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Abstract!
The primary goal of this research is to understand the response of the tyrosine receptor 

kinase A (trkA)-expressing cells of the myenteric plexus, and dorsal root ganglia (DRG) to 

augmented levels of nerve growth factor (NGF) within the descending colon. Using lines of 

transgenic mice that express enhanced green fluorescent protein (EGFP) under the control of the 

NGF promoter, we found a subpopulation of adendritic EGFP+ neurons in the myenteric plexus. 

These colonic EGFP+ neurons display positive immunostaining for calretinin but not nitric oxide 

synthase 1, (NOS1), two biomarkers of mouse myenteric neurons. Induction of colonic 

inflammation confirms local increases in NGF mRNA/protein levels, which coincide with 

heightened detection of EGFP by myenteric neurons. Though NOS1+ myenteric neurons display 

positive immunostaining for trkA (the receptor required for NGF binding/signalling), transgenic 

overexpression of NGF by smooth muscle cells in the colon does not alter the survival, somal 

size, or axonal density of trkA-expressing NOS1+ myenteric neurons. Mice lacking functional 

p75NTR (the second receptor required for NGF binding) exhibit significantly less axonal 

damage among NOS1+ myenteric neurons, in response to chemically induced colonic 

inflammation. Likewise, trkA-expressing sympathetic axons that innervate the myenteric ganglia 

display less damage in the absence of p75NTR. Immunostaining of the lumbar DRG of mice 

with DSS-induced colitis for ionized calcium-binding adapter molecule 1 (Iba1) shows reactivity 

of Iba1+, macrophage-like cells. Using two-dimensional polyacrylamide gel electrophoresis (2D-

PAGE) coupled with Matrix-assisted laser desorption ionization time of flight mass spectrometry 

(MALDI-TOF MS) several increases in protein expression were found in the lumbar DRG of 

mice with DSS-induced colitis.  
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CHAPTER 1 

!
Introduction and Literature Review 

1.1 Nerve Growth Factor 

Nerve growth factor (NGF) is a small, neurotrophic molecule that was discovered by Rita 

Levi-Montalcini and colleagues in the early 1950s (Levi-Montalcini and Hamburger, 1951). 

Levi-Montalcini first noted that mouse sarcomas transplanted into 3- to 4-day old chick embryos 

lead to “…numerical hyperplasia, a cellular hypertrophy, acceleration of differentiation of the 

ganglia, and an atypical distribution of nerve fibers.”. It was also noted that placement of extract 

taken from these tumours in vitro with sensory or sympathetic ganglia lead to “…exceptional 

outgrowth of nerve fibers.” (Cohen et al., 1954). In an attempt to purify the factor from the 

mouse sarcomas Cohen and Levi-Montalcini used snake venom as a source of 

phosphodiesterase. This crude venom when placed with sensory or sympathetic ganglia in fact 

exasperated the previous results in absence of venom, and the venom itself was found to be up to 

1,000 times more potent than the sarcoma alone (Cohen and Levi-Montalcini, 1956). Cohen and 

Levi-Montalcini conclude that the data suggests a heat-labile, nondialyzable protein or factor 

bound to a protein.  

!
Levi-Montalcini and Cohen then began work on testing their “nerve growth factor” in 

vivo. Initially injection of the purified factor from mouse sarcomas was tested in the chick 

embryos, but it was found to be present at too small a concentration compared to a living, 

implanted sarcoma. This prompted the use of snake venom for its thousand-fold increase in 
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potency. When injected with venom the embryos displayed a drastic enlargement of the 

sympathetic pre vertebral chain, much to the same effect as the implanted mouse sarcomas. 

There was also an increase in size of the sensory ganglia, however focus was placed on the 

extreme changes seen in the sympathetic system. The major effects observed in the sympathetic 

ganglia were an increase in cell numbers, cellular hypertrophy, and extensive sprouting of fibers 

into the surrounding viscera (Levi-Montalcini and Cohen, 1956).  

!
 While characterizing the properties of the newly discovered NGF, a solution purified 

from a mouse sarcoma was subjected to many treatments. NGF was found to remain active in a 

0.1 N alkaline solution, but lost activity in a 0.1 N acid solution. No loss of activity was observed 

after exposure to 6 N urea for 1 hour at 0ºC. Exposure to a mixture of proteases removed all 

nerve growth promoting activity, while exposure to nucleases had no effect (Cohen and Levi-

Montalcini, 1957). The factor was also estimated to have a molecular weight around 440,000 g/

mol and to absorb UV light with a 280/260 absorption ratio of 1.53 (Levi-Montalcini and Cohen, 

1960). These data when considered together provide significant support for the presence of a 

protein exuded by mouse sarcomas with inherent nerve growth promoting properties.  

!
 The notion that this factor is also present in snake venom, and that venom is produced by 

a modified salivary gland, lead Levi-Montalcini to investigate the salivary glands of the mouse. 

An extract taken from murine salivary glands was then tested as before on the sympathetic 

ganglia of chick embryos, and a similar pattern of growth and differentiation was noted (Levi-

Montalcini and Cohen, 1960). The effects of this salivary growth factor were then examined in 
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mammals. Sympathetic ganglia taken from mouse and rat embryos exhibited the now well 

documented “halo” of neurite outgrowth, as did ganglia extracted from four human embryos. 

Tests of the salivary NGF on newborn and adult mice shed some light onto the timeline of 

effects. Newborn mice provided with daily doses of NGF exhibited extensive peripheral 

sympathetic innervation, neuronal hypertrophy, and neuronal hyperplasia. Adult mice provided 

with the same daily dosage exhibited only peripheral hyperinnervation and cellular hypertrophy. 

This data showed that NGF was a growth factor well conserved across species, produced in 

various tissues, which causes growth of neurites, cellular hypertrophy and when present during 

cellular differentiation encourages cell survival (Levi-Montalcini and Cohen, 1960 and Levi-

Montalcini and Booker, 1960).  

!
 To gain an even greater understanding of the role of NGF in the development and 

maintenance of the nervous system an antiserum was prepared, in a rabbit host, against NGF. 

This antiserum was proven to block the effects of NGF in vitro by observing the absence of the 

“halo” effect when the antiserum was included in the medium with NGF surrounding mouse 

sympathetic ganglia (Cohen, 1960). This antiserum was then tested in vivo beginning with 

newborn mice. Within 12 hours a decrease in mitotic figures was noticeable, and within two to 

three days there was a rapid increase in the number of degenerating cells. By 20 days the number 

of cells within the sympathetic ganglia were reduced to less than 1 percent of control, completely 

destroying the sympathetic nervous system (Levi-Montalcini and Booker, 1960 and Levi-

Montalcini, 1964). Along with maintenance of the sympathetic nervous system, NGF was also 

found to play a critical role in the metabolic maintenance of sensory neurons soon after 
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development (Angeletti et al., 1964 and 1965). In adult mice the effects of the anti-NGF serum 

were present yet less drastic than those observed in newborn mice. After 5 days of antiserum the 

sympathetic chain of adult mice was reduced to one-half to one-third its original size, due to both 

reduced size and number of neurons. Microscopically, extreme atrophy of the nucleus and a 

marked decrease in neurofibrillary structure are both evident in sympathetic ganglion cells 

(Angeletti et al., 1971). Overall, the work of Levi-Montalcini and colleagues brought forward a 

new class of growth promoting proteins which have since been found in many locations 

throughout the body serving many important neuroregulatory functions.  

!
1.2 The high-affinity NGF receptor (trkA) 

 Following the discovery of NGF and the effects it had on various tissues came the 

receptors through which NGF acted on cells. It was found that NGF had binding potential with 

two receptors; the low-affinity p75 neurotrophin receptor (p75NTR), and the high-affinity 

tropomyosin receptor kinase A (trkA) (Meakin and Shooter, 1991a). The p75NTR-NGF complex 

was discovered at 100 kDa, and the trkA-NGF complex at 158 kDa. Studies done using rat PC12 

pheochromocytoma cells showed that although both receptors bind NGF, p75NTR expression is 

not needed for trkA-NGF binding (Klein et al., 1991). Further studies showed that trkA-NGF 

binding occurs with a dissociation constant of 10-9 molar, and that binding of NGF is the critical 

action necessary for trkA to elicit its kinase activity (Kaplan et al., 1991 and Meakin and 

Shooter, 1991b). Upon binding with NGF the trkA receptor homodimerizes which leads to 

concurrent activation of its kinase domain (Jing et al., 1992). It is thought that these downstream 

kinase effects act through a c-fos induction pathway and known intermediates include src 
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homology 2 domain containing (SHC) protein, phosphoinositide-3 (PI-3) kinase, and 

phospholipase C gamma 1 (PLCG1) (Hempstead et al., 1989 and Kaplan and Stephens, 1994). 

The downstream signalling of NGF through the trkA receptor was found to be the driving force 

behind the growth factor’s previously described effects (Levi-Montalcini, 1987). TrkA-NGF 

signalling was shown to lead to growth cone motility, neurotransmitter synthesis, proliferation, 

and cell survival, although effects vary across cell types (Huang and Reichardt, 2001, and Huang 

and Reichardt, 2003).  

!
 Upon binding to NGF the trkA receptor is dimerized, internalized, phosphorylated, and 

transported retrogradely along the axon (Ehlers et al., 1995). This means that for many trkA-

expressing (trkA+) neuronal populations the source of NGF is the target innervated tissue (Longo 

et al., 1993). For example, the trkA+ nociceptive neuronal projections in the skin can bind NGF 

and transport it back along the axon to the cell bodies within the dorsal root ganglia (DRG). NGF 

does not need to be present within the ganglia itself to maintain neuronal survival as long as 

there is a suitable source of NGF arriving from the periphery. However, the distance from the 

peripheral tissue to the soma is incredibly far in terms of molecular signalling. For this reason the 

activated trkA receptor (bound to NGF) must be transported back in a signalling endosome 

(Claude et al., 1982). This transport mechanism appears to move along the axon at a rate of 2.5 

mm/hr and transport is destroyed in the presence of the microtubule inhibitor, colchicine (Hendry 

et al., 1974a and Hendry et al., 1974b). This theory was further supported by the knowledge that 

the NGF signal is only passed along those axons that initially take up the NGF, meaning the 

signal remains tightly held within the confines of the axon (Hendry, 1977). Although NGF 
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binding is the initiating step to trkA signalling, NGF itself is not the transcription altering 

molecule. This discovery comes from experiments where NGF itself was injected into the 

cytoplasm and the resulting levels of choline acetyltransferase (ChAT) expression were 

measured. With NGF injection alone there was no change in ChAT induction, while allowing 

NGF to enter the cell through the trkA mediated pathway led to a two-fold increase in ChAT 

induction. In fact, electron microscopy shows that labeled [I125]NGF injected into cells will 

remain in the cytoplasm and not penetrate the nuclear membrane (Heumann et al., 1984). One 

leading hypothesis is that the activated NGF-trkA homodimer is retrogradely transported in 

endocytic vesicles to the cytoplasm where a yet undiscovered mechanism leads to alterations in 

transcription and protein expression (Grimes et al., 1996).  

!
 What happens to the NGF molecule once the complex is activated within the cell body 

also remains uncertain, and plays an important role in this and other research pertaining the role 

of NGF in disease. It is possible that the endosomes reach the soma and after activation of the 

signalling pathway become degraded by lysosomes in the endosomal-lysosomal system (Nixon 

and Cataldo, 1995). Another possibility is the subsequent unbinding and release of NGF. It is 

possible that NGF is released within the DRG, and the trkA complex may be transported back to 

the terminal ends of the axon. This possibility provides a good deal of support for the 

sympathosensory sprouting “basket” phenomenon which will be covered further in this work, 

however a good deal of research will be needed to support this hypothesis. At present the 

limiting factor of tracking the NGF molecule through the NGF-trkA pathway is the molecule’s 

small size which makes tracing its travels while unbound problematic.  
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1.3 The low affinity NGF receptor (p75NTR) 

 Whereas the trkA receptor is highly specific for NGF, the p75 neurotrophin receptor 

(p75NTR) has binding potential with NGF, brain derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) (Chao, 1994). In fact, the p75NTR binds to 

NGF with the least affinity of the four factors, and to NT-4 with the highest (Curtis et al., 1995). 

The direct effects of the binding of NGF to the p75NTR remain highly debated. Some believe 

that the binding has an inhibitory effect on growth, in a sense antagonizing the action of the trkA, 

while others believe it may serve to augment the binding between NGF and trkA (Bibel et al., 

1999 and Nykjaer et al., 2005). In this work the focus will be placed on the latter role describing 

the method through which the presence or absence of the p75NTR can change the degree to 

which trkA promotes neuronal growth. 

!
 Co-expression of p75NTR and trkA is shown to increase the rate of association of NGF 

with trkA 25-fold, and to increase the rate of internalization of the NGF-trkA complex. Both 

these modifications will lead to a greater response to NGF-trkA signalling (Mahadeo et al., 

1994). In fact, some research shows that expression of the p75NTR is necessary for high affinity 

binding of NGF by trkA (Hempstead et al., 1991). The augmenting effects of the p75NTR on 

NGF-trkA are thought to occur due to a heterodimer of dimers. TrkA binds NGF and forms its 

active homodimer, this homodimer then forms a heterodimer with the p75NTR complex which 

allows for a stronger association. However, the direct process behind this is still being 

determined at the molecular level (Covaceuszach et al., 2015). Interestingly, within the 
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trigeminal ganglia this altered response in the presence or absence of the p75NTR is specific to 

NGF binding over other neurotrophins. The potentiating effects of the p75NTR may also be 

specific to those cutaneous sensory neurons found within the trigeminal ganglia. Other 

trigeminal sensory, and sympathetic neurons seem to respond normally to NGF in the absence of 

the p75NTR (Davies et al., 1993).  

