously, this line of SMPpr-NGF mice has consistently yielded only male 

mice that ectopically express NGF; all female siblings do not express the transgene. 

These transgenic male mice display site-specific expression of NGF in tissues having 

smooth muscle cells (e.g., arteries/arterioles, colon, and urinary bladder; Elliott et 

al.,2009). Hypomorphic female mice expressing two mutated alleles for p75NTR display 

reduced numbers of sensory neurons, as well as a loss of sensory innervation in the skin 

and dorsal horn of the spinal cord (Lee et al.,1992). The F1 progeny were generated by 

breeding NGF/p75
+/+

 male and p75
−/−

 female mice; these NGF/p75
+/−

 males and p75
+/−

 

females were then crossed to produce a variety of F2 progeny (Fig. 1B). Genotyping was 

conducted by polymerase chain reaction. Briefly, ear punches were taken from each 

animal, digested with EcoRI, and amplified with the following primers: NGF (5′-
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CTAGAATTCTGCAGGCAACTCAGCC; 5′-

CCTGAATTCTAGTGAACATGCTGTGCC) and p75NTR exon III (5′/WT: 5′-

GTGTTACGTTCTCTGACGTTGTG; 3′/WT: 5′-TCTCATTCGGCGTCAGCCCAGGG; 

and 3′/NEO: 5′-GATTCGCAGCGCATCGCCTT). All amplifications were carried out in 

an Eppendorf Mastercycler (Hamburg, Germany). In this study, four genetically distinct 

strains of mice were used: 1) female mice having two normal alleles for p75NTR 

(designated as wild type; WT); 2) male NGF transgenic mice having two normal alleles 

for p75NTR (designated as NGF/p75
+/+

); 3) male NGF transgenic mice having two 

mutated alleles for p75NTR (designated as NGF/p75
−/−

); and 4) female mice having two 

mutated alleles for p75NTR (p75
−/−

; Fig. 1B). All experiments were performed according 

to the Canadian Council for the Use and Care of Animals guidelines and were approved 

by the Queen's University Animal Welfare Committee. Care was taken to reduce the 

number of animals, when possible. All mice used in this study were 2–3 months of age. 

These animals were killed by either cervical dislocation (for tissue harvesting for RT-

PCR and immunoblotting) or deep anesthesia (sodium pentobarbital at 8.2 mg/mouse 

delivered i.p.) followed by transcardial perfusion (for tissue preservation for anatomical 

assessment). 

RT-PCR 

Fresh descending colons and urinary bladders were isolated from the dead mice: 

WT females, NGF/p75
+/+

 males, and NGF/p75
−/−

 males (n = 6 per genotype). Total RNA 

was isolated with Ambion (Austin, TX) TRI-Reagent Solution. Only RNA with OD 

260/280 of 1.8–2.0 was used, and any contaminating DNA was removed with DNase 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig1
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(DNA-free kit; Ambion). The Ambion RETROscript Kit was used to produce cDNA. The 

primers for mouse NGF (sense 5′-GGCATGCTGGACCCAAGCTC) and NGF (antisense 

5′-GCGCTTGCTCCGGTGAGTCC) were used and yielded a 460-base product, and 

primers for GAPDH (sense 5′-GTTGCCATCAATGACCCCTTCATTG) and GAPDH 

(antisense 5′-GCTTCACCACCTTCTTGATGTCATC) were used and yielded a 700-base 

product. All reactions, carried out in an Eppendorf Mastercycler, were conducted for 35 

cycles of 1 minute at 94°C, 1 minute at 58°C, and 1.5 minutes at 72°C. No cDNA 

products were seen in control DNA-free RNA without any reverse transcriptase. 

Western blotting 

Fresh descending colons and urinary bladders were isolated from sacrificed mice: 

WT females, NGF/p75
+/+

 males, NGF/p75
−/−

 males, and p75
−/−

 females (n = 6 per 

genotype). These tissues were placed in coded tubes, frozen in liquid nitrogen, and stored 

at −80°C until use for immunoblotting. Briefly, tissues were homogenized in 0.05 M 

Tris-buffered saline (TBS; pH 7.4) supplemented with 0.05% Tween-20, 10 mM EDTA, 

2 g/ml pepstatin, and EDTA-free complete protease inhibitor cocktail tablet (Roche, 

Laval, Quebec, Canada). The homogenates were centrifuge, and the supernatants were 

collected. A DC Protein Assay Kit (Bio-Rad, Hercules, CA) was used to quantify protein 

concentrations. Total protein samples (60 μg) were separated on 12% sodium dodecyl 

sulfate-polyacrylamide gels and transferred onto PVDF immobilon-P membranes 

(Millipore, Billerica, MA). Membranes were blocked for 1 hour at room temperature and 

then incubated in a solution containing affinity-purified rabbit anti-NGF IgG (also 

referred to as MC-51 IgG; 1:1,000 dilution; Cedarlane, Burlington, Ontario, Canada) and 
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mouse anti-β-actin IgG (1:5,000; Sigma, St. Louis, MO) for 12 hours at 4°C. For 

immunodetection on Western blots, the primary antibodies were diluted in phosphate-

buffered saline (PBS) plus 0.05% Tween-20 (v/v). After a wash in PBS plus 0.01% 

Tween-20, the membranes were incubated in a solution containing IRDye 680-

conjugated goat anti-rabbit IgG (1:700; for detection of NGF) and IRDye 800CW-

conjugated goat anti-mouse IgG (1:700; for detection of β-actin) for 1 hour at room 

temperature; both secondary antibodies were obtained from Li-Cor Biosciences (Lincoln, 

NE). Details for each antibody, including the characterization of specificity and the 

controls that ensure appropriate immunostaining, are given in the “Antibody 

characterization” section. After a final rinse, the membranes were scanned at 700 and 800 

nm using an Odyssey Infrared Imaging System (Li-Cor Biosciences); black-and-white 

images were generated from the immunostaining for NGF. 

Detection of neural antigens by fluorescent immunostaining 

Under deep anesthesia, WT females, NGF/p75
+/+

 males, NGF/p75
−/−

 males, and 

p75
−/−

 females (n = 30 per genotype) were perfused transcardially with 2% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The descending colon and urinary 

bladder were removed from each animal, as well as DRG from the cervical, thoracic, 

lumbar, and sacral levels; all tissues were stored in fixative overnight and then 

cryoprotected in 30% phosphate-buffered sucrose for 2 days. For immunostaining, frozen 

sections were allowed to thaw at room temperature, followed by a postfixation in 2% 

phosphate-buffered paraformaldehyde. Sections were washed in 0.1M Tris buffered 

saline (TBS) and then incubated in 10% normal donkey serum (NDS) plus 0.25% Triton 
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X-100 in TBS for 1 hour at room temperature. Sections of descending colons and urinary 

bladders were rinsed and incubated in one of the following primary antibodies (diluted in 

3% NDS plus 0.25% Triton X-100 in TBS) for 24–48 hours: sheep anti-tyrosine 

hydroxylase (TH) IgG (1:1,000 dilution; Millipore), rabbit anti-calcitonin gene-related 

peptide (CGRP) IgG (1:1,000; Millipore), and rabbit anti-substance P (SP) IgG (1:500; 

Millipore). Sections of DRG were rinsed and incubated with sheep anti-TH IgG (1:1,000) 

alone or in combination with one of the following primary antibodies: rabbit anti-trkA 

IgG (1:500; Millipore), rabbit anti-p75NTR IgG (9651 IgG; 1:2,000; kindly provided by 

Dr. M. Chao), rabbit anti-CGRP IgG (1:1,000), and rabbit anti-SP IgG (1:500). These 

antibodies were diluted in 3% NDS plus 0.25% Triton X-100 in TBS; sections of DRG 

were incubated with these antibodies for 48 hours. Details for each antibody are provided 

in the Antibody characterization section, as well as in Table 1. After rinsing, the sections 

were incubated in solutions containing fluorescein isothiocyanate (FITC)-conjugated 

donkey anti-sheep IgG (for detection of TH), FITC-conjugated donkey anti-rabbit IgG 

(for detection of CGRP and SP in the descending colon and urinary bladder), or Texas-

red-conjugated donkey anti-rabbit IgG (for detection of trkA, p75NTR, CGRP, and SP in 

the DRG). All slides were coverslipped with DAPI mounting media (Vector, Burlingame, 

CA) and viewed under a Zeiss microscope with axiocam. Axiovision 4.5 software was 

used to capture images, which were adjusted for brightness in Axiovision. Negative 

antibody controls were performed by following this protocol, either omitting the 

appropriate secondary antibodies or using inappropriate secondary antibodies; these 

methods yielded no positive staining. Positive antibody controls were performed by 

immunostaining known sensory (SP- and CGRP-immunopositive) or sympathetic (TH-

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl1
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immunopositive) neural tissue from the peripheral nervous system; these methods yielded 

SP- and CGRP-immunopositive neurons in trigeminal ganglia and TH-immunopositive 

neurons in superior cervical ganglia. No other manipulations were performed on these 

images saved as TIFs, and all figures were assemled in Adobe Illustrator C5. 

Detection of neural antigens by chromogenic immunostaining 

With animals under deep anesthesia, approximately 2 cm of the distal portion of 

the descending colon was removed from WT females, NGF/p75
+/+

 males, NGF/p75
−/−

 

males, and p75
−/−

 females (n = 8 mice per genotype). The tissues were immediately 

placed into a glass dish containing 2% phosphate-buffered paraformaldehyde (pH 7.4) 

and cut lengthwise, pinning the colons mucosal side up against a silastic elastomer 

(Slygard; Dow Corning, Midland, MI). With fine forceps, the mucosal and submucosal 

layers were removed from the muscularis externa layer (i.e., circular and longitudinal 

smooth muscle layers with the myenteric plexus in between). These tissues were cut into 

smaller pieces and incubated in fixative overnight at room temperature. Pieces of the 

muscularis externa (as well as frozen sections of the urinary bladders) were first rinsed in 

0.1M TBS (pH 7.4) and then incubated in 0.3% hydrogen peroxide in TBS for 1 hour. 

These tissues and sections were then treated for 1 hour with 10% bovine serum albumin 

(BSA) diluted in 2% TBX for the muscularis externa pieces and 0.25% TBX for the 

bladder sections; we found that the higher concentration of Triton X-100 facilitated better 

antibody penetration to the myenteric plexus in the pieces of muscularis externa. After 

consecutive treatments with avidin and biotin blocking solutions (Vector), these colonic 

and bladder tissues were incubated for 48 hours at room temperature in sheep anti-TH 
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IgG (1:500; Millipore) or rabbit anti-CGRP IgG (1:2,500; Millipore). Tissues were 

rinsed, incubated in biotinylated rabbit anti-goat IgG (1:200 for TH) and biotinylated goat 

anti-rabbit IgG (1:200 for CGRP) for 2 hours, rinsed, and then incubated in a solution 

containing the avidin-biotin complex (Vector) for 2 hours. After another rinse, tissues 

were reacted in a solution containing 0.05% diaminobenzidine tetrahydrochloride, 0.04% 

nickel chloride, and 0.015% hydrogen peroxide in 0.1M TBS. The pieces of muscularis 

externa were mounted on Superfrost slides. Whole-mounted pieces of muscularis externa, 

as well as sections of the body of urinary bladders, were dehydrated, cleared, and 

coverslipped for viewing under brightfield microscopy. Tissues with chromogenic 

immunoreactivity for TH and CGRP were viewed under a Zeiss microscope with 

axiocam. Axiovision 4.5 software was used to capture images, which were adjusted for 

brightness in Axiovision. Negative and positive antibody controls were performed as 

described above. No other manipulations were performed on these images, saved as TIFs, 

and all figures were created in Adobe Illustrator C5. 

Quantification of axonal densities 

Descending colons and urinary bladders from all four mouse genotypes were 

immunostained for TH, CGRP, or SP and were subsequently examined by brightfield or 

fluorescent microscopy using a Zeiss microscope with axiocam. Approximately 1.5–2.0 

cm was dissected from each mouse for preparations of muscularis externa plus myenteric 

plexus. Images of these whole-mounted preparations were captured in field areas of 1,100 

μm × 1,380 μm. The first area of interest was selected based on uniform, clear 

immunostaining. To select the second area of interest for image capture, the stage was 
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moved away from this starting point, no less that 2,000 μm in distance. This process was 

repeated for the next three to five images per tissue, always moving away from the 

starting point. Sectioned preparations of the colons and urinary bladders (at 20 μm 

thickness) were immunostained by fluorescence or chromogenic procedures. Images of 

these sectioned preparations were captured in field areas of 550 μm × 700 μm. The first 

area of interest was selected based on uniform, clear immunostaining. To select the 

second area of interest for image capture, the stage was moved away from this starting 

point, no less that 700 μm in distance. This process was repeated for the next three to five 

images per tissue, always moving away from the starting point (but remaining within the 

muscularis externa layer for the colons and the detrusor muscle layer for the urinary 

bladders). Axiovision 4.5 software was used to capture microscopic images, which were 

adjusted for brightness and contrast in Axiovision. These images were then converted to 

gray scale, saved as TIFs without further manipulation, and coded for quantification. 

ImageJ software was first used to determine appropriate thresholds for positive 

immunostaining in each image and was then used to assess the percentage of area 

occupied by axons positively immunostained for TH, CGRP, or SP. For whole-mounted 

colons immunostained for TH, no fewer than four animals from each genotype were 

used; for sectioned colons immunostained for SP, no fewer than four animals from each 

genotype were used; and, for sectioned urinary bladders immunostained for TH or CGRP, 

no fewer than four animals from each genotype were used. The data in Table 2 represent 

the average percentage area occupied by axons in three selected fields from each section 

of immunostained tissue. Scatterplots and statistical analyses were generated with 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl2
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GraphPad Prism software. Statistical significance was determined using a one-way 

ANOVA with a post hoc Bonferroni test (P < 0.001). 

Antibody characterization 

Anti-β-actin 

Monoclonal anti-β actin IgG (catalog No. A5441; purchased from Sigma) was raised in 

mice against a synthetic peptide (Ac-DDDIAALVIDNGSGK) corresponding to the N-

terminal peptide of the mammalian β-actin; this peptide was conjugated to keyhole limpet 

hemocyanin (KLH). The isotype was determined by a double-diffusion immunoassay 

using the mouse monoclonal antibody isotyping reagents (Sigma; catalog No. ISO2). 

According to Liao et al. (2000), this mouse monoclonal antibody identifies a single band 

of ∼50 kDa on Western blot of rat liver. In addition, this antibody was raised against the 

N-terminus, which has low sequence homology (50–60%) among actin isoforms (Sigma); 

this antibody shows specificity to β-actin (nonmuscle) but not α-actin (skeletal and 

cardiac muscle). 

Anti-CGRP 

Polyclonal rabbit anti-CGRP IgG (catalog No. AB1971; purchased from Millipore, 

Temecula, CA) was raised against a synthetic rat αCGRP peptide. According to 

Woodbury et al. (2008), preabsorption with the full CGRP peptide completely blocked 

visualization of CGRP on sections of DRG. Rat and mouse sensory ganglia reveal 

positive immunostaining of CGRP-expressing neurons. 

