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Abstract 

The development, maintenance, and survival of neurons depend on the function of neurotrophins 

such as nerve growth factor (NGF).  One population of neurons that rely heavily on NGF for 

axonal growth and survival is the postganglionic sympathetic neurons.  Trauma or disease 

resulting in injury to the peripheral nervous system causes an increase in the levels of this 

neurotrophin.  This augmentation promotes the collateral sprouting of postganglionic sympathetic 

axons into those tissues having elevated levels of NGF.  Often, NGF-induced sympathetic 

sprouting occurs in tissues that are normally innervated by these fibers however, high levels of 

NGF can also promote sprouting of axons into tissues that are normally devoid of sympathetic 

fibers, such as the sensory ganglia.  When postganglionic sympathetic axons grow into the 

environment of sensory ganglia, they can converge and wrap around a subset of somata (i.e., cell 

bodies) belonging to primary sensory neurons.  This phenomenon, referred to as sympathosensory 

plexuses is observed in adult mice and rats following peripheral nerve injury, and is also seen in 

adult transgenic mice that ectopically over express NGF.   

 The overall aim for this project is to examine the morphological and 

neurochemical features, as well as the overall consequence of sympathosensory plexuses in 

nerve-injured adult mice and in adult transgenic mice that over express NGF.  We hope that this 

novel information will add to our understanding of the underlying mechanisms associated with 

the formation of sympathosensory plexuses that occur following injury.       
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Chapter 1 

Literature Review 

1.1 Introduction 

The development, maintenance, and survival of neurons depend on the function of neurotrophins 

such as nerve growth factor (NGF).  One population of neurons that rely heavily on NGF for 

axonal growth and survival is the postganglionic sympathetic neurons.  Trauma or disease 

resulting in injury to the peripheral nervous system causes an increase in the levels of this 

neurotrophin.  This augmentation promotes the collateral sprouting of postganglionic sympathetic 

axons into those tissues having elevated levels of NGF.  Often, NGF-induced sympathetic 

sprouting occurs in tissues that are normally innervated by these fibers however, high levels of 

NGF can also promote sprouting of axons into tissues that are normally devoid of sympathetic 

fibers, such as the sensory ganglia.  When postganglionic sympathetic axons grow into the 

environment of sensory ganglia, they can converge and wrap around a subset of somata (i.e., cell 

bodies) belonging to primary sensory neurons.  This phenomenon, referred to as sympathosensory 

plexuses is observed in adult mice and rats following peripheral nerve injury, and is also seen in 

adult transgenic mice that ectopically over express NGF.   

In this literature review, NGF and its receptors (i.e., trkA and p75NTR) will be discussed, 

followed by the major contributors to the formation of sympathosensory plexuses, including the 

postganglionic sympathetic neurons, primary sensory neurons, and satellite glial cells.  The topic 

of sympathosensory plexuses will be reviewed in detail in Chapter 2.  The overall aim for this 

project is to examine the morphological and neurochemical features, as well as the overall 

consequence of sympathosensory plexuses in nerve-injured adult mice and in adult transgenic 
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mice that over express NGF.  We hope that this novel information will add to our understanding 

of the underlying mechanisms associated with the formation of sympathosensory plexuses that 

occur following injury.       

 

1.2 The discovery of nerve growth factor 

In the 1940s, Rita Levi-Montalcini and Victor Hamburger were investigating the specific patterns 

of neural innervation and ganglionic development of amphibian and avian embryos.  In order to 

determine if various environmental factors released from tumors influenced different types of 

sensory neuroblasts (i.e., dividing cells that become neurons), they transplanted pieces of tumors 

(e.g., mouse sarcoma 37 or 180) into the amputated wing bud region of 2-3 day old chick 

embryos (Levi-Montalcini and Hamburger 1951).  They demonstrated the infiltration of sensory 

and sympathetic axons that ended in the mouse sarcoma; these findings were similar to those first 

observed by Beuker (1948).  Interestingly, they reported that a few fibers had formed a “network” 

around individual neoplastic cells.  The associated spinal and sympathetic chain ganglia were 

identified by having hyperplastic (i.e., increase in the number of cells) and hypertrophic (i.e., 

increase in the size of cells) characteristics.  It was suggested that the tumors released a soluble 

growth promoting factor that stimulated the elongation of these specific types of nerve fibers.  

Due to the prolonged toxic effects of the tumors in vivo, Levi-Montalcini and colleagues 

investigated their properties in culture (Levi-Montalcini, Meyer, and Hamburger, 1954).  At 24-

48 hours in vitro, 6-7 day old chick spinal and sympathetic ganglionic fibers began to sprout 

towards the sarcomas.  The growth promoting effect was thought to be due to the same factor 

released by the tumor in vivo.   
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In order to identify the growth promoting factor released from sarcoma 37 and 180, 

Cohen and Levi-Montalcini (1956) used phosphodiesterase from snake venom and coincidently 

found that the venom was significantly more active in promoting outgrowth of spinal neurites in 

vitro, than the sarcomas.  This “snake venom” factor was also constantly required to promote the 

outgrowth of sensory and sympathetic neurons (Cohen and Levi-Montalcini, 1957).  Since venom 

is produced by modified salivary glands in snakes, Levi-Montalcini and colleagues speculated 

whether the mouse salivary glands (more specifically the male mouse submaxillary glands) might 

have similar growth factor content.  Indeed, they discovered a growth factor, now known as nerve 

growth factor (NGF) to be highly enriched in these tissues (specifically in the convoluted tubules 

and saliva) of adult mice (Levi-Montalcini and Booker, 1960).   

 

1.3 Nerve growth factor 

NGF is the most widely studied growth factor belonging to a family of proteins, known as 

neurotrophins, which are involved in the development, survival, maintenance, and function of 

neurons.  There are four different populations of neurons that are NGF-responsive: 1) 

postganglionic sympathetic neurons; 2) nociceptive sensory neurons; 3) basal forebrain 

cholinergic neurons; and 4) chromaffin cells (i.e., modified postganglionic sympathetic neurons) 

of the adrenal medulla (Unsicker et al., 1978).  NGF is a highly conserved protein with three 

biologically-active forms: proNGF, 7S, and 2.5S NGF (also referred to as βNGF or NGF) (S for 

sedimentation coefficient) (reviewed by Eibl et al., 2012; Shooter, 2001).  Briefly, NGF synthesis 

begins with the inactive prepro-NGF that is proteolytically cleaved to yield the active precursor, 

proNGF (30 kDa).   proNGF is processed into the 26 kDa mature NGF (7S or 2.5S) (Eibl et al., 

2012) either intracellularly by furin or pro-hormone convertases or regulated extracellularly by 
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plasmin or matrix metalloproteinases (Allen and Dawbarn, 2006).  The 7S mature NGF, found 

only in the submaxillary gland of adult mice (Shooter, 2001), forms stable non-covalent dimers 

(Chao et al., 2006) and can produce three different protein fractions (i.e., acidic, neutral and a 

biologically-active basic protein; referred to as α, γ, and β subunits, respectively) (Pintar, 1987; 

Shooter, 2001).  Of these three NGF subunits, it is the hydrophobically dimerized 118-residue β-

subunit that comprises the active form of NGF and confers the characteristic effects on NGF-

sensitive cells (McDonald et al., 1991; Shooter, 2001).  Though NGF was the first neurotrophin 

to be discovered, prior to 2011 its exact cellular sites of synthesis remained inconclusive.  That is, 

the commercially available antibodies against NGF have not allowed for an accurate and 

consistent immunolocalization in mammalian tissues.  To solve this problem, our group generated 

new lines of reporter mice in which the NGF promoter controls the ectopic synthesis of enhanced 

green fluorescent protein (NGFpr-eGFP; Kawaja et al., 2011; see Appendix A.  This line of mice 

is examined further in Chapter 4).  Using these mice, we were able to determine the precise 

cellular sites of NGF promoter activity.  In brief, we found NGF promoter activity in specific 

regions of the brain, spinal cord, thymus, lacrimal gland, submaxillary gland, stomach, and colon, 

with very little to no NGF promoter activity in the urinary bladder, liver, heart, sensory ganglia, 

or peripheral nerves of uninjured postnatal and adult transgenic NGFpr-eGFP mice (Kawaja et 

al., 2011, Appendix A).   

 

1.4 Nerve growth factor receptors 

NGF carries out its functions by binding and regulating two different types of transmembrane 

receptors: 1) tyrosine kinase A receptor (trkA) and p75 neurotrophin receptor (p75NTR).  The 

high affinity trkA receptor, when bound to NGF, is involved in the survival and maintenance of 
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NGF-sensitive neurons such as postganglionic sympathetic efferents, while the low affinity 

p75NTR augments the NGF-trkA response (Hempstead et al., 1991; Kaplan et al., 1991a, b; 

Klein et al., 1991).  There is evidence that supports a role of p75NTR in the positive modulation 

of the trkA receptor.  When antibodies against p75NTR were applied to cultured PC12 cells, the 

degree of NGF binding to trkA is reduced, in turn, causing a depression in trkA signaling (Barker 

and Shooter, 1994).  p75NTR not only enhances trkA signaling (Epa et al., 2004) but is required 

for the high affinity binding of trkA and NGF (Berg et al., 1991; Hempstead et al., 1991) and for 

NGF uptake by sympathetic neurons (Gatzinsky et al., 2001).  Parallel data have indicated that 

when both receptors are expressed, the rate at which NGF associates with trkA is up to 25 times 

greater than with trkA alone (Mahadeo et al., 1994).  The ability of p75NTR to positively affect 

trkA activation is, however, absent when high levels of NGF are available (Lachance et al., 

1997).  Thus, p75NTR is essential for the trkA/NGF signal cascade when levels of NGF are low.  

Sympathetic (and sensory) neurons from p75NTR-deficient mice (see Appendix B) require more 

NGF to generate neurotrophin-dependent cellular responses than wild-type control neurons 

(Davies et al., 1993; Lee et al., 1994).  Compared to p75NTR which is not required for NGF-

dependent function, trkA/NGF binding is essential for the survival of sensory and postganglionic 

sympathetic neurons (Crowley et al., 1994; Smeyne et al., 1994).  

 

1.4.1 Tyrosine kinase receptor A (trkA) 

TrkA (also referred to as gp140trk or trk) belongs to the tyrosine kinase receptor family, which 

when ligand-bound becomes activated by the formation of noncovalently associated receptor 

dimers (Schecterson and Bothwell, 2010).  The 110 kDa N-glycosylated inactive precursor is 
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cleaved intracellularly into the 140 kDa active glycoprotein which is translocated to the cellular 

surface for rapid ligand binding (Jullien et al., 2002).  TrkA consists of an extracellular region 

with 5 subdomains (i.e., 3 tandem leucine-rich repeats flanked by cysteine clusters and 2 IgG-like 

domains), a transmembrane segment, and an intracellular tyrosine kinase domain with a 

juxtamembrane region and a short carboxyl terminus (Jiang et al., 2001).  Though previous 

studies reported that the IgG-like domains were the major motif required for NGF binding 

(O’Connell et al., 2000; Perez et al., 1995) and trkA activation (Zaccaro et al., 2001), researchers 

have shown that both the extracellular and intracellular fragments are required to produce various 

functions such as ligand binding (Obermeier et al., 1993; Loeb et al 1994), trkA activation 

(Arevalo et al., 2001), axonal retrograde transport (Yano et al., 2001), and neurite outgrowth and 

differentiation (Inagaki et al., 1995; Meakin and MacDonald, 1998; Rui et al., 1999).  TrkA and 

NGF-mediated function depends upon the location of the receptor signaling in the cell.  That is 

for neuronal survival, signaling pathways are activated when NGF binds to trkA on the plasma 

membrane surface while neuronal differentiation is the result of NGF/trkA binding intracellularly 

in vesicles resulting in the activation of different pathways (Zhang et al., 2000).  It is well 

recognized that trkA is the main receptor for the biological action of NGF (Weskamp and 

Reichardt, 1991).  Disruption of this receptor results in a significant loss of sensory and 

sympathetic neurons and early fatality of null mutant mice (Sanchez-Ortiz et al., 2012; Silos-

Santiago et al., 1995; Smeyne et al., 1994); a similar phenotype is also seen in NGF knockout 

mice (Crowley et al., 1994).  Surprisingly, trkA is able to autophosphorylate in the absence of 

neurotrophin-induced binding (Rajagopal et al., 2004), however, trkA/NGF is required for 

retrograde transport (Riccio et al., 1997; Senger and Campenot, 1997), myelination (Chan et al., 

2004), neuronal survival (Ashcrost et al., 1999; Kuruvilla et al., 2000; Vaillant et al., 1999), 
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neuropeptide regulation (Skoff and Adler, 2006; Unger et al., 1998; Zhang and Tan, 2011) and 

the phenotypic differentiation of sensory neurons (Patel et al., 2000).  The binding of NGF (more 

specifically β-NGF) to trkA induces rapid phosphorylation and activation of this receptor, which 

leads to the endocytic internalization (in clarthrin-coated signaling endosomes containing a single 

NGF dimer (Cui et al., 2007; Grimes et al., 1996)) of the NGF/trkA complex and the stimulation 

of various intracellular signaling molecules such as phospholipid C-γ, mitogen activated protein 

kinase (Chao, 1992; Loeb et al., 1991; Kaplan et al., 1991a, b; Vetter et al., 1991), and 

phosphatidylinositol-3-kinase (Soltoff et al., 1992).  NGF/trkA complexes in signaling 

endosomes also associate with cytoskeletal components such as cytoplasmic dynein (Mitchell et 

al., 2012) and actin-modulatory proteins (Harrington et al., 2011) which are essential for 

retrograde transport.  In the nervous system the expression of trkA is confined peripherally to 

postganglionic sympathetic neurons and a subset of neural crest-derived sensory neurons (those 

having small diameter unmyelinated axons, presumably subserving nociception), and centrally to 

basal forebrain cholinergic neurons (Holtzman et al., 1992; Gibbs and Pfaff, 1994; McMahon et 

al., 1994; Wright and Snider, 1995).   