!
 Within work performed by our lab there appears to be a consistent role for the p75NTR, 

especially in the case of injury and disease. In mice with deafferentated DRGs there is an 

ingrowth of central axons to the DRG. This ingrowth of axons is increased in the absence of the 

p75NTR (Hanilla and Kawaja, 2005). In transgenic mice over expressing NGF, it has been 

shown that there is an increase in innervation of target tissues by sensory and sympathetic axons 

in the absence of functional p75NTR expression (Dhanoa et al., 2006 and Petrie et al., 2013). 

These results seem to suggest that in the absence of the p75NTR there is a potentiation of NGF-

trkA effects. This pattern of increased growth-promoting effects in the absence of p75NTR 

expression is continued in the present research and will be discussed at length in chapter 4. In 

brief, it may be possible that the lack of competition or lack of growth inhibiting effects from the 

p75NTR may allow for stronger trkA-based neuronal growth effects to be seen. 

!
1.4 Innervation of the colon 

 The myenteric plexus of the intestinal tract of mice is neatly arranged into a two 

dimensional web of ganglia with interconnecting axonal projections. This basic appearance 

allows for easy imaging of the plexus and effective study of its cellular components. The murine 
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myenteric plexus is especially useful for study as the neuronal components can be broken down 

into two subtypes: the dendritic, nitric oxide synthase-1 (NOS1) immunopositive, motoneurons; 

and the adendritic, calretinin/calcitonin gene-related peptide (CGRP) immunopositive, sensory 

neurons (Furness et al., 2004 and Nurgali et al., 2004). The two populations may alternatively be 

named by the Dogiel classification where the motoneurons are Dogiel type I (DgI), and the 

sensory neurons are Dogiel type II (DgII). This nomenclature is based mainly around the 

morphological appearance of these cell types (Brehmer et al., 1999). The NOS1 immunopositive 

population of neurons receives both intrinsic (from calretinin/CGRP immunopositive neurons) 

and extrinsic (from the autonomic nervous system (ANS)) innervation and controls the process 

of peristalsis through the colon. The calretinin/CGRP immunopositive neurons sense the colonic 

environment for nutrition, toxins, and nociceptive stimulation. Visualizing the intrinsic sensory 

innervation of the colon can be difficult when using CGRP, as minimal staining is only observed 

through the use of the microtubule inhibitor colchicine (Mitsui, 2009). The neurochemical 

properties of these two cell types will be explored in the presented research.  

  

 The extrinsic population of sensory neurons arising from the spinal nerves can be 

anterogradely traced to get a full picture of colonic innervation. Extrinsic sensory innervation can 

also be stained through immunohistochemistry for substance-P (SP), the neurokinin-1 receptor 

(NK1R), isolectin B4 (IB4) and neurofilament 200 (NF200) (Ruscheweyh et al., 2007, and 

Mitsui, 2010). To gain a full picture of the extrinsic innervation it is useful to use a combination 

of biomarkers. This is because co-staining with sensory biomarkers and anterograde tracing often 

shows only a fraction of extrinsic sensory neurons are immunopositive (Tan et al., 2010). 
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Anterograde tracing shows extrinsic sensory neurons forming close connections with both 

calretinin and NOS1 immunopositive neurons. This highlights the importance of the dynamic 

between these two subsets of neurons when providing sensory feedback to the DRG.  

!
1.5 Myenteric Neurochemistry 

 The myenteric nervous system is a complex network of various neuronal types that acts 

to control the gut environment without the need for input from higher cortical regions. As such, 

these different neuronal populations display great complexity in their use of neurotransmitters. In 

mice, the myenteric plexus consists of Dogiel type I motor neurons and interneurons, and Dogiel 

type II sensory neurons.This slightly simpler breakdown into two subsets of neurons allows for a 

more basic picture to be painted of a myenteric network. It is important to note though that this is 

not the case for guinea pigs, or rats, let alone humans. Mice display expression of neurochemical 

markers normally within only one Dogiel subset (as is the case with NOS1), or all myenteric 

neurons will display expression (as is the case with p75NTR).  

  

 The most clear divide is noticed in the expression of nitric oxide synthase-1 (NOS1) only 

within the DgI sub-population of neurons. NOS1 is an enzyme found within neurons that 

produces nitric oxide (NO) for a variety of biological functions. NO has noted cellular 

communication activity (Prast and Philippu, 2001 and Vincent, 2010) between neurons, but also 

acts as a vasodilator although this role is usually played by NO made by NOS3, the endothelial 

subtype. Within the myenteric plexus NO acts as a nonadrinergic, noncholinergic 

neurotransmitter which causes relaxation of the GI smooth muscle. This relaxation is important 
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for the control of peristalsis along the length of the intestine (Takahashi, 2003). To control this 

peristaltic movement NOS1 is can typically be seen expressed along the length of axonal 

projections that arise from the myenteric plexus and wrap their way around the intestine between 

the circular and longitudinal muscle layers of the muscularis mucosa. In the case of injury and 

disease however this pattern of expression can be altered which can drastically effect motility 

(Wang et al., 2005). In the following work the effects of inflammation on the murine myenteric 

expression of NOS1 will be explored in an attempt to understand the possible breakdown in the 

NO signalling pathway, and thus intestinal motility.  

!
 While NOS1 is expressed almost exclusively within the DgI population of murine 

myenteric neurons, the calcium-binding protein calretinin shows similar exclusivity within the 

DgII population of myenteric neurons. This allows for a useful contrast when analyzing these 

two cell types as co-labelling for NOS1 and calretinin clearly sorts the myenteric neurons into 

two populations (Petrie et al., 2013). Calretinin has a known role within the nervous system as a 

calcium-buffering protein which is necessary to maintain calcium homeostasis and prevent 

calcium toxicity. Indeed in animal models where there is myenteric dysfunction, or aganglionosis 

calretinin is often missing from the aganglionic neurones (Barshack et al., 2004 and Guinard-

Samuel et al., 2009). This implies that under physiological conditions calretinin is likely under 

tight control to maintain the crucial calcium levels within cells. This tight control is effected in 

various other pathologies as well. Most notably in differentiating between healthy cells and 

cancer cells (Lugli et al., 2003 and D’Silva et al., 2013). In the present work we will look at 
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calretinin as a biomarker of DgII neurons in an inflammatory model. As of yet, no significant 

research has linked any change in calretinin expression to the effects of inflammation.  

!
1.6 Main objectives 

 The main objective of the following work is to determine the way the murine sensory 

nervous system responds to alterations of the level of nerve growth factor within the colon. This 

goal will be approached immunohistochemically through the use of transgenic mice as well as 

transgenic mouse models. Chemically induced inflammation of the colon will provide a means  

of observing the response to damage based changes in NGF levels. Transgenic overexpression of 

NGF in the colon will provide an example of the response of the sensory nervous system when 

NGF levels are drastically altered. Knockout mice for the p75NTR will be used to explore the 

changes seen when NGF is no longer sequestered from trkA. The main objective will then be 

approached through the use of proteomics. The dorsal root ganglia of mice with intestinal 

inflammation will then be examined for changes to their protein expression. Any proteins 

identified to have augmented levels of expression will be examined to hopefully conclude some 

form of significance in regards to a neuronal inflammatory response. In total, the goal of this 

work is to elucidate the way in which the sensory nervous system of the mouse responds to 

intestinal inflammation in both a cellular and molecular manner at both the site of injury, and 

connected areas far from the inflammation. This research has potential impact in the field of 

neuroinflammation, in particular research into inflammatory bowel disease.  

!
!
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2.1 Declaration of authorship 

 The research article entitled myenteric expression of nerve growth factor and the p75 

neurotrophin receptor regulate axonal remodelling as a consequence of colonic inflammation in 

mice by Petrie, Armitage, and Kawaja was contributed to equally by messrs Petrie and Armitage. 

The following is a comprehensive breakdown of the contributions made by these two authors. 

!
Morphological and neurochemical features of EGFP+ neurons in the mouse myenteric plexus 

 Initial morphological analysis of the enhanced green fluorescent protein (EGFP)+ 

population of neurons including soma size and appearance was performed by Mr. Petrie (Figure 

1). The microtubule-associated protein 2 (MAP2), NOS1 co-staining to determine the adendritic 

morphology of NOS1-/EGFP+ neurons was performed by Mr. Armitage (Figure 1). All 

immunostaining and subsequent analysis of the biomarkers expressed by EGFP+ neurons was 

performed by Mr. Petrie (Figure 2). All immunostaining and subsequent analysis of the co-

expression of biomarkers by EGFP+ neurons was performed by Mr. Armitage (Figure 3). The 

immunostaining and analysis of the expression of the p75NTR within the myenteric plexus (data 

not shown) was performed by Mr. Armitage.  

!
Responses by myenteric neurons to a loss of functional NGF 

 Mr. Armitage collected the data showing the expression of trkA by both the NOS1+ and 

calretinin+ neuronal populations (Figure 3). Mr. Petrie was responsible for the collection and 

analysis of all data regarding the EGFP+/NGF+/+, EGFP+/NGF+/-, and EGFP+/NGF-/- mice 

(Figure 4).  
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Changes in NGF expression during colonic inflammation 

 Two separate DSS regimens for the analysis of EGFP+ neurons were performed. One by 

Mr. Petrie (n=24) and one by Mr. Armitage (n=24). The analysis of soma sizes of EGFP+ neurons 

following the induction of DSS colonic inflammation was performed by Mr. Armitage (Figure 5 

A and B). The real time, polymerase chain reaction (RT-PCR) data was collected by Ms. Anne-

Marie Crotty (Figure 5C), and the immunoblotting data was collected by Dr. Margaret 

Fahnestock and Ms. Bernadeta Michealis (Figure 5D) as noted in the acknowledgments. The 

semi-quantitative analysis of both the RT-PCR and immunoblotting data were performed by Mr. 

Armitage.  

!
Changes in axonal densities among NOS1+ myenteric neurons with increased levels of NGF 

 The DSS regimen for the analysis of NOS1+/EGFP- axons in p75+/+ and p75-/- animals 

was performed by Mr. Armitage (n=29). All immunostaining, image capture, and analysis of 

these animals were performed by Mr. Armitage (Figure 6). All data on the axonal density, soma 

size, and survivability of NGF-overproducing, smooth muscle alpha-actin promoter (SMP)-NGF/

p75+/+ and p75-/- animals were collected by Mr. Armitage. All interpretations and statistical 

analysis of this data were performed by Mr. Armitage (Figure 7).  

!
Changes in axonal densities among sympathetic efferents with increased levels of NGF 

 The dextran sodium sulfate (DSS) regimens used for the analysis of tyrosine hydroxylase 

(TH)+ myenteric neurons were those previously described under “Changes in NGF expression 
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during colonic inflammation” performed by both Mr. Petrie and Mr. Armitage. Mr. Petrie 

collected data on the morphology of TH+ axons (Figure 8A). The analysis of percent area 

occupied by TH+ axons was performed by Mr. Petrie (Figure 8B). The data on the varicosities of 

TH+ axons in NGF+/+ and NGF+/- mice with and without DSS were collected and analyzed by 

Mr. Petrie (Figure 8C). The data on the varicosities of TH+ axons in NGF+/+/p75-/- mice with and 

without DSS were collected and analyzed by Mr. Armitage (Figure 8C).  

!
2.2 Abstract  

 Nerve growth factor (NGF) levels increase in response to inflammation of the 

mammalian colon.  The precise cellular sources of colonic NGF synthesis, however, remain 

elusive.  Using lines of transgenic mice that express enhanced green fluorescent protein (EGFP) 

under the control of the NGF promoter, we found a subpopulation of adendritic EGFP+ neurons 

in the myenteric plexus.  These colonic EGFP+ neurons display positive immunostaining for 

calretinin but not nitric oxide synthase 1, (NOS1), two biomarkers of mouse myenteric neurons.  

A loss of NGF expression in null mutant postnatal mice does not affect the survival of these 

EGFP+ neurons.  Induction of colonic inflammation confirms local increases in NGF mRNA/

protein levels, which coincide with heightened detection of EGFP by myenteric neurons.  

Though NOS1+ myenteric neurons display positive immunostaining for trkA (the receptor 

required for NGF binding/signalling), transgenic overexpression of NGF by smooth muscle cells 

in the colon does not alter the survival, somal size, or axonal density of trkA-expressing NOS1+ 

myenteric neurons.  Mice lacking functional p75NTR (the second receptor required for NGF 

binding) exhibit significantly less axonal damage among NOS1+ myenteric neurons, in response 
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to chemically induced colonic inflammation.  Likewise, trkA-expressing sympathetic axons that 

innervate the myenteric ganglia display less damage in the absence of p75NTR.  These data are 

the first to implicate calretinin+ myenteric neurons as a source of NGF in the murine colon, and 

that in response to colonic inflammation, increases in NGF can exaggerate damage of intrinsic 

NOS1+ axons and extrinsic sympathetic axons that co-express trkA and p75NTR.         

!
2.3 Introduction 

 Nerve growth factor (NGF) is the archetypical target-derived neurotrophin of the 

mammalian nervous system (Levi-Montalcini and Cohen, 1960).  Target tissues 

innervated by postganglionic sympathetic neurons and/or nociceptive sensory neurons 

produce minute amounts of NGF during development and into adulthood (Korsching, 

1993).  Both neuronal populations express the transmembrane receptor trkA, which upon 

binding to NGF at terminal axons signals intracellular events that initiate second 

messenger activation (Meakin and Shooter, 1992; Dechant et al., 1994; Barbacid et al., 

1994; Kaplan and Stephens, 1994).  Through these pathways, target-derived NGF 

determines neuronal survival and maintenance, as well as densities of axonal innervation.  

In addition to trkA, postganglionic sympathetic and nociceptive sensory neurons express 

the p75 neurotrophin receptor (p75NTR), which binds to NGF with a lower affinity than 

trkA.  The precise role of p75NTR for survival and axonal innervation varies among the 

different trkA+ neuronal populations.    