Anti-NGF β-subunit 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib51
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Polyclonal anti-NGF β-subunit IgG (MC-51; a gift from Dr. M, Coughlin; also available 

from Cedarlane Laboratories as CLMCNET-011), developed in rabbit, was raised against 

high-performance liquid chromatography-purified whole mouse 2.5S NGFβ-subunit. This 

antibody recognizes both purified pro-NGF (∼36 kDa) and purified 2.5S β-subunit NGF 

(∼13 kDa) on Western blots. In addition, the antibody was specific for NGF, with no 

cross-reactivity with brain-derived neurotrophic factor (BDNF) or NT-3 (Fahnestock et 

al.,2001). 

Anti-p75NTR 

The 9651 rabbit polyclonal anti-p75 neurotrophin receptor IgG (p75NTR; a gift from Dr. 

M. Chao; 1:2,000) was raised against an extracellular fragment from the mouse p75 gene 

(Lee et al.,1992) using the mouse exon III primers (5′-

ATGGATCCGTGACGTTCTTCCGACG and 5′-

AGGATCCCTCGCACTCGGCGTCGGC). A glutathione-S-transferase (GST)-p75 

fusion protein was created, and antiserum against the purified fusion protein was 

generated. The antiserum (9651) was purified by affinity chromatography using GST-p75 

protein conjugated to Sepharose-4B (Huber and Chao,1995). 

Anti-TH 

Sheep polyclonal anti-TH IgG (catalog No. AB1542; purchased from Millipore) was 

raised against a sodium dodecyl sulfate-denatured native TH from rat 

pheochromocytoma. This antibody identified a single band at ∼60 kDa by 

immunoblotting of mouse brain lysates (Millipore data sheet). Rat and mouse brain 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib24
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib48
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib35
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tissues reveal positive immunostaining of TH-expressing neurons in the substania nigra 

and locus coeruleus. 

Anti-trkA 

Polyclonal anti-trkA IgG (catalog No. 06-574; Millipore) was raised in rabbit immunized 

with bacterially expressed purified protein corresponding to the entire extracellular 

domain of rat trkA receptor. According to the manufacturer's data sheet, this antibody 

does not cross-react with trkB or trkC and identifies a single band of roughly 140 kDa on 

immunoblot from human A431 cell, mouse 3T3 cell, and rat PC-12 cell lysates. We have, 

in contrast, found that this trkA antibody recognizes two bands (∼114 and ∼140 kDa) by 

immunoblotting of mouse superior cervical ganglia lysates (Ghasemlou et al.,2004). 

Anti-SP 

Polyclonal rabbit anti-SP IgG (catalog No. AB1566, lot No. NG1731378; Millipore) was 

raised against SP immunogen (Arg Pro Lys Pro Gln Gln Phe Phe Gly Leu Met). 

All antibodies used in this study can be found in the Journal of Comparative Neurology 

Antibody Database. 

  

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib25
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2.4 RESULTS 

Detection of NGF mRNA and protein in the murine descending colon and urinary bladder 

RT-PCR detected mRNA levels of NGF and GAPDH in the descending colons 

and urinary bladders of WT, NGF/p75
+/+

, and NGF/p75
−/−

 mice (Fig. 2A). NGF mRNA 

levels in both the descending colons and the urinary bladders were comparable among the 

different genotypes. Immunoblotting for NGF revealed bands at ∼12, 14, and 37 kDa in 

the descending colons of WT, NGF/p75
+/+

, and NGF/p75
−/−

 mice, whereas NGF revealed 

a band only at ∼14 kDa in the urinary bladders of all three genotypes (Fig. 2B). It is 

important to note that NGF mRNA and protein levels in these target tissues did not differ 

with or without the expression of p75NTR. It is curious, however, that both RT-PCR and 

immunoblotting failed to detect marked increases in NGF expression and synthesis in the 

descending colons and urinary bladders of male mice carrying the NGF transgene. In 

spite of these unexpected results, we have previously reported that NGF protein levels (as 

measured by ELISA) are two to three times higher in the descending colons and urinary 

bladders of male NGF/p75
+/+

 mice compared with NGF protein levels in the descending 

colons and urinary bladders of female WT siblings (Elliott et al.,2009). Furthermore, our 

anatomical data presented in this study clearly show that NGF-sensitive sympathetic and 

sensory axons undergo robust collateral growth in the descending colons and urinary 

bladders of NGF transgenic mice and that this terminal sprouting is confined mostly to 

those areas within these tissues that have high densities of smooth muscle cells (i.e., those 

cells expressing the promoter sequence that drives the ectopic expression of NGF) 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib23
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Patterns of sympathetic and sensory axonal innervation of the descending colon 

The mammalian colon is composed of four distinct functional layers (inner to 

outermost): the mucosa arranged as villi that border the intestinal lumen, the submucosa 

with its own neuronal plexus, the inner circular and outer longitudinal muscle layers of 

the muscularis externa with the myenteric plexus in between, and the adventitia. The 

distribution of innervating postganglionic sympathetic efferents is best visualized by 

immunostaining for TH, a reliable biomarker of this population of peripheral axons. 

Neuroanatomical comparisons regarding the distribution of TH-immunopositive 

sympathetic axons were made among female and male siblings (i.e., WT and p75
−/−

 

females and NGF/p75
+/+

 and NGF/p75
−/−

 males). 

With regard to the descending colon, our first goal was to determine whether the 

distribution of postganglionic sympathetic axons, associated with the two smooth muscle 

layers of the muscularis externa plus the myenteric plexus, is altered in response to a 

local ectopic production of NGF in smooth muscle cells of our transgenic mice. Pieces of 

the muscularis externa with the myenteric plexus (but without the overlying layers of 

mucosa and submucosa) were immunostained for TH by chromogenic detection, yielding 

insight into the precise distribution of sympathetic axons in this colonic layer. 

Sympathetic axons were seen in the myenteric ganglia and in the interconnecting nerves 

of WT mice (Fig. 3A). The areas between the ganglia (myenteric “windows”) displayed 

several axons traversing these structures (which appear to follow the orientation of the 

smooth muscle cells in the circular muscle layer). Though TH-immunoreactive axons 

were also found within the myenteric ganglia and interconnecting nerves in p75
−/−

 mice, 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig3
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these animals had a marked decrease in the incidence of sympathetic fibers transversing 

the myenteric “windows” (Fig. 3B), compared with their WT siblings. In both 

NGF/p75
+/+

 (Fig. 3C) and NGF/p75
−/−

 (Fig. 3D) male mice, the densities of TH 

immunoreactivity were markedly increased, with substantial numbers of axons running 

through the myenteric “windows” at right angles (likely oriented with the circular and 

longitudinal muscle layers). Quantification revealed that the density of TH-

immunopositive sympathetic axons was significantly increased in both NGF/p75
+/+

 

(219% compared with WT) and NGF/p75
−/−

 mice (225%; one-way ANOVA with a post 

hoc Bonferroni test, P < 0.001); p75
−/−

mice, on the other hand, displayed densities of TH-

immunopositive sympathetic axons comparable to those of WT siblings (Table 2). No 

significant differences in axonal densities were detected between WT and p75
−/−

 mice or 

between NGF/p75
+/+

 and NGF/p75
−/−

 mice. 

Complete segments of descending colons were prepared as cross-sectional views 

(see Fig. 4), in which TH-immunopositive sympathetic axons were detected by 

fluorescent microscopy. Female WT mice had a sparse population of sympathetic axons 

through the mucosal and submucosal layers (Fig. 4A). Within the muscularis externa, 

TH-immunopositive fibers were seen coursing through this colonic layer (likely within 

the myenteric ganglia). In the absence of functional p75NTR expression, adult female 

p75
−/−

 mice displayed fewer TH-immunopositive axons in the mucosal layer (Fig. 4B), 

compared with their age-matched WT siblings. Within the muscularis externa of p75
−/−

 

mice, TH-immunopositive sympathetic efferents were observed only as clusters, with a 

noticeable loss of the single fibers following the muscle layers. Although adult male 

NGF/p75
+/+

 and NGF/p75
−/−

 mice also had fewer TH-immunopositive axons in the 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig3
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig3
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig3
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl2
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig4
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig4
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig4
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mucosa, these transgenic animals displayed a pronounced increase in the density of 

sympathetic fibers in the muscularis externa; these fibers were clearly confined to the 

myenteric plexus between the two muscle layers (Fig. 4C,D). One noticeable difference 

between these two lines of transgenic mice was a robust increase in the density of TH-

immunopositive sympathetic axons in the submucosal layer (Fig. 4D). This observation 

of fiber sprouting was not detected by axonal quantification (see Table 2), because this 

submucosal tissue was removed in the whole-mounted preparations of the colonic smooth 

muscle layers of NGF/p75
+/+

 and NGF/p75
−/−

 mice. 

 Sensory afferents in the descending colon were assessed by immunostaining for 

the neuropeptides CGRP (Figs. 5, 6) and SP (Fig. 7). Pieces of the muscularis externa 

plus myenteric plexus revealed that the majority of CGRP-immunoreactive axons were 

limited to the myenteric plexus and their interconnecting nerves (Fig. 5). Bundles of 

CGRP-immunostained fibers also coursed through the ganglia, giving off projections that 

extended across the myenteric “windows.” As seen with sympathetic axons, the number 

of CGRP-immunoreactive axons that traversed these “windows” in the colon of p75
−/−

 

mice appeared to be lower (Fig. 5B) compared with their WT female siblings (Fig. 5A). 

Because the densities of these CGRP-immunoreactive axons in the myenteric plexus 

were similar among WT, NGF/p75
+/+

, and NGF/p75
−/−

 mice (i.e., there is no evidence of 

NGF-mediated sprouting; Fig. 5C,D), it seems plausible that these fibers originate from 

neurons (either intrinsic or extrinsic) that lack trkA expression. 

Sections of the descending colons were also immunostained for CGRP and SP. Although 

these two neuropeptides are often considered to be coexpressed by sensory DRG neurons, 

our results reveal distinct patterns of immunostaining for these two neuropeptides, 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig4
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig4
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl2
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig5
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suggesting the presence of more than one population of sensory axons in the murine 

colon. First, in WT female mice, a moderate density of CGRP-immunopositive axons 

was seen in this tissue (Fig. 6A), whereas few (if any) SP-immunopositive axons were 

detected in the colonic mucosa (Fig. 7A). These CGRP-immunopositive fibers coursed 

through the colonic villi and branched at the apical portion. Although CGRP-

immunopositive axons created a plexus of fibers in the submucosa (Fig. 6A), SP-

immunopositive axons were not evident therein (Fig. 7A). In the muscularis externa, 

numerous CGRP-immunopositive axons (and possibly somata) were confined to the 

myenteric plexus, with very few fibers extending in the adjacent smooth muscle layers of 

the muscularis externa (Fig. 6A). By comparison, bundles of SP-immunopositive axons 

were seen coursing parallel to each other among the muscle fibers, with only sparse fibers 

clustered in what appeared to be the myenteric plexi (Fig. 7A). With regard to the 

distribution and density of CGRP-immunopositive axons, p75
−/−

 mice displayed a marked 

decrease in the mucosal villi, submucosa, and muscularis externa compared with WT 

mice (Fig. 6B). Although NGF/p75
+/+

 and NGF/p75
−/−

 mice also had a loss of CGRP-

immunopositive axons in the mucosal villi, these mice had densities of CGRP-

immunopositive fibers confined to the colonic myenteric plexi and muscularis externa 

that were comparable to those of WT siblings (Fig. 5C,D). Similar to their WT siblings, 

p75
−/−

, NGF/p75
+/+

, and NGF/p75
−/−

 mice lacked SP-immunopositive axons in the 

mucosa and submucosa of the descending colon (Fig. 7B–D). The muscularis externa of 

p75
−/−

, NGF/p75
+/+

, and NGF/p75
−/−

 mice, on the other hand, displayed robust densities 

of SP-immunopositive axons in both the muscle layers and the myenteric plexi compared 

with WT siblings. No significant differences in SP-immunopositive axonal densities 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig7
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within the myenteric plexus were detected between any of the WT, p75
−/−

, NGF/p75
+/+

, 

and NGF/p75
−/−

 mice as measured by a one-way ANOVA with a post hoc Bonferroni test 

(Table 2). 

Patterns of sympathetic and sensory axons innervating the urinary bladder 

The distribution and density of TH-immunopositive sympathetic axons in the 

urinary bladders of WT and p75
−/−

 female mice were comparable, as detected by either 

immunofluorescence (data not shown) or chromogenic immunoreactivity (Fig. 8A,B). 

That is, these efferent axons were sparsely scattered in the detrusor muscle of the body 

wall of the urinary bladder, with certain axons coursing among the bundles of smooth 

muscle cells and others travelling along small arteries. The density of TH-

immunoreactive axons was markedly increased in the urinary bladders of NGF/p75
+/+

 

male mice (compared with the density in age-matched WT female siblings; Fig. 8C). 

Numerous fibers were seen among the bundles of the smooth muscle cells in the detrusor 

muscle. A high density of TH-immunoreactive axons was also detected in the body of the 

urinary bladders of NGF/p75
−/−

 mice, with bundles of axons forming a dense plexus of 

fibers in the bladder wall (Fig. 8D). Statistical analyses revealed that the density of 

sympathetic axons was significantly higher in the urinary bladders of NGF/p75
+/+

 mice 

(1,248% compared with WT mice) and NGF/p75
−/−

 mice (1,646%), as measured by a 

one-way ANOVA with a post hoc Bonferroni test (P < 0.001; Table 2). Densities of 

sympathetic axons in the urinary bladders of WT mice and p75
−/−

 mice (232%) were not 

significantly different (Table 2). Also, no significant differences were detected between 

NGF/p75
+/+

 and NGF/p75
−/−

 mice (Table 2). 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl2
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig8
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig8
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig8
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl2
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#tbl2
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 The urinary bladder does not have an intrinsic population of sensory neurons, so it 

is likely that all CGRP-immunopositive axons detected in this organ originate from 

thoracolumbar DRGs. In WT female mice, highly branched CGRP-immunopositive 

axons were detected in the urothelium as well as numerous CGRP-immunopositive 

sensory axons coursing among the bundles of smooth muscle cells in the detrusor muscle 

of the body of the urinary bladder (Fig. 9A). By comparison, p75
−/−

 siblings displayed a 

denser population of CGRP-immunopositive axons in both the urothelium and the 

detrusor muscle of the bladder wall (Fig. 9B) compared with their WT siblings. The 

urinary bladders of NGF/p75
+/+

 and NGF/p75
−/−

 male mice had densities of CGRP-

immunopositive axons that were also higher than those seen in WT female siblings, 

especially in the detrusor muscle (Fig. 9C,D). When comparing the two types of NGF 

overexpressing transgenic male mice, it was evident that the mice lacking p75NTR 

expression had the highest density of these sensory axons in both the urothelium and the 

bladder wall. It was determined by statistical analyses that the density of CGRP-

immunoreactive sensory axons in the body wall of the urinary bladder was significantly 

increased in NGF/p75
+/+

 mice (165% compared with their WT siblings) and that, in the 

absence of p75NTR expression, the density of these sensory afferents was further 

augmented in NGF/p75
−/−

 mice (231% compared with WT, and 140% compared with 

NGF/p75
+/+

 siblings; one-way ANOVA with a post hoc Bonferroni test, P < 0.001; Table 

2). As important was that the sparsest density of these sensory axons was detected in the 

urinary bladders of p75
−/−

 mice; this density was significantly lower (44%) than that 

measured in WT siblings (Table 2). 
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 As observed in the descending colons of adult WT mice, the distribution and 

density of axons immunopositive for CGRP and SP in the urinary bladders of these mice 

were quite different from one another. That is, few (if any) SP-immunopositive axons 

were seen in the urothelium, and only a sparse population of these fibers was evident in 

the detrusor muscle (much of which was confined to arterioles; data not shown). 

