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Abstract 

Growth and regeneration of nervous tissue in adult mammalian organisms is limited to a few 

locations in the body, and to special circumstances that induce proliferation. One way that 

neuronal trophism can be initiated is by overexpressing the gene coding for Nerve Growth Factor 

(NGF) under active promoters, causing an aberrant growth of sympathetic axons into the sensory 

ganglia of an animal. This phenomenon has been shown in certain environments in the presence 

of p75 neurotrophin receptor and found to be missing in absence of the same receptor. However, 

previous research has not looked at situations where only one allele of the p75 Neurotrophin 

Receptor (p75NTR) is present. To fill this gap in the literature, a rodent model with elevated levels 

of NGF, and a single functioning allele of p75NTR was investigated and quantitatively assessed 

against its genetically alternate littermates to determine the impact on sympathosensory 

sprouting in animals having one mutated p75NTR allele. It was discovered that while the mutation 

of the p75NTR allele had minimal impact on the morphology of sympathosensory sprouting into 

the brains of these animals, it induced not only greater sympathetic sprouting into sensory 

ganglia than its wildtype and knockout counterparts, but also augmented the density of the 

peculiar perineuronal plexuses found forming around a subset of sensory neurons within the 

dorsal root ganglia and the trigeminal ganglia. This study suggests that satellite glial cells are a 

key component of sympathosensory sprouting, and that the gain-of-function mutation within 

these heterozygous animals could be used as a model for further research into sympathetically 

maintained pain. 

 

Keywords:  Nerve Growth Factor, sympathetic sprouting, p75, neurotrophin, sensory 

ganglia, transgenic 
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1. Chapter I  

Introduction 

1.1 Nerve growth factor  

One of the most critical neurotrophins necessary for the survival and growth of peripheral 

and some central nerve tissue is nerve growth factor (NGF). Its discovery dates back to the 

1950s, when Rita Levi-Montalcini and Victor Hamburger were experimenting with malignant 

tumours to see if they could observe any form of neuronal growth resulting from their 

transplantation onto developing avian embryos (Levi-Montalcini and Hamburger, 1951). The 

theory was based on Hamburger’s previous studies which had shown that removal of wing buds 

of chick embryos had an attenuating effect on nerve growth in the spinal cord and in the dorsal 

root ganglia (Hamburger, 1934). His work showed that the removal of the limbs caused a 

decrease in motor and sensory neurons at spinal cord levels responsible for those limbs. He also 

provided evidence to show development of motor and sensory neurons into transplanted limb 

buds, determining that peripheral areas of the body dictated the directional growth and survival 

of neurons of the central nervous system (CNS). Together, Levi-Montalcini and Hamburger were 

able to explore this idea using transplanted tumours. By transplanting rapidly growing mouse 

sarcoma, they could detect infiltration and survival of nervous fibers from the chick embryos into 

the foreign mouse sarcoma where they abruptly ceased to grow both in vivo (Levi-Montalcini 

and Hamburger, 1951) and in vitro (Cohen, Levi-Montalcini and Hamburger, 1954). 

Interestingly, they could not stimulate the budding axons to innervate the cells in the tumour and 

form functional connections the way that normal growing axons would.  
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A few years later, snake venom glands and mouse salivary glands (the mammalian 

equivalent to snake venom glands) were shown to have the same effect on neuronal outgrowth as 

transplanted mouse tumours. This allowed for faster, more controlled, and more specific 

experiments, which would eventually result in the purification of NGF (Levi-Montalcini and 

Cohen 1956; Cohen, 1960). Conversely, a decrease of mitotic activity, death of sympathetic 

neurons and atrophy of the sympathetic ganglia could be induced upon removal of the source of 

the growth signal through the use of antibodies, as shown by Levi-Montalcini and Booker in 

1960. They used rabbit antiserum to remove the signal and observed the degeneration of 

sympathetic ganglia of neonatal rodents. Two years later, in culture experiments were carried out 

that showed that NGF was a necessary part of the media to grow sympathetic and sensory 

neurons (Levi-Montalcini and Angeletti, 1962). When present in culture, short-term NGF 

exposure caused an increase in gene transcription and protein production in the cell bodies. 

Indicative of protein production, the endoplasmic reticulum increased in size, chromatin within 

the nucleus increased, and a higher production of neurofibrillary proteins in the cytoplasm could 

be observed (Levi-Montalcini et al., 1967). This solidified the idea that not only was NGF 

responsible for the directional growth of a specific subset of neurons, it was also critical for the 

survival and life of mature, established neurons. 

 

1.2 NGF function 

After the discovery and the gradual progression of studies into the physical and chemical 

properties of NGF, its function in the mammalian nervous system slowly began to come to light. 

Most growth hormones function for the main purposes of stimulating growth, cell reproduction 

and maintenance of the health of existing cells. NGF differentiates itself from other neural 
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growth factors like Brain Derived Neurotrophic Factor (BDNF), Neurotrophin-3 (NT-3) and 

Neurotrophin-4 (NT-4) by two main properties. The first being that it stimulates directional 

growth of matured neurons instead of promoting proliferation of the cells, and the second is that 

it is target derived.  

 

Firstly, NGF has been shown to induce directional growth and survival of a subset of the 

neuronal population. Specifically, it induces the growth and survival of postganglionic 

sympathetic neurons (Edwards et al., 1989; Miller et al., 1991), all neural crest derived sensory 

axons (Davis and Lindsay, 1985: Lindsay and Rohrer, 1985; Lindsay et al.; 1985), basal 

forebrain cholinergics which provide innervation to the cortex (Kaplan and Miller, 1997; Lad et 

al., 2003; Sofroniew et al., 2001) and adrenal medullary cells (Unsicker et al., 1978; Hervonen 

and Kanerva 1973; Tischler et al., 1980). In comparison, BDNF is generally found in the 

hippocampus (Suen et al., 1997), the retina (Cabelli et al., 1995) and the cortex (McAllister et 

al., 1995), NT-3 has some overlap with BDNF but is also found in peripheral proprioceptive 

neurons (Segal, 2003), and NT-4 overlaps with BDNF in that it activates the identical receptor, 

but the ubiquination of this receptors has a slower on-set, and last longer than BDNF (Proenca et 

al., 2016). 

 

During development, NGF, like most biologically active polypeptides, is synthesized in 

the endoplasmic reticulum by non-neuronal target cells outside of the nervous system and 

released into the environment. When released, NGF can interact with one of two structurally 

unrelated receptors: TrkA and p75 Neurotrophin Receptor (p75NTR). Following endocytosis of 

NGF, the neurotrophic hypothesis originally developed by Levi-Montalcini and Hamburger 
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states that these neurotrophins are picked up by axons and retrogradely transported to the soma 

of neurons, allowing for the production of signals which create trophic and tropic support for 

these cells.  Once established, this trophic support of NGF must last continuously throughout a 

neuron’s lifetime for it to survive. Attenuating or augmenting the levels of NGF significantly 

modulates the behaviour of responsive neurons, resulting in either atrophy and death or 

exaggerated trophism and growth. 