!
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Tissue levels of NGF increase in response to a variety of experimental models of 

inflammation.  Examples are synovial joints as a model of arthritis (Aloe et al., 1992), the 

urinary bladder as a model of cystitis (Wakabayashi et al., 1996; Oddiah et al., 1998), the 

lungs as a model of allergic airway inflammation (Braun et al., 1998; Freund et al., 

2002), the skin as a model of dermatitis (Ma and Woolf, 1997; Duo et al., 2006), and the 

colon as a model of colitis (Reinshagen et al., 2000; di Mola et al., 2000).  The precise 

cellular sources of NGF in normal and inflamed tissues, more often than not, have 

remained unresolved.  To address this issue of cellular synthesis of NGF we generated 

lines of transgenic mice that express enhanced green fluorescent protein (EGFP) under 

the control of the NGF promoter (Kawaja et al., 2011).  One surprising finding by 

Kawaja et al. in 2011 was the presence of EGFP+ neurons in the gastro-intestinal 

myenteric plexus.  In this study, we have sought to resolve the importance of these 

neurons that display NGF promoter activity in the normal and inflamed colons of mice.  

Here we show that myenteric EGFP expression is confined to adendritic neurons of the 

myenteric plexus, and that NGF mRNA/protein levels are increased as a result of colonic 

inflammation (induced chemically using the mucosal irritant dextran sodium sulfate).  

TrkA expressing, NOS1+ myenteric neurons are morphologically altered in response to 

colonic inflammation, but not in response to transgenic overproduction of NGF.  A loss of 

functional p75NTR expression does, however, significantly lessen the severity of NOS1+ 

axonal damage in response to colonic inflammation.  These data provide the first 

evidence of a neuronal source of NGF promoter activity in the colon of mice, as well as 
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link elevated levels of NGF production in the inflamed colon to axonal dysfunction by 

trkA-expressing NOS1+ motoneurons/interneurons of the myenteric plexus.   

!!!
2.4 Materials and Methods 

2.4.1 Experimental animals and tissue collection 

 This study focused on the colonic myenteric plexus of embryonic, postnatal, and 

adult mice.  Four lines of mice were used: 1) NGFpr-EGFP mice that display EGFP 

expression under the control of murine NGF promoter (Kawaja et al., 2011), 2) the 

progeny of NGF+/- parent mice (B6.129S7-Ngftm1Gne/J) (Crowley et al., 1994) 3) mice 

with a knock-out of the p75 neurotrophin receptor (Lee et al., 1992), and 4) the progeny 

of SMP-NGF/p75+/- male mice and p75+/- female mice, where SMP-NGF mice produce 

NGF under the control of the smooth muscle alpha actin promoter (SMP) (Petrie et al., 

2013).  Genotyping of mice was conducted using either complementary DNA (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 (Kawaja et al., 2011).  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’.  In this study, we examined both of the 

aforementioned lines separately, as well as crosses that generated progeny expressing 
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EGFP with genotypes of NGF+/+, NGF+/-, or NGF-/-.  For genotyping of SMPpr-NGF and 

p75NTR-/- mice, ear punches were briefly digested by EcoRI, followed by amplification 

using the following primers: NGF (5′-CTAGAATTCTGCAGGCAACTCAGCC; 5′-

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

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

and 3′/NEO: 5′-GATTCGCAGCGCATCGCCTT).  

!
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 

from unfixed mice were placed in a solution of 0.2% paraformaldehyde made in 0.1M 

phosphate buffer (pH 7.4); the colons were cut lengthwise and pinned flat with the 

mucosa side facing 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).  Colons from fixed mice were 

cryoprotected in 30% phosphate-buffered sucrose, after which they were embedded in 

CryomatrixTM (Shandon), frozen at -20°C, sectioned at 10 µm thickness and collected 
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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 CGRP 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) (Furness et al., 2004 and Nurgali et al., 

2004).  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).   

!
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.  Colons from these mice were placed in a solution of 0.2% 

paraformaldehyde made in 0.1M phosphate buffer (pH 7.4), after which the colons were 

frozen and cut at 10 µm thickness using a cryostat.  The sections were collected on slides 
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and processed for immunostaining.  Colitis was induced according to the procedure 

described above.  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 faecal 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. 

!
2.4.2 Immunostaining procedures  

 Strips of the muscularis externa + myenteric plexus from postnatal and adult mice 

(with and without DDS treatment) were cut into smaller pieces, fixed for 1 hour in 0.2% 

paraformaldehyde made in 0.1M phosphate buffer (pH 7.4), and incubated in 2% 

TritonX-100 in Tris-buffered saline (TBX) overnight at 4ºC.  The tissue pieces were 
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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 0.2% 

paraformaldehyde made in 0.1M phosphate buffer (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), goat anti-NOS1 IgG (1:1,000; Novus Bio), 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 NOS1 or 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 

Axiovision Rel. 4.5 software.  Images were adjusted for brightness and contrast and 
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saved as TIFFs; no other manipulations were performed.  Figures were created in Adobe 

Illustrator C5.   

!
2.4.3 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 EGFP/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 al., 2009).  The NGF primers yield a 

461-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 58ºC, and 1.5 minutes at 72ºC.  Amplification mix contained 1.5 mM magnesium.  No 

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

!
2.4.4 Immunoblotting 

 Protein was isolated from the frozen colons of adult NGFpr-EGFP (with and 
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without 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 detergent 

compatible 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 Infrared Imaging System (Li-Cor Biosciences). 

!
2.4.5 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 
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were immunopositive for the phenotypic protein in question, positive for EGFP, or 

positive for both were manually counted and expressed as percentages.  The observer 

randomly selected the fields of view used for these analyses.  

!
For semi-quantitative analysis of both the RT-PCR and western immunoblots for 

NGF, images were scanned and saved as TIFFs for import into ImageJ software. Using 

ImageJ the areas of each band were calculated. Band densities were entered into 

Graphpad Prism software for statistical analysis. For RT-PCR the band densities for 

NGF-mRNA (461 bp product) were calculated as a proportion of the band densities for 

GAPDH (700 bp product) from the same animal.  For western blotting the band densities 

of NGF protein at ~14kDa were calculated as a proportion of the band densities for β-

actin from the same animal. By normalizing the band densities as a proportion of an 

unchanged band from the same animal it was ensured that discrepancies between animals 

were controlled. The relative band densities from RT-PCR and western blotting were then 

compared between control and DSS-treated animals.  

!
Densities of TH-immunopositive sympathetic axons in the myenteric plexus were 

determined by selecting 20 random images from each cohort of 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, and the researcher capturing the image was unaware of 

the phenotype of the tissue to ensure blinded selection.  Images of these TH-
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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 TIFFs 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).  Individual axonal varicosity counts were made from these 

random selections.   

!
To measure percent area occupied, images of NOS1+ neurons were saved as 

greyscale and exported to the program ImageJ. Images were coded to reduce any possible 

bias. Images were then run through a Hessian plugin and thresholds were adjusted for 

continuity among photos. From here the files could be measured to provide the percent of 

total area occupied by staining above the threshold. To measure the number of NOS1+ 

axons per 100µm, colour images were analyzed within Axiovision. Images were coded to 
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reduce any possible bias. Lines of 200µm were drawn perpendicular to the direction of 

the axons in areas clear of any artifacts, 2-3 lines per image. NOS1+ axons crossing the 

lines were counted and inputted into GraphPad Prism for statistical analysis. To measure 

the area of cell bodies, greyscale images were exported to ImageJ. Images were coded to 

reduce any possible bias. Images were set to measure in µm using the field of view data 

from Axiovision. Images were zoomed to provide a clear view of each NOS1+ cell body, 

and cell bodies were traced by placing >20 connected dots around the soma. The area 

within the tracings were calculated and inputted into GraphPad Prism software.  

!
2.5 Results 

2.5.1 Morphological and neurochemical features of EGFP+ neurons in the mouse 

myenteric plexus 

 We have reported the generation of transgenic mice that express EGFP under the 

control of the NGF promoter (Kawaja et al., 2011).  Only one population of neurons was 

detected in the peripheral nervous system (PNS) of these mice: those found in the 

myenteric plexus of the intestinal tract, including the distal colon (that tissue which was 

the focus of this investigation) (Fig. 1A-D).  In adult transgenic mice, these neurons were 

readily evident by their location between the two muscle layers of colonic muscularis 

externa; in embryonic transgenic mice, these neurons were seen as early as post-

conception day 12 (Fig. 1E, F).  Morphologically, these EGFP+ neurons were quite 

distinctive.  The neuronal somata were large in area (183.4  52.8 (s.d.) m2; n=148 somata 

from 5 adult mice) and had a smooth appearance (i.e., adendritic).  Each EGFP+ 
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myenteric neuron had 2-3 axonal processes that extend from the somata, branching 

profusely in the same and adjacent ganglia of the plexus.  These axons were best 

visualized in adult mice; in postnatal day 1 transgenic pups, short axonal processes were 

seen extending from the somata of EGFP+ myenteric neurons. 

!
Neurochemically, these EGFP+ neurons displayed additional distinctive features 

(Figs. 2 and 3); proportions of neurochemical phenotypes were determined from 1 mm2 

areas of randomly selected fields taken from the whole muscularis externa + myenteric 

plexus from no fewer than 5 adult NGFpr-EGFP transgenic mice.  Regarding their 

expression of the calcium binding protein calretinin and the neuroactive peptide 

calcitonin gene-related peptide (CGRP), ~95% of EGFP+ neurons displayed positive 

immunostaining for calretinin (i.e., 138 EGFP+/calretinin+ neurons of 145 EGFP+ 

neurons) and ~91% of EGFP+ neurons had positive immunostaining for CGRP (i.e., 127 

EGFP+/CGRP+ neurons of 138 EGFP+ neurons).  On the other hand, only a minority 

calretinin+ and CGRP+ myenteric neurons displayed EGFP (i.e., ~37% of 374 calretinin+ 

neurons and ~29% of 434 CGRP+ neurons).  While strong immunostaining for calretinin 

was detected in myenteric neurons without colchicine pretreatment, weak 

immunostaining for CGRP was detected in myenteric neurons only with colchicine 

pretreatment.  The need for colchicine induced enhancement of CGRP staining within the 

myenteric plexus has been previously described (Furness et al., 2004 and Nurgali et al., 

2004).  Immunostaining for nitric oxide synthase 1 (NOS1) revealed that, of 184 EGFP+ 

neurons and 694 NOS1+ neurons detected in the myenteric plexuses, not a single double-
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labeled neuron was found.  Though a small population of adendritic myenteric neurons 

display positive immunostaining for calretinin and NOS1 (a result in agreement with 

those of Sang and Young, 1996), no EGFP expression was ever detected in these 

calretinin+/NOS1+ somata (Fig. 3).  Examination of trkA localization revealed that ~94% 

of EGFP+ neurons had positive (although weak) immunostaining for this NGF receptor 

(i.e., 101 EGFP+/trkA+ of 107 EGFP+) (Fig. 3) but only a minority of trkA+ myenteric 

neurons displayed EGFP (i.e., ~22% of 479 trkA+ neurons).  Positive immunostaining for 

trkA was also detected among NOS1+/EGFP- myenteric neurons (Fig. 3).  Qualitatively, it 

appeared that all myenteric neurons have positive immunostaining for p75NTR; this 

latter observation was expected because p75NTR is a reliable biomarker of neural crest-

derived cells, such as myenteric neurons (Bannerman and Pleasure, 1993 and Young et 

al., 1999).  In sum, these data show that a subpopulation of calretinin+ neurons in the 

myenteric plexus of the mouse colon display NGF promoter activity, implicating these 

neurons as an unexpected source of NGF in the normal and inflamed bowel.          

!
2.5.2 Responses by myenteric neurons to a loss of functional NGF 

 That trkA is expressed by both EGFP+ and EGFP- myenteric neurons in the colon 

of adult NGFpr-EGFP transgenic mice suggests that these neurons may require NGF for 

survival during development.  In fact, NGF is critical for the survival of trkA+ 

sympathetic and sensory neurons during embryonic and postnatal development, 

respectively (Crowley et al., 1994).  To test this idea, we crossed NGFpr-EGFP mice with 

NGF+/- mice to generate F2 mice expressing EGFP that may carry one or two mutated 
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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 at postnatal days 1-2.  

Given the small size of their colons, separating the mucosa from the muscular externa + 

myenteric plexus was not possible; and, cryostat sectioning of these tissues did not allow 

for unbiased quantitative analyses of neuronal numbers.  Qualitatively, the densities of 

EGFP+ and NOS1+ neurons (i.e., EGFP-) in the colons of NGF-/- pups were comparable to 

those seen in age-matched NGF+/+ and NGF+/- siblings (data not shown).  No calretinin+ 

myenteric neurons were seen in 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).  RT-PCR revealed comparable trkA mRNA levels in the colons of postnatal day 

1-2 NGF+/+, NGF+/-, and NGF-/- siblings (data not shown); these data show that trkA 

expression persists in the colon of postnatal mice in spite of a loss of NGF.  By chance, 

one EGFP+/NGF-/- pup lived to 19 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+ neurons in the myenteric plexus among these 

mice (Fig. 4); qualitatively, comparable densities of NOS1+ neurons (i.e., EGFP-) were 

detected in the colons among all siblings (data not shown). Unlike other trkA+ 

populations, such as basal forebrain cholinergic and post-ganglionic sympathetic neurons, 

these trkA+ myenteric populations do not rely on NGF alone for development and 

survival. As such, neuronal production of NGF in the mouse colon may be linked to other 
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biological features, including the maintenance of intrinsic and/or extrinsic axonal inputs 

to the myenteric plexus by trkA+ neurons.      