Compared with WT siblings, p75
−/−

, NGF/p75
+/+

, and NGF/p75
−/−

 mice displayed a 

modest increase in the density of SP-immunopositive axons, but neither the distribution 

nor the density of these axons resembled that seen for CGRP-immunopositive axons. For 

instance, SP-immunopositive axons were rarely observed in the urothelium, and those 

axons detected in the detrusor muscle did not mirror the robust plexus of CGRP-

immunopositive fibers. 

Sympathosensory sprouting in DRG of transgenic mice 

In male NGF/p75
+/+

 mice, TH-immunopositive sympathetic fibers were seen 

wrapping around individual DRG somata. The incidence of these perineuronal plexi in 

the sensory ganglia of adult transgenic mice increased from cervical to sacral spinal 

levels (Fig. 10). These TH-immunopositive sympathetic plexi surrounded DRG somata 

that displayed immunopositive staining for p75NTR, trkA, and CGRP (Fig. 11). Among 

235 TH-immunopositive plexi counted in the DRG of NGF/p75
+/+

 mice (n = 10), 100% 

of the neurons expressed p75NTR, whereas 80% and 85% expressed trkA and CGRP, 

respectively. This sympathosensory sprouting was seen only in transgenic male mice 

(i.e., NGF/p75
+/+

 and NGF/p75
−/−

), and no perineuronal plexi were observed in the 

sensory ganglia of age-matched WT or p75
−/−

 female mice. In agreement with our 
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previous observations (Walsh et al.,1999a), NGF/p75
−/−

 mice (in comparison with 

NGF/p75
+/+

 sibs) had fewer TH-immunopositive perineuronal plexi but a higher density 

of sympathetic axons coursing through the ganglionic microenvironment (Fig. 11) 

compared with WT and NGF/p75
+/+

 mice. Also found in the DRG of all four mouse 

strains were small TH-immunopositive neurons (likely dopaminergic); these neurons 

have been previously documented in DRG of adult rats and mice (Price and Mudge,1983; 

Vega et al.,1991; Brumovsky et al.,2006). Although these neurons appeared to be more 

abundant in p75
−/−

 mice, this observation may be due to the loss of neurotrophin-sensitive 

neurons (perhaps TH-negative neurons) in the absence of p75NTR expression (Lee et 

al.,1992). It is worth mentioning that p75
−/−

 and NGF/p75
−/−

 mice lacked positive 

immunostaining for p75NTR in the DRG. 

  

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib80
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig11
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib63
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib75
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib10
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib48


 

42 

 

 

2.5 DISCUSSION 

To date, several different lines of transgenic mice have been generated to yield a 

tissue-specific overexpression of NGF (Alexander et al.,1989; Edwards et al.,1989; Hoyle 

et al.,1993, Albers et al.,1994; Hassankhani et al.,1995; Ma et al.,1995; Kawaja and 

Crutcher,1997; Elliott et al.,2009; Schnegelsberg et al.,2010). The rationale for many of 

these mouse lines has been to assess the effects of augmented levels of target-derived 

NGF on the densities of sympathetic efferents and certain sensory afferents, namely, 

those axons having trkA for NGF binding and intracellular signaling. Our line of 

transgenic mice displays higher than normal levels of NGF in those tissues having 

smooth muscle cells, revealing site-specific expression of NGF under control of the 

promoter for smooth muscle α-actin (Elliott et al.,2009). Here we focused our 

examination of NGF-mediated axonal sprouting on two tissues, the descending colon and 

the urinary bladder (see Table 3). These two tissues were chosen primarily for the fact 

that both are susceptible to disease/injury-inflammation (i.e., causing colitis and cystitis), 

which has been linked to elevated levels of NGF in the inflamed colon and urinary 

bladder (Delafoy et al.,2006; Barada et al.,2007; Stanzel et al.,2008; Jacobs et al.,2010; 

Liu et al.,2010, 2011; Qiao and Grinder,2010). Our study reveals both similar and 

different responses by sympathetic efferents and sensory afferents in these two tissues 

having elevated levels of NGF in adult transgenic mice (but in the absence of 

experimentally induced inflammation). Previous work from our research group has also 

implicated p75NTR expression in regulating the degree to which trkA-positive 

sympathetic/sensory axons sprout in response to elevated levels of NGF (Coome et 
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al.,1998; Walsh et al.,1998, 1999a, b; Hannila and Kawaja,1999, 2003, 2005; Krol et 

al.,2001; Dhanoa et al.,2006), but we also examined the importance of p75NTR 

expression by efferent and afferent inputs to the NGF-rich descending colon and urinary 

bladder. 

NGF-mediated sprouting by p75NTR-positive and p75NTR-negative sympathetic axons 

The majority of postganglionic sympathetic neurons, found in the paravertebral 

and prevertebral ganglia, coexpress trkA (i.e., for NGF binding and intracellular 

signaling) and TH (i.e., for norepinephrine synthesis). Those sympathetic neurons that 

innervate the descending colon and urinary bladder reside in the inferior mesenteric 

ganglion. Concerning the mouse descending colon, TH-immunopositive sympathetic 

axons are found scattered in the mucosal and submucosal layers, with a higher density of 

axons seen in the myenteric plexus and adjacent circular and longitudinal smooth muscle 

layers of the muscularis externa. A closer examination of the myenteric plexus reveals 

that these TH-immunopositive fibers provide a dense innervation to the myenteric 

neurons. Smaller numbers of sympathetic axons are found outside the ganglia and 

interconnecting nerves, traversing the myenteric “windows.” In response to elevated 

levels of NGF in NGF/p75
+/+

 mice, there is a distinct shift in both the distribution and the 

density of TH-immunopositive sympathetic axons in the descending colon. First, the 

sparse population of sympathetic axons seen in the mucosa and submucosa of WT mice is 

not evident in the age-matched WT mice. Rather, much of the sympathetic input appears 

to be confined to the myenteric plexus in the muscularis externa. Second, in comparison 

with that seen in the muscularis externa of WT siblings, NGF/p75
+/+

 mice display a 
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robust and significant increase in the density of sympathetic axons in the myenteric 

plexus and adjacent muscle layers. Many more sympathetic axons are seen coursing 

through myenteric ganglia and interconnecting nerves. Third, NGF/p75
+/+

 mice have a 

pronounced increase in the density of sympathetic axons that appear to be traversing in 

parallel arrangement to the circular and longitudinal smooth muscle cell layers. It is clear 

that elevated levels of colonic NGF protein (as a consequence of synthesis and release by 

smooth muscle cells) alter the topographic arrangement of these trkA-immunopositive 

sympathetic axons in the NGF/p75
+/+

 mice. These observations are in agreement with 

previous studies showing increased axonal sprouting in a site-specific manner when NGF 

is ectopically expressed in those tissues normally innervated by sympathetic efferents; 

these include the mouse pancreatic islets (Edwards et al.,1989), skin (Albers et al.,1994), 

heart (Hassankhani et al.,1995), lungs (Hoyle et al.,1993; Quarcoo et al.,2004), brain 

(Kawaja and Crutcher,1997), spinal cord (Ma et al.,1995), arteries/arterioles, colon 

(Elliott et al.,2009), and urinary bladder (Elliott et al.,2009; Schnegelsberg et al.,2010). 

Our observations also show that sympathetic sprouting within a single target tissue (e.g., 

the descending colon) can display regional preferences, likely because of differential 

gradients of NGF. That robust sympathetic sprouting is seen in the muscularis externa 

(i.e., the colonic area having the highest density of NGF-expressing smooth muscle cells) 

lends support to the postulate that sympathetic axons can effectively sprout in a 

directional manner, choosing between zones within one organ that likely have differing 

levels of NGF (e.g., mucosa/submucosa vs. the muscularis externa in the descending 

colon). 
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As for sympathetic innervation of the urinary bladder, these efferent axons are 

sparsely scattered throughout the detrusor muscle of WT mice. In response to an ectopic 

expression of NGF by smooth muscle cells in the urinary bladder of NGF/p75
+/+

 mice, 

sympathetic axons sprout robustly, many of which are confined to the detrusor muscle, 

with little or no sprouting seen in the adjacent urothelium. This demonstration of site-

specific sprouting by sympathetic efferents (i.e., in the detrusor muscle composed of 

smooth muscle cells) in NGF/p75
+/+

 mice complements the previous findings of 

Cockayne and colleagues (2010). That is, ectopic expression of NGF under control of the 

urothelium-specific uroplakin II promoter results in sympathetic sprouting confined to the 

suburothelial nerve plexus of transgenic mice. Thus, as seen in the descending colon, 

sympathetic terminal axons appear to be capable of detecting shifts in NGF gradients in 

the urinary bladder and then sprouting in those zones having elevated levels of NGF (i.e., 

in the detrusor muscle of our SMPpr-NGF mice and in the urothelium of the mice 

generated by Schnegelsberg et al. [2010]). 

Lines of p75NTR hypomorphic mice have been generated in which mutations in 

exon III or exon IV of this transmembrane receptor gene lead to the expression of a 

dysfunctional form of p75NTR (Lee et al.,1992; von Schack et al.,2001). Here we 

generated hybrid mice that overexpress NGF (by smooth muscle cells) and carry two 

mutated alleles for exon III in the p75NTR gene. Although adult NGF/p75
+/+

 and 

NGF/p75
−/−

 siblings both have higher densities of sympathetic efferents in the muscularis 

externa of the descending colon (compared with WT mice), those transgenic mice lacking 

functional p75NTR expression also display sympathetic sprouting in the submucosal 

region. Similar to the muscularis externa of the descending colon, adult NGF/p75
+/+

 and 
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NGF/p75
−/−

 mice do not display statistically significant differences in the density of 

sympathetic axons in the detrusor muscle of the urinary bladders. These quantified results 

were unexpected, inasmuch as we have previously reported that NGF-mediated 

sympathetic sprouting is augmented in the absence of p75NTR on these fibers. That is, 

the densities of aberrant sympathetic axons that grow into the NGF-rich cerebellum 

(Walsh et al.,1999b; Dhanoa et al.,2006), optic tract (Hannila and Kawaja,1999), and 

trigeminal ganglia (Walsh et al.,1999a; Dhanoa et al.,2006) are significantly higher in 

adult NGF/p75
−/−

 mice, compared with their NGF/p75
+/+

 sibs. Because the descending 

colon and urinary bladder, unlike the aforementioned tissues, are normally innervated by 

sympathetic axons, it seems likely that the expression of p75NTR with trkA on 

sympathetic terminal fibers is not a critical requirement for axonal sprouting. Perhaps 

p75NTR functions best to restrain exuberant growth in response to elevated levels of 

NGF in these target tissues not normally innervated by sympathetic axons (i.e., damaged 

or diseased neural structures). 

NGF-mediated sprouting by p75NTR-positive and p75NTR-negative sensory axons 

In contrast to TH-immunopositive axons found in the descending colon (which 

are extrinsic axons arising from the sympathetic inferior mesenteric ganglia), CGRP- and 

SP-immunopositive axons are likely arising from intrinsic neurons (i.e., found in the 

submucosa and myenteric ganglia) and/or extrinsic neurons (i.e., found in the 

thoracolumbar DRG). Thus, it is unclear which of these sensory subpopulations is trkA 

positive or trkA negative. Nevertheless, certain inferences can be made by examining the 

changes in densities by these two neurochemically defined types of axons in NGF 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib81
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib20
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib29
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib80
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib20


 

47 

 

transgenic mice (with and without functional p75NTR expression). For WT mice, it is 

important to note that the distribution and density of sensory axons immunostained for 

CGRP or SP do not precisely overlap, suggesting the presence of distinct sensory 

subtypes. For instance, SP-immunopositive axons are sparsely distributed in the mucosa 

and muscularis externa of WT mice, whereas CGRP-immunopositive axons are a 

prominent feature in the mucosa and muscularis externa as well as in the submucosa. The 

densities of SP-immunopositive axons of NGF/p75
+/+

 and NGF/p75
−/−

 mice show no 

statistical increase with the presence of elevated NGF levels. From these observations, we 

suspect that many of the SP-immunoreactive axons found in the descending colon arise 

from trkA-negative neurons (possibly those residing in the thoracolumbar DRG) because 

of their lack of a sprouting response to NGF. It seems equally plausible that many of the 

CGRP-immunopositive axons in the mouse descending colon arise from trkA-negative 

neurons of the submucosa and/or myenteric plexus for the same reason. 

Unlike the descending colon, the urinary bladder derives its SP- and CGRP-

immunopositive sensory axons wholly from the thoracolumbar and sacral DRG. It is 

readily evident that the density of CGRP-immunopositive axons in the urothelium and 

detrusor muscle is much higher than that of SP-immunopositive axons, many of which 

are confined to arterioles in the bladder wall. These CGRP-immunopositive axons 

undergo robust sprouting in response to elevated levels of NGF in the urinary bladder of 

NGF/p75
+/+

 mice, which is further augmented in NGF/p75
−/−

 mice. By contract, SP-

immunopositive axons in the urinary bladder display only a weak sprouting response in 

NGF/p75
+/+

 and NGF/p75
−/−

 mice. Given their robust collateral growth in the presence of 

elevated NGF levels, it can be inferred that extrinsic CGRP-immunopositive sensory 
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axons (more so than the SP-immunopositive sensory axons), which innervate the mouse 

urinary bladder, are trkA positive. 

With regard to the role of p75NTR for NGF-mediated sprouting by sensory 

axons, our results show that elevated NGF levels in the urinary bladder of transgenic 

mice stimulate sprouting by CGRP-immunopositive sensory afferents, a response that is 

further augmented by a loss of p75NTR expression. The absence of sprouting (with or 

without p75NTR) among CGRP-immunopositive axons in the descending colon and SP-

immunopositive axons in the descending colon and urinary bladder point to the likelihood 

that these afferents arise from neurons lacking trkA expression. Clearly, CGRP-

immunopositive sensory axons in the urinary bladder require the expression of p75NTR 

to restrain exuberant sprouting in response to elevated levels of NGF, which do occur in 

response to bladder disease (i.e., cystitis; Vizzard,2000). 

Loss of p75NTR expression and target innervation 

Both sympathetic and sensory systems exhibit signs of perturbed development in 

hypomorphic mice that display a loss of functional p75NTR expression. For instance, the 

numbers of sensory neurons found in the DRG and trigeminal ganglia are reduced by 

approximately 30–50% in these mutant mice compared with WT mice (Lee et al.,1992; 

Krol et al.,2001; Hannila and Kawaja,2005). This reduction leads to decreased densities 

of sensory axons in peripheral target tissues such as the skin and dura (Lee et al.,1992; 

Bergmann et al.,1997; Kawaja,1998); central target tissues, such as the dorsal horn in the 

spinal cord and spinal trigeminal nucleus in the brainstem, on the other hand, have 

normal densities of sensory axons in p75
−/−

 mice (Krol et al.,2001; Hannila and 
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Kawaja,2005). Although neuronal numbers in sympathetic ganglia are actually 

augmented in mice lacking p75NTR (Majdan et al.,1997, 2001), densities of sympathetic 

axons in certain target tissues (e.g., heart and lungs) are comparable between p75
−/−

 and 

WT mice (Jahed and Kawaja,2005), but in other tissues, such as the submandibular 

gland, p75
−/−

 mice display sympathetic hyperinnervation compared with that seen in WT 

mice (Jahed and Kawaja,2005; cf. Lee et al.,1992). 