  

1.3 TrkA receptor 

NGF can bind to two distinct receptors: TrkA (Kaplan et al., 1991, Klein et al., 1991) and 

p75NTR (Lee et al., 1994). TrkA, or Tropomyosin receptor kinase A is a membrane protein of the 

neurotrophic tyrosine kinase receptor (NTKR) family which have a collectively trophic role: they 

help neurons grow, differentiate and survive. TrkA is an NGF-specific high affinity binding 

dimer protein, which can be found on all post-ganglionic sympathetic neurons, nociceptive 

neural crest-derived sensory neurons and basal forebrain cholinergics (Holtzman et al., 1992; 

Gibbs and Pfaff, 1994; McMahon et al., 1994; Sobreviela et al., 1994; Wetmore and Olsen, 

1995; Wright and Snider, 1995). TrkA, although less common than the p75NTR, is co-expressed 

almost always on the same cell surface as p75NTR (Gage et al., 1989). TrkA, unlike p75NTR, is a 

required receptor for the retrograde transport of NGF to the soma of the neuron. Its primary 

cellular function is to induce neuronal survival (Obermeier et al., 1994; Smeyne et al., 1994; 

Fagan et al., 1996).  
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1.4 The p75 neurotrophin receptor 

The p75 neurotrophin receptor (p75NTR) is a non-selective, low affinity binding protein 

found in the cell membrane of neurons and glial cells. It is a member of the Tumour necrosis 

factor receptor superfamily (TNFRSF; Locksley et al., 2001), and it is almost always co-

expressed on the axons possessing the TrkA receptor (Verge et al., 1992). Unlike TrkA, p75NTR 

does not only attract NGF, but also non-selectively binds BDNF, NT-3 and NT-4, thus having a 

broader and less defined function than the more specific high affinity Trk receptors (Chao, 1994).  

Its name is derived from the 75kDa monomeric structure, which is made up of three 

distinct domains: the extracellular, cysteine-repeat rich binding site for ligand attachment, the 

middle transmembrane domain which anchors it in the cell membrane, and the intracellular death 

domain. It can, however, undergo biological changes including cleavage, recruitment of binding 

proteins and splicing. The ability to morphologically alter its shape and design is one of the 

reasons why it has been so difficult to come up with a consensus on the function of this receptor.  

A notable capability of p75NTR is its ability to bind proNGF, the peptide precursor to 

mature NGF, both in vivo and in vitro (Lee et al., 2001). We know that this phenomenon does not 

happen with TrkA, as it does not possess the functional ability to simultaneously bind both 

proNGF and sortilin. Sortilin, a type I membrane receptor typically responsible for lipid 

metabolism (Bayly, 2014), has also been found in neural tissue where it has the capability to 

interact with p75NTR (Nykjaer et al., 2004). Its partnership with p75NTR conforms it in a way 

which allows proNGF to form a triage connection, allowing proNGF to elicit a function different 

from NGF, adding to the variability of p75NTR signaling (Nykjaer et al., 2004). 
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1.5 TrkA and p75 interaction  

The interaction of the TrkA receptor with p75NTR is not fully clear, although there has 

been evidence that shows the positive modulation that p75NTR could have on TrkA. The highest 

affinity of binding between TrkA and NGF occurs during the co-expression of p75NTR and TrkA 

at a ratio of 10:1 (Hempstead et al., 1991). Research has shown that downregulation of NGF 

binding to p75NTR through antibodies to the receptor significantly reduces the TrkA tyrosine 

phosphorylation which is the downstream effect of NGF binding to TrkA (Barker and Shooter, 

1994). Additionally, genetically modified mice with null mutations in the p75NTR gene have been 

shown to require significantly higher concentrations of NGF to elicit the same response of 

sympathetic and sensory neuronal outgrowth and survival as their wildtype countertypes (Davies 

et al., 1993). The opposite effect of this phenomenon can be observed when both p75NTR and 

TrkA are coexpressed on the same cell, resulting in a heightened autophosphorylation of TrkA 

(Verdi et al., 1994).  

 

1.6 NGF-mediated sympathetic sprouting 

NGF has long been considered an integral part in pain models, and there is extensive 

evidence linking it to acute and chronically maintained pain. Due to its direct effect to the health 

and growth of the peripheral nociceptive system, a lack of NGF completely prevents 

development of sensory systems that detect pain, resulting in mice that are entirely insensitive to 

pain (McMahon et al., 2006). Antibodies to NGF have been shown to decrease hyperalgesia in 

animals with spinal cord injury (Gwak et al., 2003), thermal pain (Lewin et al., 1994), pain 

caused by skin inflammation (Koltzenburg et al., 1999), ultraviolet B radiation induced pain 

(Bishop et al., 2007), chronic cancer-induced pain (Halvorson et al., 2005), and others (for 
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complete review of NGF antagonism see Mantyh et al., 2011). This line of studies supports the 

evidence that NGF, along with its receptors are responsible for the development and maintenance 

of pain.  

 

To further study the complex interaction of NGF with its two receptors, genetically 

altered models overexpressing the promoter gene for NGF have been used to describe the effects 

of excess ectopic NGF. Naturally, regions of normal sympathetic innervation such as pancreatic 

islets, lungs, heart and the gastrointestinal (GI) tract show an increase in sympathetic axon 

sprouting (Edwards et al., 1989, Hoyle et al., 1998, Hassankhani et al., 1995, Albers et al., 1994, 

Elliott et al., 2009), however there are also those regions not native to sympathetics such as the 

brain and sensory ganglia which see an increase in infiltration of these aberrant axons (Kawaja 

and Crutcher, 1997; Albers et al., 1994; Walsh et al., 1999b; Elliott et al., 2009; Kawaja et al., 

2011). Not only do these areas see an increase in aberrant sympathetic sprouting, but these axons 

create formations of perineuronal plexuses around a number of specific neurons. The specific 

morphology of the cell bodies surrounded by the plexuses has not yet been identified and it has 

been difficult to compare these cells due to the changing environment of the ganglia, and the 

response of local soma to the presence of sympathetic axons. However, one aspect that is known 

is the involvement of NGF to influence this sympathetic sprouting. Not only has NGF 

overexpression been shown to increase the level of sympathetic sprouting into these areas, but 

antibodies to NGF have resulted in diminished levels of collateral sprouting responses of 

sympathetic axons (Springer and Loy, 1985; Gloster and Diamond, 1992). 
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1.7 Sympathosensory coupling 

Sympathosensory coupling is a term that is used to describe the process of peripheral 

sympathetic axons penetrating and infiltrating sensory ganglia and forming perineural baskets 

around a subset population of sensory neurons within these sensory ganglia. In 1997, Kawaja and 

Crutcher found that the CNS in mice overexpressing NGF displayed increased levels of axons 

that were immunopositive for TH. By removing the superior cervical ganglia (SCG) and 

observing the decrease in the presence of these axons, they were identified as post-ganglionic 

sympathetic axons. Post-ganglionic sympathetic axons stem from the paravertebral and 

prevertebral ganglia, and release norepinephrine onto peripheral target tissue and grow in parallel 

with blood vessels. Under certain situations, these post-ganglionic sympathetic axons grow into 

the sensory ganglia such as the dorsal root ganglia (DRG) and the trigeminal ganglia, potentially 

causing a release of norepinephrine in environments responsible for peripheral afferent sensation.  

 

There are 31 pairs of dorsal root ganglia (DRG), located laterally to the spinal cord along 

the dorsal root division of a spinal nerve. The DRG are composed of clusters of pseudounipolar 

neuronal cell bodies of afferent first order neurons, which contain axons that bifurcate upon 

exiting the DRG and travel in two distinct directions. They either venture centrally into the CNS, 

where they synapse onto second order neurons and travel up the spinal cord, or peripherally to 

follow the spinal nerve and innervate muscle, skin and other periphery. These neural crest 

derived ganglia contain afferent information of mechanoreception, nociception and 

proprioception, and are almost completely void of sympathetic innervation of any sort. There is, 

however, aberrant sympathetic sprouting into the ganglia under amplified expression of NGF and 
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this sympathetic innervation varies qualitatively and quantitatively under different expression of 

p75NTR (Kawaja and Crutcher, 1997). 