!
2.5.3 Changes in NGF expression during colonic inflammation 

 Colitis in adult mice was induced by dextran sodium sulfate (DSS) treatment 

(Mähler et al., 1998; Kitajima et al., 1999), one of several recognized experimental 

approaches that trigger luminal inflammation in the mammalian colon.  Adult NGFpr-

EGFP mice were given access to drinking water with 3% DSS ad libitum, followed by 

another 2 days with access to regular drinking water.  DSS-treated mice displayed signs 

of dehydration and modest weight loss (i.e., not more than 15%).  Examination of their 

inflamed colons revealed that EGFP+ myenteric neurons were qualitatively brighter 

(when viewed by fluorescence microscopy), resulting in less-defined somal borders and 

more prominent axonal processes (Fig. 5A).  Analyses of the somal sizes of EGFP+ 

neurons revealed no significant change in somal area after DSS treatment (Fig. 5B).  

There was no apparent loss of EGFP+ neurons in the myenteric plexuses with mucosal 

inflammation.  Parenthetically, it is important to note that, following DSS treatment, 

EGFP detection remained confined to calretinin+ (adendritic) neurons of the myenteric 

plexus and that EGFP remained absent from all NOS1+ neurons (data not shown); as 

before, these assessments were determined from 1 mm2 areas of randomly selected fields 

taken from whole muscularis externa + myenteric plexus from no fewer than 5 adult 

NGFpr-EGFP transgenic mice with and without DSS treatment.  Moreover, examination 

of the mucosal and submucosal layers of the non-inflamed and inflamed colons of 
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NGFpr-EGFP mice revealed comparable patterns of EGFP detection among scattered 

epithelial cells (likely the resident 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.  Levels of NGF mRNA (as 

detected by RT-PCR; Fig. 5C) and NGF protein (as detected by immunoblotting; Fig. 5D) 

were semi-quantitatively examined in samples of fresh-frozen muscularis externa + 

myenteric plexuses from DSS-treated and non-treated NGFpr-EGFP mice.  Both NGF 

mRNA levels and NGF protein levels were significantly increased in response to colonic 

inflammation (unpaired, two-tailed t-tests of band densities, p<0.05).  Specifically, 

relative levels of NGF mRNAs were on average 158% higher in the inflamed tissues, as 

compared to non-inflamed tissues.  As revealed by immunoblotting, relative 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.  These data show that 

chemically-induced inflammation of the mouse colon leads to increased levels of mRNA/

protein NGF expression, which correlates with NGF promoter expression by a 

subpopulation of calretinin+ myenteric neurons.     

!
2.5.4 Changes in axonal densities among NOS1+ myenteric neurons with increased 

levels of NGF  

 In this study we have shown that EGFP+ and EGFP- myenteric neurons both 

express trkA and p75NTR in adult NGFpr-EGFP transgenic mice. TrkA expression has 

been shown through immunostaining, and the expression of p75NTR by all myenteric 

!33



neurons is implied by their origin within the neural crest (Young et al., 1999).   As such, 

both neuronal populations may be responsive to local changes in the levels of colonic 

NGF (e.g., that induced by inflammation).  Augmented levels of NGF have been shown 

to stimulate sprouting by axonal terminals (as well as affect neuronal survival and induce 

somal hypertrophy) via trkA-NGF signalling.  Here we assessed axonal sprouting by 

trkA-expressing NOS1+ myenteric neurons in response to increased levels of colonic 

NGF, and we examined whether the presence or absence of functional p75NTR affected 

NGF-mediated axonal arborization.  We focused on this intrinsic population of neurons 

(EGFP-/NOS1+) because they displayed stronger trkA immunostaining than did EGFP+/

NOS1- neurons in adult NGFpr-EGFP mice.    

!
 Two experimental approaches were used to augment colonic levels of NGF in 

age-matched p75+/+ and p75-/- siblings.  First, we employed the DSS model of colonic 

inflammation.  Adult p75+/+ mice displayed a significant decrease in the density of 

NOS1+ axons (which innervate the circular muscularis externa) as a consequence of DSS-

induced inflammation (Fig. 6A upper panels and C; two-way ANOVA with a post-hoc 

Bonferroni correction and multiple comparisons, p=0.0007), as compared to p75+/+ 

siblings with no DSS treatment.  The decrease in density of NOS1+ axons was taken to 

indicating a decrease in overall health of this axonal population (Menchén et al., 2004).  

Though the density of NOS1+ axons was also significantly decreased in DSS-treated 

p75-/- mice, as compared to p75+/+ mice with no DSS treatment (Fig. 6A lower panels and 

C; two-way ANOVA with a post-hoc bonferroni correction and multiple comparisons 
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p<0.0001), the reduction in NOS1+ axonal densities (in response to colonic 

inflammation) appeared to be mitigated in those mice lacking p75NTR expression (Fig. 

6A upper right panel compared to lower right panel). To ensure changes in axonal density 

were not due to a difference in axonal density between the p75+/+ and p75-/- phenotypes 

we compared the percent area occupied by NOS1+ immunostaining between these two 

populations. No significant difference was observed between the levels of staining, 

indicating that the changes observed are due to the DSS treatment (Fig. 6B; unpaired, 

two-tailed t-test p=0.121). 

!
The second experimental approach to elevate colonic levels of NGF was to use 

transgenic mice (i.e., SMPpr-NGF that express or lack functional p75NTR); these mice 

were not subjected to DSS-induced inflammation.  Adult SMPpr-NGF transgenic mice, 

which express NGF under the control of the alpha-actin smooth muscle promoter (SMP), 

display increased levels of NGF protein in the distal colon (Elliott et al., 2009).  

Comparisons of NOS1+ axonal densities in adult NGF/p75+/+, NGF/p75-/-, p75+/+, and 

p75-/- siblings revealed no significant differences among the four genotypes (Fig. 7A and 

B, one-way ANOVA with multiple comparisons and post-hoc Bonferroni test, p=0.0779).  

Given the likelihood that NGF levels are elevated in these transgenic mice as early as late 

embryogenesis and maintained into adulthood, we also assess somal sizes and population 

sizes among the myenteric NOS1+ neurons.   Hypertrophy of cell bodies, as determined 

by measuring somal area, was detected among NOS1+ myenteric neurons in NGF/p75-/- 

mice, as compared to the other 3 genotypes (Fig. 7C and D, one-way ANOVA with 
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multiple comparisons and post-hoc Bonferroni test, p<0.0001).  By comparison, NOS1+ 

neuronal population sizes in the myenteric ganglia were comparable among the four 

genotypes (Fig. 7E and F, one-way ANOVA with multiple comparisons and post-hoc 

Bonferroni test p=0.0336).  In sum, these data show that trkA-expressing NOS1+ 

myenteric neurons are responsive to elevated levels of NGF, as a consequence of 

inflammation, in the mouse colon.    

!
2.5.5 Changes in axonal densities among sympathetic efferents with increased levels 

of NGF  

 Elevating local levels of NGF can also stimulate axon sprouting by trkA-

expressing sympathetic neurons that innervate peripheral target tissues.  In the myenteric 

plexuses these efferent fibers are readily identified by positive immunostaining for TH 

and by the appearance of immunostained varicosities along the axon length (Li et al. 

2004).  These fibers course in close proximity to the myenteric neurons, including those 

displaying EGFP (Fig. 8A).  Comparisons of TH-immunopositive sympathetic axonal 

densities in the myenteric plexuses of adult NGF+/+ mice revealed no significant 

differences with or without DSS treatment (Fig. 8B, one-way ANOVA with multiple 

comparisons and a post-hoc Bonferroni test, p=0.3537).  A similar trend was seen when 

comparing axonal densities in adult NGF+/- siblings with or without DSS treatment.  As 

for the numbers of varicosities along the lengths of TH-immunopositive sympathetic 

axons in the myenteric plexuses, wild type mice (i.e., NGF+/+/p75+/+) displayed 

comparable numbers to NGF+/-/p75+/+ mice and NGF+/+/p75-/- mice (all of which did not 
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have DSS treatment) (Fig. 8C).  These data reveal that mice carrying two normal or two 

mutated alleles for p75NTR display comparable numbers of sympathetic varicosities.  In 

those mice having two or one normal allele for NGF (all of which were carrying two 

normal alleles for p75NTR), DSS treatment had similar effects between NGF+/+ and NGF

+/- siblings; that is, a significant increase in varicosity numbers in response to colon 

inflammation (Fig. 8C, one-way ANOVA with multiple comparisons and a post-hoc 

Bonferroni test, p<0.0001).  In order to elucidate the differences in reactivity to 

inflammation by p75+/+ and p75-/- mice, these animals were treated with DSS (as 

previously described).  Though DSS-treated p75+/+ mice had significant increases in 

sympathetic varicosity numbers, as compared to control p75+/+ siblings (Fig. 8C, one-way 

ANOVA with multiple comparisons and a post-hoc Bonferroni test, p<0.0001).  With 

DSS treatment, p75-/- mice showed no significant change in the number of varicosities, as 

compared to p75+/+ siblings (Fig. 8C, one-way ANOVA with multiple comparisons and a 

post-hoc Bonferroni test, p<0.0001).  

!
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Figure 1. Detection of EGFP+ neurons in the colonic myenteric plexus of NGFpr-EGFP 

mice.  Large, ovoid EGFP+ neurons are found in the myenteric plexus of adult mice (A-

C).  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, C).  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).  In frozen-cut sections of the 

colon, EGFP+ neurons are seen in the myenteric plexus of embryonic transgenic mice 

(post-conceptus day 18 shown) (D).  At this early stage of development, few if any 

axonal processes can be seen extending from the EGFP+ somata. Myenteric EGFP+ 

tissues were stained for nitric oxide synthase 1 (NOS1) a neuronal marker for the motor 

subpopulation of murine myenteric neurons, and for microtubule-associated protein 2 

(MAP2) a marker for neuronal dendrites (E). Though EGFP+ neurons (asterisks) lack 

positive immunostaining for NOS1 and MAP2, many NOS1+ neurons are 

immunopositive for MAP2. Scale bars = 50 µm (A, B); 25 µm (C); 200 µm (D); 25 µm 

(E). 
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Figure 2. EGFP+ neurons in the colonic myenteric plexus of adult NGFpr-EGFP mice 

have distinct neurochemical properties.  EGFP+ neurons display positive immunostaining 

for calretinin and calcitonin gene-related peptide (CGRP) (open arrowheads); not all 

calretinin+ and CGRP+ neurons, however, display EGFP.  Both EGFP+ neurons (open 

arrowheads) and EGFP- neurons display positive immunostaining for the NGF receptor 

trkA.  EGFP+ myenteric neurons (closed arrowheads) lack positive immunostaining for 

nitric oxide synthase 1 (NOS1).  Scale bar = 25 µm.  
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Figure 3. NOS1+ neurons in the colonic myenteric plexus of adult NGFpr-EGFP mice 

have distinct neurochemical properties. A sub-population of NOS1+ neurons display 

positive immunostaining for calretinin (top, closed arrowheads). A sub-population of 

calretinin+ neurons are also EGFP+ (top, open arrowheads), however no NOS1+ neurons 

are EGFP+. NOS1+ neurons display positive immunostaining for trkA (bottom, closed 

arrowheads).  A sub-population of trkA+ neurons are also EGFP+ (bottom, open 

arrowheads), however there are still no NOS1+ neurons that are EGFP+. Scale bars = 25 

µm. 
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Figure 4. Myenteric EGFP+ neurons in postnatal day 19 EGFP+/NGF+/+, EGFP+/NGF+/- 

and EGFP+/NGF-/- siblings. Both the distribution and the appearance of EGFP + neurons 

in the myenteric plexus of these postnatal mice are comparable. Scale bar = 100 µm. 
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Figure 5. Chemically-induced colonic inflammation leads to a local increase in the 

production of NGF. (A)  Examples of muscularis externa + myenteric plexus preparations 

from adult NGFpr-EGFP mice show an increase in the intensity of EGFP in myenteric 

neurons with DSS treatment, as compared to those not treated with DSS.  Colonic 

inflammation also increases detectable EGFP in the axons of myenteric neurons. (B) A 

quantitative analysis of the somal sizes of EGFP+ neurons in the myenteric plexus reveals 

no significant change in somal size with and without DSS treatment (p<0.05). (C) After 5 

days of DSS treatment, samples of muscularis externa + myenteric plexus from adult 

NGFpr-EGFP mice display detectable levels of NGF mRNA at 461 bp 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 at 461 bp with RT-PCR (top image, lanes 2, 4, 6, and 8).  GAPDH mRNA 

(bottom image) for all individual samples (lanes 1-8) reveals consistent amplification at 

700 bp regardless of DSS treatment. Arrowhead indicates 500 bp. (D) Western 

immunoblotting (with the MC-51 anti-NGF IgG) of samples taken from the same animals 

as those used for RT-PCR reveals immunostained bands at ~14 kDa and ~35 kDa.  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 

bands 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 (shown in red at 42 kDa).  Lane P represents loading with 
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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. Scale bar = 100 µm 

(B). 
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Figure 6: DSS induced axonal damage to NOS1+ myenteric axons in mice expressing or 

lacking p75NTR expression. (A) The density of NOS1+ myenteric axons is markedly 

reduced in axonal density from p75NTR+/+ to p75NTR-/- mice with DSS induced 

inflammation.  (B) An unpaired, two-tailed t-test showed no significance in the amount of 

axonal NOS1+ staining between p75NTR+/+ and p75NTR-/- mice, p=0.1209.  (C) Axonal 

density was measured by counting the number of NOS1+ axons crossing a 200µm line. 

Two-way ANOVA with a post-hoc bonferroni correction and multiple comparisons was 

significant for addition of DSS in both control (*) and p75NTR-/- (**) p=0.0007. 