 

1.4.2 p75 neurotrophin receptor (p75NTR) 

As part of the tumor necrosis factor superfamily, p75NTR is a non-selective transmembrane 

receptor that shares affinity for all neurotrophins (e.g., neurotrophin-3,-4, and brain-derived 

neurotrophic factor).  This 75 kDa transmembrane glycoprotein consists of three domains: an 

extracellular ligand-binding portion containing cysteine repeats shared by all tumor necrosis 

factor members, a transmembrane domain, and a unique intracellular “death-domain” (Johnson et 

al., 1986; Radeke et al., 1987; Yamashita et al., 2005).  When bound to soluble dimeric ligands, 
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p75NTR undergoes non-enzymatic proteolytic cleavage by α- and γ-secretases and causes the 

cytoplasmic release of its intracellular domain (Schecterson and Bothwell, 2010).  p75NTR 

recruits multiple intracellular binding proteins in order to carry out its various functions 

(Cragnolini and Friedman, 2008) such as cellular survival, axonal outgrowth and guidance, 

myelin formation, and Schwann cell migration (Yamashita et al., 2005).  Splice variants and post-

translational modifications result in numerous isoforms of p75NTR (Schor, 2005), which can also 

dictate its intracellular roles.  In the mature uninjured nervous system, p75NTR is expressed in 

both neurons and glial cells.  The levels of p75NTR are highest during neuronal development, 

and may become upregulated (specifically in glial cells) following neuronal injury in adult 

rodents (Cragnolini and Friedman, 2008).  p75NTR maintains expression in a wide variety of cell 

types including myelinating and nonmyelinating Schwann cells, (Schor, 2005), satellite glial cells 

(Song et al., 2004), neural crest-derived sensory neurons, and postganglionic sympathetic neurons 

(Hempstead, 2002).   

 

1.5 Postganglionic sympathetic neurons 

The sympathetic division of the autonomic nervous system is located between the thoracic and 

lumbar portions of the spinal cord (i.e., 1
st
 thoracic level to 2

nd
/3

rd
 lumbar level).  The 

preganglionic sympathetic neurons arise in the intermediolateral spinal cord and provide 

cholinergic projections to the paravertebral ganglia (i.e., within the sympathetic trunk as cervical, 

thoracic, lumbar and sacral ganglia) and prevertebral ganglia (i.e., celiac, superior mesenteric, and 

inferior mesenteric ganglia).  The paravertebral and prevertebral ganglia consist of the cell bodies 

of postganglionic sympathetic neurons, which release norepinephrine onto various target tissues 

(Figure 1.1).  These neurons are identified in vivo by the expression of the rate limiting enzyme, 
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tyrosine hydroxylase (TH), which catalyzes L-tyrosine to L-dihydroxyphenyalanine (Figure 1.1).  

Another marker that can be used to reveal these neurons is dopamine β-hydroxylase (DβH), 

which is an enzyme that converts dopamine to norepinephrine.  This latter marker is associated 

with catecholamine storage vesicles and synaptic vesicles and thus is often difficult to detect 

(Hartman, 1973) by immunolocalization methods.  Postganglionic sympathetic neurons are NGF-

responsive and will sprout into those tissues having elevated levels of NGF.  Typically, 

postganglionic sympathetic axons are found only around blood vessel in the sensory ganglia and 

in the meningeal layer covering the ganglia (Shinder et al., 1999).  It is with nerve injury or 

augmenting the levels of neurotrophins such as NGF that postganglionic sympathetic axons are 

seen sprouting into the environment of the sensory ganglia.     

 

1.6 Sensory ganglia 

During development, the neural crest gives rise to various heterogeneous cell types including 

three neuronal populations: sympathetic, parasympathetic, and sensory neurons.  The cell bodies 

(or somata) of primary sensory neurons range in size from about 20-150 µm in humans (Devor, 

1999) and are grouped together (outside the spinal cord and brain) to form sensory ganglia.  

While there are some exceptions to the rule, most primary sensory neurons are pseudounipolar 

neurons grouped in the spinal ganglia called dorsal root ganglia (DRG) or in the cranial nerve 

ganglia (e.g., trigeminal, spiral ganglia) (Figure 1.1).  Sensory neurons are classified according to 

their anatomical (axonal and somata diameter), electrophysiological, and immunohistochemical 

properties (Lieberman, 1976).  The first group is composed of small diameter neurons 

(representing approximately 40-45% of the ganglionic population) that express the NGF receptor, 

trkA, and the neuropeptides calcitonin gene-related peptide (CGRP) and substance P (SP); two 
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markers that identify nociceptive neurons (Averill et al., 1995; Hökfelt et al., 1976; Nagy and 

Hunt, 1982; Wright and Snider, 1995; Molliver and Snider, 1997).  Commonly divided by fiber 

type, nociceptive sensory neurons are small diameter unmyelinated C or thinly myelinated Aδ 

fibers (as reviewed by Woolf and Costigan, 1999).  These neurons are further distinguished 

neurochemically as either peptidergic (those that express trkA, CGRP and SP and are NGF-

sensitive) or non-peptidergic (those that express Ret and isolectin B4, and are glial cell line-

derived neurotrophic factor-sensitive).  The second group of neurons is comprised of a small 

population (up to 20%) of relatively large diameter neurons that express tyrosine kinase B and C, 

show sensitivity to neurotrophin-3, and are neurochemically identified by their expression of 

parvalbumin and calretinin.  These neurons supply innervation to mechanical (e.g., tension, 

stretch) receptors in joints and muscles and carry proprioceptive input to the central nervous 

system (Mu et al., 1993; Copray and Brouwer, 1994; Klein et al., 1994; McMahon et al., 1994; 

Tessarollo et al., 1994).  A separate classification system groups sensory neurons according to 

one of two morphological subtypes:  1) Type A (or large light or Aβ) neurons, which are  

neurofilament-rich, fast-conducting A-fibers that develop early and can be sub grouped into A1, 

A2, and A3 (based on light and electron microscopic features); and 2) Type B (or small dark or 

Aδ or C) neurons that have overlapping cell sizes but are neurofilament and ribosomal-poor, 

Golgi body-rich, and are subdivided into B1, B2 and B3 (or C) neurons (Lawson, 1992).  Care 

must be taken when interpreting the expression of molecules since their abundance within 

sensory ganglia can vary depending on the age, gender, species and strain of animal, level of 

DRG (i.e., cervical versus lumbar), fixation method, and other technical discrepancies.   
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Figure 1. 1 The sympathetic and sensory nervous system 

A: Tyrosine hydroxylase (TH)-immunopositive postganglionic sympathetic neurons originate in 

the paravertebral (e.g., superior cervical ganglia) and prevertebral ganglia, and send adrenergic 

projections to peripheral tissues such as blood vessels and glands.  B: Primary sensory neurons 

contain their cell body (or somata) in the dorsal root ganglia (DRG) located outside of the spinal 

cord.  These pseudounipolar neurons send projections peripherally via the dorsal and ventral rami 

of the spinal nerve to targets such as skin and muscle, and centrally to the spinal cord. Scale bar = 

40 μm.  
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1.6.1 Differences between DRG and trigeminal ganglia 

Aside from location, DRG and trigeminal ganglia have many distinct features.  DRG are small 

oval shaped structures found in pairs along the vertebral column (in the intervertebral foramina).  

DRG neurons send projections peripherally to tissues such as the skin and muscle, and centrally 

to the spinal cord.  There are 31 pairs of DRG (i.e., 8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 

1 coccygeal) that vary in size, number (i.e., 2,000-14,000 in adult rat) and neurochemical 

phenotype depending on spinal level.  Most peripheral nerve injuries are performed on the sciatic 

nerve since its large size and location allows for easy manipulation.  Sensory neurons within this 

spinal nerve originate from the lumbar levels L3-L4 DRG in adult mice (Rigaud et al., 2008) and 

L4-L5 DRG in adult rats (Rigaud et al., 2008; Swett and Woolf, 1985).  Of these sensory 

neurons, roughly half send axons into the sciatic nerve (Devor et al., 1985) while the remainder 

project to ipsilateral DRG.  The sciatic nerve has three main branches (i.e., tibial, peroneal, sural 

nerves) that convey both motor and sensory information to/from the lower extremities.  

Unlike the DRG, there is one pair of trigeminal ganglia that are located in the cranium at 

the base of the brain specifically in Meckel’s cave (in the middle cranial fossa in humans).  The 

trigeminal ganglia contain the cell bodies of the sensory neurons of the trigeminal nerve (or 

cranial nerve V), the largest of the cranial nerves.  The trigeminal nerve has three main branches: 

ophthalmic (sensory, V1), maxillary (sensory, few motor fibers V2), and mandibular (motor and 

sensory, V3) branch.  This peripheral nerve along with numerous smaller nerves sends afferent 

projections to the face, scalp, nasal and oral cavities, anterior tongue, and meninges.  In rodents, 

these sensory projections are important in transmitting sensory information from the whiskers.  

The efferent motor fibers innervate the muscles of mastication and swallowing.  Compared to the 

densely grouped cell bodies of the DRG neurons, cell bodies (or somata) of the trigeminal 



 

13 

 

neurons are scattered throughout the ganglia.  Morphologically, both DRG and trigeminal ganglia 

contain similar sized neurons surrounded by multiple satellite glial cells and have both 

myelinated and unmyelinated fibers (Figure 1.2).  The trigeminal nerve contains, however, fewer 

sympathetic axons, as compared to the sciatic and other spinal nerves.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2 Dorsal root and trigeminal ganglia. 

Pseudounipolar primary sensory neurons are grouped together in spinal ganglia (i.e., DRG, A) 

located outside the spinal cord and in cranial nerve ganglia (e.g., trigeminal ganglia, B) located 

within the cranium.  These sensory neurons send peripheral projections to tissues such as skin, 

and muscle, and central projections to the spinal cord and brainstem.  Scale bars = 50 µm. 
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1.7 Satellite glial cells 

As a major cell type of the peripheral nervous system, satellite glial cells are found enveloping 

neurons in the sensory and autonomic ganglia.  Each ganglionic neuron can have from 2-20 

associated satellite glial cells depending on the size of the neuron and the location of satellite glial 

cells (e.g., soma versus axon hillock); satellite glial cell ensheathment is directly proportional to 

the size (i.e., surface area) of the neuron (Ledda et al., 2004; Pannese 1969).  Morphologically, 

satellite glial cells are laminar, irregular-shaped mononuclear cells that are known to become 

reactive and proliferate following injury (Figure 1.3; see reviews by Hanani, 2005, 2010a, b; 

Pannese, 2010).  Their upregulation in glial fibrillary acidic protein (GFAP) (Woodham et al., 

1989), as well as their mitochondrial swelling, pyknotic nuclei (Pannese et al., 1996, 1997), and 

granular endoplasmic reticulum enlargement (Chang et al., 1976) are some of the hallmarks of 

reactive satellite glial cells.  Functionally, satellite glial cells provide neurons with trophic 

support.  These glial cells also create a blood-neuron barrier (Peach 1975), and allow for cross-

talk among satellite glial cells and neurons via gap junctions (Hanani et al., 2010; Jasmin et al., 

2010; Pannese et al., 1996; Pannese, 2010).  Though sensory and autonomic satellite glial cells 

share many similarities such as complete ensheathment of neuron, presence of gap junctions, and 

expression of biomarkers such as GFAP, S100, and inward rectifying potassium channel 4.1 

(Kir4.1) (Vit et al., 2008), autonomic satellite glial cells, however, have barriers anchored by tight 

junctions that prevent some molecules from passing freely through the neuronal-ganglionic space 

(Ten-Tusscher et al., 1989).   

Over recent years, researchers have linked satellite glial cells with the pathogenesis of 

neuropathic pain.  The evidence to support this claim includes the ability of satellite glial cells to 

become reactive and to upregulate a variety of biomarkers such as GFAP, interleukin-6, and the 
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major histocompatibility complex II antigens upon neuronal injury (Gehrmann et al., 1991).  

Additionally, an increase in cellular coupling has been observed among satellite glial cells 

following nerve damage.  This coupling may enhance neuronal excitability (Cherkas et al., 2004) 

inducing neuropathic pain states.  Expression of purinergic receptors (e.g., P2X2) along with an 

increase in ATP-sensitivity in satellite glial cells have also been reported (Kushnir et al., 2011; 

Weick et al., 2003); both purinergic receptors and ATP sensitivity have been linked to pain 

transmission (Abbracchio et al., 2009; Tsuda et al., 2010).  Chung et al. (1997) were the first to 

suggest the involvement of satellite glial cells in the formation of sympathosensory plexuses.  

This group found that following a spinal nerve lesion, postganglionic sympathetic fibers 

(identified TH-immunostaining) were enclosed within the processes of satellite glial cells and 

were occasionally observed between the satellite glial cell-soma interface of adult rats.  Since 

satellite glial cells express p75NTR (Pannese and Procacci, 2002), a receptor of NGF, our group 

(and others) have suggested that these glial cells play a pivotal role in the underlying mechanisms 

of sympathosensory plexuses.  
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Figure 1. 3 Satellite glial cells. 

A: Satellite cells (shaded blue) have cytoplasmic processes that wrap around the somata in the 

sensory (and autonomic) ganglia of uninjured adult mice.  B: With injury or disease, satellite glial 

cells can upregulate glial fibrillary acidic protein (GFAP) and can proliferate and become 

hypertrophic, as seen at the transmission electron microscope level.  Scale bars = 2.4 μm (A), 1.9 

μm (B).  
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1.8 Sympathosensory plexuses 

Peripheral nerve injury or spinal cord injury can cause postganglionic sympathetic axons to 

sprout into those tissues normally devoid of sympathetic fibers (e.g., sensory ganglia), and/or 

hyperinnervate its common target tissues (e.g., skin).  This collateral sprouting may lead to 

various functional abnormalities such as autonomic dysreflexia and neuropathic pain.  

Sympathetic sprouting specifically into the sensory ganglia and around individual primary 

sensory neurons (i.e. sympathosensory plexuses) may be involved in the development and/or 

maintenance of the neuropathic pain condition known as complex regional pain syndrome 

(CRPS).   