Examination of the densities and distributions of sympathetic and sensory axons 

in the descending colon and urinary bladder of adult p75
−/−

 mice yielded variable results. 

For instance, TH-immunopositive sympathetic axons appear to be depleted throughout 

the layers of the descending colon but are unaffected in the urinary bladder of p75
−/−

 mice 

(compared with age-matched WT siblings). Densities of CGRP- and SP-immunopositive 

axons in the descending colon, as well as SP-immunopositive axons in the urinary 

bladder, appear comparable between WT and p75
−/−

 siblings. Importantly, however, 

densities of CGRP-immunopositive axons in the urinary bladders of p75
−/−

 mice are 

significantly reduced compared with the density measured in WT siblings. This 

observation provides further support to our idea that these CGRP-positive axons arise 

from trkA-expressing DRG neurons, a neuronal population that is likely to be depleted in 

response to a loss of p75NTR expression that is incapable of achieving appropriate 

densities of target innervation (see Lee et al., 1993). 

Sympathosensory sprouting 

That sympathetic axons can grow into DRG and/or trigeminal ganglia of NGF 

transgenic mice has been documented by our research group (Walsh et al.,1998, 1999a; 
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Dhanoa et al.,2006) and that of Davis and colleagues (Albers et al.,1994; Davis et 

al.,1994). In the absence of experimental nerve injury, sympathetic axons sprout into 

these ganglia and form perineuronal plexi around a subset of sensory somata. In 

transgenic mice overexpressing NGF under control of either the promoter for keratin or 

the promoter for glial fibrillary acidic protein, these sympathetic plexi are seen 

predominantly around those sensory neurons immunostained for trkA and nociceptive 

peptides, such as CGRP and SP (Davis et al.,1998; Walsh et al.,1999b). Here we show 

that transgenic mice overexpressing NGF under control of the promoter for smooth 

muscle α-actin also have sympathetic plexi in the DRG; the majority of these are found in 

the lumbosacral DRG, which are known to innervate the murine descending colon and 

urinary bladder (Christianson et al.,2007). As seen in other mouse lines, these 

sympathetic plexi surround trkA- and CGRP-immunopositive sensory somata. The 

mechanisms by which these sympathetic plexi are formed in the sensory ganglia of NGF 

transgenic mice remains unresolved. Clearly, the unifying observation is that an 

overexpression of NGF (i.e., in tissues having normal or aberrant sensory axons) causes 

the spontaneous formation of sympathetic perineuronal plexi. We have speculated that 

one possible explanation lies in the precision with which the invading sympathetic axons 

target mostly those sensory neurons expressing trkA. NGF (found in excess in the tissues 

of transgenic mice) binds to trkA on sensory axons, after which it is internalized and 

retrogradely transported to the sensory somata. We propose that, rather than degrading 

the target-derived NGF, NGF is released from the sensory somata, thereby creating a new 

intraganglionic gradient of this neurotrophin that attracts the directional growth of 

sympathetic axons. This idea requires empirical testing, but it seems likely that NGF 
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(which is not synthesized by sensory neurons in these different lines of transgenic mice) 

stimulates axonal sprouting and subsequent plexus formation around those sensory 

neurons expressing the receptors for NGF binding and signaling. 
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Figure 1 

A: The smooth muscle α-actin promoter-nerve growth factor (SMPpr-NGF) construct consists of 1-kb prepro-

NGF sequence that was cloned downstream of the SMP8 promoter, which consists of ∼1,074 bp of the 5′ 

flanking region, the 63-bp 5′ untranslated region, and ∼2.5 kb of the first intron. The NGF gene was cloned into 
the second intron of the rabbit β-globulin gene (solid rectangles), upstream of the SV40 polyadenylation 

sequence. B: Adult male SMPpr-NGF mice carrying one mutated allele for p75NTR exon III were crossed with 

age-matched female mice carrying one mutated allele for p75NTR exon III. The generated progeny were 1) 
female mice with a functional p75NTR (p75

+/+
 or WT mice), 2) female p75NTR heterozygous mice (p75

+/−
 mice, 

which were not used in study), 3) p75NTR null mutant female mice (p75
−/−

 mice), 4) male SMPpr-NGF mice 

with a fully functional p75NTR (NGF/p75
+/+

 mice), 5) male SMPpr-NGF p75NTR heterozygous mice 

(NGF/p75
+/−

mice, which were not used in study), and 6) male SMPpr-NGF mice with a null mutant for p75NTR 
(NGF/p75

−/−
 mice). 
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Figure 2 

Figure 2. NGF mRNA and protein in the mouse descending colon and urinary bladder. A: NGF mRNA 

levels in the descending colon and urinary bladder are comparable among NGF/p75
+/+

 (lanes 1 and 2), 

NGF/p75
−/−

 (lanes 3 and 4), and WT (lanes 5 and 6) mice. B: Immunostaining for NGF by Western blotting 

(upper membrane) reveals bands at ∼12, ∼14, and ∼37 kDa in the descending colon of NGF/p75
+/+

 mice 

(lane 2), NGF/p75
−/−

 mice (lane 3), and WT mice (lane 4). In contrast, only a single band at ∼14 kDa is 

detected in the urinary bladder of NGF/p75
+/+

 mice (lane 5), NGF/p75
−/−

 mice (lane 6), and WT mice (lane 

7). Standards for NGF include pro-NGF (0.5 ng; lane 1 resolved at ∼32 kDa), 2.5S NGF (0.5 ng; lane 8 

resolved at ∼13 kDa), and the male mouse submaxillary gland (1 μg; lane 9 resolved at ∼13 kDa). 

Immunostaining for β-actin (∼42 kDa in red) by Western blotting (lower membrane) shows equal loading 

of protein samples in lanes 2–4 for the descending colons and in lanes 5–7 for the urinary bladders. L, 

ladder. See Supporting Information Figure 1 for images converted to magenta-green. 

 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig1
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Figure 3 

Sympathetic innervation of the muscularis externa, as revealed in whole-mount preparations having the 

myenteric plexus. A: tyrosine hydroxylase (TH)-immunopositive sympathetic axons are seen 

throughout the ganglia and interconnecting nerves of the myenteric plexus of wild-type mice. In 

addition, single TH-immunopositive axons are seen transversing the myenteric “windows” (one 

example, shaded blue). B: In p75
−/−

 mice, TH-immunopositive axons are also seen in the myenteric 

ganglia, but fewer sympathetic fibers appear to be traversing the myenteric windows. C,D: The density 

of TH-immunopositive sympathetic axons, coursing in parallel to the circular and longitudinal muscle 

layers of the muscularis externa, is dramatically increased in age-matched NGF/p75
+/+

 mice (C) and 

NGF/p75
−/−

 mice (D). Through this dense mesh of fibers, TH-immunopositive axons can still be seen 

in the myenteric ganglia and interconnecting nerves. Scale bar = 100 μm 
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Figure 4 

Sympathetic innervation of the descending colon. A: Tyrosine hydroxylase (TH)-immunostaining reveals a 

sparse population of sympathetic fibers in the mucosal and submucosal (SM) layers of wild-type mice. 
Sympathetic axons are seen coursing throughout the muscularis externa (ME) layer of these mice. B: Few 

sympathetic axons are observed in the mucosal and SM layers of age-matched p75
−/−

 mice; however, clusters of 

TH-immunopositive sympathetic axons (arrows) are seen in the myenteric plexus of the ME of these mice. C: In 
NGF/p75

+/+
 mice, TH immunostaining reveals a dense plexus of axons confined to the myenteric plexus, 

situated between the two layers of smooth muscle cells of the ME. D: A similar pattern of TH immunostaining 

is seen in age-matched NGF/p75
−/−

 mice, along with a noticeable increase in the sympathetic innervation to the 

SM layer (arrowhead). Scale bar = 50 μm 
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Figure 5 

Calcitonin gene-related peptide (CGRP)-immunopositive sensory innervation of the muscularis externa, 

as revealed in whole-mount preparations having the myenteric plexus. The distribution and density of 
CGRP-immunopositive sensory axons are comparable among wild-type (A), NGF/p75

+/+
 (C), and 

NGF/p75
−/−

 (D) mice, with axons coursing through the myenteric ganglia and interconnecting nerves, as 

well as a single axons traversing the myenteric “windows.” By comparison, age-matched p75
−/−

 mice (B) 

appear to have fewer CGRP-immunopositive axons throughout the myenteric plexus. Scale bar = 50 μm. 
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Figure 6 

Calcitonin gene-related peptide (CGRP)-immunopositive sensory innervation of the descending colon. A: 

CGRP immunostaining reveals a moderate density of sensory axons in the mucosal villi and submucosal 

layer as well as small clusters of axons in the myenteric plexus (arrow) of wild-type mice. B: By 
comparison, age-matched p75

−/−
 mice display a near-absence of SP-immunopositive sensory fibers through 

the layers of the descending colon. C,D: In NGF/p75
+/+

 (C) and NGF/p75
−/−

 (D) mice, the density of CGRP-

positive sensory axons in the mucosa and submucosa appears to be diminished (compared with WT mice), 

with axons confined to the myenteric plexus in the muscular externa (arrows). Scale bar = 50 μm. 
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Figure 7 

Substance P (SP)-immunopositive sensory innervation of the descending colon. SP immunostaining reveals 

sensory fibers coursing through the layers of the colonic muscular externa in wild-type (A), p75
−/−

 (B), 
NGF/p75

+/+
 (C), and NGF/p75

−/−
 (D) mice; few if any axons are seen in the mucosal and submucosal layers. 

The predominant difference among these four strains of mice is the increased density of SP-immunopositive 

axons in the transgenic and/or mutant mice compared with the wild-type mice. Scale bar = 50 μm. 
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Figure 8 

Sympathetic innervation of the urinary bladder. A,B: Few tyrosine hydroxylase (TH)-immunopositive 

sympathetic axons are seen in the detrusor muscle of wild-type mice and p75
−/−

 mice. C,D: By comparison, 
both NGF/p75

+/+
 (C) and NGF/p75

−/−
 (D) mice display a robust increase in the density of TH-

immunopositive axons coursing through the detrusor muscle. Scale bar = 100 μm 
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Figure 9 

Calcitonin gene-related peptide (CGRP) immunostaining in the urinary bladder. A: Numerous CGRP-

immunopositive sensory fibers are seen in the urothelium and detrusor muscle of wild-type mice. B: By 

comparison, this density of CGRP-immunopositive sensory axons appears to be increased in the 
urothelium and muscle wall of p75

−/−
 mice. C,D: Both NGF/p75

+/+
 (C) and NGF/p75

−/−
 (D) mice display a 

robust increase in the density of CGRP-immunopositive sensory axons in detrusor muscle compared with 

that seen in age-matched wild-type mice. Scale bar = 100 μm. 
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Figure 10 

Sympathosensory sprouting in the dorsal root ganglia in NGF/p75
+/+

 mice. Tyrosine 
hydroxylase-immunopositive sympathetic perineuronal plexi are seen in the cervical (A), 

thoracic (B), lumbar (C), and sacral (D) dorsal root ganglia of adult SMPpr-NGF mice. 

The incidence of sympathetic plexi increases from cervical to sacral spinal levels. Scale 
bar = 50 μm.  
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Figure 11 

Sympathetic plexus formation around sensory neurons in the dorsal root ganglia. No sympathetic 
perineuronal plexi (as detected by TH immunostaining were seen in the sensory ganglia of wild-type mice 

(A,D,G,J). In NGF mice with a fully functional p75NTR (B,E,H,K), sympathetic plexi (green) were 

associated with trkA (E, inset, red)-, CGRP (H, inset, red)-, and p75NTR (K, inset, red)-immunopositive 
neurons. In NGF mice carrying a p75NTR null mutant (C,F,I,L), TH-immunopositive sympathetic fibers 

were found extending throughout the ganglionic environment, with very few perineuronal plexi seen. 

Small TH-immunopositive neurons (green) were observed in the dorsal root ganglia of all lines of 
transgenic mice. As an internal control, no p75NTR immunostaining was detected in NGF/p75

−/−
 mice 

(L). See Supporting Information Figure 2 for images converted to magenta-green. Scale bar = 100 μm.  

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#fig2
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Figure 12 

A significant increase in sympathetic innervation of the descending colon was observed in mice 

transgenically overexpressing NGF, which was not sensitive to a null-mutation of p75 (A). No 
such increase was seen in CGRP-immunopositive sensory axons (B).  Similar to the descending 

colon, a significant increase in sympathetic innervation of the urinary bladder was observed in 

mice transgenically overexpressing NGF, which was not sensitive to a null-mutation of p75 (C).  

Sensory innervation of the urinary bladder was significantly reduced when p75 was removed, 
though significantly increased in mice with a transgenic overexpression of NGF.  There was 

further increase in sensory innervation in mice lacking functional p75 which overexpress NGF 

(D). 
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Table 1: 

Primary antibodies used 

Antigen Immunogen Source Host species Dilution Catalog # 

β-actin N-terminal peptide of the β isoform 

of actin (Ac-

DDDIAALVIDNGSGK conjugated 

to KLH) 

Sigma Mouse 

monoclonal 

1:5000 A5441 

CGRP 

NGF 

(MC-51) 

Synthetic rat CGRP peptide 

HPLC purified mouse 2.5S NGF 

(complete sequence) 

Millipore 

Cedarlane 

Rabbit 

polyclonal 

Rabbit 

polyclonal 

1:1000 

1.25 

μg/ml 

AB15360 

CLMCNET-

011 

p75NTR Extracellular fragment of mouse 

p75NTR gene 

Gift from 

Dr. M. 