Significance was also observed between p75NTR+/+ and p75NTR-/- in the DSS mice 

p<0.0001 (***).Scale bar = 200 µm (A). 
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Figure 7: Statistical analysis of SMP-NGF NOS1+ neurons for axonal density, soma size, 

and cell survivability.  (A, B) Axonal density was determined by measuring the number 

of NOS1+ axons crossing a 200µm line. No significant change in axonal density was 

observed.  (C, D) Soma sizes were measured in µm2 and a significant (*) increase was 

observed only in the NGF/p75NTR-/- mice over control (p<0.0001).  (E, F) DAPI was 

used to determine the total number of cells in the ganglia, which was compared to the 

total number of NOS1+ neurons. No significant change in survivability was found. All 

images displayed in this figure were taken from wild type p75NTR+/+ animals. Scale bars 

=  200 µm (B); 50 µm (D and F). 
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Figure 8.  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 

(p=0.3537).  These animals, having 2 normal alleles for NGF, are compared to their 

siblings having one normal allele for NGF.  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 both NGF+/+ and 

NGF+/-, adult NGFpr-EGFP mice display a significant increase (p<0.0001 * and **) 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.  In adult NGFpr-

EGFP, p75NTR-/- mice there was no significant change in number of varicosities per 

axonal segment of TH+ fibers, (p<0.0001). Scale bar = 50 µm. 
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2.6 Discussion 

2.6.1 A subpopulation of myenteric neurons display NGF promoter activity  

 To our knowledge this study and our previous report (Kawaja et al., 2011) are the 

first to provide evidence that a subpopulation of colonic myenteric neurons synthesize 

NGF.  NGF is a target-derived neurotrophin, which is produced in minute quantities by 

peripheral tissues.  Since no storage mechanism for NGF has been reported, peripheral 

cells likely release newly synthesized NGF into the extracellular environment.  There, 

NGF binds to trkA on sympathetic and/or sensory axons, initiating the 

autophosphorylation of intracellular tyrosine kinase on trkA and the subsequent signalling 

associated with trkA-NGF binding.  The trkA-NGF complex is finally internalized, where 

upon it is retrogradely transported to the somata as a signalling endosome (Wiley and 

Burke, 2001; Barker et al., 2002).  Since the visualization of NGF by immunostaining 

procedures can yield equivocal findings, we tackled the issue of cellular sites of synthesis 

by generating transgenic mice in which the NGF promoter drives EGFP expression 

(Kawaja et al., 2011).  In contrast to the detection of many different types of EGFP+ 

neurons in the CNS, we found only one population of EGFP+ neurons in the PNS, 

specifically those in the entire gastro-intestinal myenteric plexus.  These EGFP+ neurons 

are detected as early as post-conceptus day 12.  By adulthood, these EGFP+ myenteric 

neurons have large somata, are adendritic (i.e., lack dendritic lamellae), and have 2-3 

axonal processes that extend into adjacent ganglia.  Neurochemically, the majority of 

these colonic EGFP+ neurons displays positive immunostaining for calretinin and CGRP 

(but not for NOS1).  Previous studies have designated calretinin+/CGRP+ adendritic 
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neurons of the colonic myenteric plexuses in mice as the sensory Dogiel type II, and 

NOS1+ dendritic neurons as the motoneuron/interneuron Dogiel type I (Furness et al., 

2004; Nurgali et al., 2004).  Our data provide support for the idea that EGFP+ neurons 

resemble the Dogiel type II (rather than the Dogiel type I) neurons.  It is, however, 

important to note that, of the calretinin+/CGRP+ myenteric neurons in these transgenic 

mice, only ~40% of these colonic neurons express EGFP (i.e., display NGF promoter 

activity).  As such, mice like many other mammalian species possess a variety of 

myenteric neuronal subtypes based on morphological, neurochemical, and functional 

criteria.  The presence or absence of NGF expression may be yet another means for 

classifying these mammalian myenteric neurons.    

!
 Given this discovery that a subpopulation of myenteric neurons in the colon of 

adult mice display NGF promoter activity, we sought to determine the biological 

significance of this neuronal source of NGF.  It was imperative to first assess which 

neuronal subpopulations express trkA.  Here, we show that trkA immunostaining (though 

variable in intensity) is detected in both EGFP+/NOS1- and EGFP-/NOS1+ myenteric 

neurons.  Since this transmembrane receptor is required for high affinity binding and 

intracellular signalling of target-derived NGF, it seems possible that NGF released by 

EGFP+ neurons could have both autocrine and paracrine effects.  In the PNS, NGF plays 

a critical role in the survival of trkA+ nociceptive sensory neurons and postganglionic 

sympathetic neurons.  The best evidence for this is that newborn NGF-/- mice display a 

complete loss of both trkA+ populations (Crowley et al., 1994).  The presence of EGFP+/
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NOS1- and EGFP-/NOS1+ myenteric neurons in the colons of postnatal NGF-/- mice, 

comparable to those of NGF+/+ and NGF+/- siblings, supports the idea that the survival of 

these neurons is not dependent on NGF (from any source) during embryonic/postnatal 

murine development. 

!
 Expression of trkA by EGFP-/NOS1+ myenteric neurons may confer 

responsiveness to elevated levels of NGF, which can increase neuronal survival, as well 

as induce somal hypertrophy and/or axonal sprouting.  Ectopic expression of NGF in 

transgenic mice does, in fact, trigger increased neuronal numbers, somal hypertrophy, 

and/or increased axonal densities by trkA+ sensory and sympathetic neurons (Albers et 

al., 1994, Elliott et al., 2009, Edwards et al., 1989).  Examination of these biological 

features among NOS1+ myenteric neurons revealed no enhanced survival, somal 

swelling, or axonal sprouting in response to high levels of NGF protein in the colons of 

adult SMPpr-NGF transgenic mice, as compared to age-matched wild type siblings.  We 

have previously shown that a loss of functional p75NTR can alter sympathetic and 

sensory responses to elevated levels of NGF (specifically by enhancing axonal sprouting) 

(Petrie et al. 2013).  Though a modest increase in somal size was detected by NOS1+ 

myenteric neurons in adult NGF/p75-/- mice (as compared to age-matched NGF/p75+/+ 

siblings), neither neuronal numbers nor axonal densities differed among these mice.  

Collectively, our data reveal that, in marked contrast to trkA+/p75NTR+ sympathetic and 

sensory neurons, trkA+/p75NTR+ myenteric neurons appear to be unresponsive to 
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depleted or augmented levels of NGF in the colon (as a consequence of genetic 

manipulation).        

!
2.6.2 Consequences of NGF production in the inflamed colon              

 Chemically-induced colitis in rats stimulates increased 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); similar increases have been reported in the 

human colon as a consequence of inflammatory bowel disease (Di Mola et al., 2000; 

Johannson et al., 2007, 2008).  Using immunostaining procedures, NGF has been 

localized to epithelial and mast cells in the inflamed colon of rats (Stanzel et al., 2008).  

Under basal conditions, NGFpr-EGFP mice display EGFP detection (i.e., NGF promoter 

activity) among a subpopulation of calretinin+/NOS1- myenteric neurons in the distal 

colon, which is first detected in embryos and persists into adulthood.  In response to DSS 

treatment, this same population of neurons exhibits increased EGFP detection in adult 

transgenic mice.  Our RT-PCR and immunoblotting data support this idea, such that 

levels of NGF mRNA and protein (i.e., specifically mature NGF at ~14 kDa but not 

proNGF at ~27 kDa) are elevated in the muscularis externa + myenteric plexus after DSS 

treatment.  These findings provide evidence that a subpopulation of myenteric neurons is 

a source of NGF in the normal and inflamed colons of adult mice.  

!
 What might be the consequences of increased levels of NGF in muscularis externa 

+ myenteric plexus in response to colonic inflammation?  We assessed possible changes 
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in axonal densities and axonal varicosity distributions among intrinsic trkA+/NOS1+ 

motoneurons/interneurons and extrinsic trkA+/TH+ sympathetic neurons, respectively.  

Moreover, we sought to determine whether the expression of p75NTR by these two 

neuronal populations affects responses to local increases in NGF protein levels due to 

DSS-mediated inflammation of the distal colon.  Densities of NOS1+ axons are 

measurable, given their precise linear arrangement in association with the circular 

muscularis externa layer.  By comparison, TH+ sympathetic efferents meander among the 

neurons of the myenteric ganglia, making measurements of axonal densities difficult.  

These sympathetic axons, however, display prominent varicosities that are measurable 

along defined fiber lengths.  First, adult p75+/+ and p75-/- siblings display similar densities 

of NOS1+ axons in the distal colon, and in response to DSS-induced inflammation the 

density of NOS1+ axons is reduced in the colons of both types of mice.  This decrease in 

NOS1+ axonal densities is, however, significantly lessened in those mice that lack 

p75NTR expression, as compared to those mice expressing functional p75NTR.  Second, 

adult p75+/+ and p75-/- mice display comparable numbers of varicosities along lengths of 

TH+ sympathetic axons innervating the myenteric ganglia, and in response to DSS-

induced inflammation the varicosity numbers per axonal length is increased in the colons 

of both types of mice.  This augmentation of varicosities is again significantly lessened in 

those mice lacking p75NTR, as compared to their siblings expressing p75NTR.     

!
 Our data reveal that an absence of p75NTR expression coincides with a greater 

degree of damage among trkA+ intrinsic axons (i.e., decreased densities of NOS1+ fibers) 
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and trkA+ extrinsic axons (i.e., increased varicosity numbers per length of TH+ fibers).  

One plausible explanation for these observations may be found in the ability of p75NTR 

to sequester NGF away from trkA (Barker et al., 1994; Kohn et al., 1999).  In the 

inflamed colon, we propose that excess NGF binds preferentially to the more abundant 

p75NTR on both NOS1+ motoneuron/interneuron axons and TH+ sympathetic axons, 

resulting in less trkA signalling and more inflammation-associated damage.  On the other 

hand, when functional p75NTR expression is perturbed, excess NGF in the inflamed 

colon can bind only to trkA on the NOS1+ and TH+ axons, which may mitigate the degree 

of axonal damage in response to inflammation.  That the presence or absence of p75NTR 

on axons can significantly affect the interactions between target-derived NGF and trkA 

found on distal axons has been demonstrated in several different experimental models 

(Kohn et al., 1999, Dhanoa et al., 2006, Yoon et al., 1998, Hannila et al., 2004).  Thus, it 

appears that excess NGF (triggered by inflammation) can have negative effects on two 

different trkA+ axonal systems within the colon, specifically the intrinsic NOS1+ 

motoneurons/interneurons and extrinsic TH+ sympathetic efferents.  These data suggest 

that the development of therapeutic agents to reduce axonal damage in the inflamed colon 

might target the increased NGF levels and/or the functional status of p75NTR.  This new 

information has direct implications on our understanding of the cellular mechanisms 

associated with motor dysfunction, which is a common symptom of inflammatory bowel 

diseases in humans.   

!
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3.1 Abstract 

 Inflammation in the murine descending colon leads to a reactive response by glial cells in 

those dorsal root ganglia (DRG) that provide innervation to the inflamed tissue. Macrophage-

like, ionized calcium-binding adapter molecule-1 (Iba1) immunopositive glial cells within the 

lumbar DRG of mice proliferate in response to dextran sodium sulfate (DSS) induced colonic 

inflammation. DSS was provided in the drinking water ad libitum at 3% for 5 days, followed by 

2 days of drinking water without DSS, another 5 days with DSS, and finally 2 days without 

before sacrifice. Two-dimensional, polyacrylamide gel electrophoresis (2D-PAGE) was used to 

identify any changes in the proteome of the lumbar DRG in response to colonic inflammation 

with the cervical DRG used for control. Four protein increases (Stathmin, gamma actin, 

superoxide dismutase (Cu-Zn), and peroxiredoxin-6) were significantly identified using matrix-

assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS). Six 

additional protein increases (Glucosaminyl (N-acetyl) transferase 2, periaxin isoform S, 

cytochrome P450, ferritin heavy and light chains, and calcium-binding protein 8) were identified 

by matching actual molecular weights and isoelectric points with those suggested by 2D-PAGE. 

These results provide the first look into the proteomic changes that occur within the DRG of 

mice in response to peripheral damage. This work serves as an example of the benefits of 

utilizing exploratory proteomics to further understand the mechanisms behind various 

pathologies. 

!
!
!
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3.2 Introduction 

 Nerve growth factor (NGF) is a protein discovered in the early 1950s which has a 

profound effect on the growth and differentiation of nervous tissue, especially the sensory and 

sympathetic nervous systems (Levi-Montalcini and Cohen, 1960). Since its discovery it has been 

implicated in many diseases such as rheumatoid arthritis (Aloe et al., 1992), multiple sclerosis 

(Bracci-Laudiero et al., 1992), and systemic lupus erythematosus (Bracci-Laudiero et al., 1993). 

Throughout NGF’s broad scope of importance one factor remains consistent, inflammation. NGF 

has been named a major component of inflammatory pathways in numerous experimental models  

like conjunctivitis (Lambiase et al., 1995), asthma (Braun et al., 1998), cystitis (Jacobs et al., 

2010), and most relevant to the present work, colitis (di Mola et al., 2000 and Stanzel et al., 

2008).  

!
 Recent work into the cellular sites of NGF production has revealed a subset of myenteric 

neurons within the murine colon which display nerve growth factor promoter expression 

(Kawaja et al., 2011). Mice with the gene for enhanced green fluorescent protein (EGFP) under 

control of the NGF promoter display EGFP expression in expected tissues (ie. the submaxillary 

gland) as well as this novel neuronal source. Recent investigation into the significance of this 

population of neurons suggests an important role in the regulation of neuronal function in injury 

and disease (Petrie et al., 2013 and Petrie et al., 2015). The model of colitis was implemented by 

treating the mice with dextran sodium sulfate (DSS) ad libitum for 5 days to induce colitis. The 

colonic, and myenteric neuronal response to DSS induced inflammation is well documented 

(Wirtz et al., 2007 and Kim et al., 2012) and one important change is an increase in colonic NGF 
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levels (Petrie et al., 2015). Neuronal changes from colonic inflammation are not limited to those 

seen within the colon. Studies have shown changes due to colonic inflammation within the dorsal 

root ganglia (DRG) which provide sensory innervation to the gut (Benson et al., 2014 and Chen 

et al., 2015). Combined with the knowledge that NGF is transported retrogradely from the site of 

binding (Johnson et al., 1987), it is our hypothesis that the increase in colonic NGF levels may 

have a retrograde effect on the neurochemical environment of the innervating DRGs. In this 

study we aim to elucidate the proteomic changes in the DRG of mice with DSS induced colonic 

inflammation. We show that the sensory fibers innervating the inflamed colon express the 

primary NGF binding receptor trkA, as well as calcitonin gene related peptide (CGRP) a 

biomarker for nociceptive neurons. We show that DSS induced inflammation leads to a 

proliferation of macrophage-like cells within the DRG which express the NGF binding p75 

neurotrophin receptor (p75NTR). Finally, we provide the first analysis of changes to the DRG 

proteome due to DSS induced colonic inflammation in mice.  