CRPS is a widespread and multifactorial chronic disease that causes severe edema, 

burning pain, motor weakness, skin colour and temperature changes, and hyperhidrosis in the 

affected limb (Harden, 2010; Maihofner et al., 2010).  There are two types of CRPS depending on 

the presence (type 2) or absence (type 1) of a known nerve injury.  Diagnosis of CRPS is often 

difficult because the exact etiology is unclear and symptoms can be idiopathic and non-specific.  

If, however, following nerve injury, blocking sympathetic function by inhibiting the α-adrenergic 

receptors (with intravenous phentalomine) leads to pain relief, that patient is suggested to have 

sympathetically-maintained pain (Raja and Treede, 2012), a subset of CRPS type 2. 

Though the evidence showing direct anatomical coupling between the invading 

sympathetic axons and the sensory neurons, in vivo, is sparse, researchers have demonstrated that 

pain can occur via stimulating the sympathetic neurons after nerve injury.  Typically, activating 

the sympathetic nervous system remains functionally separate from those pain-related sensory 

pathways.  Since sympathetic fibers do not form functional synapses with the sensory neurons 

following sprouting (Devor et al., 1995), it may be through the release of noradrenaline (or 
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norepinephrine) that these sympathetic axons stimulate the nociceptive sensory neurons.  In the 

uninjured DRG, sensory neurons have been shown to express the three subtypes of the α1-

adrenoceptor (Maruo et al., 2006; Xie et al., 2001), and can upregulate new adrenoceptors after 

injury.  The α2A-adrenoceptors were revealed in the majority of sensory neurons after nerve 

transection in adult rats (Chen et al., 1996).  Upon binding to its receptors, norepinephrine can 

stimulate ATP release from DRG neurons and cause allodynia (Kanno et al., 2010), which is pain 

to a non-painful stimulus.   

There is conflicting data on whether sympathosensory plexuses are required for the 

formation of neuropathic pain behavior in adult animals after nerve injury.  Though Belenky and 

Devor (1997) demonstrated the functional interactions between the sympathetic and sensory 

neurons in vitro, this same group reported that neuropathic pain can occur in the absence of 

sympathetic sprouting in the sensory ganglia (Rubin et al., 1997).  Researchers have also shown 

that the neuropathic pain response is not well correlated with the degree of sympathetic sprouting 

in sensory ganglia (Kim et al, 1999), and that different types of nerve injury elicits both allodynia 

and ongoing pain prior to observing robust sprouting (Lee et al., 1998).  Whether 

sympathosensory plexuses triggers neuropathic pain and/or is involved in the maintenance of this 

pain condition requires further examination.   

Researchers have reported that the neurotrophin, NGF is involved in the 

pathophysiological events of neuropathic pain.  Augmenting the levels of NGF exacerbates the 

symptoms of this pain condition in both uninjured (Davis et al., 1994) and injured adult 

transgenic mice that ectopically overexpress NGF (Ramer et al., 1998a).  This enhanced pain 

response is also seen in humans following the intradermal injection of NGF (Rukwied et al., 

2010; Svensson et al., 2003).  NGF promotes the outgrowth of postganglionic sympathetic fibers 
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in vivo and in culture.  Blocking or reducing NGF causes a significant reduction in the number of 

sympathetic axons and plexuses seen in the affected sensory ganglia, and it also alleviates the 

pain response (Deng et al., 2000b; Ramer and Bisby, 1999).  The intrathecal administration of 

anti-NGF reduces cold hyperalgesia (i.e., increased pain to a noxious stimulus) in adult rats 

following the injection of complete Freud’s adjuvant and after a sciatic nerve ligation (Obata et 

al., 2005).  Anti-NGF treatment also reduces the degree of collateral sprouting of nociceptive 

fibers, and diminishes heat hyperalgesia (Ro et al., 1999) and mechanical hyperalgesia in adult 

rats and mice following nerve injury (Gwak et al., 2003). 

It is not surprising that neuropathic pain conditions are often difficult to diagnose and to 

treat due to the widespread involvement of both the peripheral and central nervous systems.  

Though the exact pathophysiology of neuropathic pain is unclear, the effects of NGF and the 

abnormal innervation by postganglionic sympathetic axons seem unequivocal.  The aberrant 

formation of sympathosensory plexuses following nerve injury may be the underlying 

mechanisms of neuropathic pain behavior or may be an overall consequence.  Either way, the 

plexuses that occur following injury likely have huge functional implications.  Postganglionic 

sympathetic sprouting into the sensory ganglia and around sensory neurons seems like an ideal 

target in treating those individuals suffering from chronic neuropathic pain.  
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1.9 Project objectives 

The main focus of this dissertation is on the morphological and neurochemical features, and the 

overall consequence of sympathosensory plexuses in adult mice that overexpress NGF, as well as 

in adult mice following injury.  Our objective is to address the following questions: 

 

1. To determine why postganglionic sympathetic axons target a particular subpopulation of 

primary sensory neurons in the trigeminal ganglia of adult transgenic mice that overexpress NGF. 

 

2. To examine the consequences of sympathosensory plexuses in the trigeminal ganglia of aged 

NGF transgenic mice. 

 

3. To determine which cell types in the DRG produce NGF prior to and following nerve injury 

and/or dysfunction. 

 

4. To determine the effects of p75NTR on monocytic cell proliferation, infiltration, and activation 

in the affected DRG of adult mice following injury. 

 

The appropriate aims and hypothesis are included at the beginning of all chapters. 
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Chapter 2 

Review: Sympathetic axons converge on a subset of somata in the 

sensory ganglia forming sympathosensory plexuses 

 

Objective: To review and provide an update on the topic of sympathetic sprouting and plexus 

formation in the sensory ganglia of transgenic NGF mice and in wild type mice following nerve 

injury.  Novel findings are discussed which address the following objective. 

 

1. To determine why postganglionic sympathetic axons target a particular subpopulation of 

primary sensory neurons in the trigeminal ganglia of adult transgenic mice that overexpress NGF.  

 

Hypothesis: Using proteomic technology, protein differences will be revealed in the trigeminal 

ganglia of transgenic NGF mice compared to age-matched non-transgenic control mice.  These 

protein changes will help provide insight into the underlying mechanisms for the formation of 

sympathosensory plexuses. 

 

Hypothesis: The subsets of sensory somata associated with sympathetic plexuses in the trigeminal 

ganglia will be those neurons projecting into the cerebellum of NGF transgenic mice.  
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2.1 Abstract 

Following peripheral nerve injury, postganglionic sympathetic axons can sprout into the 

ganglionic environment, converge on a subset of trkA-immunopositive primary sensory neurons 

and form sympathosensory plexuses.  This specific arrangement between the sympathetic fibers 

and sensory neurons may be involved in the development and/or maintenance of sympathetically-

maintained pain.  Here, we focused on the role of nerve growth factor (NGF) in promoting the 

abnormal formation of sympathosensory plexuses following peripheral nerve injury, and in 

transgenic mice that overexpress NGF.  In addition, original data including the ultrastructural 

features of sympathosensory plexuses in transgenic mice, as well as a proteomic assessment of 

the trigeminal ganglia from transgenic mice compared to age-matched non-transgenic mice will 

be reported.   

 

2.2 Introduction 

Postganglionic sympathetic neurons required nerve growth factor (NGF) for development, 

maintenance and survival.  These sympathetic axons are typically associated only with the blood 

vessels in the ganglia and in the meningeal layer covering the uninjured sensory ganglia.  

Elevated levels of NGF can induce directional axonal growth of postganglionic sympathetic 

neurons, in vivo, and in vitro (Levi-Montalcini and Hamburger, 1951; Levi-Montalcini et al., 

1954; Levi-Montalcini and Cohen, 1956; Levi-Montalcini and Booker, 1960).  There is also a 

strong correlation between the levels of NGF and the density of sympathetic axonal innervation in 

target tissues (Shelton and Reichardt, 1984).  It is with peripheral nerve injury or in NGF 

overexpressing transgenic mice that postganglionic sympathetic axons can sprout into the sensory 
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ganglia milieu, converge onto a subset of individual primary sensory somata (i.e., cell body), and 

form perineuronal sympathosensory plexuses.  Not to be confused with Cajal’s initial glomeruli 

which are the long intertwining axonal stems belonging to the primary sensory neuron (Figure 

2.1A, Matsuda et al., 2005), sympathosensory plexuses (or Dogiel’s pericellular nests) are 

composed of unmyelinated adrenergic fibers that wrap around the entire primary sensory neuron.  

Though sympathetic plexuses are occasionally observed in healthy animals and in humans, their 

incidence increases following nerve injury and may coincide with the early formation of 

sympathetically-maintained pain (Loh and Nathan, 1978; Roberts, 1986), a chronic neuropathic 

pain state that results from damage to the central and/or peripheral nervous system.   

 

2.3 Nerve injury-induced sympathosensory plexuses 

Prior to the early 1990s, very few studies had investigated the effects of sympathosensory 

plexuses following peripheral nerve injury.  It was not until two different groups, Chung et al. 

(1993) and McLachlan et al. (1993) demonstrated sympathetic sprouting and plexus formation 

within the adult rat dorsal root ganglia (DRG) following nerve damage.  These groups showed 

that complete sciatic nerve axotomy (McLachlan et al., 1993) and sciatic nerve ligation (Chung et 

al., 1993) both resulted in the ingrowth of postganglionic sympathetic (i.e., noradrenergic) fibers 

into the environment of the corresponding lumbar DRG.  Ramer and Bisby (1997) demonstrated 

similar findings in the chronic constriction model of neuropathic pain in adult rats.  These injury-

induced sympathetic sprouting studies are summarized in Table 1.  Postganglionic sympathetic 

fibers, revealed by tyrosine hydroxylase (TH) immunolabeling converge on the somata of a 

subpopulation of abnormally active (Xie et al., 2007; Zhang and Strong, 2008) large-diameter 

(i.e., >45 µm) primary sensory neurons (Chung et al., 1993; Honma et al., 1999; McLachlan et 
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al., 1993).  Damage to peripheral nerves and subsequently the process of Wallerian degeneration 

are thought to trigger both regenerative sprouting of injured sympathetic axons and collateral 

sprouting of intact sympathetic fibers into the environment of the associated sensory ganglia 

(Chung and Chung, 2001; Ramer et al., 1997; Ramer and Bisby, 1998a, 1999).  The injured 

sympathetic fibers may originate from the dorsal/ventral ramus of the spinal nerve (and/or the 

spinal roots) while the intact sympathetic axons sprout from local ganglionic blood vessels 

(Zhang et al., 2004; Xie et al., 2010).  The type and location of nerve injury directly impacts the 

degree of sympathetic sprouting and plexus formation in the sensory ganglia (Ramer and Bisby, 

1997; 1998a).  For instance, transecting or ligating the sciatic nerve induces sympathetic 

sprouting and plexus formation in the DRG of adult rats and mice.  Conversely, similar injury to 

the infraorbital nerve and mental nerve (i.e., branches of trigeminal nerve) results in fewer 

sympathetic sprouts and no sympathosensory plexuses in the trigeminal ganglia of adult rats 

(Benoliel et al., 2001; Bongenhielm et al., 1999; Grelik et al., 2005).  This finding may be due to 

the trigeminal pathway containing fewer sympathetic fibers than the spinal nerves.  Nonetheless, 

sympathosensory plexuses are seen in the trigeminal ganglia of adult transgenic mice that 

overexpress NGF (see section 4).   

In the absence of nerve injury, an intrathecal injection of NGF promotes the sprouting of 

sympathetic axons into the DRG and around primary sensory neurons (Jones et al., 1999).  Aside 

from NGF, other factors such as leukemia inhibitory factor (Thompson and Majithia, 1998), 

neurotrophin-3, brain derived neurotrophin factor (Deng et al., 2000a) and possibly the 

spontaneous activity of injured neurons (Dong et al., 2002) have all been shown to promote 

sympathetic sprouting (and plexuses) in the ganglia following injury (Deng et al., 2000b).  

Another important factor that affects the formation of sympathosensory plexuses is the low 
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affinity NGF receptor, p75NTR.  In the absence of p75NTR, sympathetic sprouting and the 

number of plexuses in the DRG after spinal axotomy are diminished (Ramer and Bisby, 1997).  

Conversely, in the absence of injury and with the overexpression of NGF, sympathetic sprouting 

is actually increased in the DRG of p75NTR-deficient mice.  It appears as if the sympathetic 

axons are meandering through the ganglionic environment searching for the appropriate targets.  

Overexpressing NGF does not increase the number of plexuses in sensory ganglia of p75NTR-

deficient mice (Petrie et al., 2013; Walsh et al., 1999b).  This is likely because in the absence of 

p75NTR the levels of NGF protein in the trigeminal ganglia of NGF mice are reduced by 33% 

(Walsh et al., 1999a, b).  These results suggest that p75NTR is important, not for sympathetic 

sprouting, but for target recognition and plexus formation.   

 

2.3.1 Neurochemical and morphological features revealed by light microscopy  

Morphologically, injury-induced perineuronal plexuses in adult rats and mice have been found 

around both injured and uninjured (Ma and Bisby, 1999) large-sized (Abbadie and Basbaum, 

1998; McLachlan et al., 1993; Shinder et al., 1999), medium, and small-caliber sensory neurons 

(Chung et al., 1996; Li et al., 2011), lacking the nociceptive markers substance P (SP) and 

calcitonin gene-related peptide (CGRP) (Ramer and Bisby, 1998a).  Such large diameter neurons 

are conventionally considered to be mechanoreceptive neurons (i.e., neurons not involved in pain 

transmission), however, a significant injury-induced down regulation of many neuromarkers (e.g., 

p75NTR, SP, CGRP, and trkA) (Li et al., 2000; Shen et al., 1999; Verge et al., 1992, 1996) 

and/or neuronal hypertrophy following injury have both been reported.  The large-scale 

alterations in neuronal gene expression following nerve injury (Costigan et al., 2002) often leads 

to the misidentification of neuronal function and phenotype.    
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 Sympathosensory plexuses are revealed by TH, dopamine beta hydroxylase (DBH), and 

growth associated protein-43 (GAP43) immunolabeling in the DRG following sciatic nerve injury 

(Chung et al., 1996; Chung and Chung, 2001).  These thinly (<1µm) unmyelinated and beaded 

TH- and DBH-immunopositive fibers are seen sprouting into the ganglionic environment as early 

as 4 days after a chronic constriction injury in adult male rats (Ramer and Bisby, 1997b) and are 

completely abolished in the DRG after the removal of the lumbar sympathetic ganglia (L2-S1) 

(Chung et al., 1996).  Plexuses are observed around individual sensory somata at 1, 2 and 3 

weeks post-spinal nerve ligation in adult rats (Figure 2.1B-D); these plexuses are absent in the 

contralateral ganglia at 2 weeks (Figure 2.1E).  Interestingly, the satellite glial cells associated 

with a plexus display signs of reactivity.  That is, TH-immunopositive perineuronal plexuses are 

associated with reactive satellite cells immunostained for p75NTR and GFAP (Hu and 

McLachlan, 2000).  Our group and others have demonstrated (at the electron microscope level) a 

close association between the invading sympathetic fibers and satellite glial cells following nerve 

injury.   
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Figure 2. 1 Nerve injured induced sympathosensory plexuses 

A: Cajal’s initial glomeruli are long interwinding stems belonging to the primary sensory neuron.  