Chao 

Rabbit 

polyclonal 

1:2000 9651 

SP Entire peptide sequence of substance P  Millipore Rabbit 

polyclonal 

1:500 AB1566 

trkA Purified recombinant protein 

corresponding to entire extracellular 

domain of rat trkA receptor 

Millipore Rabbit 

polyclonal 

1:500 06-574 

TH 

 

 

Native tyrosine hydroxylase from 

rat pheochromocytoma 

  

Millipore Sheep 

polyclonal 

1:1000 AB1542 
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Quantitative data of axon densities in the descending colon and urinary bladder of mice_____________________ 

Tissues   Axonal neurochemical identities  Genotypes (n)  Densities (mean ± SD) 

Descending colon TH-immunopositive sympathetic  WT (4)      8.1 ± 1.0  

         p75
-/-

 (4)     8.0 ± 0.8 

         NGF/p75
+/+

 (4)           17.7 ± 0.7
*
 

         NGF/p75
-/-

 (4)            18.2 ± 1.2
*
 

          

   SP-immunopositive sensory   WT (8)      3.5 ± 2.0  

         p75
-/-

 (8)     6.2 ± 2.3 

         NGF/p75
+/+

 (8)    5.7 ± 1.6 

         NGF/p75
-/-

 (8)     4.0 ± 1.6 

 

Urinary bladder TH-immunopositive sympathetic  WT (7)      0.3 ± 2.0x10
-3

  

         p75
-/-

 (7)     0.7 ± 3.0x10
-3 

         NGF/p75
+/+

 (7)    3.8 ± 1.1x10
-2*

 

         NGF/p75
-/-

 (7)     5.0 ± 6.1x10
-1*

 

 

CGRP- immunopositive sensory  WT (6)      7.9 ± 1.9  

         p75
-/-

 (6)     3.5 ± 1.3
**

 

         NGF/p75
+/+

 (6)           13.1 ± 2.2
*
 

         NGF/p75
-/-

 (6)            17.7 ± 1.1
*/***

 

 

 
*
Densities significantly higher in NGF/p75

+/+
 and NGF/p75

-/-
 mice as compared to WT (and p75

-/-
) mice 

**
Densities significantly lower in p75

-/-
 mice as compared to WT mice 

***
Densities significantly higher in NGF/p75

-/-
 mice as compared to NGF/p75

+/+
 mice  

Table 2: 

Quantification of the sympathetic innervation of the muscularis externa, as revealed in whole-mount 

preparations, reveals significant increases in TH-immunopositive axonal densities between WT/ p75
-/-

 mice 

and NGF/p75
+/+

/ NGF/p75
-/-

 mice.  Quantification of Substance P (SP)-immunopositive sensory innervation of 

the descending colon, as observed cross-sectionally, reveals no significant differences between SP-
immunopositive axonal densities for WT, p75

-/-
, NGF/p75

+/+
 and NGF/p75

-/-
 mice.  Quantification of 

sympathetic innervation of the urinary bladder reveals significant increases in TH-immunopositive axonal 

densities between WT/ p75
-/-

 mice and NGF/p75
+/+

/ NGF/p75
-/-

 mice.  Quantification of sensory innervation of 
the urinary bladder reveals significant increases in CGRP-immunopositive axonal densities between all 

genotypes examined. 
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Mouse 

Genotype 

Descending Colon Urinary Bladder 

Mucosa/ 

Submucosa 

Muscularis externa/ 

Myenteric plexus* 
Urothelium 

Detrusor 

muscle** 

Wild type 

TH+ 

CGRP+ 

SP+ 

TH+  

CGRP+  

SP+  

TH+ 

CGRP+ 

SP+ 

TH+ 

CGRP+ 

SP+ 

p75
-/-

 

↓ TH+ 

↓ CGRP+ 

NC, SP+ 

NC, TH+ 

↓ CGRP+ 

NC, SP+ 

NC, TH+ 

↑ CGRP+ 

NC, SP+ 

NC, TH+ 

↓ CGRP+ 

NC, SP+ 

NGF/p75
+/+

 

↓ TH+ 

↓ CGRP+ 

NC, SP+ 

↑ TH+ 

NC, CGRP+ 

NC, SP+ 

↑ TH+ 

↑ CGRP+ 

NC, SP+ 

↑ TH+ 

↑ CGRP+ 

↑ SP+ 

NGF/p75
-/-

 

↑ TH+ 

↓ CGRP+ 

NC, SP+ 

↑ TH+ 

NC, CGRP+ 

NC, SP+ 

↑ TH+ 

↑ CGRP+ 

NC, SP+ 

↑ TH+ 

↑ ↑ CGRP+ 

↑ SP+ 

 

CGRP, calcitonin gene-related peptide; NC, no change; SP, substance P; TH, tyrosine hydroxylase 

*Data for TH and SP quantified from descending colons 

**Data for TH and CGRP quantified from urinary bladders 

 

Table 3: 

Neurochemical identification of axonal inputs to peripheral targets. 
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Chapter 3 

DOGIEL II MYENTERIC NEURONS IN THE MOUSE COLON DISPLAY 

NERVE GROWTH FACTOR PROMOTER ACTIVITY 
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3.1 ABSTRACT 

Nerve growth factor (NGF) expression appears to increase in response to intestinal 

inflammation.  The precise cellular source(s) of NGF in the normal and diseased 

intestine, however, remain elusive.  We have produced lines of transgenic mice that 

express enhanced green fluorescent protein (EGFP) under the control of the NGF 

promoter, allowing for the cellular detection of NGF promoter activity.  We have found 

that Dogiel type II (DgII) neurons in the colonic myenteric plexus of these transgenic 

mice express EGFP.  These neurons were identified by their somal morphology (i.e., 

adendritic with diameters >25 µm) and neurochemical phenotype (i.e., immunopositive 

for calretinin and CGRP).   Colonic inflammation induced by dextran sodium sulfate 

(DSS) resulted in increased colonic levels of NGF mRNA/protein and increased detection 

of EGFP in DgII neurons.  Though both EGFP-positive and -negative colonic myenteric 

neurons displayed immunostaining for the NGF receptor trkA, neonatal mice expressing 

EGFP (under the NGF promoter) and carrying two mutated alleles for NGF displayed no 

apparent loss of EGFP-positive DgII neurons in colonic myenteric plexus.  After 1 week 

of DSS treatment, adult NGF
+/+

 and NGF
+/-

 siblings exhibited no significant change in the 

densities of NGF-sensitive sympathetic efferents innervating the myenteric plexus, as 

compared to non-treated NGF
+/+

 and NGF
+/-

 mice.   These data are the first to implicate 

myenteric DgII neurons as a source of NGF in the colon of adult mice and to show that 

increased levels of NGF in the inflamed colon can be linked to neuronal synthesis.   
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3.2 INTRODUCTION 

Nerve growth factor (NGF) is the archetypical target-derived growth factor of the 

mammalian nervous system (Levi-Montalcini and Cohen, 1960).  It is thought to be 

produced in minute amounts by peripheral tissues (Heumann 1987; Thoenen et al., 1988), 

in which sympathetic and/or sensory axons compete for limited qualities of NGF to affect 

both neuronal survival and densities of target innervation (Misko et al., 1987; Korsching, 

1993; Levi-Montalcini et al., 1996).  Postganglionic sympathetic neurons and nociceptive 

neurons express the transmembrane receptor trkA, which upon binding to NGF at 

terminal axons signals intracellular events that initiate cascades of second messenger 

pathways (Meakin and Shooter, 1992; Dechant et al., 1994; Barbacid et al., 1994; Kaplan 

and Stephens, 1994).  That sympathetic and sensory neurons require NGF-trkA signaling 

for survival has been demonstrated by the complete loss of these two populations in mice 

lacking either NGF or trkA (Crowley et al., 1994; Smeyne et al., 1994).  Conversely, the 

availability of excess NGF, expressed in a site-specific manner in transgenic mice, yields 

target hyperinnervation by sympathetic efferents and sensory afferents (Edwards et al., 

1989; Hassankhani et al., 1995; Kawaja, 1998; Hanilla and Kawaja, 2003; Schnegelsberg 

et al., 2010; Petrie et al., 2013).  Together these observations reveal that NGF is critical 

for survival of trkA-positive sympathetic and sensory neurons and for the maintenance of 

these axonal inputs. 

Several animal models of inflammation have been linked to an up-regulation of 

NGF synthesis: in synovial joints as a model of arthritis (Aloe et al., 1992a; Aloe et al. 

1992b), in the urinary bladder as a model of cystitis (Wakabayashi et al., 1996; Oddiah et 

al., 1998), in the lungs as a model of allergic airway inflammation (Braun et al., 1998; 
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Freund et al., 2002), in skin as a model of dermatitis (Ma and Woolf, 1997; Duo et al., 

2006), and in the colon as a model of colitis (Reinshagen et al., 2000; di Mola et al., 

2000).  Increasing NGF levels in the aforementioned tissues can stimulate terminal 

sprouting by sympathetic and/or sensory axons (Aloe et al., 1992a; Davis et al., 1997; 

Hoyle et al., 1998; Schnegelsberg et al., 2010; Petrie et al., 2013).  Determination of the 

precise cellular source(s) of NGF has, however, been difficult, in part due to the 

immunodetection of minute amounts of this neurotrophin in both normal and diseased 

tissues.  To circumvent such immunostaining procedures, we recently generated lines of 

transgenic mice that produce enhanced green fluorescent protein (EGFP) under the 

control of the NGF promoter (Kawaja et al., 2011).  In these mice we have identified an 

unexpected population of EGFP
+
 neurons in the colonic myenteric plexus.  In this study 

we have validated the anatomical and neurochemical identity of these neurons as Dogiel 

type II (Dg II) neurons, which are considered to be the primary afferent neurons of the 

myenteric plexus.  In response to chemically-induced inflammation of the descending 

colon, we demonstrate both an increase in NGF mRNA in the muscularis externa plus 

myenteric plexus, as well as an increase in EGFP expression by Dg II neurons.   
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3.3 MATERIALS AND METHODS 

Experimental animals and tissue collection 

This study focused on the colonic myenteric plexus of embryonic, postnatal, and adult 

mice.  Two lines of mice were used: 1) NGFpr-EGFP mice that display EGFP expression 

under the control of murine NGF promoter (Kawaja et al.., 2011); and, 2) the progeny of 

NGF
+/-

 parent mice (B6.129S7-Ngf
tm1Gne

/J) (Crowley et al.., 1994).  Genotyping of mice 

was conducted using either cDNA isolated from ear punches of late postnatal/adult mice 

or cDNA isolated from the tail of embryonic/early postnatal mice.  Genotyping of 

NGFpr-EGFP mice used two primers that span the NGF promoter (5’-TCGGTGAGTC 

AGGCTTCTCT-3’) and the EGFP (5’-TGAGTTTGGACAAACCACAAC-3’) cDNAs.  

Genotyping of the NGF null mutant mice used three primers: 5’/WT: 

5’CAGGCAGAACCGTACACA GA-3’; 3’/WT: 5’-CTGTCACTCGGGCAGCTATT-3’; 

and, 3’/Neo 5’-CCTTCTATCGCCTTCTTGACG-3’.  Though much of this study 

examined these two lines separately, both mouse lines were crossed to generate progeny 

that express EGFP with genotypes of NGF
+/+

, NGF
+/-

, or NGF
-/-

. 

For immunostaining investigations, NGFpr-EGFP mice were examined at 

embryonic ages (i.e., 12.5, 15, and 18 days post-conceptus), postnatal ages (i.e., at days 1, 

10, and 18), and adult ages (i.e., 2-3 months old) by two different procedures.   Postnatal 

day 1 (n=12), postnatal day 10 (n=20), postnatal day 18 (n=24), and adult (n=50) NGFpr-

EGFP mice were sacrificed by either cervical dislocation or deep anesthesia (with sodium 

pentobarbital at 8.2 mg/mouse delivered i.p.) followed by transcardial perfusion with 4% 

paraformaldehyde in 0.1M phosphate buffer (pH 7.4).  Age-matched postnatal and adult 

wild type siblings (n=15-20 mice/age) were sacrificed in similar manners.  Fresh colons 
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from these mice were placed in a solution of 0.2% phosphate-buffered paraformaldehyde 

(pH 7.4); the colons were cut lengthwise and pinned flat mucosa side up; fine forceps 

were used to manually strip the mucosal and submucosal layers from the underlying 

circular and longitudinal smooth muscle (i.e., muscularis externa + myenteric plexus 

preparations).  Fixed colons from these mice were cyroprotected in 30% phosphate-

buffered sucrose, after which they were embedded in Cryomatrix
TM

 (Shandon), frozen at 

-20°C, sectioned at 10 µm thickness and collected onto Superfrost/Plus slides (Fischer 

Scientific); slides were stored at -20°C until processed for immunostaining.  Embryonic 

NGFpr-EGFP mice and wild type siblings were collected from pregnant female mice 

(n=16) that were deeply anesthetized and perfused transcardially with 4% 

paraformaldehyde in 0.1M phosphate buffer (pH 7.4).  Early postnatal mice were 

sacrificed by hypothermia.  Colons from embryonic and early postnatal mice were 

prepared for cryostat sectioning (as described above).  To enhance the 

immunolocalization of proteins in the myenteric neurons, adult NGFpr-EGFP mice 

(n=20) were treated with 0.05% colchicine in 0.9% sterile saline (total volume of 0.3cc 

delivered i.p.) for 7 hours; these animals were sacrificed by cervical dislocation and the 

fresh colons were processed (as described above).  Colitis (or bowel inflammation) was 

induced by giving adult NGFpr-EGFP (n=60 mice) and their wild type siblings (n=60) 

3% dextran sodium sulfate (DSS) ad libitum in the drinking water for 5 days, followed by 

another 2 days with drinking water with no DSS; control NGFpr-EGFP mice and wild 

type siblings were not treated with DSS-containing water.  These animals were sacrificed 

by either cervical dislocation or transcardial perfusion, and the colons were processed (as 

described above).   
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For immunostaining investigations, postnatal day 1-2 EGFP
+
/NGF

+/+
 mice 

(n=16), EGFP
+
/NGF

+/-
 mice (n=47), and EGFP

+
/NGF

-/-
 mice (n=10) were anesthetized 

by hypothermia.  Fresh colons from these mice were placed in a solution of 0.2% 

phosphate-buffered paraformaldehyde (pH 7.4); the whole colons were cut using a 

cryostat and the sections were collected on slides.  Colitis was induced by giving adult 

NGF
+/+

 mice (n=10) and NGF
+/-

 mice (n=10) 3% DSS ad libitum in the drinking water 

for 5 days, followed by another 2 days with drinking water with no DSS; control NGF
+/+

 

mice (n=10) and NGF
+/-

 mice (n=10) were not treated with DSS-containing water.  All 

animals were sacrificed by cervical dislocation, and the colons were processed to isolate 

the muscularis externa + myenteric plexus (as described above).   

For RT-PCR and immunoblotting investigations, adult NGFpr-EGFP mice (n=28) 

and wild type siblings (n=28) (with and without DSS treatment) were sacrificed by 

cervical dislocation.  Other animals used for RT-PCR and/or immunoblotting procedures 

included adult NGF
+/+

 and NGF
+/-

 mice (n=8/genotype), as well as postnatal day 1-2 

EGFP
+
/NGF

+/+
, EGFP

+
/NGF

+/-
, and EGFP

+
/NGF

-/-
 mice (n=3/genotype).  The fresh 

colons were isolated and the fecal matter was removed; each colon was placed in an 

eppendorf tube, coded, frozen in liquid nitrogen, and stored at -80°C until process for 

RNA or protein isolation.   

All methods were approved by the Queen’s University Animal Care Committee, 

following the guidelines set for by the Canadian Council on Animal Care.  All efforts 

were made to minimize the number of animals used and their suffering. 

 

Immunostaining procedures  
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Strips of the muscularis externa plus myenteric plexus from later postnatal and adult mice 

were cut into smaller pieces, fixed for 1 hour in the 2% phosphate-buffered 

paraformaldehyde (pH 7.4), and incubated in 2% TritonX-100 in Tris-buffered saline 

(TBX) overnight at 4ºC.  The tissue pieces were washed with 0.1M Tris buffered saline 

(TBS) for five minutes (which was repeated after each of the following steps) and then 

incubated in 10% normal donkey serum (NDS) in 3% TBX for 1 hour.  Sections (20 μm 

thickness) of postnatal and adult colons (as well as sections of whole embryos) were 

thawed at room temperature, fixed for 1 hour in the 2% phosphate-buffered 

paraformaldehyde (pH 7.4), washed 0.1M TBS for five minutes (which was repeated 

after each of the following steps), and then incubated in 10% NDS in 3% TBX for 1 hour.  

Both pieces of muscularis externa + myenteric plexus and cryostat-cut sections of colons 

were then incubated in one of the following primary antibodies for 24 hours in 3% NDS 

plus 3% TBX at room temperature: rabbit anti-calretinin IgG (1:500 dilution; Millipore), 

rabbit anti-calcitonin gene-related peptide (CGRP) IgG (1:2500; Millipore), rabbit anti-

trkA IgG (1:1000; Millipore), rabbit anti-p75NTR IgG (1:2000; kindly provided by Dr. 