!
3.3 Materials and Methods 

3.3.1 Experimental animals 

 This study made use of NGFpr-EGFP mice used for concurrent studies in our lab 

(Kawaja et al., 2015). Genotyping of mice was conducted using cDNA isolated from ear punches 

of late postnatal/adult 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 (Kawaja et al., 2011).  Only mice found to 

express EGFP were utilized in this study, although the presence of EGFP in the colonic tissue is 
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not expected to have any effect on the proteomic data, with the exception of the possibility of 

choosing a spot which corresponds to EGFP. This possibility however, will only serve to solidify 

our labs previous hypothesis that EGFP production increases with DSS induced inflammation. 

Adult NGFpr-EGFP mice (n=14 for proteomics, and n=14 for immunostaining) were selected 

and placed on a 2 week course of DSS. Animals were provided with 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, followed by another 5 days with 3% DSS, and finally another 2 days without 

DSS. On the final day without DSS the animals were sacrificed according to the tissue collection 

methods for either immunostaining or proteomics. All methods were approved by the Queen’s 

University Animal Care Committee, following the guidelines set out by the Canadian Council on 

Animal Care.  All efforts were made to minimize the number of animals used and their suffering. 

!
3.3.2 Tissue collection for immunostaining 

Adult NGFpr-EGFP mice were sacrificed by 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). Fresh colons from unfixed mice 

were placed in a solution of 0.2% paraformaldehyde made in 0.1M phosphate buffer (pH 

7.4); the colons were cut lengthwise and pinned flat with the mucosa side facing 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). Further processing was done at a later point to attempt to separate 

the two layers of smooth muscle in hopes of allowing the antibody better access to the 
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neuronal tissue of the myenteric plexus. The fixed animals were then dissected, and the 

lumbar and cervical DRGs were removed separately and placed in 0.2% 

paraformaldehyde made in 0.1M phosphate buffer (pH 7.4).  

!
3.3.3 Immunostaining 

 Fixed mouse DRGs were cryoprotected in 30% phosphate-buffered sucrose, after which 

they were embedded in CryomatrixTM (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. Slides were fixed for 1 hour in 0.2% paraformaldehyde made in 

0.1M phosphate buffer (pH 7.4), and incubated in 0.25% 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 0.25% TBX for 1 hour. Tissues were then incubated in 

primary antibody for 48 hours in 3% NDS plus 0.25% TBX at room temperature. Rabbit anti-

p75NTR IgG (1:2000; kindly provided by Dr. M. Chao) was used for staining the DRG.  

Sections were then incubated in the appropriate fluorophore-tagged secondary IgG (1:200 

dilution in 3% NDS plus 0.25% TBX) at room temperature for 2 hours: Texas-red conjugated 

donkey anti-rabbit IgG (Jackson Immunoresearch Laboratories). Slides were cover-slipped with 

DAPI-mounting media (Vector Laboratories) and imaged as above.  

!
!
!
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3.3.4 Tissue collection for proteomics 

 Adult NGFpr-EGFP mice were deeply anesthetized with sodium pentobarbital at 8.2 mg/

mouse delivered i.p. The animals were then perfused transcardially with 0.1M phosphate buffer 

(pH 7.4) to remove blood and plasma proteins from tissue without fixation. Cervical and lumbar 

DRGs were then separately removed from the animals and snap frozen in liquid nitrogen (-80ºC). 

Harvested DRG tissues were pooled separately for cervical and lumbar from all 14 animals and 

homogenized using a sonicator in homogenization buffer containing 50 mM Tris (pH 8.8), 

protease inhibitors, and phosphatase inhibitors (Sigma-Aldrich, Oakville, ON). Tissue samples 

were then quantified using a 2 dimensional quantification kit (GE Healthcare, Baie-D’Urfe, QC) 

to determine the appropriate protein load for isoelectric focusing and 2 dimensional 

polyacrylamide gel electrophoresis (2D-PAGE).  

!
3.3.5 Isoelectric focusing 

 Due to the large number of DRGs required to obtain enough tissue for proteomics, and 

the small protein concentration yield in spite of these large numbers the typical protein load used 

in our protocol was doubled. 300 µg of protein from the homogenates was diluted into 0.5 mL of 

solution containing 8 M urea, 2 M thiourea, 4% CHAPS with 1% (w/v) DeStreak (GE 

Healthcare, Baie-D’Urfe, QC), and 0.5% (v/v) immobilized pH gradient (IPG) buffer for pH 4 to 

pH 7 (GE Healthcare). The 0.5 mL solutions were used to reswell a 24 cm pH 4-7 IPG strip 

(BioRad) covered in mineral oil to prevent evaporation overnight at room temperature (one strip 

per sample). Strips were removed from the reswelling tray and the mineral oil was rinsed using 

distilled, deionized water. Isoelectric focusing (IEF) was performed using a Protean IEF Cell 
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(BioRad) at 250 V for 8 hours, then 500 V for 1 hour, then 1000 V for 1 hour, followed by linear 

ramping to 10,000 V over 3 hours. This process was typically run overnight, and upon 

completion the program was set to hold at 10,000 V for 65 kV hours to allow for removal in the 

morning. Strips were overlaid with mineral oil to prevent evaporation during focusing. This 

process has been optimized for best results using our reswelling solution and IEF machine. 

Focused strips were removed, rinsed with distilled, deionized water, and stored at -80ºC for later 

usage.  

!
3.3.6 2-dimensional polyacrylamide gel electrophoresis 

 2-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was performed on the IPG 

strips post-IEF and once thawed from -80ºC. Focused IPG strips were equilibrated in a buffer 

containing 8 M urea, 30% (w/v) glycerol, 2% SDS, and 1% (w/v) dithiothreitol (DTT) in 50 mM 

Bis-Tris (pH 8.8) for 15 minutes. This solution was then strained off and replaced with a buffer 

containing 8 M urea, 30% (w/v) glycerol, 2% SDS, and 2.5% (w/v) iodoacetamide (IODA) in 50 

mM Bis-Tris (pH 8.8) for another 15 minutes. Strips were then placed on gels made with 12% 

(w/v) acrylamide (30:1), Bis-Tris (pH 7.4), ammonium persulfate (APS), and 

Tetramethylethylenediamine (TEMED). A solution of 0.5% (w/v) low-melt agarose in 3-(N-

morpholino) propanesulfonic acid (MOPS) electrophoresis buffer with a small amount (<1%) of 

bromophenol blue colouring was used as an overlay to embed the strips on the gels. The blue 

colour also allowed for tracking of the dye front during electrophoresis to determine when the 

run was complete. Large format 2D-PAGE was carried out using a DALT6 apparatus (GE 
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Healthcare) in 1% (w/v) MOPS at 120 V at 4ºC until the bromophenol blue dye front reached <1 

cm from the bottom of the gel (typically overnight).  

!
 Gels were removed and identified using a hole punch in the lower corners. Gels were 

immediately fixed in a 1 L solution of 50% methanol, 40% water, and 10% acetic acid for 30 

minutes. This solution was then replaced with a 1 L solution of 50% methanol and 50% water for 

10 minutes. The gels were then washed for at least 30 minutes twice in 1 L distilled water. After 

rinsing the gels were prepared for staining with a 500 mL solution of 0.01% sodium thiosulfate 

in water for 60-90 seconds with manual shaking. The gels were then rinsed twice in 1 L distilled 

water for 2 minutes each. Gels were then placed in a 1 L cold (4ºC) solution of 1% silver nitrate 

in water for 20 minutes. The gels were again rinsed twice in 1 L distilled water for 2 minutes 

each. The gels were then exposed briefly to 300 mL of the developing solution (2% (w/v) sodium 

carbonate plus 0.04% formaldehyde in 1 L water) which was quickly removed and replaced by 

the remaining 700 mL. The gels instantly began to develop and were monitored closely with 

manual shaking to ensure even staining. Once the desired level of staining was reached the gels 

were removed and placed in a 1 L solution of 5% acetic acid in water. This ends the developing 

reaction and creates a gas byproduct which allows for monitoring of the stopping solution. Once 

the bubbles ceased to form, the gels were removed and rinsed three times in 1 L water for at least 

10 minutes each. The gels were then stored in water while being removed individually for 

scanning on a UMAX Powerlook 2100XL. Following scanning the gels were dried between thin 

sheets of cellophane for storage using a GelAir Drying System (BioRad). Scans were used to 
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qualitatively, and semi-quantitatively identify increases or decreases in protein expression 

between cervical and lumbar DRGs.  

!
 Changes in protein expression were quantified through both their intensity, and size. 

Captured images of gels were imported into ImageJ for analysis. First, the spots of interest were 

outlined using the “draw ellipses” tool. The circles were measured, and the areas recorded. 

Secondly, for measuring spot intensity the images were first converted to 16-bit, greyscale 

images and the colours were inverted. The “subtract background” tool was utilized will a rolling 

ball size of 50.0 pixels. The line tool was used to trace across the midline of each spot and the 

grey intensity profiles were measured using a built in function within the ImageJ software. The 

grey intensity at the peak of each spot was recorded. All data was then imported into graph pad 

prism 5.0 for statistical analysis. All significance was calculated with an alpha value of 0.05.  

!
3.3.7 Mass spectrometry 

 After drying the gels were stored until the spots of interest could be identified across 

many sets of gels (n=8). Spots of interest were excised carefully under sterile conditions to 

ensure no contaminants entered the solutions (keratin contamination has previously been 

problematic). Cellophane pieces were removed from the gel plugs, and the gels were cut to 

pieces using a sterile scalpel. The gel bits were then placed in tubes for storage before digestion. 

!
 For matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-

TOF MS) the gel plugs were digested with 6 ng/mL trypsin (sequencing grade modified trypsin; 
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Promega, Nepean, ON, Canada) for 5 hours at 37ºC. Peptides were extracted from the gel plugs 

using a solution of 1% formic acid and 2% acedonitrile and a 50% acetonitrile solution. These 

solutions were then combined and evaporated to 10 µL. The peptides were then spotted onto a 

MALDI target plate on top of a Voyager DE-Pro matrix-assisted laser desorption ionization time 

of flight mass spectrometry mass spectrometer (MALDI-TOF MS; PerSpective Biosystems, 

Framingham, MA, USA). Peptide masses were determined using Data Explorer software after 

multiple spectra were obtained for each sample. MS spectra were calibrated to baseline, noise 

filtered, externally calibrated to an adjacent spot with a known 4 peptide mix, and then internally 

calibrated to trypsin I and trypsin III peaks. Peptide masses were selected manually and peak 

mass lists were used for peptide mass fingerprinting with the Mascot PMF search engine (http://

www.matrixscience.com).  

!
3.4 Results  

3.4.1 DRG glial response to DSS-induced colitis 

 Sections of DRG tissue taken from mice with DSS-induced colitis were stained for 

ionized calcium-binding adapter molecule 1 (Iba1), a known biomarker for macrophage-like 

cells in the dorsal root ganglia (Figure 9). These Iba1+, macrophage-like cells are known to 

proliferate in response to inflammation (Dheen et al., 2007), and measuring this response in the 

DRG shows that inflammation of the colon is also causing activation of inflammatory processes 

within the DRG. The population of Iba1+ cells was calculated as number of cells per µm2, and 

this value was compared between cervical and lumbar DRG in mice with DSS-induced colitis 

(Figure 9). Mice with DSS-induced inflammation showed a significant increase in Iba1-
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immunopositive cells per µm2 over control (two-way ANOVA with a post-hoc bonferonni 

correction and multiple comparisons, p<0.0001). 

!
3.4.2 2D-PAGE of the mouse DRG 

 This study utilized a two week course of DSS treatment to induce colonic inflammation 

in the descending colons of adult mice. The dorsal root ganglia were then removed through 

dissection, frozen, and processed for proteomic analysis with 2D-PAGE (Figure 10). After 

staining the protein spots of interest were removed and analyzed through both MALDI-TOF and 

liquid chromatography mass spectrometry. This study provides the first look into the proteomic 

changes in the mouse sensory system in the presence of DSS induced colonic inflammation. A 

similar study was recently published on the proteomic changes observed in rats with 2,4,6-

Trinitrobenzenesulfonic acid (TNBS) induced colonic inflammation (Zhang et al., 2012). This 

similar study lends credibility to the present work and allows for a comparison between two 

commonly used models of colitis. 

!
 In this study an internal control was used when comparing the proteomes of DRG 

innervating inflamed and non-inflamed tissues. The DRG from the lumbar spinal nerves act as 

the test group as their afferent fibers innervate the inflamed colon. The DRG from the cervical 

spinal nerves have no fibers innervating the inflamed tissues and provide an internal control. 

Qualitatively comparing the cervical and lumbar DRG proteomes of DSS mice shows a striking 

increase in protein in the latter. This increase was measured semi-quantitatively by calculating 

both changes in spot intensity, and size (Figure 11). All significant (*) changes were calculated 
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through student’s T-tests with alpha = 0.05. The majority of increased proteins fall in one 

quadrant with molecular weights <25 kDa, and pIs >6. For ease, protein spots will be referred to 

by the numbers assigned to them in Figure 10. Spot 1 shows a large increase from control and 

appears to be a lightweight protein with a pI of ~5.5. Spots 2 through 8 appear to be clustered 

and all show a similar level of increase. Spot 9 shows a significant increase and is located in an 

area that is typically occupied by the actin family of proteins. Spots 10 and 11 appear in the same 

location and although they seem to have a similar intensity, spot 10 shows a slight separation in 

pI which may suggest a post-translational modification. Spots 12, 13, and 14 show similar 

increases and are clustered in a manner that may suggest they belong to the same family. Spots 

15 and 16 both show significant increases.  