 

Similar pattern of sympathosensory sprouting has been seen in the trigeminal ganglia 

under overexpression of NGF (Walsh et al., 1999a). The pair of trigeminal ganglia are analogous 

to the DRG in their sensory properties, containing sensory neuronal bodies responsible for 

afferent information coming in from the trigeminal nerve (cranial nerve V). Similarly to the 

DRG, the trigeminal ganglia also originate from the neural crest cells. Each ganglion has three 

major branches – the ophthalmic nerve, the maxillary nerve and the mandibular nerve, with strict 

non-overlapping dermatomes defined for each branch. Each of these branches carries 

information about proprioception, and nociception back to the cell bodies located within the 

ganglia, with the only exception being the mandibular nerve, which also contain efferent nerves 

that innervate and control muscles of mastication. It is possible that the aberrant innervation of 

sympathetic axons into the trigeminal nerves can help support and develop sympathetically 

maintained pain in the region of the face and jaw.  

 

1.8 Sympathosensory sprouting models 

The use of transgenic animals to help understand aspects of neuronal behavior has 

become common in the field of neuroscience, from the interaction between the receptors and 

their respective neurotransmitter ligands, to the initiation and promotion of sprouting and growth. 

As mentioned previously, sympathosensory sprouting can occur under the genetic 

overexpression of NGF using promoters for keratin (Albers et al., 1994), glial fibrillar acidic 

protein (GFAP; Kawaja and Crutcher, 1997) or smooth muscle alpha actin (Elliot et al., 2009). 
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Insertion of prepro-NGF DNA followed by the NGF gene into the promoter regions of any of 

these proteins causes initiation of transcription of the NGF gene resulting in overproduction of 

NGF. 

 

Sympathosensory sprouting can also occur in mouse models with peripheral nerve injury. 

This was first seen in animals with peripheral nerve injury after a sciatic nerve transection 

displayed increased levels of TH in corresponding DRG (Chung et al., 1993; McLachlan et al., 

1993). These two groups also first noticed the distinct basket-like formation of adrenergic axons 

around a number of large-diameter soma within the sensory ganglia. Evidence suggests that 

sympathetic axonal sprouting coincides with the development of neuropathic pain after nerve 

injury (Lee et al., 1998; Ramer et al., 1998) and that sympathectomy of sympathetic chains 

removed signs of both mechanical allodynia and heat hyperalgesia (Kim et al., 1993). 

 

1.9 Location of sympathetic innervation 

There are striking differences in the pattern of sympathosensory sprouting developing 

from NGF overexpression depending on the location examined. A notable pattern in sensory 

ganglia, which is not found in the cerebellum, is the formation of basket-like plexuses around a 

subset of neurons. Previous data looked at this pattern of sympathosensory perineuronal coupling 

occurring in both the trigeminal ganglia (Davies et al., 1993; Kawaja and Crutcher, 1997; Walsh 

and Kawaja, 1998) and the DRG (Petrie et al., 2013) in animals overexpressing NGF, but none 

examined the complete effects of p75NTR on this phenomenon. Walsh et al. (1999) also showed 

that while sympathetic sprouting still occurs into the trigeminal ganglia of mice lacking p75NTR, 
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it resembles more of a diffuse network of randomly growing axons, rather than a targeted plexus 

formation in the environment. 

 

This link between sympathosensory sprouting and the previously-mentioned NGF-

induced neuropathic pain is a clear point of interest for developing methods of dealing with acute 

and chronic pain. It is now understood that there is support by p75NTR for the functioning of TrkA 

and that altering levels of either of these transmembrane receptors has a significant impact on 

postganglionic sympathetic axons. Walsh et al. (1999b) compared the difference between 

animals overexpressing NGF with normal expression of p75NTR to animals overexpressing NGF 

but lacking p75NTR in the same regions. This research demonstrated a dramatic stepwise increase 

in TH-immunopositive axon sprouting into the regions of cerebellar deep white matter (DWM). 

TH-immunopositive axons could be seen following the path of adjacent intrinsic cerebellar 

fibers, with NGF/p75+/+ mice displaying more sprouting than their wildtype littermates, and 

NGF/p75-/- mice showing more TH-immunopositive staining than either of the other groups. This 

experiment presented a key player in the story to find out the mechanistic nature of 

sympathosensory coupling – p75NTR.  

 

None of these studies, however, looked at the relationship between NGF, p75NTR and the 

degree to which the different genotypes of this receptor affect the sympathosensory sprouting 

into sensory ganglia in a quantitative analysis. To accurately assess the extent of aberrant growth 

of sympathetic axons, we used animals with a heterozygous mutation for p75NTR. Through 

comparison of sympathosensory sprouting in sensory ganglia between this line of animals with 

their p75+/+ and p75-/- littermates, we hypothesized that results within this genotype should 
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resemble the wildtype phenotype as the mechanism for the basket-like plexus formations should 

compensate for the single allele mutation in these animals (Fig. 1).  
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Figure 1 – Schematic visualisation of a 2-dimensional cross section of the sensory ganglia showing the 

three main genotypes used in this study: NGF/p75+/+ (A), NGF/p75+/- (B),  
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NGF/p75-/- (C). The three main structures which could be found within the environment of the sensory 

ganglia were the pseudounipolar sensory neurons (white) which extend their projections bilaterally to the 

central nervous system as well as the peripheral nervous system, the surrounding satellite cells (grey 

shading) and the infiltrating sympathetic axons penetrating into the ganglion (green). Also visualized in 

the schematic were the two types of receptors responsive to NGF. TrkA was shown in black and could be 

found on the surface of the sympathetic axons and on the surface of the local sensory somata. P75NTR was 

visualized in blue and was found on the surface of the sympathetic axons, the sensory somata within the 

ganglion and also on the surface of the encapsulating satellite cells. Molecules of NGF (orange) were 

visualized in the schematic to show the gradient-like distribution and release of the neurotransmitter into 

the environment to help illustrate the process of its release and its function. It is important to note that in 

reality, the infiltrating sympathetic axons create basket-like plexuses that surround the spherical ganglion 

from all sides.   

 



 15 

2. Materials & Methods 

2.1 Animals 

Six genotypically distinct lines of mice were analyzed in this study. There were two lines 

of NGF overexpressing mice used. The first of which were the NGFsmp mice, which 

overexpressed NGF under the control of smooth muscle α-actin, and thus overexpressed NGF 

everywhere where smooth muscle was present (arteries, colon, urinary bladder etc.). This was 

done by cloning a prepro-NGF sequence downstream from the smooth muscle α-actin promoter 

region (SMP8) as was previously done in the lab by Petrie et al., 2013. These mice yielded a 

curious genotype where only the male mice express ectopic NGF, with all of the female mice 

being wildtype for this particular NGF expression. Following the generation of the NGF 

overexpressing male mice, they were crossbred with females expressing two mutated alleles for 

the p75NTR gene, resulting in NGF overexpressing mice and NGF wildtype mice, all 

heterozygous for p75NTR. These first generation NGFsmp/p75NTR heterozygous mice were then 

bred together to create a variety of genotypic mice overexpressing NGF with variable levels of 

p75NTR expression. These mice were subdivided into three secondary groups: (1) NGFsmp/p75+/+ 

(n=5) mice, which had two normal alleles for the p75NTR gene, (2) NGFsmp/p75+/- (n=8) mice, 

which were heterozygous for the p75NTR gene, and (3) NGFsmp/p75-/- (n=5) mice, which had a 

null mutation of both p75NTR alleles.  

 

The other strain of NGF overexpressing mice, denoted as NGFgn, was under the control 

of the promoter for glial fibrillary acidic protein (GFAP) and overexpressed NGF under the 

promotion in glial cells. Mice with a prepro-NGF cDNA and the NGF gene cloned into the intron 

following the GFAP promoter regions were bred with mice carrying two mutated alleles on the 
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p75NTR genes to generate mice overexpressing NGF with a heterozygous genotype for p75NTR. 