M. Chao), rabbit anti-nitric oxide synthase 1 (NOS1) IgG (1:500; Santa Cruz), or sheep 

anti-tyrosine hydroxylase (TH) IgG (1:500; Millipore).   Sections were then incubated in 

the appropriate fluorophore-tagged secondary IgGs (1:200 dilution in 3% NDS plus 3% 

TBX) at room temperature for 2 hours: Texas-red conjugated donkey anti-rabbit IgG (for 

detection of calretinin, CGRP, trkA, p75NTR, or NOS1) or Texas-red conjugated donkey 

anti-sheep IgG (for detection of TH) (Jackson Immunoresearch Laboratories).  Slides 

were cover-slipped with DAPI-mounting media (Vector Laboratories) and viewed with a 

Zeiss fluorescence microscope.  Images were captured using a Zeiss axiocam and 
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Axiovision Rel. 4.5 software.  Images were adjusted for brightness and contrast and 

saved as TIFs; no other manipulations were performed.  Figures were created in Adobe 

Illustrator C5.   

 

RT-PCR 

Total RNA was isolated from the frozen colons of adult NGFpr-EGFP mice (with and 

without DSS-induced colitis), as well as from adult EGF/NGF
+/+

 and EGFP/NGF
+/-

 mice, 

by using the Ambion TRI-Reagent Solution (Austin, TX).  Only RNA with OD 260/280 

of 1.8-2.0 was used and any contaminating DNA was removed with DNase (DNA-free 

kit, Ambion).  The Ambion RETROscript Kit was used to produce cDNA.  The primers 

used were: mouse NGF (sense) 5’-GGCATGCTGACCC AAGCTC-3’ and NGF 

(antisense) 5’-GCGCTTGCTCCGGTGAGTCC-3’ (Giordano et al., 1992); rat trkA 

(sense) 5’-GGTACCAGCTCTCCAACACTGAGG-3’ and trkA (antisense) 5’-

CCAGAACGTCCAGGTAACT CGGTG-3’ (Ahmed et al., 1995); and, mouse GAPDH 

(sense) 5’-GTTGCCATCAATGACCCCTTC ATTG-3’ and GAPDH (antisense) 5’-

CTATGTAGTTCTTCCACCACTTCG-3’ (Cho et a., 2009).  The NGF primers yield a 

460-base product, the trkA yield a 204-base product, and the GAPDH yield a 700–base 

product.  The parameters for amplification were 35 cycles of 1 minute at 94ºC, 1 minute 

at 56ºC, and 1.5 minutes at 72ºC.  Amplification mix contained 1.5 mM magnesium.  No 

cDNA products were seen in control DNA-free RNA with any reverse transcriptase. 

 

Immunoblotting 

Protein was isolated from the frozen colons of adult NGFpr-EGFP (with and without 
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DSS-induced colitis).   Briefly, tissues were homogenized in 0.05 M tris buffer (pH 7.4), 

supplemented with 0.05% Tween-20, 10 mM EDTA, 21 g/ml pepstatin and EDTA-Free 

Complete Protease Inhibitor Cocktail tablet (Roche, Laval Canada).  The homogenates 

were centrifuged and the supernatants were collected.  A DC protein assay kit (BioRad, 

Hercules, CA), was used to quantify protein concentrations.  Total protein samples (60 

µg) were separated on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels and 

transferred onto PVDF immobilon-P membranes (Millipore, Billerica, MA).  Membranes 

were blocked for 1 hour at room temperature and then incubated overnight at 4ºC in a 

solution containing affinity-purified rabbit anti-NGF IgG (MC-51, Cedarlane, Burlington, 

ON) and mouse anti- β-actin IgG (A5441, Sigma-Aldrich, St-Louis, MO).  Following 

primary antibody incubation, membranes were washed with PBS plus 0.01% Tween-20 

and incubated in IRDye 680-conjugated goat anti-rabbit (1:700 for NGF) and IRDye 

800CW-conjugated goat anti-mouse (1:700 for β-actin) for 1 hour at room temperature.  

After rinsing, the membranes were scanned at 700 and 800 nm using an Odyssey Infared 

Imaging System (Li-Cor Biosciences). 

 

Quantitative analyses 

Fluorescent images captured with Axiocam were used to determine the size of those cells 

which express EGFP by comparing them to a digitally-overlaid scale-bar.  Relative 

percentages of cells that express both EGFP and certain phenotypic proteins tagged with 

Texas Red fluorophore (i.e., calretinin, CGRP, trkA, and NOS1) were examined by 

overlaying the fluorescent images under different filters.  All neurons that were 

immunopositive for the phenotypic protein in question, positive for EGFP, or positive for 
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both were manually counted and expressed as percentages.  The observer randomly 

selected fields of view used for these analyses.  For quantitative analysis of the Western 

immunoblots for NGF, images were analyzed with Image-J software to determine the size 

of each immunostained band for NGF (~14 kDa), when compared with the 

immunostained bands (per sample) for β-actin.   

Densities of TH-immunopositive sympathetic axons in the myenteric plexus were 

determine by selecting 20 random images from each cohort mice (n=5 mice per 

genotype); these images were coded and the individual conducting the axonal density 

quantifications was blinded.  All images were examined by fluorescent microscopy using 

a Zeiss microscope with axiocam.  Images of these TH-immunostained whole-mounted 

preparations were captured in field areas of 1,100 μm × 1,380 μm.  The first area of 

interest was selected based on uniform, clear immunostaining, and the second area of 

interest for image capture was selected by moving away from this starting point, no less 

that 2,000 μm in distance.  This process was repeated for twenty images per tissue, 

always moving away from the starting point.  Axiovision 4.5 software was used to 

capture microscopic images, which were adjusted for brightness and contrast in 

Axiovision.  These images were then converted to gray scale, saved as TIFs without 

further manipulation, and coded for quantification.  ImageJ software was first used to 

determine appropriate thresholds for positive immunostaining in each image and was 

then used to assess the percentage of area occupied by axons positively immunostained 

for TH.  The same images were used to determine numbers of varicosities per axonal 

length.  Fifty 100 μm sections of axons were randomly selected from the images taken of 

each of the 4 cohorts (i.e., NGF
+/+

 and NGF
+/-

 mice with and without DSS treatment).  



 

78 

 

Under blinding conditions, individual axonal varicosity counts were made from these 

random selections.  Scatterplots were generated with GraphPad Prism software. 

Statistical analyses were generated with Microsoft Excel software. Statistical significance 

was determined using a two-sample t-Test (p = 0.05). 

 

Antibodies Used 

Anti-Calretinin 

Polyclonal rabbit anti-calretinin IgG (catalog No. AB5054; purchased from Millipore, 

Temecula, CA) was raised against recombinant rat calretinin.  According to Lee et al. 

(2006), this antibody displays calcium-binding protein immunoreactivity in the dog 

superior colliculus.  According to Liu et al. (2005), this antibody displays calcium-

binding protein immunoreactivity in the rat anterior cingulated cortex. 

Anti-CGRP 

Rabbit polyclonal anti-CGRP IgG (catalog No. AB1971; purchased from Millipore) was 

raised against a synthetic rat αCGRP peptide. According to Woodbury et al. (2008), 

preabsorption with the full CGRP peptide completely blocked visualization of CGRP on 

sections of DRG. Rat and mouse sensory ganglia reveal positive immunostaining of 

CGRP-expressing neurons. 

Anti-NOS1 

Rabbit polyclonal anti-NOS1 (R20) IgG (catalog No. sc-648; purchased from Santa Cruz 

Biotechnology Inc., TX) was raised against a peptide mapping near the C-terminus of 
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NOS1 of rat origin. This antibody is identified by a single band ~155kDa by 

immunoblotting of mouse brain tissue extract (Santa Cruz data sheet).  A673 cells show 

cytoplasmic staining with this antibody. 

Anti-TH 

Sheep polyclonal anti-TH IgG (catalog No. AB1542; purchased from Millipore) was 

raised against a sodium dodecyl sulfate-denatured native TH from rat 

pheochromocytoma. This antibody identified a single band at ∼60 kDa by 

immunoblotting of mouse brain lysates (Millipore data sheet). Rat and mouse brain 

tissues reveal positive immunostaining of TH-expressing neurons in the substania nigra 

and locus coeruleus. 

Anti-trkA 

Polyclonal anti-trkA IgG (catalog No. 06-574; Millipore) was raised in rabbit immunized 

with bacterially expressed purified protein corresponding to the entire extracellular 

domain of rat trkA receptor. According to the manufacturer's data sheet, this antibody 

does not cross-react with trkB or trkC and identifies a single band of roughly 140 kDa on 

immunoblot from human A431 cell, mouse 3T3 cell, and rat PC-12 cell lysates. We have, 

in contrast, found that this trkA antibody recognizes two bands (∼114 and ∼140 kDa) by 

immunoblotting of mouse superior cervical ganglia lysates (Ghasemlou et al.,2004). 

 

  

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib25
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3.4 RESULTS 

Myenteric DgII neurons display NGF promoter activity  

We have reported the generation of transgenic mice that express EGFP under the control 

of the NGF promoter (Kawaja et al., 2011).  Though EGFP
+
 neurons were found 

throughout the central nervous system of these mice, only one population of neurons was 

detected in the peripheral nervous system.  These neurons were found in the myenteric 

plexus of the intestinal tract, including the distal colon (that tissue which was the focus of 

this investigation) (Fig. 13).  In adult transgenic mice, these neurons were readily evident 

by their location between the two muscle layers of colonic muscularis externa.  The 

mouse myenteric plexus has two recognized populations of neurons: Dogiel type I (DgI) 

and Dogiel type II (DgII) (Furness et al., 2004; Nurgali et al., 2004; Thacker et al., 2006).  

The EGFP
+
 neurons in the colonic myenteric plexus of adult NGFpr-EGFP transgenic 

mice were clearly DgII neurons because they met several morphological criteria.  First, 

the somata of EGFP
+
 neurons were large in diameter (i.e., >25 μm).  Second, the somata 

of these EGFP
+
 neurons were smooth in appearance (i.e., adendritic).  Third, EGFP

+
 

myenteric neurons had 2-3 axonal processes that extended from the somata, branching 

profusely in the same and adjacent ganglia of the plexus.  These EGFP
+
 neurons in the 

colonic muscularis externa were seen as early as post-conception day 12 in NGFpr-EGFP 

embryos; between this age and birth, axonal processes were not readily detectable.  By 

postnatal day 1, EGFP
+
 neurons in the colonic myenteric plexus are first seen having 

short axonal processes. 

In addition to morphological criteria, myenteric DgII neurons in mice are 

recognized by their expression of the calcium binding protein calretinin and the 



 

81 

 

neuroactive peptide calcitonin gene-related peptide (CGRP) (Fig. 14) (Furness et al., 

2004; Mitsui, 2010).  Within the colonic myenteric plexuses of adult NGFpr-EGFP mice, 

~95% of EGFP
+
 neurons displayed positive immunostaining for calretinin (i.e., 138 

EGFP
+
/calretinin

+
 neurons of 145 EGFP

+
 neurons from 1 mm

2
 randomly sectioned fields 

of whole muscularis externa + myenteric plexus from 5 mice) and ~91% of EGFP
+
 

neurons had positive immunostaining for CGRP (i.e., 127 EGFP
+
/CGRP

+
 neurons of 138 

EGFP
+
 neurons from 1 mm

2
 randomly sectioned fields of whole muscularis externa + 

myenteric plexus from 5 mice).  Curiously, only a minority calretinin
+
 and CGRP

+
 

myenteric neurons displayed EGFP (i.e., ~37% of 374 calretinin
+
 neurons and ~29% of 

434 CGRP
+
 neurons).  Parenthetically, while strong immunostaining for calretinin was 

detected in myenteric neurons without colchicine pretreatment, weak immunostaining for 

CGRP was only detected in myenteric neurons with colchicine pretreatment.  The 

colocalization of EGFP and nitric oxide synthase 1 (NOS1), a recognized biomarker of 

DgI myenteric neurons (Nurgali et al., 2004), was also examined.  Of 184 EGFP
+
 neurons 

and 694 NOS1
+
 neurons detected in the myenteric plexuses (from 1 mm

2
 sections of 

whole muscularis externa + myenteric plexus from 5 mice), not a single double-labeled 

neuron was found (Fig. 14).  Examination of NGF receptor trkA localization revealed that 

~94% of EGFP
+
 neurons displayed positive immunostaining for trkA (i.e., 101 EGFP

+
 of 

107 EGFP
+
/trkA

+
); again, only a minority of trkA

+
 myenteric neurons had EGFP (i.e., 

~22% of 479 trkA
+
 neurons) (Fig 14).  Qualitatively, it appeared that all myenteric 

neurons have positive immunostaining for the p75 neurotrophin receptor (p75NTR); this 

latter observation was expected because p75NTR is a reliable biomarker of neural crest-

derived cells, such as myenteric neurons.      
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Responses to chemically-induced inflammation of the colon  

Colitis in adult mice was induced by DSS treatment (Mähler et al., 1998; Kitajima et al., 

1999), one of several recognized experimental approaches that induce luminal 

inflammation in the mammalian colon.  After having drinking water with 3% DSS for 5 

days and another 2 days with regular drinking water, adult NGFpr-EGFP mice displayed 

signs of dehydration and modest weight loss.  Examination of their inflamed colons 

revealed that EGFP
+
 myenteric neurons were brighter (when viewed by fluorescence 

microscopy), resulting in less-defined somal borders and in more prominent axonal 

processes (Fig 15 C).  The relative number of EGFP
+
 neurons, however, did not appear to 

increase with inflammation.  Parenthetically, it is important to note that, following DSS 

treatment, EGFP detection remained confined to calretinin
+
 DgII neurons of the 

myenteric plexus and that EGFP remained absent from adjacent NOS1
+
 DgI neurons.  

Moreover, examination of the mucosal and submucosal layers of the non-flamed and 

inflamed colons of NGFpr-EGFP mice revealed comparable patterns of EGFP detection 

among scattered epithelial cells (likely the population of enteroendocrine cells) (Kawaja 

et al., 2011); no EGFP was detected in columnar epithelia nor in invading immune-like 

cells (e.g., mast cells) with or without DSS-induced inflammation (c.f., Stanzel et al., 

2008).  These qualitative comparisons between myenteric EGFP
+
 neurons in the non-

inflamed and inflamed colons suggested an increase in NGF promoter activity in 

response to DSS treatment.  Quantitative evidence supporting this idea was obtained 

through the detection of NGF mRNA (by RT-PCR) and NGF protein (by 

immunoblotting) (Fig 15 A).  Fresh-frozen muscularis externa + myenteric plexuses from 
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DSS-treated and non-treated NGFpr-EGFP mice showed higher levels of NGF mRNA 

and NGF protein, both in response to inflammation.  As revealed by immunoblotting, 

levels of NGF protein (~14 kDa band relative to β actin band) were on average 19% 

higher in the inflamed tissues, as compared to the non-inflamed tissues (Fig 15 B).    