!
3.4.3 MALDI-TOF mass spectrometry 

 Spots were identified through MALDI-TOF MS with all spots obtaining a Mascot score 

greater than 71 significant to alpha = 0.05. All spots with a mascot score <71 are suggested by 

comparing their molecular weight and isoelectric point to the theoretical values obtained by their 

place on the 2D-PAGE gels. These spots are not significantly identified through MALDI-TOF 

MS, but do serve as a good reference point for moving forward with future study.  

!
 The following results are briefly summarized in Table 1. Spot 1 was determined with low 

significance (Mascot = 34) to be the 35.347 kDa blood protein, GCNT2. Spot 2 was determined 

with high significance (Mascot = 103) to be the 17.206 kDa protein Stathmin-1 (STMN1). Spot 3 

was determined with some significance (Mascot = 63) to be the 16.228 kDa protein periaxin. 
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Spot 7 was determined with low significance (Mascot = 54) to be the 5.605 kDa protein 

cytochrome P450. Spot 9 was determined with high significance (Mascot = 97) to be the 41.335 

kDa gamma form of the actin protein family. Spot 10 was determined with high significance 

(Mascot = 107) to be the 16.104 kDa protein superoxide dismutase (Cu-Zn) (SOD). Spots 12 and 

14 were determined to be the heavy (21.644 kDa) and light (14.305 kDa) chain components of 

the protein ferritin with low significance (Mascot = 39 and 35 respectively). Spot 15 was 

determined with low significance (Mascot = 38) to be the 29.721 kDa calcium-binding protein 8 

(S100A8). Spot 16 was determined with significance (MASCOT = 73) to be the 24.939 kDa 

protein peroxiredoxin-6 (Prdx6).  

!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 9: Staining for Iba1 shows the macrophage-like glial cell response in the DRG of mice 

with DSS-induced colitis. Macrophage-like cell presence is elevated in the lumbar DRG of mice 

with DSS over both external control mice and the internal control (cervical DSS). There is no 

change in macrophage-like cell levels between lumbar and cervical DRG in control animals 

(p<0.05). 

!
!
!
!
!
!
!
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Figure 10: Silver stained 2D agarose gels of cervical (top) and lumbar (bottom) DRG proteomes 

from mice with DSS-induced colitis. Proteins are separated by pI in the x-axis, and by molecular 

weight in the y-axis. Spots of interest (circled) show a significant (p<0.05) change in intensity, 

and spot size between multiple gels (n>4). Identified spots are as follows: 1) glucosaminyl (N-

acetyl) transferase 2 (GCNT2); 2) stathmin (STMN1); 3) periaxin isoform S; 7) cytochrome 

P450; 9) gamma actin; 10) superoxide dismutase (Cu-Zn) (SOD); 12) ferritin heavy chain; 14) 

ferritin light chain; 15) calcium-binding protein 8 (S100A8); 16) peroxiredoxin-6.  

!
!
!
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Figure 11: Changes in the silver-stained spot intensity and size between cervical (black) and 

lumbar (grey) DRG proteomes. Spot intensity was measured using the grey-intensity profile 

function in ImageJ software. Spot sizes were measured using the free-hand outline tool also in 

ImageJ software. Spots 10 and 11 were not directly compared as they seem to represent a shift in 

pI rather than a change in expression levels. To clarify this future MS results will need to 

determine the protein represented by spots 10 and 11. Significance (*) was measured using the 

student’s T-test with alpha = 0.05. 

!
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Table 1 - MALDI-TOF Protein Identification Results 

* Proteins were significantly identified by their PMF using MASCOT. 
1 Proteins are suggested based on their MW, pI, and PMF. !
!
!
!
!
!
!
!
!

Spot # Protein Name Molecular Weight 
(kDa)

Mascot Score !
(>71, p<0.05)

1 Glucosaminyl (N-acetyl) transferase 2 (GCNT2) 35.347 34

2 Stathmin (STMN1) 17.206 103*

3 Periaxin isoform S 16.229 63

7 Cytochrome P450 5.605 54

9 Gamma actin 41.335 97*

10 Superoxide dismutase (Cu-Zn) (SOD) 16.104 107*

12 Ferritin heavy chain 21.644 39

14 Ferritin light chain 14.305 35

15 Calcium-binding protein 8 (S100A8) 29.721 38

16 Peroxiredoxin-6 (Prdx6) 24.939 73*
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3.5 Discussion 

 This work provides the first insight into changes in the neuronal proteomes of the dorsal 

root ganglia (DRG) of mice due to colonic inflammation induced through dextran sodium sulfate 

(DSS) in the drinking water. The resulting changes in protein expression are intriguing as they 

reflect a change in neuronal environment due to tissue damage a great distance away. This shows 

the complexity of the nervous system, and the importance of looking at nervous dysfunction on a 

large scale. For example, in terms of irritable bowel disease (IBD) it may be equally as important 

to look within the DRG of patients as it is to examine the intestinal tract when developing tests or 

treatments. The work herein lays the ground for future proteomic analysis of neuronal 

dysfunction within the DRG and other tissues. Confirmation of the proteins of interest by more 

advanced technology such as liquid chromatography MS (LC-MS) will help to determine with 

greater certainty the proteins that have undergone changes. LC-MS has a much higher sensitivity 

(5 p.p.m over 50 p.p.m) than MALDI-TOF MS, which means it can identify spots of interest 

with high certainty and using less sample. The latter point is especially important when working 

with neuronal tissue as the sample size can quite often be quite small. Further to using newer 

technology, these results should also be confirmed through immunohistochemistry and 

immunoblotting. Tissues can be stained with antibodies raised against the proteins of interest to 

gain a visual picture of the differing protein expression. This provides insight into the nature of 

the changes as they could be due to a global cellular increase, a change in location of expression 

(ie. somal to axonal), or even expression in cells which previously had none. immunoblotting is 

also an important conformational step as it allows for a much better quantitative analysis of the 

change in protein expression. The PAGE gels and immunohistochemistry allow for a qualitative 
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or at best semi-quantitative analysis of the levels of protein expression, but through 

immunoblotting quantification these results can be confirmed. For now the semi-quantitative 

analysis provided in the present work serves well as a starting point for future in depth study. 

!
 The MALDI-TOF mass spectrometry did not provide high level significance for the 

identified spots, however it did propose a few spots of interest. The following spots listed here 

were identified by MALDI-TOF MS to either be significant (Mascot score > 71) or close to 

significant. Of the possible options the proteins suggested to be identified successfully were 

those proteins with an actual molecular weight and pI close to the theoretical values predicted by 

their location on the acrylamide gel. These results are not definitive but serve as a reference point 

moving forward with more sensitive mass spectrometry technology. The results have been 

summarized in Table 1.  

!
Spot 1 - Glucosaminyl (N-acetyl) transferase 2 (GCNT2) 

 This protein is involved in the processing of blood antigens. The enzyme arrises during 

development and turns the fetal i group into the adult I version (Bierhuizen et al., 1993). This 

protein is a normal blood protein and is not something that would typically be implicated in the 

process of neuronal inflammation. This is likely the marker of contamination which occurred in 

the process of removing and preparing the tissue for 2D-PAGE. It is possible that during the 

dissection a small amount of blood, or blood vessel may have remained in the tissue sample. It is 

the hope of using a control that these contaminant proteins would not have a significant increase 

or decrease across an internal control, but in some cases contamination may be confined to one 
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sample. This possibility should be kept in careful consideration during the analysis of further 

protein changes. 

!
Spot 2 - Stathmin-1 (STMN1) 

 STMN1 is an important microtubule regulatory protein which makes up the cytoskeleton 

of eukaryotic cells (Sobel, 1991). One molecule of STMN1 binds to two molecules of αβ-tubulin 

in a T2S ternary complex which acts to sequester the tubulin from forming microtubules. 

STMN1 also directly promote the dissociation of tubulin molecules, furthering the inhibition of 

microtubule formation (Jourdain et al., 1997). Dysregulation of STMN1 has been implicated in 

neuronal degenerative diseases such as amyotrophic lateral sclerosis (ALS) (Strey et al., 2004), 

the breakdown of the neuromuscular junction (NMJ) (Graf et al., 2011), and spinal muscular 

atrophy (SMA) (Wen et al., 2010). In the case of inflammation, it is possible the dysfunction in 

the colonic tissue is leading to an imbalance in the neuronal environment of the DRG. This in 

turn may be leading to instability in microtubule regulation by STMN1 which would be 

particularly problematic in neuronal tissue where microtubules form the basis for axonal 

transport.  

!
Spot 3 - Periaxin isoform S 

 Periaxin is a protein encoded by the Prx gene which plays an important role in the 

stabilization of myelin within the peripheral nervous system (PNS) (Gillespie et al., 2000). Mice 

lacking the gene for the production of periaxin are able to produce myelin but there is a critical 

breakdown in the schwann cell - axon complex which leads to demyelination later in life. In 
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humans a mutation in the Prx gene can lead to development of Charcot-Marie-Tooth disease, a 

peripheral demyelinating disease (Noriega and Ramos, 2013). Increased periaxin levels are 

associated with the myelination of new axons which may imply that in the case of colonic 

inflammation there are new connections being made within the DRG (Scherer et al., 1995). 

These axons may be extending from the DRG to the target tissue in order to replace damaged 

nerve, or they may be extrinsic axons growing into the DRG due to dysregulation.  

!
Spot 7 - Cytochrome P450 

 Cytochrome P450s are a superfamily of membrane-bound enzymes that catalyze the 

breakdown of thousands of endogenous and exogenous chemicals (Berka et al., 2011). Study of 

the levels of cytochrome P450 expression in the trigeminal ganglia (TG) during inflammation 

shows a high level of plasticity of expression with many subtypes displaying increases after just 

a few hours (Ruparel et al., 2012). It is suggested that changes in cytochrome P450 expression 

amongst sensory neurons is due to its role in mediating linoleic acid-evoked sensory neuron 

activation. Cytochrome P450 has the possibility of forming oxidized linoleic acid metabolites 

(OLAMs) which act as agonists on nociceptive transient receptor potential vanilloid 1 (TRPV1) 

channels. Increased cytochrome P450 levels may be a result of inflammatory mediated activation 

of nociceptive DRG neurons.  

!
Spot 9 - Gamma actin 

 Gamma actin is a major constituent of the cytoskeleton of non-muscle cells. Although 

gamma actin is necessary for the maintenance of non-muscle cell structure, it does not appear to 
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be necessary for the development of these cells (Belyantseva et al., 2009). The apparent shift in 

subtypes of actin from cervical to lumbar DRGs in DSS mice may represent a potential role for 

gamma actin in the stabilization of neuronal cell cytoskeleton. This may present a potential field 

of research for the future, but for now it may be more safe to assume that this difference in actin 

expression is due to a difference in cell type between cervical and lumbar DRGs. In the current 

literature there is nothing to suggest that a change in gamma actin levels is due to an 

inflammatory mediated process. 

!
Spot 10 - Superoxide dismutase (Cu-Zn) (SOD) 

 Superoxide dismutase is an enzyme found in all cells that acts to catalyze the breakdown 

of the O2- radical into either oxygen or hydrogen peroxide. The copper-zinc (Cu-Zn) form is the 

most common form used in eukaryotic cells which uses the metal ions to transfer the potentially 

damaging oxygen ions into the more processable molecules (Tainer et al., 1983). An increase in 

levels of SOD is a fairly broad marker for any form of oxidative stress or inflammation (Yasui 

and Baba, 2006). Through its anti-oxidative properties SOD also acts as an anti-inflammatory 

molecule. The presence of augmented SOD levels in the lumbar DRG os mice with colitis further 

strengthens the notion that inflammation in the target tissues can cause dysfunction in the 

innervating DRG.  

!
Spots 12 and 14 - Ferritin (heavy and light chains) 

 Ferritin is a cytoplasmic protein with the capability to bind and store iron which allows it 

to act as a buffer for blood-iron levels. Ferritin is majorly considered to be a blood-related 
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protein which may implicate its presence in the sample as another contaminant similar to the 

presence of GCNT2 in spot 1. However, recent research has shown that increased ferritin levels 

may be a biomarker of inflammation. Damaged cells “leak” ferritin which means that the 

increased levels seen in the lumbar gels may be a marker of the inflammation itself (Kell and 

Pretorius, 2014).  

!
Spot 15 - Calcium-binding protein 8 (S100A8) 

 S100A8 is one half of the heterodimer calprotectin (with S100A9), and is a member of 

the S100 family of proteins. In the presence of calcium calprotectin has the ability to sequester 

manganese ions for use against microbial pathogens (Brophy and Nolan, 2015). Interestingly, 

calprotectin is released by an unknown mechanism during inflammation and faecal calprotectin 

levels have been proven useful as a biomarker for intestinal inflammation in inflammatory bowel 

disease (IBD) (van Rheenen et al., 2010). Calprotectin can be released into the environment 

through leukocyte shedding (Stríz and Trebichavský, 2004), and  cell death (Lehmann et al., 

2015). Whether the presence of elevated levels of calprotectin in the DRG is due to cell death or 

inflammation within the DRG itself, or due to retrograde transport from the inflamed tissue is a 

topic for future study. That a currently identified biomarker for colitis would be found in the 

DRG innervating the inflamed colon however does seem too impressive to be coincidence. 