These were then bred together to generate progeny which overexpress NGF and express three 

distinct expressions of p75NTR. The offspring of these mice were subdivided into three groups 

according to their p75NTR expression: (1) NGFgn/p75+/+ (n=7) mice, which had two normal 

alleles for the p75NTR gene, (2) NGFgn/p75+/- (n=12) mice, which were heterozygous for p75NTR 

and had one normal and one mutated allele, and (3) NGFgn/p75-/- (n=15) mice, which had a null 

mutation of both p75NTR alleles. 

 

All experiments were performed according to the guidelines of the Canadian Council for 

the Use and Care of Animals and were approved by the Queen’s University Animal Welfare 

Committee. All mice used in this study were of adult age (2-3 months). All were killed by either 

cervical dislocation or anesthetized and perfused transcardially with fixative.  

 

2.2 Immunohistochemistry 

Under deep anesthesia using sodium pentobarbital (325 mg/kg i.p.), all mice used for 

tissue immunohistochemistry were perfused transcardially with 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH 7.4). Following perfusion, six thoracolumbar (T12-L3) and up to ten 

cervical (C1-C5) DRG were identified under a microscope and surgically isolated from the 

animals. The whole brain and both of the trigeminal ganglia were also removed and all dissected 

tissue was stored in 4% paraformaldehyde at 20°C. DRG and Trigeminal Ganglia were then 

cryoprotected in 30% phosphate-buffered sucrose for 2 nights, after which they were embedded 

in CryomatrixTM (Shandon), frozen at -20°C, sectioned at 10 micrometers using a 
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cryomicrotome and transferred onto Superfrost/Plus slides (Fischer Scientific) and stored at -

20°C until immunostaining.  

 

Frozen mounted sections of DRG and trigeminal ganglia from all animals were thawed at 

room temperature and postfixed in 4% phosphate-buffered paraformaldehyde for 15 minutes. 

Sections were washed in 0.1 M Tris buffered saline (TBS) and then incubated in 10% normal 

donkey serum (NDS) in 0.25% Triton X-100 in TBS for 1 hour at room temperature. All sections 

were then rinsed in 0.1 M TBS and incubated in sheep anti-tyrosine hydroxylase IgG (1:1000, 

Millipore,	Billerica,	MA) in 3% NDS and 0.25% Triton X-100 in TBS for 48 hours. After rinsing 

with 0.1 M TBS, all sections were incubated in fluorescein isothiocyanate (FITC)-conjugated 

donkey anti-sheep IgG (1:200) for 2 hours. Finally, all slides were coverslipped with DAPI 

mounting media (Vector Laboratories, Burlingame, CA). They were then viewed and 

photographed under a ZEISS microscope using axiocam. All of the images were adjusted using 

the same values for brightness and contrast for consistency and imaged using Axiovision 4.5 

software.  

 

Cerebella, along with associated brainstem of NGFgn mice were cryoprotected in 30% 

phosphate-buffered sucrose for 2 nights, after which they were embedded in Cryomatrix TM 

(Shandon), frozen onto the stage of a sledge microtome and cut coronally at 40 micrometers and 

stored free-floating in cryoprotectant in -20°C until chromogenic labeling. Free-floating sections 

of the cerebellum and brainstem of all three genotypes were exposed to the same procedures, 

identical reaction times, all at room temperature. All samples were treated with 0.3% hydrogen 

peroxide in 0.1 M TBS for 1 hour, followed by a 1-hour treatment with 10% bovine serum 
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albumin (BSA) and 0.25% Triton X-100 in TBS. Endogenous avidin and biotin binding sites 

were then blocked using the avidin-biotin blocking kit (Vector Laboratories, Burlingame, CA). 

Cerebellum and brainstem sections were incubated with sheep anti-TH IgG (1:1000, Millipore,	

Billerica,	MA) in 3%BSA and 0.25% Triton X-100 in TBS for 48 hours at room temperature. 

Sections were then incubated in secondary antibody containing biotinylated rabbit anti-goat IgG 

(1:200) for 2 hours at room temperature. They were washed and processed with avidin-biotin 

reaction complex for 2 hours at room temperature and then washed again with 0.1M TBS. The 

sections were finally reacted in a solution containing 0.05% diaminobenzidine (DAB) 

tetrachloride, 0.04% nickel chloride, and 0.015% hydrogen peroxide in 0.1 M TBS for 2 minutes. 

Sections were then mounted onto slides and dehydrated by 2-minute graded ethanol solutions 

and coverslipped. All images were taken under bright field optics using Axiovision 4.5 and 

corrected for matching brightness and contrast. 

 

2.3 Quantification of sympathetic sprouting 

Two double-blind types of measurements quantified the amount of sympathetic sprouting 

occurring within the tissue of these NGF transgenic mice. Sympathetic plexuses (baskets) were 

quantified for the degree of wrapping, or the thickness of the growth that they displayed around 

individual neuronal cell bodies. This was done in three steps: First, immunopositive sympathetic 

baskets (hollow arrows) which surrounded neurons displaying a clear nucleus (x) were identified 

(Fig. 2A, C, D). Only those sympathetic baskets surrounding neurons with clearly visible nuclei 

were measured to eliminate tangential sections. Cell nuclei of both glial cells and neurons within 

the ganglia were identified with DAPI staining (Fig. 2B, C). Other sensory neurons can be seen 

within the ganglia of these animals (solid arrow) but were not quantified. Using Axiovision, the 
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perimeters of the outside border of the sympathetic plexuses, as well as the inner perimeters of 

these plexuses were outlined using the area pen tool (Fig. 2D). Using Axiovision, the 

crossectional area of the outer perimeter of the sympathetic baskets was measured (Fig. 3A). The 

same procedure was then applied to the complimenting inner perimeter of the sympathetic 

baskets surrounding the same neuron (Fig. 3B). The equation for area of a circle (A=πr2) was 

rearranged for “r” to measure the average radius of both of these baskets (Fig. 3C, D), and 

subtracted from one another, which provided the mean distance from the innermost, to the 

outermost sections (thickness) of the TH-immunopositive sympathetic baskets. These final 

“thickness” values were analyzed against each other using an unpaired two-tail T test and 

grouped into bins of 2 μm range.  
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Figure 2 – Perineuronal sympathetic axons within the environment of the dorsal root ganglia were double-

immunostained for TH (green) and DAPI (blue). Staining of the TH-immunopositive axonal projections 

(hollow arrow) infiltrating the environment and wrapping a central neuron could be seen (A, C, D). These 

axonal projections encircled a specific subset of neurons within the sensory ganglia, but not other 

neuronal cell bodies in close proximity (solid arrow). All present cell nuclei within the frame were 

visualized by the blue DAPI staining, identifying not only the nuclei of the target sensory neuron (x) but 

also the nuclei of other neurons and surrounding satellite cells (B, C). Only those neurons with a clearly 

visible nuclei in the frame, such as the one in this image, were selected for the measuring of the thickness 
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of the sympathetic plexuses, carried out by clearly marking the external border and the internal border of 

TH-immunopositive axonal staining (D).  

Scale bars: 50µm. 

 

Figure 3 – Method of recording and measuring the average thickness of sympathetic perineuronal 

plexuses. Once a sympathetic perineural plexus was identified within an image, and it clearly surrounded 

a neuron with a fully visible nucleus, a perimeter line was drawn around the outside border of the visible 

TH-immunopositive staining (A). The same process was then repeated for the internal border of the TH-

immunopositive staining (B), creating two area measurements: outside perimeter area (A1), and inside 

perimeter area (A2). These two areas were then independently inserted into the function for radius [r1 =  
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√ (A1 / π)] to calculate two circular radii (C, D), which were subsequently subtracted from one another to 

determine the average distance between the outer and inner borders of the TH-immunopostive axons 

surrounding these neurons within the sensory ganglia.  