 

Assessment of colonic myenteric neurons in NGF
+/-

 and NGF
-/-

 mice  

The expression of EGFP by DgII neurons in the myenteric plexus of NGFpr-EGFP mice 

provides new evidence that this neuronal population is a likely source of colonic NGF 

during development.  Target-derived NGF is a critical factor that regulates the survival of 

trkA
+
 sensory and sympathetic neurons during embryonic and postnatal development, 

respectively (Crowley et al., 1994).  We postulated that since EGFP
+
 neurons in the 

colonic myenteric plexus display positive immunostaining for trkA, the putative release 

of NGF from these neurons may affect their survival during development.  Moreover, 

since trkA is expressed by DgI neurons as well, the putative release of NGF from 

adjacent DgII neurons may likewise affect the survival of these NOS1
+
 neurons.  To test 

these ideas, we crossed NGFpr-EGFP mice with NGF
+/-

 mice to generate F2 mice 

expressing EGFP that carry one or two mutated alleles for NGF; we designated these 

siblings as EGFP
+
/NGF

+/+
, EGFP

+
/NGF

+/-
, and EGFP

+
/NGF

-/-
 mice.  Since NGF

-/-
 mice 

rarely survive beyond the first few days of postnatal life (Crowley et al., 1994), we 

examined these pups between postnatal days 1 and 2: EGFP
+
/NGF

+/+
 mice (n=16), 

EGFP
+
/NGF

+/-
 mice (n=47), and EGFP

+
/NGF

-/-
 mice (n=10).  Given the small size of the 

colons from these early postnatal pups, pinning and separating the mucosa from the 

muscular externa + myenteric plexus was not possible; sectioning these tissues, however, 
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did not allow for unbiased quantitative analyses of neuronal numbers.  Qualitatively, it 

appeared that the densities of EGFP
+
 neurons (i.e., DgII) and NOS1

+
 neurons (i.e., DgI) 

in the colons of NGF
-/-

 pups were comparable to those seen in their NGF
+/+

 and NGF
+/-

 

siblings (data not shown).  No calretinin
+
 myenteric neurons were seen in any pups at this 

age, likely due to the fact that calretinin expression by murine myenteric neurons 

commences on the day of birth (Bergner et al., 2013).  That the populations of DgI and 

DgII myenteric neurons are not adversely affected by a complete loss of functional NGF 

is supported by our RT-PCR data of comparable trkA mRNA levels in the colons of 

postnatal day 1-2 NGF
+/+

, NGF
+/-

, and NGF
-/-

 siblings (data not shown).  By chance, one 

EGFP
+
/NGF

-/- 
pup lived to 16 days of age.  Examination of the whole mounted 

preparation of its colon (and the colons of 2 wild type and 2 heterozygous siblings) 

revealed comparable densities of EGFP
+
 DgII neurons in the myenteric plexus among 

these mice (Fig. 17).  Regarding the colonic myenteric plexus of adult EGFP
+
/NGF

+/+
 

and EGFP
+
/NGF

+/-
 mice, the following observations were made: 1) the appearance of 

EGFP
+
 neurons was similar between NGF

+/+
 and NGF

+/- 
siblings; 2) the relative 

proportion of calretinin-immunopositive neurons expressing EGFP was comparable 

between NGF
+/+

 and NGF
+/-

 mice; and, 3) the absence of NOS-immunopositive neurons 

expressing EGFP persisted in NGF
+/-

 mice (Figure 18). 

 

Assessment of sympathetic efferents in the myenteric plexus in NGF
+/+

 and NGF
+/- 

mice   

Target-derived NGF is a critical factor that regulates the densities of trkA
+
 post-

ganglionic sympathetic axons in peripheral tissues, such as the descending colon.  
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Comparisons between the densities of TH-immunopositive sympathetic axons in the 

myenteric plexus of adult NGF
+/+

 and NGF
+/-

 mice revealed no significant differences; 

the result was not so unexpected because levels of NGF mRNA are similar in these 

siblings having one or two functional NGF alleles (Fig. 16).  Since levels of NGF protein 

increase in response to colonic inflammation (in particular, among DgII neurons of 

myenteric plexus), might this augmented neurotropic support stimulate localized 

sprouting by TH-immunopositive sympathetic axons found in the myenteric plexus, 

between the circular and longitudinal layers of the muscularis externa?  Adult male 

NGF
+/+

 and NGF
+/-

 mice underwent DSS-induced colonic inflammation (as previously 

described), along with age-matched control wild type and heterozygous siblings.  

Measurements of TH-immunopositive sympathetic efferents in the myenteric plexus 

revealed no significant differences between NGF
+/+

 mice with and with DSS-induced 

inflammation.  The same was true between treated and non-treated NGF
+/-

 mice.  It seems 

possible that the short treatment period of 7 days was sufficient to detect an increase in 

colonic levels of NGF protein before the appearance of terminal sprouting.  DSS 

treatment of both NGF
+/+

 and NGF
+/-

 mice did cause localized damage to sympathetic 

axons in the myenteric plexus, as determined by the number of varicosities along the 

lengths of TH-immunopositive fibers, a hallmark of axonal pathology (Rand and 

Courville, 1946; Tang-Schomer et al., 2012).  The absence of any measurable differences 

(in axonal sprouting and/or axonal beading) between NGF
+/+

 and NGF
+/-

 siblings 

suggests some degree of compensation for the loss of one functional NGF allele.  

3.5 DISCUSSION 

Sites of NGF synthesis  



 

86 

 

To our knowledge this study and our previous report (Kawaja et al., 2011) are the first to 

provide compelling evidence that myenteric neurons are a possible source of NGF in the 

gastro-intestinal track of mammals.  As a target-derived growth factor, NGF is produced 

in minute amounts by peripheral cells in tissues innervated by trkA
+
 sympathetic axons 

and/or trkA
+ 

sensory axons.  Since no storage mechanism for NGF has been reported, 

these peripheral cells likely release newly synthesized NGF into the extracellular 

environment.  Here, target-derived NGF binds to trkA on sympathetic and/or sensory 

axons, initiating the autophosphorylation of the intracellular residues of tyrosine kinase 

on trkA and the subsequent signaling associated with trkA-NGF binding.  The trkA-NGF 

complex is finally internalized, where upon it is retrogradely transported to the somata as 

a signaling endosome (Wiley and Burke, 2001; Barker et al., 2002).  It would seem that 

each of these steps (i.e., synthesis, release, binding, and internalization of NGF) 

individually contributes to our inability to visualize NGF by immunostaining procedures.  

To tackle the first issue of which cells actually synthesize NGF, we generated reporter 

mice in which the NGF promoter drives the ectopic expression of EGFP.  In this way, we 

could avoid the limitations associated with the immunolocalization of intracellular NGF.  

Peripherally, non-neuronal EGFP
+
 cells are detected in a wide variety of tissues including 

exocrine glands, thymus, and kidneys (Kawaja et al., 2011).  Curiously, the only 

population of EGFP
+
 neurons peripherally is a subtype found within the myenteric 

plexus.  To the contrary, various EGFP
+
 neuronal populations are detected in the 

transgenic mouse CNS (i.e., neocortical and hippocampal).  There are several prominent 

differences between EGFP
+
 myenteric neurons and EGFP

+
 CNS neurons.  First, EGFP

+
 

myenteric neurons are detected as early as post-conceptus day 12, whereas EGFP
+
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neocortical neurons are first evident by post-conceptus day 18 (and EGFP
+ 

hippocampal 

neurons in the first week of postnatal life).  Second, EGFP
+
 myenteric neurons are found 

through the gastro-intestinal track, whereas EGFP
+
 neocortical and hippocampal neurons 

are regionally distributed (i.e., in certain cortical layers and hippocampal CA fields).  

Third, EGFP
+
 myenteric neurons have 2-3 axonal processes, each of which displays 

prominent EGFP, whereas the singular axonal process of neocortical and hippocampal 

neurons has no EGFP localization; this observation suggests an anterograde transport of 

EGFP in myenteric axons but not in neocortical or hippocampal axons.  That NGF 

promoter activity is detectable in a subpopulation of myenteric neurons (as seen by EGFP 

synthesis) provides evidence that these neurons are local source of putative NGF 

production.    

 The myenteric plexus of the mouse colon has two populations of structurally and 

neurochemically distinct neurons.  Dogiel type I (DgI) neurons have somata (18-24μm in 

diameter) with dendritic lamellae, extend a single axon, and display positive 

immunostaining for NOS1 and vasoactive intestinal peptide.  Dogiel type II (DgII) 

neurons, on the other hand, have somata (>25 μm in diameter) that lack dendritic 

lamellae, extend 2-3 axonal processes, and display positive immunostaining for calretinin 

and CGRP.  Given these clear criteria, it is readily evident that EGFP
+
 neurons detected 

in the myenteric plexus of NGFpr-EGFP mouse colons are DgII neurons.  This subtype of 

colonic myenteric neurons is thought to serve as the primary afferent neurons because 

one of their 2-3 axons projections to the mucosa, for the possible detection of luminal 

irritants (Furness et al., 2004; Nurgali et al., 2004).  The other axons of DgII neurons 

arborize in the same or adjacent ganglia, likely innervating the Dg I motoneurons/ 
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interneurons.  Dg I neurons and DgII neurons also display distinct electrophysiological 

properties: DgI neurons (also known as S neurons because of their S-wave 

electrophysiology) display fast excitatory postsynaptic potentials (EPSPs) and 

tetrodotoxin-sensitive action potentials (APs), whereas (also known as after-

hyperpolarizing (AH) neurons, because of their after-hyperpolarizing potential) generally 

lack fast excitatory EPSPs in response to presynaptic electrical stimuli and display 

tetrodotoxin-resistant APs.  Of the calretinin
+
/CGRP

+
 DgII neuronal population in the 

colonic myenteric plexus of our transgenic mice, approximately 40% of these display 

EGFP (i.e., NGF promoter activity).  This observation suggests that DgII neurons may be 

subdivided into those having or lacking NGF expression; another interpretation may be 

that NGF expression among this population fluctuates between detectable and non-

detectable levels of NGF promoter activity.  Collectively, these data show that myenteric 

DgII neurons in the adult mouse colon as an unexpected source of NGF promoter 

activity.  

 Given this discovery, the next question to be addressed was what is significance 

of this neuronal source of mature NGF (or proNGF) in the myenteric plexus of the mouse 

colon?  Here, we show that both DgI and DgII express trkA, the transmembrane receptor 

required for high affinity binding and intracellular signaling of target-derived mature 

NGF.  In newborn mice carrying two mutated alleles for NGF, NOS1
+
 DgI neurons and 

EGFP
+
 DgII neurons are still detectable in the colon; quantification of these population 

sizes (as compared to wild type and heterozygous siblings) was hampered due to the fact 

that myenteric plexus (i.e., flat pinning and stripping) could not be prepared as in adult 

mice.  Thus, unlike the populations of trkA
+
 nociceptive sensory neurons and trkA

+
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postganglionic sympathetic neurons that are completely lost in newborn NGF null mutant 

mice, trkA
+
 DgI neurons and DgII neurons in the colonic myenteric plexus do not appear 

to be solely dependent on NGF for survival.  This idea is support by observations made in 

the one EGFP
+
/NGF

-/-
 mouse pup that survived to 16 days of age. 

 

NGF production in the inflamed colon              

Several reports have shown that chemically-induced colitis in rats increases levels of 

NGF mRNA and protein in the inflamed tissues (Reinshagen et al., 2000; Ma et al., 2004; 

Barada et al., 2007; Stanzel et al., 2008; Qiao et al., 2010).  These animal studies 

complement investigations revealing elevated levels of NGF in the bowels of humans 

suffering with inflammatory bowel disease (Di Mola et al., 2000; Johannson et al., 2007, 

2008).  Such inflammation-induced NGF synthesis in rats has been reported to occur in a 

variety of cell types found in the mucosa lining, including epithelial cells and mast cells 

(Stanzel et al., 2008).  A closer examination of immunostaining methods used to resolve 

the cellular sources of NGF synthesis normal and damaged/diseased tissues, however, 

reveals important limitations in antigen detection and antibody reliability.  Using our 

NGFpr-EGFP mice we have shown that, under basal conditions, myenteric DgII neurons 

in the murine colon display NGF promoter activity, and that is same population of 

neurons exhibits increased EGFP detection after DSS treatment to induce colonic 

inflammation.  Our RT-PCR and immunoblotting data, in fact, support the idea that levels 

of NGF mRNA and protein (i.e., mature NGF at ~14 kDa but not proNGF at ~27 kDa) 

are elevated after a 5-day exposure to DSS in the drinking water.  Since these NGF 

mRNA and protein levels were measured in the muscularis externa + myenteric plexus, 
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these observations along with increase detection of EGFP among DgII neurons point to 

this neuronal population as a primary source of NGF in the inflamed colons of mice.  

 What might be the consequences of increased levels of NGF in myenteric plexus 

in response to inflammation?  We have recently reported that postganglionic sympathetic 

axons (and to a lesser extent nociceptive sensory axons), which innervate the myenteric 

plexus, undergo robust sprouting in response to an ectopic production of NGF by smooth 

muscle cells of the muscularis externa (Petrie et al., 2013).  Though no sympathetic 

sprouting was found in this study, it seems quite probable that this observation is due to a 

relatively short duration of inflammation (i.e., 5 days), and that with more prolonged 

periods of inflammation, NGF-mediated sympathetic sprouting may be seen.  Since 

sympathetic dysfunction has been linked in the pathogenesis associated with 

inflammatory bowel disease (Gershon, 2005; Taylor and Keely, 2007; Boissé et al., 

2009), maintaining chronically elevated of NGF are likely to trigger aberrant growth by 

sympathetic efferents in the myenteric plexus and thus result in an imbalance of 

autonomic function and regulation.  Our study has now provided clear evidence that 

myenteric DgII neurons are a primary (and unexpected) source of NGF in the inflamed 

colons of mice.  This new information will be important in the development of 

therapeutic agents that target excess NGF production (which in turn triggers sympathetic 

sprouting and dysfunction) in the diseased colons of humans with inflammatory bowel 

disease.   
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Figure 13 

Detection of EGFP+ neurons in the colonic myenteric plexus of NGFpr-EGFP mice.  Large (>25μm), ovoid 

EGFP+ neurons are found in the myenteric plexus of adult mice (A-D).  In frozen-cut sections of the colon, 

this population of myenteric neurons can be seen between the circular (CM) and longitudinal (LM) muscle 

layers of the muscularis externa (A, oblique section shown).  In preparations of muscularis externa + 

myenteric plexus, these EGFP+ neurons display an adendritic morphology with 2-3 axonal processes 

extending from the somata (B-D).  In these preparations, it is readily evident that not all myenteric neurons 

display EGFP and that EGFP intensities can vary among these neurons.  Axons having EGFP can be seen 

in the myenteric ganglia surrounding both EGFP+ neurons and EGFP- neurons (arrowhead in A).  These 

morphological traits indicate that EGFP expression is confined to DgII neurons.  In frozen-cut sections of 

the colon, EGFP+ neurons are seen in the myenteric plexus of embryonic transgenic mice (post-conceptus 

day 18 shown) (E-F).  At this early stage of development, few if any axonal processes can be seen 

extending from the EGFP+ somata. Scale bars = 50 μm (A); 25 μm (B-D); 200 μm (E-F). 
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Figure 14 

EGFP
+
 neurons in the colonic myenteric plexus of adult NGFpr-EGFP mice display 

neurochemical properties of DgII neurons.  EGFP
+
 neurons display positive immunostaining for 

calretinin and calcitonin gene-related peptide (CGRP) (open arrowheads); not all calretinin- and 

CGRP-immunopositive neurons, however, display EGFP.  These neurochemical traits indicate 

that EGFP expression is confined to DgII neurons.  Both EGFP
+
 neurons (open arrowheads) and 

EGFP
-
 neurons display positive immunostaining for the NGF receptor trkA.  EGFP

+
 myenteric 

neurons (closed arrowheads), lacked positive immunostaining for nitric oxide synthase 1 (NOS1), 

a biomarker for DgI neurons.  Scale bar = 50 μm. 
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Figure 15 

Chemically-induced colonic inflammation leads to a local increase in the production of NGF. A. After 5 

days of DSS treatment, samples of muscularis externa + myenteric plexus from adult NGFpr-EGFP 

mice display detectable levels of NGF mRNA with RT-PCR (top image, lanes 1, 3, 5, and 7).  By 
comparison, samples of muscularis externa + myenteric plexus from adult NGFpr-EGFP mice not 

treated with DSS display lower levels of NGF mRNA with RT-PCR (top image, lanes 2, 4, 6, and 8).  