Often they can resemble sympathetic plexuses in the sensory ganglia of adult rodents.  At 1 week 

(B), 2 weeks (C), and 3 weeks (D) post-nerve ligation, tyrosine hydroxylase (TH)-

immunopositive sympathosensory plexuses are seen in the ipsilateral DRG of adult mice; no 

plexuses are observed in the contralateral DRG at 2 weeks post-injury (E) (Krol and Kawaja, 

unpublished observations).  Scale bars = 20 μm (B-D), 40 μm (E). 
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2.3.2 Ultrastructural features of injury-induced sympathosensory plexuses 

At the electron microscope level, examination of sympathetic sprouting in the DRG following 

peripheral nerve injury has provided insight into the formation of these aberrant plexuses.  Using 

TH immunostaining to visualize the postganglionic sympathetic axons, Chung et al. (1997) 

demonstrated the presence of sympathetic fibers enclosed within the processes of satellite glial 

cells and were occasionally in the space between the satellite glia and associated sensory somata, 

as early as 1 week following a spinal nerve ligation in adult rats.  Colocalization of TH-

immunopositive plexuses and p75NTR-immunopositive satellite glial cells has been previously 

reported in adult rats following peripheral nerve injury (Zhou et al., 1996).  In contrast, Devor 

and colleagues showed that sympathetic axons did not penetrate the satellite glial cell 

ensheathment in adult rats with sciatic nerve damage but rather, were found immediately adjacent 

to satellite glial cells, as examined at 6 and 23 weeks after injury (Shinder et al., 1999).  Our 

group has revealed TH immunoreactive (visualized by either DAB or BDHC reactivity) 

sympathetic axons within the glial elements (i.e., Schwann cells and satellite glial cells) in adult 

rats following a sciatic nerve ligation.  As early as 1 week following-sciatic nerve ligation, 

postganglionic sympathetic axons were sparsely scattered in the neuropil of the ipsilateral L4-5 

lumbar ganglia, and some of these small-diameter axons were associated with Schwann cells, 

surrounded by basal lamina (Figure 2.2A).  Other TH-immunoreactive fibers were also embedded 

in a single layer of satellite glial cells (Figures 2.2B-D, see Appendix C for materials and 

methods).  By 3 weeks after injury, the density of sympathetic axons associated with satellite glial 

cells had substantially increased.  At this same time point, the number of layers of satellite glial 

cells had also increased; this reactive glial response is somewhat akin to the “onion bulb” 

appearance of satellite glial cell ensheathment reported in chronically injured rat DRG following 
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a sciatic nerve transection (Shinder et al., 1999); this observation is similar to that observed in 

NGF transgenic mice (Figure 2.2E).  One consistent observation was that many sympathetic 

axons had penetrated the satellite glial cell ensheathment.  In the absence of nerve injury, 

sympathetic sprouting and plexuses have been observed in the sensory ganglia of adult mice that 

ectopically overexpress NGF under different promoters.  These transgenic mice have allowed 

researchers the opportunities to study the effects of NGF on the formation and consequences of 

sympathosensory plexuses. 
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Figure 2. 2. Ultrastructural features of injured-induced sympathosensory plexuses. 

A-D: Under transmission electron microscopy, tyrosine hydroxylase (TH, arrows)-

immunopositive sympathetic fibers ensheathed by Schwann cells (A,* nucleus) and by satellite 

glial cells (B-D) are seen in throughout the ganglionic environment of adult rats at 1 week 

following nerve injury.  E: Similar to that observed at 3 weeks post-ligation, the density of TH+ 

sympathetic axons ensheathed by satellite cells (shaded blue) has increased in the sensory ganglia 

of NGF transgenic mice.  Scale bars = 1μm (A), 3 μm (B), 1.5 μm (E). 
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2.4 Sympathosensory plexuses in mice that overexpress NGF 

Modifying the levels of NGF can have a direct impact on the degree of sympathetic (and sensory) 

axonal growth and neuronal development.  For example, infusion of NGF into the ventricular 

system induces directional growth of sympathetic axons into specific areas such as the sensory 

ganglia (Nauta et al., 1999; Shoemaker et al., 2002).  Our research group and others have used 

transgenic technology to overexpress NGF under the control of different promoters (e.g., keratin 

K14 promoter, Albers et al., 1994; Davis et al., 1994; smooth muscle alpha-actin promoter, 

Elliott et al., 2009; Petrie et al., 2013; glial fibrillary acidic protein promoter (GFAPpr), Kawaja 

and Crutcher, 1997; Walsh and Kawaja, 1998) resulting in the hyperinnervation of NGF-sensitive 

sympathetic fibers in those tissues having elevated levels of NGF expression.  The generation of 

transgenic mice having site-specific expression of ectopic NGF has revealed that sympathetic 

axons can display exuberant collateral growth in normal target tissues, such as the pancreatic 

islets (Edwards et al., 1989), lungs (Hoyle et al., 1998), heart (Hassankhani et al., 1995), skin 

(Albers et al., 1994), urinary bladder (Cheppudira et al., 2008; Girard et al., 2010, 2011, Petrie et 

al., 2013) and gastro-intestinal tract (Elliott et al., 2009; Petrie et al., 2013), and in target tissues 

that are not normally innervated by these efferents, such as brain (Kawaja and Crutcher, 1997), 

pituitary gland (Borrelli et al., 1992), spinal cord (Ma et al., 1995), and sensory ganglia (Davis et 

al., 1994, 1996; Petrie et al., 2013, see Appendix D; Walsh and Kawaja, 1998).  These studies of 

NGF transgenic mice are summarized in Table 2. 

 

2.4.1 Neurochemical and morphological features of plexuses in NGF transgenic mice 

Sympathosensory plexuses have been reported in 3 different NGF transgenic mice.  That is the 

keratin (K14) promoter, the GFAP promoter, and the smooth muscle protein promoter mice 
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(Davis et al., 1994; Petrie et al., 2013; Walsh and Kawaja, 1998).  Hoyle et al. (1993) 

demonstrated sympathetic fibers in the DRG of their DβH-NGF mice, however, whether plexuses 

were present remain unknown. 

At the light microscope level, it is apparent that the TH-immunopositive plexuses found 

in the sensory ganglia of NGF transgenic mice are similar to those found in the affected sensory 

ganglia after nerve injury in adult rats and mice.  These plexuses are seen throughout the 

trigeminal ganglia of adult GFAPpr-NGF mice (Walsh et al., 1999b), the DRG of adult SMPpr-

NGF (Petrie et al., 2013, see Appendix D), and both the trigeminal and DRG of adult K14-NGF 

mice (Davis et al., 1994, 1996).  In NGF transgenic mice (under the control of GFAPpr), 

approximately 3-5% of large diameter sensory somata contain sympathetic plexuses.  The number 

of plexuses depends on the sensory ganglia (i.e., trigeminal or DRG) and the level of DRG.  The 

incidence of plexuses is greater in NGF transgenic mice compared to the 1% seen in the DRG of 

nerve injured mice.  In addition, the trigeminal ganglia in the adult GFAPpr-NGF mice (Figure 

2.3A) have more plexuses compared to the DRG from the same mice (Figure 2.3B), while the 

opposite observation is true for the SMPpr-NGF mice.  The number of sympathosensory plexuses 

in the trigeminal ganglia and DRG of the K14-NGF mice were significantly greater than those 

seen in our GFAPpr-NGF.  Davis et al. (1994) reported that the NGF levels in the trigeminal 

ganglia of their mice are 30 times higher than compared to age-matched control mice while the 

NGF levels in the GFAPpr-NGF mice are 4 times greater compared to wild type mice (Walsh and 

Kawaja, 1998).  Thus, it is of no surprise that sympathosensory plexuses occur more frequently in 

those tissues having higher levels of NGF.  In 2-3 month old transgenic GFAPpr-NGF mice, 

sympathosensory plexuses immunostained for TH are found to wrap around the entire somata of 

the primary sensory neuron forming gaps where the satellite cell nuclei are found; the nuclei are 
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revealed by DAPI immunostaining (Figure 2.3C).  The majority of sympathetic plexuses form 

around large diameter trigeminal neurons that express NGF and its receptors p75NTR and trkA, 

as well as the nociceptive peptides CGRP and SP (Kawaja et al., 1997; Walsh and Kawaja, 1998; 

Walsh et al., 1999b; Figure 2.3D).  Davis and colleges have reported similar findings in their 

K14-NGF mice (Davis et al., 1998).  The number and size of trkA (and p75NTR) 

immunoreactive neurons significantly increased in the trigeminal ganglia of mice that 

overexpressed NGF under the control of the keratin promoter (Goodness et al., 1997; Kitzman et 

al., 1998); hypertrophy was evident in the trigeminal ganglia and the superior cervical ganglia of 

these mice.  

Sympathosensory plexuses are occasionally observed around sensory neurons 

immunopositive for galanin and nitric oxide synthase (NOS1) but not isolectin B4 (Figures 2.3E-

G).  Why do sympathetic fibers converge on a subset of sensory somata?  In our GFAPpr-NGF 

mice, there is not only abnormal sprouting of sympathetic axons into the sensory ganglia but there 

is sprouting of trigeminal sensory axons into the cerebellum of these mice (Kawaja et al., 1997).  

High levels of NGF produced by the GFAP-immunopositive astrocytes in the cerebellum of our 

GFAPpr-NGF mice attract these trigeminal fibers.  We think that it is those sensory neurons with 

the abnormal sensory projections into the cerebellum that are associated with a plexus in the 

trigeminal ganglia.  To examine this hypothesis, we will inject the neurobiotin tracer into the 

cerebellum of 2-3 month old GFAPpr-NGF mice and then examine the trigeminal ganglia to 

determine which sensory neurons picked up the tracer.  If our observations are as predicted, those 

sensory neurons with a plexus will contain the neurobiotin tracer.  This result would suggest that 

the sympathetic axons target those sensory neurons that internalize/release the highest levels of 

NGF.  Importantly, these sympathetic fibers found within the trigeminal ganglia of the 
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aforementioned transgenic mice originate from the superior cervical ganglia (and possibly stellate 

ganglia), as the removal of these ganglia diminishes the appearance of plexuses in the trigeminal 

ganglia of adult NGF transgenic mice (Davis et al., 1994; Walsh and Kawaja, 1998). 
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Figure 2. 3. Morphological and neurochemical features of sympathosensory plexuses. 

Tyrosine hydroxylase (TH) immunostaining reveals sympathetic plexuses in the trigeminal 

ganglia (A) and DRG (B) of GFAPpr-NGF mice.  C: These plexuses wrap around the entire 

somata of the primary sensory neuron forming gaps where the satellite cell nuclei are found; the 

nuclei are revealed by DAPI (blue) immunostaining.  Double immunolabeling reveals TH-

immunopositive plexuses associated with sensory neurons immunostained for p75 neurotrophin 

receptor (p75NTR, D), galanin (E, arrows), and nitric oxide synthase 1 (NOS1, G, arrow) but not 

the neuropeptide isolectin B (IB4, F).  Scale bars = 50 μm (A, B, E-G), 10 μm (C), and 100 μm 

(D). 
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2.4.2 Proteomic evaluation reveals changes in the trigeminal ganglia of GFAPpr-NGF mice 

To date, there is no known morphological phenotype shared by all sensory neurons associated 

with these plexuses.  In hopes of discovering specific proteins that may be specific to 

sympathosensory plexuses, we performed proteomic assessments on the trigeminal ganglia of 7 

month old GFAPpr-NGF mice and aged-matched non-transgenic mice.  The proteomes from the 

non-transgenic and GFAPpr-NGF trigeminal ganglia were extremely comparable with roughly 8 

protein differences (Figure 2.4A, see Appendix C for materials and methods); of the 8 proteins 

identified by mass spectrometry, 2 were further analyzed.  These particular proteins were both 

identified as apolipoprotein A1 (ApoA1) and were upregulated in the trigeminal ganglia of 

GFAPpr-NGF mice.  To validate our proteomic findings, ApoA1 immunostaining was carried out 

in the trigeminal and DRG of 2-3 month old GFAPpr-NGF and wild type mice.  We found an 

increase in ApoA1 expression in the blood vessels (specifically in capillaries) in the sensory 

ganglia of those NGF mice, compared to wild type mice (Figures 2.4B-D); this observation was 

also seen in the sensory ganglia of mice that overexpress NGF under the control of the smooth 

muscle protein promoter (data not shown).  ApoA1 is a major structural component of high-

density lipoprotein, and is involved in lipid metabolism and cholesterol and phospholipid efflux 

(Wang and Tall, 2003).  The upregulation of ApoA1 may lead to metabolic alterations that have 

been shown to protect against coronary heart disease (Rader et al., 1993) and suppress tumor 

growth and metastasis (Zamanian-Darvoush et al., 2013).  Whether the upregulation of this 

protein in the blood vessels of our NGF transgenic mice is providing a protective effect is 

unclear.  Nonetheless, we speculate that the higher levels of ApoA1 in the sensory ganglia of 

mice overexpressing NGF is the result of newly formed blood vessels (i.e., angiogenesis).  