Scale Bars: 50µm 

 

Measurement of axonal density was made within the inferior cerebellar peduncle and 

cerebellar DWM using chromogenic staining for TH. Sections of peduncles and DWM 

containing axons that were clearly and uniformly immunostained were captured and 

photographed on Axiovision 4.5 and then corrected for brightness and contrast to match all 

others. Images were then exported in grey scale Tagged Image File (TIF) format and 

quantitatively analyzed on ImageJ. This software was used to determine proper intensity 

threshold for immunostaining and was then used to determine the percentage of the area in the 

peduncles and DWM occupied by axons positively immunostained for TH. To do this, a 

standard, consistently sized box was drawn within the peduncles (sized roughly 175x300	μm) 

and DWM (roughly 250x250	μm), and then pasted onto each subsequent image to measure a 

consistent area within these slides. All images were adjusted in the program so that positively-

stained axons appeared completely black, while background staining and/or background tissue 

appeared completely white (intensity thresholding). This would then allow the program to 

analyze the box drawn over the slide and determine the percentage of stained axons in that area. 

The final density measurements of each genotype within both the cerebellar peduncles and the 

cerebellar DWM were compared against each other using a one-way ANOVA test. 

 

Boxplots, binned plexus thickness graphs and statistical analyses of the quantifications 

were generated using GraphPad Prism. Boxplot whiskers represent standard deviation (SD), box 
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limits represent the 90th and 10th percentile values, and the central line indicates the mean of the 

values analyzed per each category.  

 

2.4 Western Blotting 

Two fresh trigeminal ganglia per animal were removed from NGFgn/p75+/+, 

NGFgn/p75+/+, NGFgn/p75-/- and NGFsmp/p75+/+ animals immediately following animal 

sacrifice, pooled into respectively labeled tubes and flash frozen in liquid nitrogen and stored in -

80°C until use for immunoblotting. Tissues were homogenized in 0.05 M Tris buffered saline 

(pH 7.5) supplemented with 0.05% Tween-20, 10 mM EDTA, 2g/mL pepstatin, and EDTA-free 

complete protease inhibitor cocktail tablet (Roche, Laval, Canada). The homogenates were 

incubated and centrifuged, after which the supernatant was collected. A micro BCA protein assay 

kit (ThermoFisher Scientific, Mississauga, ON) was used to quantify the protein concentration 

per sample.  Total protein samples (50 µg) were assembled into 12% sodium dodecyl sulfate 

(SDS)-polyacrylamide gels and transferred onto polyvinylidene difluoride (PVDF) Immobilon-P 

membranes (Millipore, Billerica, MA). These membranes were blocked for 3 hours at room 

temperature in 10% skim milk in TBST. Membranes were then incubated in a solution of 

affinity-purified mouse anti-β-Tubulin IgG (1:1000 dilution in 5% skim milk + TBST, Millipore, 

Billerica, MA) and sheep anti-tyrosine hydroxylase IgG (1:1000 dilution in 5% skim milk + 

TBST, Millipore, Billerica, MA) at 4°C while rocking for 24 hours. After membranes were 

washed in TBST, they were incubated in a solution containing anti-mouse HRP (1:10 000 

dilution in 5% skim milk + TBST) and anti-sheep HRP (1:2000 dilution in 5% skim milk + 

TBST) respectively for 1 hour, with rocking at 4°C. After a wash, the membranes were 
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developed using EMD Millipore Immobilon Western Chemiluminescent HRP Substrate (ECL) 

for 3 minutes, with rocking at 20°C. 
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3. Results 

3.1 Sympathetic sprouting into the cerebellum in NGF transgenic mice 

The experiment of comparing post-ganglionic sympathetic sprouting into the cerebellum 

that was performed by Walsh et al. (1999b) was repeated with the addition of the p75NTR 

heterozygous genotype to determine the behavior of sympathetic axons within the brains of mice 

overexpressing NGF and lacking one functional p75 allele. Quantitative assessment was carried 

out to determine the area occupied by TH-immunopositive axons in the regions of the cerebellar 

peduncles connecting the cerebellum with the brain stem, and the DWM. Coronal sections from 

the region of the cerebellar peduncle showed TH-immunopositive fibers traversing along the 

white matter into regions otherwise only occupied by cerebellar axons (Fig. 4). Although there 

was an augmented level of sympathetic neurons within this region of the brain, the axons within 

the NGFgn/p75+/+ (n=11; Fig. 4A), NGFgn/p75+/- (n=10; Fig. 4B) and NGFgn/p75-/- (n=9; Fig. 

4C) all appeared to be following the tracts of intrinsic neurons without a clear destination. 

Additionally, after a 1-way ANOVA test, there was no statistically significant (p=0.069) 

difference found between the density of the sympathetic axons within the peduncles of these 

three genotypic mice (Fig. 4D).  
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Figure 4 – Coronal sections of the cerebellar peduncles (labeled CP) stained immunohistochemically for 

TH. The white matter region within the cerebellar peduncles of the NGF/p75+/+ (A), NGF/p75+/- (B) and 

NGF/p75-/- (C) mice all display a robust ingrowth of TH-immunoreactive axons into a region generally 

void of any sympathetic supply in wildtype mice. These sympathetic axonal projections appear to be 

isolated to the white matter within the region, not extending into the surrounding grey matter. 

Quantitatively, the density of TH-immunopositive axons within the cerebellar peduncles is not 

significantly different among the different genotypes (D; p=0.069), following the same pattern and 

occupying roughly the same percentage of the area. Density was measured by calculating the percentage 
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of area occupied by positively stained axons in a set rectangular area roughly 175x300µm within the 

cerebellar peduncles (white box). Error bars indicate SD.  

Scale Bars: 50µm 

 

The pattern of sympathetic axonal sprouting into the DWM was similar (Fig. 5). As was 

the case in the cerebellar peduncles, sympathetic axons also infiltrated deep into the cerebellum, 

following the trajectory of intrinsic myelinated tracts connecting the cerebellum with the spinal 

cord. All mice were quantitatively assessed for axonal density and compared using a 1-way 

ANOVA analysis. In NGFgn/p75+/+ animals (n=25), some level of visible TH sprouting could be 

observed following in parallel with myelinated cerebellar tracts (Fig. 5A). The level of 

sympathetic sprouting into the DWM was significantly exaggerated in the NGFgn/p75-/- animals 

(n=18; Fig. 5C) when compared to the NGFgn/p75+/+ animals and they displayed a denser region 

of TH-immunopositive axons (Fig. 5D). Qualitatively, the post-ganglionic sympathetic axons of 

the NGFgn/p75+/- genotype (n=20) displayed a phenotype between the NGFgn/p75+/+ and the 

NGFgn/p75-/- animals (Fig. 5B). When these genotypes were quantitatively assessed, the density 

of TH-immunopositive fibers of the NGFgn/p75+/- animals was significantly lower than their 

NGFgn/p75-/- counterparts, and not significantly different from their NGFgn/p75+/+ littermates 

(Fig. 5D). The 1-way ANOVA multiple comparison showed that the three genotypes were 

statistically different from one another (p=0.005). This was indicative of a natural process of 

compensatory mechanisms within the region of DWM, causing the heterozygous genotypes to 

express a phenotype similar to that of the wildtype.  



 28 

Figure 5 – Coronal section of the deep white matter within the cerebellum of mice overexpressing NGF 

stained immunohistochemically for TH. These black axonal projections passed within and projected 

through the DWM of all NGF/p75+/+ (A), NGF/p75+/- (B) and NGF/p75-/- (C) mice. These axonal 

projections were isolated to the DWM, closely associated with the intrinsic fibers of the DWM, never 

seen projecting beyond the limits into the neighbouring grey matter regions. To quantitatively assess this 

region, a standardized box that was roughly 250x250µm (white square) was drawn into the middle of 

each image of this region, and only the immunopositive axons in this box were measured. When analyzed 
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quantitatively using a one-way ANOVA, the density of the sympathetic axons within the DWM was 

highest in the NGF/p75-/- mice (D), statistically higher than both the density of TH-immunoreactive axons 

within the NGF/p75+/+ and the NGF/p75+/- (p=0.005). 