GAPDH mRNA (bottom image) for all 8 individual samples reveals consistent amplification regardless 
of DSS treatment.  B. Western immunoblotting of samples taken from the same animals as those used 

for RT-PCR reveals immunostained bands at ~14 kDa and ~35 kDa (shown here is a black and white 

rendering of the positive immunostaining with the MC-51 anti-NGF IgG). The bands at ~14 kDa 
(arrowhead) display higher intensities of immunostaining from samples 1, 3, 5, and 7 (i.e., those adult 

NGFpr-EGFP mice treated with DSS) as compared to immunostaining from samples 2, 4, 6, and 8 (i.e., 

those adult NGFpr-EGFP mice not treated with DSS).  The bands at ~35 kDa display no variation 

among the 8 samples of muscularis externa + myenteric plexus.  Equal loading of protein per lane was 
determined by immunostaining for β-actin (data not shown).  Lane P represents loading with proNGF 

(~32 kDa), lane M’ represents loading with 0.5 ng of 2.5S NGF, and lane M” represents loading with 1 

μg of mouse submaxillary gland protein. C.  Examples of muscularis externa + myenteric plexus 
preparations from adult NGFpr-EGFP mice show an increase in the intensity of EGFP in DgII neurons 

with DSS treatment, as compared to those not treated with DSS.  Colonic inflammation also increases 

detectable EGFP in the axons of myenteric DgII neurons.  Scale bar = 50μm.  
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Figure 16 

Chemically-induced colonic inflammation does not promote sympathetic sprouting in the 

myenteric plexus. A, B. After 5 days of DSS treatment, samples of muscularis externa + 
myenteric plexus from adult NGFpr-EGFP mice display no significant difference in the density of 

sympathetic axons immunostained for tyrosine hydroxylase (TH), as compared to samples taken 

from mice not treated with DSS.  These animals, having 2 normal alleles for NGF (referred to 
here as wild types, WT), are compared to their siblings having one normal allele for NGF 

(referred to here as heterozygotes, HT). No significant differences are seen among these two 

groups of animals, with and without DSS treatment. A, C.  After 5 days of DSS treatment, 
samples of muscularis externa + myenteric plexus from adult NGFpr-EGFP mice display a 

significant increase in the number of axonal varicosities per axonal segment of TH-

immunopositive sympathetic fibers, as compared to samples taken from mice not treated with 

DSS.  Again, there are no differences detected among WT and HT siblings.  Scale bar = 50 μm  
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Figure 17 

Qualitatively, the appearance and distribution of myenteric EGFP
+
 neurons in postnatal day 16 

NGF
+/+

, NGF
+/-

 and NGF
-/-

 siblings are comparable. Scale bar = 100 μm   
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Figure 18 

A comparison of adult EGFP
+
/NGF

+/+ 
(wild types, WT) and EGFP

+
/NGF

+/-
 (heterozygotes, HT) 

siblings reveals comparable appearances and distributions of DgII neurons immunostained for 

calretinin and DgI neurons immunostained for NOS1. In both WT and HT mice, EGFP 

colocalizes with calretinin immunostaining (open arrowheads) but not with NOS1 

immunostaining (closed arrowheads). Scale bar = 50μm 
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Chapter 4 

GENERAL DISCUSSION 
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The first project outlined in this report involved the use of transgenic mice which 

ectopically over express nerve growth factor (NGF) behind the smooth muscle α-actin 

promoter (NGF/p75
+/+

 mice).  The purpose of using these mice was to assess the axonal 

densities of two populations of neurons in the colon and urinary bladder in response to 

the significant increase in NGF protein which was produced by the transgene.  This 

increase in NGF mimics the increase seen when these tissues undergo periods of chronic 

inflammation.  Post-ganglionic sympathetic neurons and nociceptive sensory neurons are 

both known to possess the trkA neurotrophin receptor, meaning they depend on NGF for 

axonal growth as well as survival (Kaplan et al., 1991a) .  Being derived from the neural 

crest, these populations also express the low-affinity neurotrophin receptor p75. Its ability 

to interact with trkA and NGF makes p75 a candidate for investigation, and is the reason 

our research group chose to perform experiments on animals with and without functional 

p75 protein.  These two genetic manipulations resulted in four genotypes for 

experimental mice.  Those without a transgene (wild type), those without functional p75 

(p75
-/-

) those with the NGF transgene (NGF/p75
+/+

), and those with the NGF transgene 

without functional p75 (NGF/p75
-/-

).  All 4 genotypes were examined for axonal densities 

of post-ganglionic sympathetic and nociceptive sensory axons in the urinary bladder and 

the descending colon.  

 

With regard to sympathetic axons in the descending colon, the loss of p75 in the 

p75
-/-

 mice led to the loss of neurite outgrowth into the mucosa and submucosa seen in 

wild type siblings. Within the myenteric plexus, however, the axonal density was 
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determined to remain constant between WT and p75
-/-

 siblings.  In both NGF/p75
+/+

 and 

NGF/p75
-/-

 mice a significant increase in sympathetic axonal density was observed in the 

myenteric plexus, responding to the increase in ectopically produced growth factor.  

Interestingly, in the NGF/p75
-/-

 colon, a noticeable increase to sympathetic innervation in 

the submucosal layer was observed, suggests the role of p75 is to vary concentrations of 

NGF at the level of trkA. 

 

Sympathetic innervation of the urinary bladder of p75
-/-

 mice was sparse and 

scattered, significantly reduced from wild type siblings.  In both NGF/p75
+/+

 and 

NGF/p75
-/- 

mice the urinary bladders showed a significant increase in sympathetic 

innervation, growing in a directional manner to the source of NGF, the smooth muscle of 

the detrusor.  This observation coincides with the loss of sympathetic innervation to the 

mucosa of the descending colon in NGF overexpressing mice.  An abundance of NGF 

produced by the smooth muscle layer may be enough to direct the growth of all 

sympathetic axons in the tissue towards the source, further explaining the increase seen in 

myenteric plexus and submucosal sympathetic innervation, histological areas directly in 

contact with the smooth muscle layer. 

 

These observations lend evidence to the hypothesis that p75 sequesters NGF, 

controlling its signal at the level of the trkA surface receptor by altering the concentration 

of NGF presented to trkA (Verge et al., 1992).  If NGF is present at normal 

concentrations the loss of p75 reduces the ability of the cell to properly acquire trkA and 

a reduction in innervation is seen (as in the sympathetic axons in the urinary bladder).  In 
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contrast, if an abundant amount of NGF is present the loss of p75 leads to erratic growth 

(seen in the sympathetic axons in the myenteric plexus) aberrant growth (seen in the 

sympathetic axons in the submucosa of the descending colon). 

 

In our investigations into the sensory innervation of these two organs it became 

apparent that immunohistochemistry of substance-P (SP) and calcitonin gene-related 

peptide (CGRP), two biomarkers for nociceptive neurons, were not identical.  This 

observation means that they likely represent 2 unique populations of sensory neurons in 

the descending colon, one of which is likely the intrinsic Dogiel type II (DgII) neurons; 

the other being the extrinsic dorsal root ganglia (DRG) based neurons.  It is worth noting 

that there were axons in which SP and CGRP were co-expressed.   

 

In the myenteric plexus, neither population of sensory axon was affected by the 

transgenic increase in NGF.  CGRP-immunopositive axons were likewise not affected by 

the loss of functional p75.  Interestingly, all histological sections of the colon excluding 

the myenteric plexus appeared to show an increase in SP-immunopositive innervation in 

both NGF/p75
+/+

 and NGF/p75
-/-

 mice, while p75
-/-

 displayed a decrease in these features. 

 

In the urinary bladder with regards to CGRP-immunopositive innervation, we 

observed the quintessential example of p75’s sequestering role for NGF.  At normal 

concentrations of NGF we observed a decrease in axonal density without functional p75.  

At high concentrations of NGF we observed an increase in axonal density, and at high 

concentrations of NGF we observed a further increase in axonal density without 
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functional p75. These observations lend further weight to the potential role of p75 

discussed earlier in this report. The pattern of SP-immunopositive sensory axonal staining 

in the urinary bladder matched that of CGRP-immunopositive axons.  The difference 

between the colon and the bladder in this regard is probably due to the fact that the 

urinary bladder lacks intrinsic sensory neurons, while the descending colon has both 

intrinsic and extrinsic sensory populations. 

 

In these studies we chose to investigate mice which over express NGF because 

during periods of chronic inflammation, NGF levels have been observed at higher levels 

than in healthy mice (Delafoy et al.,2006; Barada et al.,2007; Stanzel et al.,2008; Jacobs 

et al.,2010; Liu et al.,2010, 2011; Qiao and Grinder,2010).  This was again observed in 

the second project outlined here, when mice treated with the inflammatory agent dextran 

sulfate sodium (DSS) were found to have increased levels of NGF mRNA in the 

muscular layers and myenteric plexus of the descending colon, indicating locally-

produced NGF.  In an effort to uncover the precise cellular source of NGF in this excess 

NGF production, our research group has developed a transgenic reporter mouse which 

produces enhanced green fluorescent protein (EGFP) in response to activation of the 

NGF promoter.  Control tissues, including skin and salivary glands, revealed cells that are 

known to produce NGF fluoresce green underneath a fluorescent microscope, so it was 

concluded that any cell fluorescing green in these mice has NGF promoter activity. 

 

One of the advantages of choosing colon and urinary bladders as tissues to 

investigate for the first project was their abundance of smooth muscle.  Because the 

http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib19
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib5
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib72
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib38
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib52
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib53
http://onlinelibrary.wiley.com/doi/10.1002/cne.23302/full#bib64
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SMP-promoter NGF over producing mice generated NGF in smooth muscle, the tissues 

would have an abundance of it made locally.  In the NGF-promoter EGFP producing 

(NGFpr-EGFP) mice this local production of NGF was determined to be coming from a 

neuron within the myenteric plexus, based on its green fluorescent activity.  This was an 

exciting observation, because it represents the first suggestion of NGF production within 

the myenteric plexus by a neural cell.  These cells may also respond to NGF and depend 

on it for survival and growth, which would represent a rare example of an upward-

regulating cycle of cell survival.   

 

Another interesting point that can be made about the EGFP-expressing (green) 

neurons in the transgenic mouse colon is that they (qualitatively) appear brighter after 

chemically-induced chronic inflammation.  This observation is exciting, because it points 

to these cells as at least partially responsible for the overabundance of NGF produced 

during chronic colonic inflammation.  Prior to these experiments, migratory immune cells 

and the epithelium were suggested to be the source for this increase in NGF, but our 

evidence shows an increase in the concentration of NGF mRNA present in muscle and 

myenteric layers which were mechanically separated from the rest of the colon.  Because 

these neurons are the only cells which fluoresce in these tissues, we interpret them to be 

the only cells with NGF promoter activity and therefore the most likely source of the 

abundant NGF following inflammation.   

Apart from their expression of EGFP, these neurons could be observed to show 

morphology for a distinct and previously characterised population of neurons: Dogiel 

type II (DgII).  Their size and shape are consistent with DgII neurons, being ovular and 
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approximately 20-30µm in diameter.   Green fluorescing neurons in the myenteric plexus 

are also smooth and adendritic, with between one and three axonal projections, again 

matching the morphology of DgII neurons. 

 

DgII neurons can also be reliably identified by their immunohistochemical 

analysis.  The two most reliable biomarkers for DgII neurons in mice are the calcium-

binding protein calretinin and the neuroactive peptide calcitonin gene-related peptide 

(CGRP), both of which are consistently expressed in the green fluorescent cells identified 

here.  Together with the morphological evidence, it can be concluded that the neurons 

expressing EGFP are in fact DgII neurons, and because EGFP is evidence of NGF 

promoter activity, that DgII neurons are a population of cells in the myenteric plexus 

which produce intrinsic NGF for the local environment.  The other significant population 

of neurons found in the myenteric plexus are Dogiel type I (DgI) neurons, identifiable by 

their small size compared to DgII neurons, the presence of dendrites and their 

immunohistochemical representation by nitric oxide synthase (NOS).  The neurons 

observed to be EGFP+ in the myenteric plexus of the reporter mice were never found to 

possess any of these traits, and were deemed not to be DgI neurons.  

 

Our research group bred mice which simultaneously express a null-mutant version 

of NGF (either heterozygously or homozygously) and the reporter EGFP under NGF 

promoter control.  Interestingly, these mice appear to express EGFP at comparable levels 

with NGF-wild type reporter mice, indicating that the promoter activity for NGF is not 

reduced in the myenteric plexus if no functional NGF is being made.  This deduction was 
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both predictable and surprising.  On one hand, it makes sense that NGF promoter activity 

should not be reduced if no NGF is being made.  The reception of functional NGF is not 

known to be responsible for the creation of NGF, and without active NGF being 

produced there would be no feedback control on the system, which would, if anything, 

lead to an increase in NGF production.   

 

On the other hand, the green fluorescent neurons were observed to be 

immunopositive for tyrosine receptor kinase A (trkA), the high-fidelity, high-affinity 

receptor for nerve growth factor.  In theory, neurons expressing trkA should require NGF 

for survival, yet these neurons survive at comparable rates to wild-type mice without 

functional NGF ever being introduced.  The most likely explanation for this unexpected 

observation is that another growth factor is mediating the survival of the DgII population.  

There have previously been reported instances of neurotrophin-3 (NT-3) compensating 

for low concentrations of NGF to stimulate trkA and ``rescue`` a population of neurons 

which would not otherwise survive.  It is also possible that these neurons express 

multiple high-affinity neurotrophin receptors, such as trkB or trkC, which may also be 

responsible for their rescue in the NGF null-mutant phenotype. 

 

 The significance of these investigations is that they present a novel, intrinsic 

source for nerve growth factor in the descending colon.  Further, it is possible that the 

heightened local production of NGF seen here during inflammation may result in the 

arborization and multiplication of sympathetic axons in this tissue, further aggravating 

the inflamed state.  This was not seen in our studies, possibly due to the limiting factor of 

the duration of the inflammation protocol we chose.  We believe that it is likely that 
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during a longer period of inflammation and increase in sympathetic axonal density would 

have been observed in the descending colon, which will be a direction future studies will 

take.  To further analyze the transition these neurons (DgII) undergo during 

inflammation, it would also be prudent to conduct electrophysiological examinations both 

before and after inflammation protocols are run.  Another interesting direction for further 

research would be to examine conditional knockout animals, that is animals which 

express a null-mutant version of NGF, trkA or p75 only in certain circumstances.  The 

advantage of these animals is that they may be allowed to mature into adulthood as 

normal before the null-mutant version of the protein being studied is introduced, 

eliminating the problem we encountered when studying NGF
-/-

 mice, which was that very 

few survived to adulthood to be studied.  
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