Though ApoA1 did not address our original aim of identifying why sympathetic axons target a 
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subpopulation of sensory neurons, these results did provide evidence for the possible role of NGF 

in vascular protection and alterations in the sensory ganglia of adult mice.  NGF has been 

previously reported to promote angiogenesis (Calza et al., 2001; Cantarella et al., 2002).  

Interestingly, newly formed blood vessels may provide a direct route for the sprouting of 

sympathetic axons into the ganglia.  
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Figure 2. 4. Proteomic evaluation on the trigeminal ganglia of transgenic and non-

transgenic mice. 

Representative images of silver stained 2-dimensional gels resolving protein from the trigeminal 

ganglia of 7 month old non-transgenic and NGF transgenic mice.  Of the 8 protein spots picked, 2 

were identified as apoprotein A1 (or apolipoprotein A1, ApoA1, circled).  Immunostaining for 

ApoA1 was revealed in blood vessels in the trigeminal ganglia (C) and DRG (D) of NGF 

transgenic mice with weaker staining in the trigeminal ganglia of non-transgenic mice (B).  

Double immunolabeling with TH revealed ApoA1-immunopositive blood vessels (E).  Scale bars 

= 50 μm.  
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2.4.3 Ultrastructural features of plexuses from NGF transgenic mice 

Morphologically, sympathetic fibers in our GFAPpr-NGF mice are small-diameter axons (i.e., 2-

4µm) embedded within the satellite glial cell ensheathment surrounding a sub-population of 

sensory neurons.  In total, we observed three different axonal profiles in which TH-

immunopositive sympathetic fibers were found.  First, we always found TH-immunopositive 

sympathetic axons ensheathed by Schwann cell processes, which were located at the peripheral 

margins of the sensory somata (i.e., these axons are not associated with either the outer satellite 

glial cells or the underlying sensory perikaryon) or were seen in close proximity to blood vessels 

(Figures 2.5A,B). Next, TH immunolabeling revealed postganglionic sympathetic axons that were 

often completely ensheathed by satellite glial cells that are firmly attached to the underlying 

sensory soma (Figure 2.5C).  Unlike Schwann cells there is an absence of basal lamina on the 

satellite glial plasma membrane facing the neuron.  Finally, we also, though rarely observed 

sympathetic axons enclosed in the processes of satellite glia that are not firmly attached to the 

underlying sensory somata (Figures 2.5D, E).  Similar to those observations reported in the 

trigeminal ganglia of K14-NGF mice by Davis et al. (1994), we found numerous TH-

immunopositive sympathetic axons between the satellite glial cells and the underlying sensory 

somata.  These axons never appeared to be in direct contact with the sensory neuron, nor did they 

gain access into the sensory neuron.   

At the light microscope level, satellite glial cells from 2-3 month old transgenic mice 

lacked neurochemical features of cellular reactivity (e.g., GFAP, p75NTR).  Ultrastructurally, 

however, these satellite glial cells appeared injured and displayed features of reactivity such as 

the loss of adherence to the underlying soma, breaks in the intercellular contacts between the 

enveloping satellite glial cells, and an increase in number of cellular layers.  Additional features 
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of cellular injury (i.e., pyknotic nuclei, and enlarged mitochondria (Pannese et al., 1996) and 

granular endoplasmic reticulum (Chang et al., 1976)) are not evident in 2-3 month old NGF 

transgenic mice.  Though these reactive satellite glial cells were seen on rare occasions, their 

appearance was drastically different from the other types of plexuses found in the trigeminal 

ganglia of 2-3 month old GFAPpr-NGF mice.  Our ultrastructural observations suggest that 

unique morphological interactions between invading sympathetic axons and satellite glial cells 

are a critical first step in the formation of sympathosensory plexuses which occurs both 

spontaneously in NGF transgenic mice and in response to neuropathic injury in adult mice and 

rats.   
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Figure 2. 5. Ultrastructural features of sympathosensory plexuses in NGF transgenic mice.  

Tyrosine hydroxylase (TH) immunostaining reveals 3 different sympathetic axonal profiles in the 

trigeminal ganglia of NGF overexpressing adult mice. A, B: TH-immunopositive sympathetic 

axons (arrows) ensheathed by Schwann cell processes (* nucleus) are observed in close proximity 

to sensory neurons (A) and blood vessels (BV, B).  C, D: These sympathetic fibers are found to 

be completely ensheathed by satellite glial cells (shaded blue) that are firmly attached to the 

underlying sensory soma (C) and those that are not firmly attached to the underlying sensory 

somata (D); higher magnification (E).  Scale bars = 1.2 μm (A), 1.8 μm (B), 1.3 μm (C), and 2 

μm (D). 
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2.5 Proposed mechanism for sympathosensory plexuses 

As first reported by Ramer et al. (1999b), and recently modified by our group, we suggest the 

following underlying mechanisms for the generation of sympathosensory plexuses.  After 

peripheral nerve injury, NGF is upregulated in target tissues that are associated with the damaged 

peripheral nerve/tissues.  From the target tissues, uninjured trkA- and p75NTR-immunopositive 

sensory axons pick up and retrogradely transport NGF to their cell bodies where, instead of 

protein degradation, NGF is recycled and released into the ganglionic environment (see schematic 

Figure 2.6).  This process of NGF release still remains unknown.  Once extracellular, NGF is 

sequestered by the adjacent p75NTR-immunopositive satellite glial cells and subsequently, these 

cells create a growth factor gradient.  It is this NGF gradient that promotes the sprouting of 

nearby (i.e., from blood vessels) trkA- and p75NTR-immunopositive postganglionic sympathetic 

axons towards the individual NGF-sequestering satellite glial cells and its associated sensory 

somata.  These sympathetic axons may travel along newly formed blood vessels towards the 

source of NGF.  The specific subpopulation of trkA neurons releasing higher levels of NGF will 

be those that form sympathosensory plexuses.  The fact that sympathetic fibers have been 

observed near and in satellite glial cells, as well as between the satellite glial cell-somata 

interface, but not in the neuron itself, provides evidence for the involvement of these glial cells in 

sympathosensory plexuses.   
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Figure 2. 6. Schematic for the underlying mechanisms of sympathosensory plexuses. 

Following nerve injury, NGF is upregulated in target tissues, and picked up and retrogradely 

delivered (in endosomes) to the cells body of trkA- and p75NTR-immunopositive sensory 

neurons.  Instead of protein degradation, NGF is released from the cell body into the extracellular 

space by an unknown mechanism (?).  Adjacent p75NTR-immunopositive satellite cells sequester 

NGF creating a growth factor gradient.  This NGF gradient promotes the sprouting of nearby (i.e., 

from blood vessels and dura) trkA- and p75NTR-immunopositive postganglionic sympathetic 

axons towards the individual NGF-sequestering satellite glial cells and its associated sensory 

somata.  The specific subpopulation of trkA neurons releasing higher levels of NGF will be those 

that form sympathosensory plexuses.   
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2.6 The clinical implications of sympathosensory plexuses 

To date, there are only two studies that have reported sympathosensory plexuses in the sensory 

ganglia of humans (Garcia-Poblete et al., 2001; Shinder et al., 1999).  Shinder et al. (1999) 

demonstrated TH-immunopositive sympathetic fibers wrapping around sensory somata of DRG 

removed from patients with chronic pain, while Garcia-Poblete et al. (2001) reported 

sympathosensory plexuses in humans observed by scientists such as Ehrlich, Dogiel, and Cajal 

(in the late 19
th
 century).  Though sympathosensory plexuses have occasionally been reported in 

the sensory ganglia of healthy humans and animals, their occurrence can increase following 

peripheral nerve injury and disease (Chung et al., 1996; Deng et al., 2000b; Kim et al., 2001; Lee 

et al., 1998; Ramer and Bisby, 1997b, 1998a; Shinder et al., 1999).  Researchers have suggested 

that sympathetic sprouting and plexuses may be involved in the formation and/or maintenance of 

sympathetically-maintained pain.  The evidence comes from various studies which show that the 

ablation of appropriate sympathetic neurons by sympathectomy or sympathetic nerve blockage 

provides relief from neuropathic pain (Kim et al., 1993: Xie et al., 2007).  Since the activation of 

the sympathetic neurons does not normally induce pain behaviour, it may be through 

sympathosensory plexuses that the sympathetic and sensory neurons interact with each other.  It 

is possible the norepinephrine released by the invading postganglionic sympathetic axons activate 

nociceptive sensory neurons, which can upregulate adrenergic receptors following injury (Janig et 

al., 1996).  Since neuropathic pain behaviours can occur in the absence of sympathetic sprouting, 

the exact etiology of neuropathic pain and the overall consequence for the formation of 

sympathosensory plexuses is unclear.   
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2.7 Conclusions 

While we are now aware of the importance of NGF and its receptors (trkA and p75NTR) on 

sympathetic sprouting and plexus formation in the sensory ganglia following peripheral nerve 

injury, the overall consequences of the plexuses are unknown.  There are also some additional 

questions that have yet to be answered.  For instance, how is NGF released from sensory neurons 

in order to promote the sprouting of sympathetic fibers?  Are sympathetic plexuses the trigger for 

neuropathic pain and/or are they involved in maintaining this chronic pain state.  Nonetheless, 

this aberrant formation of sympathosensory plexuses seems to be an ideal target for many 

researchers and clinicians interested in alleviating sympathetically-dependent pain conditions.   
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Table 1: Summary of studies that have examined nerve injury-induced sympathetic sprouting in the sensory ganglia of adult rodents. 

Type/location of 

injury 
Species 

Experimental groups  

(# of animals) 
Results Refs Additional methods 

SNL, right L5 

spinal nerve tightly 

ligated & cut 

Male Sprague-

Dawley rats 

(200-250g) 

1. SNL (8) 

2. SNL+TA (8) 

3. normal+TA (14) 

4. normal (7) 

Postoperative day (POD): 1, 3, 

5, 7 days 

TH-sympathetic baskets around small & large DRG 

neurons. 

Satellite cell activation.  TA-injection significantly 

decreased mechanical pain, sympathetic basket formation, 

glia activation caused by SNL. 

Li et al., 2007; 

2011 

Triamcinolone acetonide 

(TA, 20 µl) injection 

onto L5 DRG, Von Frey 

filaments 

SNL, L4 (female) 

or L5 (male) spinal 

nerve tightly 

ligated, 10 mm 

from ganglion 

Male (200-

250g) & 

Female 

Sprague-

Dawley rats 

(80-100g) 

1. L5 SNL, male rats for 

behavioural testing 

2. L4 SNL, female rats for 

electrophysiological & 

histological techniques 

POD: 3 days 

Dorsal ramus of spinal nerve is major source of sympathetic 

sprouts. 

Stimulating dorsal ramus caused slow & long-lasting effects 

on medium & large DRG neuron (from SNL rats) 

excitability. 

Enhanced excitability due to stimulation of sympathetic 

sprouts & not sensory afferents.  Cutting grey ramus to L5 

reduces mechanical sensitivity induced by SNL. 

Xie et al., 2007; 

2010 

Grey ramus was cut & 

1mm was removed to 

prevent regeneration. 

Von Frey filaments. 

Intracellular recordings 

of isolated L4 DRG  

CCI, left common 

sciatic nerve, mid-

thigh, 4 loose 

ligations 

Sprague 

Dawley rats 

(180-200g) 

CCI Groups: 

1. 4-AP (16) 

2. anisodamine (16) 

3. saline (16) 

 

 

4-AP increased firing frequency in injured neurons & 

enhanced heat hyperalgesia.  Anisodamine silenced firing 

frequency & inhibited heat hyperalgesia in injured neurons.  

The # of sympathetic baskets were significantly higher in 4-

AP group (in all sized neurons) compared to anisodamine & 

control group. 

Dong et al., 

2002 

Single unit recordings of 

injured DRG neurons. 

4-aminopyridine (4-AP) 

& anisodamine were 

injected i.p. Radiant heat 

source used for 

behavioural testing 

L5 spinal nerve was 

ligated 2 mm distal 

to DRG 

Male Sprague-

Dawley rats 

(250-300g) 

1. sciatic nerve crush 

2. sciatic nerve crush with 

transection (3) 

3. L5 spinal nerve ligation (6) 

4. uninjured animals (3) 

POD: 7, 14, 28 days 

RIP colocalizes with CNPase likely in Schwann cells & 

oligodendrocytes in intact sciatic nerve.  Following injury, 

RIP expression in the L4 DRG increased in satellite cells 

(around both injured & uninjured neurons). RIP expression 

was found in reactive satellite cells that were colocalized 

with TH+ baskets. 

Toma et al., 

2007 

Unilateral sciatic nerve 

crush injury using fine 

forceps. 

RIP: receptor interacting 

protein 
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CCI, right common 

sciatic nerve 

ligations (4 loosely 

tied gut ligatures) 

Male Sprague-

Dawley rats 

(175-200g) 

1. ipsilateral CCI (72) 

2. sham-operated (42) 

3. unoperated age-matched 

controls (42) 

POD: 2,3, 6, 8, 12, 16, 20 weeks 

At 2 weeks post-CCI, there is a significant increase in 

sprouting of both sensory (CGRP) & sympathetic (DBH) 

fibers in the upper dermis of the plantar surface of the rat 

hind paw skin.  Sympathetic & sensory fibers are closely 

linked 2 weeks post-CCI 

Yen et al., 2006 

DBH- dopamine beta-

hydroxylase, a marker of 

postganglionic 

sympathetic neurons 

CCI, ligation of 

mental nerve (2 silk 

sutures) 

Male Sprague-

Dawley rats 

(175-200g) 

1. unoperated controls (24) 

2. sham-operated (24) 

3. CCI (72) 

POD: 1, 2, 4, 6, 8, 16 weeks 

1-2 weeks post-CCI, CGRP in the upper dermis was 

significantly reduced.  At 4 weeks post-CCI, CGRP fibers 

sprouted into the upper & lower dermis, & epidermis.  At 2 

weeks post-CCI, DBH & VAChT fibers sprouted into the 

upper dermis.  Autonomic & sensory fibers wrapped around 

each other in the upper dermis. 