Scale bars: 50µm. 

 

3.2 Sympathetic sprouting occurs in NGF/p75-/- animals  

In light of the finding that mice which overexpress NGF but lack one p75 allele tend to 

lean towards the phenotype of mice with normal p75 levels, it was of interest to determine 

whether this type of response only happened in the DWM or whether the same pattern of 

sympathetic innervation was also present in the sensory ganglia, specifically within the DRG and 

the trigeminal ganglia of mice with those genotypes. Initial comparison was done between the 

NGFsmp/p75-/- lumbar DRG, the NGFgn/p75-/- cervical DRG, the NGFsmp/p75-/- trigeminal 

ganglia and the NGFgn/p75-/- trigeminal ganglia (Fig. 6A, B, C, D) to confirm that sympathetic 

sprouting was occurring, but that the growth of these axons into the environment of the ganglia 

was undetermined and lacked a clear basket-like plexus formation. Positive immunofluorescence 

representing the sympathetic axons within the sensory ganglia was highlighted with arrows, 

however they appeared to be randomly travelling through the ganglionic environment without a 
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clear destination target. There appeared to be no pattern to the ingrowth of sympathetic axons, 

but instead they were observed to aberrantly extend and wind throughout the region. 

Figure 6 – Low magnification view of DRG (A, B) and trigeminal ganglia (C, D) overexpressing NGF 

with p75NTR knocked out and stained for TH with immunofluorescence. In the DRG, significant TH-

immunopositive staining (arrows) penetrated into the sensory ganglia in both the animals overexpressing 

NGF under the smooth muscle alpha actin promoter (A) and under the GFAP promoter (B). Similar 

patterns of sympathetic aberrant growth could be seen in the trigeminal ganglia of animals overexpressing 

NGF under the smooth muscle alpha actin promoter (C) and the GFAP promoter (D). Although positive 
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immunostaining clearly identified TH-positive axons within the environment of the ganglia, no distinct 

perineuronal plexuses or “baskets” could be seen developing around the intrinsic neurons. These 

penetrating axonal projections appeared to be growing into the ganglia randomly, rather than having a 

distinct determined target destination.  

Scale Bars: 50µm.   

 

3.3 Sympathetic sprouting into Dorsal Root Ganglia 

In the NGFsmp transgenic mice, TH-immunopositive axonal sprouting was observed in 

the lumbar DRG (Fig. 7), with visible basket-like formations (arrows) developing around 

neurons within the environment of the DRG. Sympathetic baskets could be found specifically 

surrounding some, but not all of the neurons in NGFsmp/p75+/+ animals (Fig. 7A) as well as in 

lumbar DRG of NGFsmp/p75+/- animals (Fig. 7B). However, when quantitatively compared 

using the two-tail T-test, out of all the basket-like plexuses observed, the thickness of the 

sympathetic baskets found surrounding neurons was not significantly different (p=0.202) 

between the NGFgn/p75+/+ animals (n=22) and their NGFgn/p75+/- littermates (n=30; Fig. 7C, 

D). The average thickness of the TH-immunopositive baskets was 4.76µm and 4.24µm 

respectively.  
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Figure 7 – Dorsal root ganglia in the lumbar region of NGF overexpressing mice under the smooth 

muscle alpha actin promoter with varying levels of p75NTR expression. TH-immunoreactive sympathetic 

fibers (arrows) can be seen infiltrating the DRG of NGF/p75+/+ mice and forming perineural plexuses 

around a subset of sensory neurons (A). TH-IR axons can also be seen forming plexuses around somata in 

the NGF/p75+/- mice (B). The two genotypes express similar levels of plexus formations, and these 

baskets are relatively similar in thickness to one another (C, D), with no significant difference between 
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them (p=0.202) when compared using two-tail T-test. Thickness of baskets is measured in mean distance 

between the inner and outer limits of TH-immunopositive staining, and error bars indicate SD. 

Scale bars: 50µm 

  

In the NGFgn transgenic mice, robust sprouting of TH-immunopositive sympathetic 

fibers was seen into the cervical DRG (Fig. 8), with clear basket-like formation visibly 

developing around a subset of neurons within the DRG (arrows) in accordance with previous 

research carried out by Petrie et al. 2013. Both NGFgn/p75+/- (Fig. 8A) and NGFgn/p75+/+ (Fig. 

8B) genotypes displayed this pattern of aberrant sprouting, but sympathetic innervation was 

observed to be more extensively formed around the neurons within the NGFgn/p75+/- animals 

(Fig. 8C, D), than their NGFgn/p75+/+ littermates. Out of the total baskets measured for 

thickness, the average thickness of baskets in NGFgn/p75+/+ animals (n=25) was 3.48µm and 

when compared using a two-tailed T-test, was significantly smaller (p<0.001) than the average 

thickness of the baskets surrounding the NGFgn/p75+/- animals (n=29) with an average thickness 

of 4.92µm.  
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Figure 8 – Dorsal root ganglia in the cervical region in mice overexpressing NGF under the glial fibrillary 

acidic protein promoter with varying levels of p75NTR expression. TH-immunoreactive sympathetic fibers 

(arrows) can be seen extending into the environment of the DRG and forming basket-like perineural 

plexuses around a subset of sensory neurons in the ganglia of NGF/p75+/+ mice (A). A patterned 

sympathetic sprouting can be seen in the DRG of NGF/p75+/- mice, forming perineural plexuses around 

specific neurons within the ganglia. Quantitative and qualitative analysis shows similar morphology but 

significantly thicker (p<0.001) TH-immunoreactive plexuses sprouting into the DRG of NGF/p75+/- mice 
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than the NGF/p75+/+ mice (C, D), indicating a stronger and/or more potent signalling for sympathetic 

growth towards neurons within the DRG in the heterozygous animals. Thickness of baskets is measured 

in mean distance between the inner and outer limits of TH-immunopositive staining, and error bars 

indicate SD. 

Scale Bars: 50µm 

 

3.4 Sympathetic sprouting into trigeminal ganglia  

Sympathetic sprouting into the trigeminal ganglia of the trigeminal nerve (cranial nerve 

V) occurred in both the NGFgn and the NGFsmp lines of transgenic mice. TH-immunopositive 

axons infiltrated the trigeminal ganglia most prominently in the NGFgn (Fig. 9) animal lines and 

developed sympathetic basket-like formations around neurons (arrows) in both the NGFgn/p75+/+ 

(Fig. 9A), and the NGFgn/p75+/- (Fig. 9B) genotypes. From a total of 98 baskets quantified and 

analyzed, there was a significantly higher average thickness of the sympathetic axons wrapping 

around the neuronal cell bodies within the ganglia of NGFgn/p75+/- mice. With an average 

thickness of 4.80µm, the TH-immunopositive basket-like formations around NGFgn/p75+/- mice 

(n=55) were significantly (p=0.009) higher than the average thickness of sympathetic axons 

surrounding the neurons in the ganglia of NGFgn/p75+/+ mice (n=43) which was 4.03µm (Fig. 

9C, D). Statistics comparing the two genotypes were done using a two-tail T-test.
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Figure 9 – Trigeminal ganglia of mice overexpressing NGF under the promotion of glial fibrillary acidic 

protein with varying levels of p75NTR expression. Aberrant ingrowth and formation of sympathetic 

plexuses (arrows) of TH-Immunoreactive sympathetic axons into the trigeminal ganglia can be seen in the 

NGF/p75+/+ (A) and NGF/p75+/- (B) mice. A significant enlargement (p=0.009) in the thickness 

quantification is evident in the NGF/p75+/- mice when compared with the thickness of baskets 

surrounding neurons in the ganglia of NGF/p75+/+ mice (C, D), indicating a stronger and/or more potent 

signalling for sympathetic growth towards these neurons in the heterozygous animals. Thickness of 
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baskets is measured in mean distance between the inner and outer perimeters of TH-immunopositive 

staining, error bars indicate SD and statistical analysis was done using a two-tail T-test. 