!
Spot 16 - Peroxiredoxin-6 (Prdx6) 

 Prdx6 is a bifunctional enzyme that can act as both a glutathione peroxidase and as 

phospholipase A2. The way in which the enzyme prefers to act can be determined through its 
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phosphorylation state, which is controlled through mitogen-activated protein kinase (MAPK) 

activity (Fisher, 2011). This enzyme is suitably unregulated in the presence of inflammation due 

to its ability to combat the inflammatory process on two fronts. The glutathione peroxidase 

activity allows for Prdx6 to have direct anti-oxidant activity, while the phospholipase A2 activity 

allows for the control of downstream anti-inflammatory molecules (Manevich and Fisher, 2005 

and Manevich et al., 2007). The active role of Prdx6 in combatting inflammation makes it a 

common place marker for inflammatory damage. That this enzyme is increased in expression in 

the lumbar DRG of DSS mice gives further evidence to a state of inflammatory dysfunction 

within DRGs that innervate inflamed tissue. 

!
 This study was performed using an internal control to measure the changes in protein 

expression with and without DSS-induced colitis. The fibers running from the DRG to the target 

tissue are the differing factor between the cervical and lumbar DRG. The cervical DRG do not 

send any fibers to the inflamed tissue of the descending colon, while a large amount of the 

lumbar DRG fibers do. This is taken to mean that any of the major changes in proteome 

expression is due to changes in the target tissue. Using control DRG from within animals with 

inflammation also allows for controlling of blood born inflammatory factors. Inflammation is an 

extensive process, and if controls were taken from animals without inflammation the possibility 

would remain that changes in protein expression are due to blood borne inflammatory factors 

rather than alterations in the neuronal population. Using an internal control presents another 

complication. It is possible that the proteomes of lumbar and cervical DRG are naturally 

different, and that protein differences between these two groups reside in their differing 

!89



composition of neuronal and glial populations. This is a possibility that may lie behind the 

increase in gamma actin expression in lumbar DRG over cervical. In order to eliminate this 

confounding factor, further study should be done into the naturally occurring differences between 

the proteomes of cervical and lumbar DRG. To date this type of study has not been performed 

which implies that an in depth look into the biochemical make-up of DRG at all levels may be 

warranted.  

!
 One study that has recently been published looks into the changes in proteomic 

expression in the DRG of rats with TNBS-induced colitis (Zhang et al., 2012). This work takes a 

similar approach as our with a different model, and the two bodies of work complement each 

other well. The work by Zhang et al. employs an intra-colonic method of administering TNBS, 

and compares those test animals to saline injected controls. Although the intra-colonic method of 

administering TNBS is well documented, the authors provide no evidence of ensuring the 

integrity of the colonic wall post-induction. The authors do, however, ensure a significant 

inflammatory response by measuring myeloperoxidase (MPO) activity and levels of tumor 

necrosis alpha (tnfα). For 2D-PAGE and MALDI-TOF MS the authors use almost identical 

methods to those used in this work. The authors chose 26 spots of interest and manage to obtain 

identifications for each. This success is likely due to the much larger DRG found in rats which 

eliminates the difficulty of obtaining adequate protein levels that occurs in the mouse model. The 

authors found proteins which have been implicated in a vast number of cellular processes, 

including neuronal signalling molecules. Though the authors do select two spots to show 

immunoblotting data as a confirmation of increased protein they chose not to provide any 
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immunohistochemical data. Immunostaining would give a great deal more information into the 

nature of the change in protein expression and should be used as a means of complementing the 

more qualitative 2D-PAGE and immunoblotting data. Further work using exploratory proteomics 

in our lab will aim to take the positive sides of both the paper by Zhang et al. and the current 

work.  

!
  

!
!
  

!
!
!
!
!
!
!
!
!
!
!
!
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Chapter 4 

General Discussion 

!
!

 This work set out to explore the changes seen in the murine sensory nervous system in 

response to augmented levels of nerve growth factor expression in the colon. Levels of nerve 

growth factor (NGF) were changed through the use of transgenic animals, both over expressing 

NGF and lacking the p75NTR, and through an inflammatory model of colitis. The response of 

the neuronal populations both within the myenteric plexus and the dorsal root ganglia providing 

innervation to the myenteric plexus were analyzed through a combination of immunoblotting, 

immunohistochemistry, and proteomics. Changes in axonal health, and protein expression were 

found to occur in intrinsic myenteric neurons, as well as extrinsic sympathetic and sensory 

neurons. These changes indicate a complicated, multi-factorial response to inflammation and 

neuronal damage within the colon of mice.  

!
 The initial work by Kawaja et al., in 2011 provided insight into the location of the 

production of NGF in mice. Of all the locations of nerve growth factor promoter activity, one 

location stood out as it was the sole neuronal population found to be expressing EGFP under the 

control of the NGF promoter. This insight prompted further research into the role of these NGF 

producing neurons in normal physiology, but also in response to dysfunction. The morphology 

and biochemical expression of these neurons were determined and it was found that NGF 

promoter activity was confined to a specific subset of calretinin+, adendritic neurons which fit 
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them nicely into the predetermined Dogiel type II subset of mouse myenteric neurons (Furness et 

al., 2004; Nurgali et al., 2004). The second subset of Dogiel type I neurons were determined to 

be dendritic and immunopositive for nitric oxide synthase I (NOS1). As both populations of 

neurons were seen to express both the high-affinity (trkA) and low-affinity (p75NTR) receptors 

for NGF, they serve as an ideal model for elucidating the role of NGF signalling in dysfunction. 

To model this dysfunction the dextran sodium sulfate (DSS) model of colitis was employed, 

which was shown to increase the production of NGF within the colon.  

!
 Transgenic animals over expressing NGF under the control of the smooth muscle alpha-

actin promoter (SMP-NGF) were used along side the DSS model to observe the changes in 

NOS1+ axons due to excess NGF. Along with the changes due to DSS and SMP-NGF 

production, transgenic animals with a functional knockout of the p75NTR were also utilized to 

determine the role this receptor plays in the NGF-trkA dynamic during dysfunction and disease. 

Previous models of NGF-p75NTR binding have lacked one critical aspect of the NGF pathway 

which deviates them from physiological conditions; the co-expression of trkA (Frade et al., 

1996). In these models with a lack of trkA expression the results point towards an induction of 

cell death due to NGF-p75NTR binding. The results of this study, where p75NTR and trkA are 

co-expressed, do not necessarily agree. The SMP-NGF mice show minimal change in the 

absence of p75NTR expression which suggests that it may be trkA expression that is more 

important to the health and growth of these neurons. In the DSS model, the absence of p75NTR 

expression shows a protective effect towards the health of the NOS1+ population. This may be 

explained by a lack of a cell death signal in the absence of p75NTR expression, but it is also 
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possible that in the absence of p75NTR expression there is an increase in NGF-trkA binding. 

This would provide an increase in growth and survival signals to the cells, and lead to a greater 

ability to combat the damage done by the DSS. This pattern of increased neuronal health in the 

absence of p75NTR is consistent throughout this work, and also previous work done in our lab 

on cells expressing both p75NTR and trkA (Dhanoa et al., 2006 and Petrie et al., 2013).  

!
 Moving forward with the results seen within the myenteric p75NTR+, trkA+ neuronal 

populations, the focus was shifted onto also p75NTR+, trkA+ extrinsic sensory population of 

neurons whose cell bodies reside in the dorsal rot ganglia (DRG). Seeing as these neurons are 

NGF-responsive, and have projections to the DRG it was thought that they will likely display 

some form of responsiveness to the same environment that had effects on the myenteric neurons. 

For a schematic of the relationship between trkA+/p75NTR+ intrinsic and extrinsic neurons refer 

to Figure 12. This hypothesis was first approached immunohistochemically by observing the 

changes in the glial population of the DRG. Significant reactivity is observed in the macrophage-

like cell population of the DRG which indicated some form of change to the neuronal 

environment. Due to the tight regulation by glial cells the signal for reactivity is likely being 

propagated through the satellite cells which tightly surround the neuronal cell bodies. This 

change in the glial population highlights an underlying shift in microenvironment within the 

DRG all arising from an inflammatory process distant from the DRG itself. For a schematic of 

the cell types involved refer to figure 13.  

!
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 The changes in this environment were explored through the use of 2D-PAGE and 

MALDI-TOF MS. Many proteins were discovered to be increased within the DRG in response to 

colonic inflammation. The majority of these proteins were known mediators of the inflammatory 

process, and had previously been indicated as biological markers for inflammation. The proteins 

that were significantly identified through MALDI-TOF MS were stathmin-1, gamma actin, 

superoxide dismutase (Cu-Zn) (SOD), and peroxiredoxin-6. Stathmin-1 is a microtubule 

regulatory protein which is likely to play a very critical role in neuronal tissue. In fact, research 

has found connections between stathmin-1 and various neurodegenerative diseases (Graf et al., 

2011, Strey et al., 2004, and Wen et al., 2010). It is likely that this dysregulation in a basic 

neuronal regulatory protein is a reflection of a change in the microenvironment within the DRG. 

Gamma actin is a protein which was unexpected as a significant change in the DRG due to 

colonic inflammation. This change in gamma actin may be due to either a naturally occurring 

difference in DRG from different levels up the spine, or it may reflect a breakdown in the normal 

regulation of protein expression. Finally, SOD and peroxiredoxin-6 are proteins which reflect a 

seemingly normal response to the inflammatory process. Both have been implicated in 

inflammation and are likely a result in the glial response to an inflammatory mediator taken from 

the periphery. These two significantly increased proteins found a strong basis for the presence of 

an altered microenvironment in the DRG of animals with peripheral neuropathies.  

!
 The four significantly identified proteins form a good starting point for research into this 

field, but also point out the shortcomings of MALDI-TOF MS. Of the 16 samples provided for 

analysis only 25% were identified. A further 6 proteins were determined using a combination of 
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the suggestions from MALDI-TOF MS and a comparison of the molecular weight (MW) and 

isoelectric points (pI) of the theoretical proteins to those shown on the 2D-PAGE gels. These 6 

proteins cannot be guaranteed significantly, but there is a strong body of evidence to consider 

them for further study. 6 proteins of the chosen 16 were completely unidentifiable. Currently the 

original samples are being run through liquid chromatography MS (LC-MS) which has a 10x 

higher level of sensitivity (5 p.p.m versus 50 p.p.m) in the hopes that this newer technology will 

allow for identification of the remaining 6 protein spots as well as a confirmation of the spots 

already identified or suggested. If the LC-MS is successful those identified proteins will then be 

confirmed through immunohistochemistry and immunoblotting.  

!
 The changes seen in both the myenteric plexus and the DRG of mice with augmented 

levels of NGF expression, specifically due to DSS-induced colitis, speak of a large scale process 

spanning many systems. Although we can clearly see a link between dysfunction of the 

myenteric nervous system, and the extrinsic sensory population we cannot say with certainty 

what mechanism is at play. Action potentials in the myenteric plexus may be propagating 

through the second order DRG neurons at a rate causing a form of excitotoxicity, inflammatory 

mediators me be transported retrogradely from the periphery to the DRG, or a previously 

unknown molecule may be involved. One such molecule is of particular interest to our research 

group. Nerve growth factor is shown to be up-regulated in the periphery during DSS-induced 

colitis, and is known to be transported retrogradely to the cell body in trkA-expressing cells. It is 

possible that NGF from the periphery is building up in the DRG of these DSS model animals and 

leading to changes in protein expression by both the neuronal and glial cells. This hypothesis will 
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need to be the focus of future work to determine how, if at all, NGF plays a role in DRG changes 

in inflammatory models. 

!
 In future work it is my hope that LC-MS will identify a protein that when confirmed 

through immunohistochemistry and immunoblotting will provide an interesting step forward into 

understanding how damage in the periphery can lead to dysfunction much closer to the central 

nervous system. By exploring this link much can be learned about the nature of neuropathic pain 

and sympathetically maintained pain. In the case of these disorders, there is dysfunction in the 

sensory nervous system which leads to a great deal of pain and discomfort even with the 

cessation of the original injury. Although this process has been well documented it is not well 

understood, many hypotheses are being explored as to what causes the dysfunction (Treede et al., 

2008). An explanation as to why there is glial reactivity and a change in protein expression with 

DSS could form the basis of an explanation as to why these sensory afferents remain damaged 

following injury. Another area that can stand to benefit from an exploration of protein expression 

changes is the clinical aspect of these neuropathologies. Any of these increased proteins may act 

as a biomarker to confirm the presence of neuropathic pain and avoid the misdiagnosis of pain 

patients.  

!
 In conclusion, this work provides the first evidence of a neuronal population within the 

myenteric plexus of mice which display nerve growth factor promoter activity. The work goes on 

to explain the dynamic between this population and the other local trkA+/p75NTR+ populations 

in dysfunction and disease. Finally, this work provides the first in-depth look into the changes of 
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protein expression by trkA+ DRG neurons and the surrounding glia in response to colonic 

inflammation. This provides a step forward in the research of NGF-responsive tissues during 

disease, and displays the benefit of using exploratory proteomics to expand our understanding of 

the way tissues respond to various pathologies.  

!
!
!
!
!
!
!
!
!
!
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!
!
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!
!
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Figure 12: A schematic representation of the neuronal processes connecting the myenteric 

plexus to the spinal cord. Neurons in green represent both the DgI and DgII populations of 

neurons within the myenteric plexus. Small and large bodied sensory neurons have projections to 

the neurons of the myenteric plexus. These neurons have input onto second order neurons within 

the dorsal horn of the spinal cord.  

!
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Figure 13: A representation of the cell types found within the dorsal root ganglia of the mouse. 

Large bodied sensory neuronal somas are surrounded by astrocytes and have axons myelinated 

by schwann cells. Small bodied sensory neurons are also surrounded by astrocytes, but the 

schwann cells around their axons are non-myelinating. Small, Iba1 immunopositive, 

macrophage-like cells are found throughout the DRG. Small sensory neurons are typically 

nociceptive, CGRP-immunopositive neurons while the large sensory neurons are proprioceptive 

or fine touch neurons.  
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