Upregulation of TrkA on CGRP fibers at 4 weeks post CCI.  

Increased grooming behaviour at 4 weeks post-CCI.  

Grelik et al., 

2005 

Behavioural testing: 

grooming behavior 

VAChT: Vesicular 

acetylcholine 

transporter, a marker of 

cholinergic neurons 

SNL/ CSNT. 

Right L5 spinal 

nerve tightly ligated 

& transected  

Sprague-

Dawley rats 

1. normal rats (5) 

2. SNL with lidocaine (9) 

3. SNL without lidocaine (7) 

4. SNL no pump (5) 

Postoperative days (POD): 7, 14 

Sympathetic sprouting in axotomized DRG on POD 7 in 

SNL rats & POD 17 in CSNT rats.  Sympathetic fibers 

originated from the spinal roots in SNL rats, while sprouted 

from accompany vascular processes in CSNT rats. 

Lidocaine administration reduces sympathetic sprouting. 

Zhang et al., 

2004 

Osmotic pump for 

systemic administration 

of lidocaine.  

L5 spinal nerve 

transection 

Male Sprague-

Dawley rats 

(~250g) 

L5 injury + antibody for 2 

weeks: 1. normal sheep IgG (6); 

2. Anti-BDNF (7); 3. BDNF 

sense oligodeoxynucleotide (6); 

4. BDNF antisense oligo. (6) 

 & L5 spinal, uninjured + 

antibody for 1 week 

1. Vehicle (8); 2. BSA (2); 3. 

BDNF (6) 

BDNF is involved in sympathetic sprouting after L5 SNL. 

Anti-BDNF blocks sprouting in both ipsilateral & 

contralateral DRG 

Deng et al., 

2000a 

Testing biological 

activity of BDNF using 

rat & chicken embryos 

Left superior & 

inferior caudal 

trunk transected at 

S1 & S2  

Male Sprague-

Dawley rats 

(150-200g) 

1. left superior caudal trunk (24) 

2. left superior or inferior caudal 

trunks (24) 

POD: 2 weeks 

Rats from both groups had increased mechanical & thermal 

sensitivities. TH sympathetic fibers occurred in the S1 DRG 

following peripheral nerve injury.  More TH-fibers were 

seen in the rat DRG of group 2 (left superior & inferior 

caudal trunk transaction) 

Kim et al., 2001 
Von Frey filaments, & 

tail immersion tests 
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CCI & SNL, 4 

suture loosely 

around sciatic 

nerve, & left L5/L6 

spinal nerve tight 

ligation 

Male Sprague-

Dawley rats 

(150-200g) 

1. CCI (8) 

2. SNL (8) 

3. non-operated (4) 

POD: 1 & 2 weeks 

Injured animals had increased withdrawal responses to light 

mechanical & cooling stimuli. In non-operated rats, BDNF 

was expressed in small or medium neurons.  CCI induced 

significant increase in % of small, medium, & large BDNF+ 

L4/L5 neurons.  SNL induced increase in large BDNF+ 

neurons, & a decrease in small BDNF+ neurons.  Both CCI 

& SNL had an increase in the # of BDNF+ fibers in the 

superficial & deeper laminae & the gracile nuclei of injured 

side. 

Ha et al., 2001 

Examined DRG, 

superficial & deep 

laminae, as well as 

gracile nuclei on both 

ipsilateral & 

contralateral sides. 

SNL/ single SNI, 

left L5 spinal nerve 

ligation (as far 

distal as possible). 

Male Sprague-

Dawley rats 

(175-250g) 

5 different experiments, each 

with control groups & SNL 

groups 

1 week post-single SNI, TH, GAP-43, & TH/GAP-43 fibers 

were seen in the L5 DRG. Density of TH fibers increased 

considerably at 2 days PO (reached highest level at 3 days 

PO).  Regenerative sprouting does not likely contribute to 

increase in sympathetic fibers in DRG. Dorsal root injury 

does not induce sympathetic sprouting into DRG 

Chung & 

Chung, 2001 

Fast blue & diamidino 

yellow tracers used to 

label sympathetic 

postganglionic neurons 

IOAx & IOCCI 

Male Sprague-

Dawley rats 

(275-300g) 

1. left IOCCI (10) 

2. IOAx (9) 

3. sham (9) 

POD: 9, 13, 21, 30, 51 

IOCCI (hyperresponsive) & IOAx (hyporesponsive) rats. No 

sympathetic invasion & basket formation around cells in 

trigeminal ganglia at 2 & 7 weeks post injury 

Benoliel et al., 

2001 

Von Frey filaments 

(mechanical allodynia), 

pin pushed against 

vibrissal pad (mechano-

hyperalgesia) 

SNL, left sciatic 

nerve was ligated & 

cut 

Guinea pigs 

(3-6 weeks of 

age); Female 

Wistar rats (6-

8 weeks of 

age) 

1. naïve animals 

2. SNL Guinea pigs 

3. SNL rats 

POD: 2-11 weeks 

Few TH+ fibers in guinea pig DRG post injury.  

Sympathetic & CGRP+ fibers were seen in DRG & spinal 

roots of both species.  TH+ fibers seen around large rat DRG 

neurons post injury associated with reactive (GFAP, 

p75NTR) satellite cells. No TH+ baskets were seen in the 

guinea pig; however, sympathetic sprouting occurred in 

spinal root which contained p75NTR+ reactive glia). 

Hu & 

McLachlan, 

2000 

 

SNL, left L4/L5 

spinal nerve ligated 

& transected 

Male Sprague-

Dawley rats 

(6-8 weeks) 

POD: 3 days, 1, 2, & 4 weeks 

(n=6 per time) 

TrkA decreases in DRG at 3 days post-SNL, reaching lowest 

levels at 2 weeks.  Exogenous NGF delivered to DRG for 2 

weeks after injury partially reversed TrkA reduction.  TrkA+ 

neurons shrank in size & NGF delivery slightly increases 

TrkA in sensory neurons. 

Li et al., 2000 
Osmotic pump for 

delivery of NGF 
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SNL, left L5 spinal 

nerve ligated & 

transected 

Male Sprague-

Dawley rats 

(230-250g) 

1. normal sheep serum injection 

(6) 

2. NGF (6) 

3. NT-3 (6) 

4. BDNF (6)  

POD: 2 weeks 

NGF & NT-3 (& to a lesser extent, BDNF) antisera 

significantly blocked sympathetic sprouting in L4/L5 DRG, 

& attenuated allodynia at different time points (i.e., BDNF 

early & later stages, NGF & NT-3 only at later stages)  

Deng et al., 

2000b 

Systemic antiserum 

(NGF, NT3, & BDNF) 

injections immediately 

after surgery, as well as 

3, 7, 10 days POD. 

Von Frey filaments. 

Sciatic nerve tightly 

ligated & transected 

Male Wistar-

derived Sabra 

strain 

1. sham operated (4) 

2. SNL 

TH+ sympathetic postganglionic fibers sprout within 

associated DRG & form baskets around sensory (large) 

neurons in rats & in human patient’s severe pain.  Sprouting 

depends on transection of peripheral branch. TH+ baskets 

occur around injured & uninjured neurons. Many DRG 

neurons express α2A adrenoreceptors  

Shinder et al., 

1999 

Human samples were 

obtained: spinal roots, 

peripheral nerve, DRGs. 

Bilateral mental 

nerve transection 

Male Wistar 

rats (250-

300g) 

1. bilateral MN transection (36) 

2. sham operated (36) 

3. bilateral MN transection with 

removal of SCG 4 weeks later 

(5) 

POD: 1-8 weeks 

1 week post injury, degeneration of SP+ fibers in the skin 

(almost absent by 2 weeks & reinnervation by 6 weeks).  

Sympathetic (DBH) fibers sprouted into upper dermis (from 

the lower dermis) 1 week post injury. 

Ruocco et al., 

2000 
MN: mental nerve 

PSNT, half of left 

sciatic nerve was 

cut & ligated, upper 

thigh. 

Sprague-

Dawley rats 

(8-10 months 

old, 550-600g) 

1. sciatic nerve ligation & 

transection 

2. gracile  nucleus crush 

POD: 4 weeks 

Fluorogold tracer revealed ~43% of DRG neurons 

surrounded by TH+ baskets were injured, 79% projected to 

nucleus gracilus. 

Ma & Bisby, 

1999 

5% fluorogold tracer 

injected into proximal 

stump. Left gracile 

nucleus was crushed & 

tracer was injected. 

SNL & CCI 

Inferior alveolar 

nerve ligation/ 

transection, or 

loosely constricted 

Sprague-

Dawley rats 

1. left IAN tightly ligated & cut 

(8). 2. CCI IAN (3 sutures) (7) 

3. CCI IAN/ION or ION (12) 

4. left sciatic nerve ligation & 

transected or CCI (2) 

5. unoperated controls (2) 

POD: 2-3 weeks, & 6-8 weeks, 

& 7 weeks 

No signs of sympathetic sprouting in the trigeminal ganglia 

post IAN &/or ION injury.  Sympathetic sprouting is not 

caused by any peripheral nerve injury but a result of injury 

to specific locations. 

Bongenhielm et 

al., 1999 

ION: infraorbital nerve 

IAN: inferior alveolar 

nerve 



 

50 

 

PSL, inferior & 

superior caudal 

trunks were 

transected between 

S1 & S2 

Male Sprague-

Dawley rats 

(150-200g) 

1. well-developed neuropathic 

pain group 

2. poorly-developed pain group 

Neuropathic pain behaviours are not correlated with 

sympathetic sprouting in the DRG after nerve injury.  Group 

1 had increased sensitivities while group 2 had normal 

responses, despite having nerve injuries. 

Kim et al., 1999 

Behavioural testing for 

mechanical, cold & 

warm allodynia. 

CCI, loose ligation 

of left sciatic nerve 

Male Wistar 

rats ( 140-

160g) 

1. controls (20) 

2. CCI (100) 

POD: 4, 8, 15, 30 days 

 

Significant reduction in foot withdrawal latency on the 

ligated side at all time points. TH+ sympathetic sprouting 

was seen in the ipsilateral DRG (in large neurons, > 45 µm), 

increased up to 15 days. Norepinephrine inhibited the 

inward calcium current through N-type voltage-dependent 

calcium channels, leading to the suppression of calcium-

activated potassium channels in vitro.  This lead to an 

increase in spontaneous discharge & an increase in 

sensitivity to adrenergic stimulus. 

Honma et al., 

1999 

Behavioural tests 

including radiant heat 

source. Patch clamp 

recording of DRG 

neurons at 15 days post 

injury. 

SNL, left sciatic 

nerve, mid-thigh, 

ligated & transected 

Male Sprague-

Dawley (8-10 

weeks of age, 

280-350g) 

1. SNL 

2. SNL (ligated ~6 mm from 

DRG) 

POD: 16h, 2, 7, 14 days. 

Endogenous NGF & NT-3 (& p75NTR) are synthesized 

(upregulated as early as 16h) in satellite cells (after nerve 

injury; low levels in unoperated) & contributes to 

sympathetic sprouting.  TH+ fibers were reduced with NGF 

& NT-3 antibodies injected into L5 DRGs. 

Zhou et al., 

1999 

RT-PCR for NT-3 & 

NGF. Osmotic pump 

with NGF, NT-3 or 

normal sheep IgG 

inserted into ganglion 

SNL, left L5 spinal 

nerve tightly ligated 

& transected. CCI, 

4 gut sutures 

loosely tied around 

sciatic nerve at ~1 

mm intervals. 

Male Sprague-

Dawley rats 

(225-275g) 

1. distal CCI (32) 

2. proximal L5 SNL (36) 

3. unoperated controls (5) 

POD: 4,7, 14, 20, 30 days PO 

CCI & SNL resulted in pain behaviour & sympathetic 

sprouting.  Anti-NGF treatment prevent pain & sprouting in 

CCI model & less in SNL model suggesting different 

sprouting mechanisms. 

Ramer & Bisby, 

1999 

Daily injections 

(subcutaneous) of anti-

NGF or normal goat 

serum.  Radiant heat 

source & Von Frey 

filaments were used. 

SNL, sciatic nerve 

tightly ligated, mid-

thigh & transected 

Male Wistar 

rats (200-

250g) 

1. control (3) 

2. osmotic pump no injury (5) 

3. osmotic pump with SNL (4) 

4. osmotic pump with sciatic 

nerve transection + TrkA (3) or 

saline (3) 

POD: 14 days (intrathecal) or 18 

days (sciatic axotomy) 

Chronic intrathecal injections of NGF in uninjured rats 

induce sprouting into lumbar DRG.  TH+ baskets around 

TrkA+ & TrkA-negative neurons. Following nerve injury, 

TH+ baskets are associated with injured & intact DRG 

neurons. Sequestering endogenous NGF at the injury site 

does not significantly reduce the ability of sympathetic 

fibers to sprout into DRG. GDNP does not induce 

sympathetic sprouting. 

Jones et al., 

1999 

Osmotic pump filled 

with rat serum albumin, 

or recombinant hNGF. 

Intraneural injection of 

fluorogold 16 days after 

injury in group 4. 

Intracellular recordings 

on root-ganglion-nerve 

preparations. 
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SNL, tight ligation 

& transection of left 

L5/L6 spinal nerve 

Male mice 

1. interleukin-6 (IL-6) knockout 

mice (5) 

2. C57B6/129 male (4) & 

female (1) 

POD: 10 days 

Decrease in withdrawal latency from radiant heat for wild 

type & IL-6 knockout mice.  Mechanical allodynia (von 

Frey filaments) was significantly reduced in the IL-6 KO 

mice. SNL caused sympathetic sprouting into the injured 

DRG of wild type & IL-6 KO mice. Sympathetic sprouting 

(density) & baskets were significantly reduced in IL-6 KO 

mice. 

Ramer et al., 

1998b 

Radiant heat source & 

von Frey filaments used 

for behavioural testing. 