Scale Bars: 50µm 

 

Sympathetic sprouting into the trigeminal ganglia also occurred in NGFsmp animals, 

although it was less frequent and less pronounced (Fig. 10). Under the promotion of the smooth 

muscle alpha actin, some TH-immunopositive axons were seen extending into the environment 

of the trigeminal ganglia of both NGFsmp/p75+/+ (Fig. 10A) and NGFsmp/p75+/- (Fig. 10B) 

animals and forming sympathetic basket-like plexuses (arrows). In this model of mice, a 

combined 69 sympathetic baskets surrounding neurons were found between both the 

NGFsmp/p75+/+ animals (n=39) and the NGFsmp/p75+/- animals (n=30). When compared 

quantitatively using a two-tail T-test, the sympathetic axons surrounding neurons within the 

NGFsmp/p75+/- formed significantly (p<0.001) thicker baskets with an average thickness of 

4.46µm, much larger than the smaller baskets of sympathetics around the neurons in the ganglia 

of NGFsmp/p75+/+ mice, which averaged a thickness of 2.69µm (Fig. 10C, D). 
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Figure 10 – Trigeminal ganglia of mice overexpressing NGF under the promotion of smooth muscle alpha 

actin with varying levels of p75NTR expression. TH-Immunoreactive axonal projections can be seen 

infiltrating the environment of the trigeminal ganglia of both NGF/p75+/+ (A) and NGF/p75+/- mice (B), 

and forming a pattern of perineural basket-like formations (arrows) around a subset of local sensory 

neurons. The quantitative analysis of plexuses’ thickness shows that there is a significant increase 

(p<0.001) in basket thickness in the NGF/p75+/- when compared to the thickness of baskets of the 

NGF/p75+/+ mice (C, D) indicating a stronger and/or more potent signalling for sympathetic growth 
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towards the neurons in the heterozygous animals. Thickness of baskets is measured in mean distance 

between the inner and outer limits of TH-immunopositive staining, error bars indicate SD and statistics 

were preformed using a two-tail T-test.  

Scale Bars: 50µm  
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4. Discussion 

4.1 Inducing sympathosensory sprouting 

There have been numerous studies that have looked at the aberrant growth of sympathetic 

axons into different tissues. Two primary methods for inducing sympathetic axonal growth are by 

peripheral nerve injury (McLachlan et al., 1993; Chung et al., 1996; Zhou et al. 1996) and by 

overexpressing NGF in peripheral sites of an animal. Models of transgenic animals 

overexpressing ectopic NGF in peripheral sites increase sympathetic innervation to the areas of 

the pancreas (Edwards et al., 1989), lungs (Hoyle et al., 1998), heart (Hassankhani et al., 1995), 

GI (Elliot et al., 2009), and skin (Albers et al., 1994). Sympathetic axonal growth resulting from 

overexpression of NGF under the control of keratin promoter (Davies et al., 1994), GFAP 

promoter (Kawaja and Crutcher, 1997) and smooth muscle alpha-actin (Elliot et al., 2009; 

Kawaja et al., 2011) is reported in the dorsal root ganglia (Davis et al., 1994), the trigeminal 

ganglia (Walsh et al., 1999), as well as in the brain (Kawaja and Crutcher, 1997). Although we 

can induce the growth of these sympathetic axons, and detect them in target tissue, the actual 

mechanism behind the process is not yet very clear. Even more peculiar is the unusual formation 

of axonal perineuronal plexuses around a subset of sensory neurons within the sensory ganglia as 

seen originally in the injury models, and later in the models of transgenic mice.  

 

4.2 Sympathosensory sprouting dependant on target tissue 

Evidence suggests that NGF plays a crucial role in the sympathetic axonal sprouting, but 

its exact role in this phenomenon is unclear. Previous research from our group shows extensive 

sympathetic sprouting into the trigeminal ganglia (Walsh and Kawaja, 1998), the DRG, as well 

as the DWM of the cerebellum (Walsh et al., 1999b) under NGF overexpression. Removal of 
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NGF from the environment through the use of NGF antibodies attenuates sympathosensory 

sprouting in these regions (Springer and Loy, 1985; Gloster and Diamond, 1992). The origin of 

post-ganglionic sympathetic neurons sprouting into the trigeminal ganglia are the SCG, while the 

sympathetic axons which grow into the DRG are paravertebral in origin. A theoretical proposal 

from this research could be that dependant on the sympathetic neuron’s origin, the axons behave 

differently within the environment into which they elongate. However, along with the research 

by Kawaja & Crutcher (1997), we showed that neurons originating from the SCG behave much 

differently within the cerebellum than in the trigeminal ganglia with respect to their morphology, 

even though both originate in the SCG. 

 

In a related set of experiments, Glebova and Ginty (2004) showed that sympathetic 

innervation was dependent on the location of the target tissue rather than the origin of the 

sympathetic neurons, and that the sympathetic neurons were dependent on NGF only in certain 

areas. For example, sympathetic neurons within the eye, the submandibular gland and the parotid 

gland depend on the presence of NGF, while sympathetic neurons within the trachea were 

unaffected by modulation to local NGF. Organs innervated by prevertebral ganglia such as the 

stomach, the spleen, pancreas, small and large intestine, kidneys, and organs of the urinary tract 

displayed sympathetic innervation that was different altogether. These regions all displayed 

decreased innervation by sympathetic axons, mostly characterized by thinner branching of 

terminal regions of the axons.   

 

These data support the theory that there is another player involved in the mechanism of 

sympathetic axonal sprouting, which is expressed to different degrees based on the location of 
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the sprouting. We know that the highly specific and high affinity TrkA receptor is always present 

in NGF-responsive neurons (Loeb et al., 1992; Loeb and Green, 1993; Peng et al., 1995), 

however the expression of the low-affinity p75NTR is not as clearly defined. To determine its role, 

we looked at variable p75NTR genotypes in NGF overexpressing animals in order to shed more 

light on the interaction between the neurotransmitter and its receptor.  Overexpression of NGF 

under the GFAP promoter resulted in increased sympathetic sprouting into the cerebellar 

peduncles in all of the animals, regardless of their expression of p75NTR. In the cerebellar DWM, 

the results were similar in that all NGF overexpressing animals showed noticeably increased 

levels of sympathetic sprouting, with slightly more sprouting occurring in the p75-/- animals, than 

in either the p75+/+ or p75+/- animals. Both of these results correlate with the findings of Walsh et 

al. (1999b) who showed that NGF overexpression resulted in heightened sympathetic sprouting 

into the DWM. Predictably, levels of sympathetic sprouting in the cerebellum of mice that lacked 

one functional allele resembled those that had a fully functional p75NTR. 

 

4.3 Significant sympathosensory sprouting into sensory ganglia 

The results of sympathosensory sprouting in the trigeminal ganglia and the DRG were 

significantly different than what was observed within the cerebella. Although sympathetic axons 

sprouting into the area of the trigeminal ganglia under GFAP promoter NGF overexpression were 

higher than in wildtype animals (as previously seen by Walsh et al. (1999a)), the amount of 

sympathetic sprouting into the ganglia varied substantially between p75+/+, p75+/- and p75-/- mice. 