SNL, tight ligation 

& transection of 

common sciatic 

nerve, mid-thigh 

Male Sprague-

Dawley rats 

1. capsaicin injection, followed 

by SNL (3) 

2. SNL, no capsaicin (3) 

3. capsaicin, sham operated (2) 

4. No capsaicin, sham operated 

(3). 

POD: 11 weeks 

In both untreated & capsaicin treated, many TH+ baskets, 

with a greater # in (large neurons of) capsaicin-treated rats.  

Capsaicin enhances sprouting in injured & uninjured DRG.  

Sprouting occurs in response to injury of large diameter 

axons & loss of C fibers (by capsaicin treatment) can 

contribute to sprouting. 

Abbadie & 

Basbaum, 1998 

Administered capsaicin 

24h after birth 

CCI or SNL 

Left sciatic nerve, 

high, 3 gut sutures 

were loosely tied, 

or L5 spinal nerve 

tightly ligated & 

transected. 

 Male & 

Female mice 

(2-4 months of 

age) 

1. SNL C57B1/6J (6J) mice (12) 

2. SNL C57Bl/Wlds mice (12) 

3. CCI 6J (6) 

4. CCI Wlds (6) 

5. unoperated 6J (6) 

6. unoperated Wlds (6) 

POD: 7 days, & 2 weeks (SNL), 

& 3 weeks (CCI) 

Sympathetic sprouting does not occur (significantly) in DRG 

after CCI in Wlds (degeneration-deficient), but does occur 

following SNL in these mice.  Wlds mice showed no signs 

of neuropathic pain after CCI, while a SNL induces 

mechanical allodynia.  

 

CCI: Wallerian degeneration is required for neuropathic pain 

behaviour & sympathetic sprouting into DRG. 

Ramer & Bisby, 

1998a; Ramer et 

al., 1997 

Radiant heat source & 

von Frey filaments were 

used to test thermal & 

mechanical allodynia. 

CCI, PSI, & SSI 

Left sciatic nerve, 

mid-thigh, 4 sutures 

loosely tied (CCI). 

Left sciatic nerve, 

upper thigh, dorsal 

1/3 tightly ligated 

(PSI). Left L5/L6 

spinal nerves tightly 

ligated (SSI) 

Male Sprague-

Dawley rats 

(150-200g) 

1. CCI (18) 

2. PSI (16) 

3. SSI (24) 

POD: 1, 4, & 20 weeks 

All 3 models of neuropathic pain had pain behaviours; 

similar pattern & time course. Sensitivity SSI>PSI>CCI. 

The density of TH+ fibers in L5 DRG increased in SSI 

model at 1 week PO & declined.  The density of TH+ fibers 

in L5 DRG increased in CCI & PSI (significant at 20 

weeks).  

The time course of sympathetic sprouting differs between 

neuropathic pain models. 

Lee et al., 1998 

Behavioural tests for 

mechanical (von Frey 

filaments) & cold 

allodynia (acetone 

application), & cold-

stress ongoing pain (cold 

plate). 
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Left inferior & 

superior caudal 

trunks were 

transected (b/w S1 

& S2, b/w S2 & S3, 

b/w S3 & S4 spinal 

nerves) 

Male Sprague-

Dawley rats 

(150-200g) 

1. SMP (6) 

2. SIP (6) 

Following injury, rats had increased sensitivities to 

mechanical & cold stimuli.  After phenolamine injections, 

SMP rats had reduction in sensitivities, while SIP rats had 

no change.  Behavioural changes did not seem to be 

correlated with degree of sympathetic sprouting in DRG 

after nerve injury.  No difference in sprouting between SMP 

& SIP groups. 

Kim et al., 1998 

Von Frey filament (tail 

withdrawal), tail 

immersed into cold 

water. Comparing 

sympathetically 

maintained pain (SMP, 

relieved by 

phentolamine) to 

sympathetically 

independent pain (SIP).  

SNL 

Left L4/L5 sciatic 

nerve ligation & 

transection 

Female rats 
1. SNL 

2. control, no injury 

CGRP (with or without SP)+ sensory rings are found (along 

with TH+ baskets) around injured large diameter DRG 

neurons after SNL. CGRP fibers, sometimes varicose, 

surrounded large CGRP & SP-negative neurons 

McLachlan & 

Hu, 1998 

Fluorogold tracer to 

label injured neurons. 

CCI 

4 loosely tied 

sutures around 

sciatic nerve. 

Female 

Sprague-

Dawley rats 

1. 3 month old uninjured rats (6) 

2. 10 month old, uninjured (5) 

3. 16 month old, uninjured (6) 

4. 3 month old, CCI (6) 

5. 16 month old, CCI (5) 

POD: 1 month 

Sympathetic innervation of rat DRG increases normally with 

age. Sympathetic innervation increases in aged rats 

following CCI. Uninjured & injured aged rats have a 

significant increase in pain behavior compared to younger 

uninjured & injured rats. 

Ramer & Bisby, 

1998b 

Radiant heat source with 

longer duration, & von 

Frey filaments used to 

test thermal allodynia, 

thermal hyperalgesia & 

mechanical allodynia. 

Left sciatic nerve, 

upper thigh, was 

transected 

Mice (8-12 

months of age) 

1. CD1 mice (6) 

2. p75NTR-deficient mice (p75
-

/-
)  

(8) 

operated & unoperated 

POD: 21/28 days 

DRGs from p75
-/- 

were smaller than CD1 DRG.  

Sympathetic sprouting was seen in ipsilateral & contralateral 

DRG of wild type & p75
-/-

 mice, but significantly less in 

CD1 mice. Significant reduction of baskets in p75
-/- 

mice.   

Ramer & Bisby, 

1997a 

p75NTR exon III mice 

were used 

CCI & SNL 

Loosely ligated 

sciatic nerves with 

4 gut sutures. 

Sciatic nerve 

ligation & 

transection 

Male Sprague-

Dawley rats 

(200-220g) 

1. controls (4) 

2.CCI (20) 

3. SNL (20) 

POD: 4, 7, 14, 21, & 28 days 

CCI induced neuropathic pain behaviour & caused 

adrenergic sprouting (POD 4) into DRG of injured nerve.  

SNL, however, did not induce sympathetic sprouting until 

POD 14.  

Ramer & Bisby, 

1997b 

Mechanoallodynia & 

thermal hyperalgesia 

was tested. 
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Tight ligation of 

L5/L6 spinal nerves 

Male Sprague-

Dawley rats 

(150-200g) 

1. experimental (5) 

2. control (2) 

POD: 1 week 

All results with injury had neuropathic pain behaviour on the 

hind paw of operated side within 1 day of surgery.  

Neuropathic rats had an increase in TH+ fibers & baskets 

around sensory neurons in DRG. At the EM level, TH+ 

fibers were enclosed by satellite cell processes, or in the 

space between the satellite cell & the soma. 

Chung et al., 

1997 

Behavioural tests: von 

Frey filaments, & 

acetone application.  

Ultrastructural study of 

TH+ fibers & baskets 

Tight ligation of left 

L5 & L6 spinal 

nerve 

Male Sprague-

Dawley rats 

(150-200g) 

1. normal control (2) 

2. ligation (22) 

3. sympathectomy group (9) 

POD: 1, 2,3 days & 1,4, 20 

weeks 

After ligation, all rats had signs of neuropathic pain.  

Significant increase in TH+ & DBH+ fibers (thin, <1 µm 

thickness, beaded) in the ipsilateral L5 & L6 DRG of ligated 

animals.  Sympathectomies almost completely abolished 

TH+ fibers in the DRG of injured animals.  The # of TH+ 

baskets was highest at 1 week POD & were associated with 

all somata sizes (from 19.8 µm to 77.5 µm diameter). 

Chung et al., 

1996 

Lumbar sympathectomy 

performed on 9 

neuropathic rats 4 days 

after ligation. 

Mechanical & cold 

allodynia & ongoing 

pain were tested. 

Left inferior & 

superior caudal 

trunks were 

transected b/w S3 & 

S4, or b/w S1 & S2, 

S2 & S3, S3 & S4 

Male Sprague-

Dawley rats 

(150-200g) 

1. transected b/w S3 & S4 (6) 

2. transected b/w S1 & S2, S2 & 

S3, S3 & S4 (6) 

3. intact rats (2) 

POD: 1 week 

Neuropathic pain behaviour occurs & was not different b/w 

nerve injured groups.  TH+ fibers increase in ipsilateral 

DRG on the neuropathic side.  Sympathetic sprouting 

following nerve injury occurs in the DRG that is closest to 

the injury site (providing direct evidence for the distance 

hypothesis, which is that the degree of sprouting into the 

DRG following peripheral nerve injury is inversely related 

to the distance b/w injury site & DRG. 

Kim et al., 1996 
Tested for mechanical & 

thermal allodynia. 

Left sciatic nerve 

ligated & 

transected, mid-

thigh; L5 dorsal  

&/or ventral root 

sectioned;  

Female 

Wistar-Kyoto 

rats 

1. sciatic nerve transection (3-4) 

2. sham operated (3-4) 

3. dorsal rhizotomy (3-4) 

4. ventral rhizotomy (3-4) 

5. dorsal & ventral rhizotomy 

(3-4) 6. sciatic nerve & dorsal 

root section (3) 

POD: 1, 2, 4, & 8 weeks (sciatic 

nerve lesion) & 2 weeks (others) 

Decrease in p75NTR expression in neurons following 

injury, & increase in p75NTR in glia (especially those 

around large neurons) in all injury models (particular dorsal 

rhizotomy).  TH+ axons were associated with p75NTR+ 

glia. An increase in GFAP was seen in glia following nerve 

injury. 

Zhou et al., 

1996 
 

SNL, left L5 spinal 

nerve ligation & 

transection, mid-

thigh 

Male & 

Female Wistar 

rats (180-

330g) 

1. operated (6 males, 8 females) 

2. unoperated (2 males, 2 

females) 

POD: 30, 50, 70 days POD 

Perivascular, noradrenergic axons sprouted into L3-L6 DRG 

& form baskets around large-diameter axotomized sensory 

neurons.  Catecholamine-containing axons form varicose 

plexuses around small-diameter blood vessels in normal 

uninjured rats. 

McLachlan et 

al., 1993 
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SNL, left sciatic 

nerve ligated & 

transected, mid-

thigh. 

Sprague 

Dawley rat 

pups 

1. neonatal sciatic 

neurectomized (7) 

2. unoperated group (11) 

POD: 3 months 

The number of unmyelinated fibers in L5 ventral root 

increase to 65 (from 23) on the contralateral side to 

neurectomy; ~20% are GAP-43 regenerating fibers.  The 

degree of sprouting is smaller on contralateral side 

compared with ipsilateral side. 

Chung et al., 

1993 
 

Abbreviations: AP, 4-aminopyridine; BDNF, brain derived neurotrophic factor; BSA, bovine serum albumin; CCI, chronic constriction injury; CGRP, calcitonin 

gene related peptide; CSNT, complete sciatic nerve injury; DBH, dopamine beta hydroxylase; DRG, dorsal root ganglia; GAP43, growth associated protein-43; 

GFAP, glial fibrillary acidic protein; IAN, inferior alveolar nerve; IOAx, infraorbital axotomy; IOCCI, chronic constriction injury to infraorbital nerve; ION, 

infraorbital nerve; KO, knockout; L4 or L5, spinal lumbar level 4 or 5; MN, mental nerve; NGF, nerve growth factor; NT3, neurotrophin-3; p75NTR, p75 

neurotrophin receptor; PSL, partial sciatic nerve ligation; PSNT, partial sciatic nerve transection; POD, postoperative day; RIP, receptor interacting protein; SIP, 

sympathetically independent pain; SMP, sympathetically maintained pain; SP, substance P; SNL, sciatic nerve ligation; TA, triameinolone; TH, tyrosine 

hydroxylase; VAChT, vesicular acetylcholine transporter. 
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Table 2: Summary of studies that have examined sympathetic sprouting in NGF transgenic mice. 

Promoter 
NGF producing 

cells/location 
Results 

Sympathosensory 

plexuses  
References 

Uroplakin II 

(NGF-OE) 

Urothelium, 

suburothelium/ 

urinary bladder 

 

TrkA, TrkB, & BDNF protein expression was significantly reduced in the urinary 

bladder.  p75NTR protein expression was significantly increased in the urinary bladder.  

Urinary bladder enlargement with neuronal (CGRP, SP, NF200, & TH) hyperinnervation 

in the submucosa & detrusor smooth muscle. Transgenic mice have reduced urinary 

bladder capacity & increased bladder voiding (hyperreflexia).  Quantitative PCR 

revealed a 230-fold increase in NGF mRNA expression in urothelium, suburothelium of 

NGF-OE mice.  NGF expression was similar in detrusor layers of NGF-OE & WT mice. 

Not mentioned 

Girard et al., 

2010; 2011 

Schnegelsberg et 

al., 2010; 

Cheppudira et al., 

2008 

Rat insulin 

(RIP-NGF) 

Beta islets 

cells/pancreas 

An increase in the sympathetic innervation of the islets. Increased # of neuropeptide Y+ 

fibers in the islets of transgenic mice.  Tyrosine hydroxylase (TH)+ β cells within the 

islets of control & transgenic pancreas 

Not mentioned 

Edwards et al., 

1989; Grodsky et 

al., 1997 

Human dopamine 

β-hydroxylase 

(DBH) 

(DBH-NGF) 

Adrenal chromaffin 

cells, subset of 

central & peripheral 

neurons, superior 

cervical ganglia 

Enlarged sympathetic ganglia: increased number & size of sympathetic neurons & 

axonal outgrowth.  Sympathetic target tissue had a decrease in terminal sympathetic 

fibers.  Norepinephrine uptake was significantly reduced. Sympathetic fibers found in 

the dorsal root ganglia 

Fibers found in DRG, 

no mention of 

plexuses 

Hoyle et al., 1993 

Human keratin 

(K14-NGF) 

 

& 

 

Epidermal specific 

promoter 

Epidermal 

keratinocytes/epider

mis, tongue, oral 

cavity, lymph 

nodes, spleen 

Blood vessels & sweat glands in footpads are sparsely innervated by sympathetic axons. 