Most noticeable was the degree of difference between the p75+/+ genotype, and the p75+/-, with 

the latter showing almost 25% more sympathetic innervation than its wildtype counterpart. In the 

model mice overexpressing NGF under the smooth muscle alpha actin promoter, p75+/- 
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genotypes expressed almost twice as much sympathetic sprouting into the trigeminal ganglia 

than their p75+/+ littermates. These findings contradict the findings of the degree to which 

sympathetic neurons grow into the cerebellum and suggest that the destination of this axonal 

growth somehow augments the amount of local innervation, showing preference to the region 

when p75NTR is present to some extent. 

 

Similar to the trigeminal ganglia, sympathetic axons growing into the DRG of mice 

which overexpress NGF showed markedly higher innervation in the p75+/- model mice than in 

the p75+/+ animals and p75-/- animals. As was the case in the trigeminal ganglia, these afferent-

rich DRG demonstrate some form of signalling which enhances sympathetic sprouting into 

animals expressing p75NTR, with a greater extent in animals expressing p75NTR with one mutated 

allele. Although not completely uncommon, heterozygous animals rarely display a phenotype 

that is more pronounced than its wildtype littermate. To determine the cause of the greater 

sympathetic innervation of heterozygous animals, the actual morphology of these aberrant 

sympathetic axons was examined. 

 

4.4 Sympathetic plexus formation in sensory ganglia 

In both the trigeminal ganglia and the DRG, we were able to show the lack of distinct 

plexuses forming within the ganglia of animals lacking p75NTR. We also show the clear 

sympathosensory plexuses forming around sensory neurons in the trigeminal and DRG of mice 

with a functional p75NTR. Additionally, we looked at animals heterozygous for the p75NTR gene. 

Predictably, the phenotypic expression of sympathetic baskets would lie somewhere between 

those with functioning p75NTR and those animals without p75NTR.  
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As we expected, sympathetic baskets could be observed in all animals expressing p75NTR 

with no observable distinguishable differences in their appearance or shape. Although this was 

not quantified in our study, all sympathetic plexuses appeared to surround larger neurons within 

the environment of the sensory ganglia, following the predicted morphology of previous research 

done by McLachlan and Hu, 1998; Abbadie and Basbaum, 1998. Unlike our predicted 

hypothesis, and unlike the effect observed within the cerebellum, we were able to detect and 

measure thicker sympathetic baskets forming within both the trigeminal ganglia, and within the 

DRG of p75+/- animals than in any other genotype.  

 

Previous studies have suggested that sympathosensory coupling within the sensory 

ganglia occurs as a result of the presence of TrkA and CGRP, as these receptors are expressed by 

98% and 86% of neurons surrounded by TH-immunoresponsive axons (Walsh et al., 1999a), 

however this does not explain the difference in the degree of plexus formation between the 

different p75NTR expression. Because of the clear differences in amount of sympathetic axonal 

growth into the environment that results from varying the degree of p75NTR expression, we 

propose that a major player in this mechanism of sympathosensory sprouting are the satellite 

glial cells (SGCs) which surround the sensory soma within the sensory ganglia.  

 

4.5 Satellite glial cells role in the formation of sympathetic plexuses  

SGCs ensheath each sensory neuron within the sensory ganglia. They form tight 

protective envelopes around these nerve cell bodies and a small part of their axons, completely 

isolating each individual neuron within a ganglion from all the others (Pannese, 2010). The 
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SGCs are generally laminar and irregular in outline, (Pannese, 1960) communicate with one 

another through gap junctions and form expansive overlaps and convoluted integrations around 

individual soma (Pannese, 2010). The numbers of SGCs enveloping each neuron varies 

proportionally to the neuron cell body’s volume (Pannese et al., 1972, 1975). Interestingly, SGCs 

have been shown to become reactive under certain conditions. Upon microscopic examination, 

SGCs grow in size following experimental enlargement of nerve cell bodies (Pannese, 1964; 

Humbertson et al., 1969). Although the size of the neurons which were surrounded by TH-

immunoreactive baskets were not measured in this study, previous studies have shown that 

following injury, the TH-immunoreative sympathetic axons prefer to form plexuses around large 

diameter neurons (McLachlan and Hu, 1998; Abbadie and Basbaum, 1998). Together with the 

evidence that virtually all of the neurons that are surrounded by these sympathetic axonal 

projections are TrkA-positive, and that TrkA positive neurons are typically small diameter, the 

results indicate that the soma swell in size either before or during the sympathetic innervation. 

This in turn would also cause active reaction of the surrounding SGCs, suggesting that they may 

influence the behaviour of infiltrating axons.  

 

Additionally, SGCs have been shown to express p75NTR (Pannese and Procacci, 2002), 

which suggests that they are involved in the sympathosensory sprouting pathway, and also that 

they are affected by this study’s variable levels of p75NTR expression. Increased expression of the 

p75NTR can be seen in SGCs surrounding large-diameter neurons following injury (Zhou et al., 

1996), suggesting that the receptor is upregulated during or directly following the increased NGF 

and resulting sympathetic axonal infiltration.  
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4.6 Mechanism for sympathosensory coupling 

All of this collective information suggests that the mechanistic explanation for 

sympathosensory sprouting into sensory ganglia involves three main players: the sensory 

neurons of the DRG and the trigeminal ganglia, the intimately surrounding glial satellite cells, 

and the post-ganglionic sympathetic axons. Overexpressed NGF is retrogradely transported into 

the sensory ganglia, where it is released into the proximal environment of the cell body. This 

local release of NGF creates a gradient in the area, with the densest concentration being the most 

proximal region to the soma. The gradient is sensed by p75NTR and TrkA positive sympathetic 

neurons which extend their axons into the sensory ganglia and surround the cell bodies which are 

the NGF forming tight perineural plexuses. Simultaneously to this happening, some of the NGF 

is taken up by p75NTR on the SGCs, which in turn upregulate the local expression of the receptor. 

The action of SGCs of sequestering the NGF helps develop and increase the gradient once more 

TrkA receptors become available in the environment, and this helps produce a dense gradient of 

NGF for the sympathetic axons to extend towards.  

 

This theory also helps explain why the very distinct pattern of sympathosensory coupling 

does not happen in the cerebella of the same animals. Because the cerebellum does not contain 

SGCs, it does not create the same kind of self-sustaining and self-sequestering NGF gradient that 

the sensory ganglia have. Therefore, when looked at within the cerebella of mice overexpressing 

NGF, sympathetic axons within that region look as if they are travelling through the environment 

without a clear destination. In fact, the morphology of sympathetic sprouting within the cerebella 

of mice overexpressing NGF appears to be very similar to the pattern of sympathetic innervation 
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within the sensory ganglia, both displaying aberrant growth without an observable target 

location.  

 

We propose that the strong expression of sympathetic sprouting seen in the DRG and the 

trigeminal ganglia of p75+/- models is caused by a gain of function mutation in one of the p75 

alleles. It appears that one of the alleles of the p75 gene is mutated in such a way that when 

combined with a dysfunctional knocked-out second allele, a gain of function phenotype is 

expressed. This gain of function mutation hyperactivates the p75NTR which causes greater 

amounts of NGF to be localized around sensory neurons within the sensory ganglia contributing 

to a greater NGF gradient. As a result, sympathetic axons are more drawn towards the sensory 

ganglia in the heterozygous mouse models and create denser and thicker plexuses within these 

genotypes.  

 

These distinct genotypic models do not explain the stark difference in the pattern of 

sympathetic sprouting between areas of the nervous system. To address the variations between 

the sensory ganglia and the cerebellum, the environment of the location must be assessed. Due to 

the absence of SGCs in the cerebellum, we do not see the same type of overexpression of 

sympathetic innervation because the environment does not sequester NGF using p75NTR and does 

not create a gradient for the sympathetic axons to grow towards. However, in the DRG and the 

trigeminal ganglia, where SGCs are prominent, sympathetic sprouting becomes more 

pronounced.  
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