Morphological alterations in the spleens in K14-NGF mice.  Hypertrophy of SCG (due to 

increase neuronal number & size).  In adult K14-NGF mice, phasic neurons were 102% 

larger than control neurons.  Sensory (CGRP) & postganglionic sympathetic (TH) 

hyperinnervation occurred in the epidermis, dermis, & around hair follicle structures. 

Sympathetic hyperinnervation of the trigeminal & superior cervical ganglia, the lymph 

nodes, skin, DRG, spleen, nasal & oral mucosa & circumvallate papillae.  The % of 

p75+ neurons increases (by 10%) in K14-NGF transgenic mice. 

Yes (trigeminal 

ganglia, Davis et al., 

1994) 

Yes (DRG, Davis et 

al., 1996) 

Yes (trigeminal 

ganglia, Holmberg et 

al., 2001) 

Kitzman et al., 

1998, Guidry et 

al., 1998; Carlson 

et al., 1998; 1995 

Takami et al., 

1995; 1996; 

Davis et al., 1994; 

1996 

Albers et al., 

1994; Holmberg 

et al., 2001 
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Rat cardiac-

specific α-myosin 

heavy chain 

(αMHC) 

(αMHC-NGF) 

Myocardium/ 

heart 

Enlarged heart (increase in cardiac mass).  Hypertrophy of superior, cervical & stellate 

ganglia. A significant increase in total catecholamines in transgenic heart.  Greater 

density of sympathetic nerve endings in the myocardium.  Hypertrophy of right ventricle. 

Not mentioned 

Kiriazis et al., 

2005; 

Andrade-Rozental 

et al., 1995; 

Hassankhani et 

al., 1995 

cFos Astrocytes, neurons 

In the transgenic mice, neurons spontaneously synthesized & released NGF (2-3X higher 

levels than in wild type neurons).  NGF levels higher in hippocampus than in neocortical. 

Agents acting on the cFos promoter through the protein kinase C or cyclic AMP routes 

differentially increased the secretion of NGF by transgenic astrocytes or neurons. 

Objective: Examining the effects of trophic factors in the brain without worrying about 

the blood brain barrier or damaging the brain by administrating NGF. 

Not mentioned 

Onteniente et al., 

1994 

Rat prolactin 

 

 

Lactotropes 

(prolactin cell) of 

the anterior lobe of 

the Pituitary gland 

NGF stimulated a dramatic & specific hyperplasia of the pituitary gland. Pituitary cells 

from these animals secreted biologically active NGF that was capable of inducing rapid 

differentiation of cocultured PC12 cells. Despite this robust expression, transgenic 

pituitaries failed to show any detectable increase in neuronal innervation.  A dramatic 

hyperplasia of lactotrophs resulting in pituitaries 10-100 times larger than normal was 

observed. 

Not mentioned 

Borrelli et al., 

1992 

Myelin basic 

protein 
oligodendrocytes 

NGF+ oligodendrocytes were observed throughout the white matter. Substance P (SP)+ 

& calcitonin gene-related peptide (CGRP)+ fibres were detected in the white matter of 

the spinal cord of transgenic mice. In the cervical & lumbar dorsal root ganglia, the 

percentages of SP+ neurons were significantly higher in transgenic mice when compared 

with controls. The results indicate that primary sensory neurons are responsive to NGF 

over-expression in the CNS. Ectopic SP+ & CGRP+ fibres in the white matter are likely 

to represent collateral sprouts of the central processes of the DRG cells which were 

triggered by NGF overexpressed in the myelinating oligodendrocytes in the spinal cord 

of transgenic mice. 

Not mentioned 

Ma et al., 1995. 

Glial fibrillary 

acidic protein 

(GFAP-NGF) 

Astrocytes, satellite 

cells, Schwann 

cells/central & 

peripheral nervous 

systems 

Almost all (98%) trigeminal neurons that exhibit a sympathetic plexus were TrkA+.  

Furthermore, 86% were CGRP+.  In GFAP-NGF mice that lack p75NTR, sympathetic 

axons sprout randomly throughout the ganglionic neuropil & formed fewer plexuses.  

Cholinergic population of septal neurons was 15% larger than age-matched controls.  No 

change in the density of cholinergic septal axons b/w transgenic & control mice.  

Elevated NGF levels in hippocampus, trigeminal ganglia & cerebellum of GFAP-NGF 

mice.  Both sympathetic (TH) & sensory (CGRP) fibers invade the cerebellum of 

postnatal & adult GFAP-NGF mice. 

Yes (Trigeminal 

ganglia, Walsh et al., 

1998; 1999b) 

Hannila & 

Kawaja, 2003; 

Walsh et al., 

1998; 1999b 

Kawaja et al., 

1998; Coome et 

al., 1998;  Kawaja 

& Crutcher, 1997 
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Human glial 

fibrillary acidic 

protein 

Astrocytes 

In GFAP–hNGF–grafted animals, intrinsic striatal neurons proximal to the graft appear 

to have taken up hNGF secreted by the grafted cells. Ipsilateral to implants of GFAP–

hNGF-secreting cells, choline acetyltransferase+ neurons within the striatum were 

hypertrophied relative to the contralateral side or control-grafted animals.  GFAP–hNGF 

grafted rats displayed a robust sprouting of p75NTR+ fibers emanating from the 

underlying basal forebrain. 

Objective: Created transgenic mice so that hNGF secreting stem cells (from murine 

striatum) can be implanted into the striatum of adult rats. 

Not mentioned 

Carpenter et al., 

1997 

Smooth muscle 

protein 

(SMP-NGF) 

Smooth muscle 

cells/urinary 

bladder, descending 

colon, 

arteries/arterioles 

Smooth muscle cells, mesenteric arteries/arterioles, urinary bladder, & descending colon 

had 3-5x higher NGF protein than wild type mice.  Significant sympathetic sprouting in 

the descending colon & urinary bladder.  Sympathetic density in the mesenteric 

arteries/arterioles is unaffected by the higher levels of NGF. TH+ sympathetic fibers are 

found in the mucosal, submucosal & in the myenteric plexuses & circular & longitudinal 

smooth muscle layers.  In the urinary bladder, sympathetic axons are confined to the 

detrusor muscle.  Sympathetic sprouting is not augmented in the absence of p75NTR.  

Sensory sprouting is seen in the urinary bladder of NGF mice 

Yes (DRG, Petrie et 

al., 2013) 

Elliott et al., 2009 

Petrie et al., 2013 

Lung-specific 

Clara-cell 

secretory protein 

(CCSP-NGF) 

Clara cells/lung 

Both tachykinin-containing sensory fibers & sympathetic fibers were increased 

(hyperinnervated) around airways of CCSP-NGF mice.  Large nerves were found 

adjacent to larger airways.  Thickening of bronchi & branchioles.  Normal alveolar 

structures & trachea in CCSP-NGF mice.  CCSP-NGF mice are more sensitive to irritant 

stimulus of the respiratory tract. 

Not mentioned 

Hoyle et al., 1998 

Abbreviations: BDNF, brain derived neurotrophic factor; CCSP, clara-cell secretory protein; CGRP, calcitonin gene-related peptide: DBH, dopamine beta 

hydroxylase; DRG, dorsal root ganglia; GFAP, glial fibrillary acidic protein; hNGF, human NGF; K14, keratin 14 promoter; αMHC, cardiac specific alpha 

myosin heavy chain;  NF200, neurofilament; NGF, nerve growth factor, OE, over epressing; PCR, polyermase chain reaction; p75NTR, p75 neurotrophin 

receptor; RIP, rat insulin promoter; SMP, smooth muscle protein promoter; SP, substance P; TH, tyrosine hydroxylase; Trk, tyrosine kinase; WT, wild type
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Chapter 3 

Neuronal degeneration with sympathosensory plexuses in the trigeminal 

ganglia of aged mice that overexpress nerve growth factor 

(Submitted to Journal of Comparative Neurology) 

 

 

Objective: To determine the effects of age on the morphology and fate of the sympathosensory 

plexuses and associated primary sensory neurons in uninjured adult transgenic mice 

overexpressing NGF. 

  

Hypothesis: No alterations in the morphology of the sympathosensory plexuses and associated 

sensory neuron will be observed in aged NGF transgenic mice. 
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3.1 Abstract 

Aberrant sympathetic sprouting is seen in the uninjured trigeminal ganglia of transgenic mice that 

ectopically express nerve growth factor (NGF) under the control of the glial fibrillary acidic 

protein promoter.  These sympathetic axons form perineuronal plexuses around a subset of 

sensory somata in 2-3 month old transgenic mice; these plexuses are composed of thin fibers that 

conform to the round shape of the sensory somata.  Here we show that aged transgenic mice (at 

11-14 months and 16-18 months old) have dystrophic sympathetic perineuronal plexuses (i.e., 

increased densities of swollen axons), and that many of these dystrophic plexuses lack the round 

appearance.  Satellite glial cells, specifically those in contact with these dystrophic sympathetic 

plexuses in the aged mice, display robust immunostaining for tumor necrosis factor alpha 

(TNFα); these glia associated with perineuronal plexuses in younger mice (i.e., 2-3 months old) 

lack detectable immunostaining for TNFα.  This colocalization of dystrophic plexuses and 

reactive satellite glial cells in the aged mice coincides with degenerative features in the enveloped 

sensory somata (i.e., the appearance of cytoplasmic vacuolization, disrupted mitochondria, and 

dense bodies).  Collectively, these results show that, with age, perineuronal plexuses undergo 

dystrophic changes that heighten satellite glial cell reactivity, and that together these cellular 

events precisely coincide with neuronal degeneration.  This is the first account that sympathetic 

perineuronal plexuses in aged mice induce TNFα expression by associated satellite glial cells, 

which in turn may trigger structural defects in the affected primary sensory neurons.  
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3.2 Introduction 

The ability of nerve growth factor (NGF) to induce directional growth of peripheral fibers in vivo 

and outgrowth of neurites in vitro was first demonstrated by Rita Levi-Montalcini and her 

colleagues in the 1950s and 60s (Levi-Montalcini and Hamburger, 1951; Levi-Montalcini et al., 

1954; Levi-Montalcini and Booker, 1960).  Levi-Montalcini et al. (1954) showed that chick 

sympathetic ganglia formed halos of neurites in response to co-explants of NGF-releasing mouse 

sarcomas in culture.  The robust outgrowth of ganglionic fibers, as well as hyperplastic and 

hypertrophic changes in the associated ganglia, has all been attributed to elevated levels of NGF.  

Since those seminal studies, the generation of many different lines of NGF transgenic mice has 

collectively confirmed that this neurotrophin stimulates the directional growth of postganglionic 

sympathetic axons, as well as increases neuronal numbers and sizes in vivo (Edwards et al., 1989; 

Albers et al., 1994; Davis et al., 1994; Hassankhani et al., 1995; Kawaja and Crutcher, 1997; 

Hoyle et al., 1998; Elliott et al., 2009).  One curious manifestation of NGF-induced sympathetic 

sprouting in transgenic mice is the appearance of basket-like structures in the uninjured sensory 

ganglia (Albers et al., 1994; Davis et al., 1994; Walsh and Kawaja, 1998; Walsh et al., 1999b; 

Petrie et al., 2013).  This phenomenon, here referred to as sympathosensory plexuses, involves 

the abnormal growth of postganglionic sympathetic axons into the sensory ganglia where these 

fibers converge on a subpopulation of somata and form perineuronal plexuses.  Importantly, 

injury to peripheral nerves can also induce the formation of sympathosensory plexuses in the 

affected sensory ganglia of adult rats (Chung et al., 1993; McLachlan et al., 1993) and humans 

(Shinder et al., 1999).   

In our laboratory, we have examined perineuronal plexuses in the uninjured trigeminal 

ganglia of 2-3 month old transgenic mice that ectopically overexpress NGF under the control of 
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the glial fibrillary acidic protein (GFAP) promoter (Kawaja and Crutcher, 1997).  These aberrant 

sympathetic axons are in immediate proximity to the satellite glial cells that surround a 

subpopulation of trkA-immunopositive somata.  Despite this close association between the 

plexuses and the satellite glial cells/sensory somata, no obvious signs of reactivity have been 

detected in these glial cells.  In this study, our objective was to determine the overall consequence 

of sympathosensory plexuses in the trigeminal ganglia of aged NGF transgenic mice.  This is the 

first study to show that, with age, perineuronal plexuses of sympathetic axons are associated with 

both glial reactivity and neuronal degeneration/loss in NGF transgenic mice.  From these data, we 

can infer that sympathosensory plexuses in the injured ganglia of humans are likely to have long-

term detrimental effects on sensory function that is compounded by the process of aging.   

 

3.3 Materials and Methods 

3.3.1 Animals 

We have generated transgenic mice that ectopically express NGF under the control of the GFAP 

promoter (Kawaja and Crutcher, 1997); these animals display sympathetic perineuronal plexuses 

in the uninjured trigeminal ganglion (Walsh and Kawaja, 1998; Walsh et al., 1999b).  Genotyping 

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

at 1 month of age, and the isolated DNA was digested with EcoRI, and amplified with the 

following primers: NGF (5’-CTAGAATTCTGCAGGCAACTCAGCC; 5’-

CCTGAATTCTAGTGAACATGCTGTGCC).  All amplifications were carried out in an 

Eppendorf Mastercycler (Hamburg, Germany).  For this study, we used both male and female 

NGF transgenic mice from three age ranges: 2-3, 11-14, and 16-18 month old.  All experiments 
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were performed according to the guidelines of the Canadian Council for the Use and Care of 

Animals Guidelines and were approved by the Queen’s University Animal Welfare Committee.   

 

3.3.2 Tissue preparation and immunohistochemistry 

Under deep anesthesia (sodium pentobarbital at 8.2 mg/mouse delivered i.p.) NGF transgenic 

mice were perfused transcardially with 2% paraformaldehyde in 0.1M phosphate buffer (pH 7.4); 

lower concentration of fixative improves immunostaining for tyrosine hydroxylase (TH).  The 

trigeminal ganglia were removed from each animal, post fixed in perfusion fixative for 2 days, 

and then cryoprotected in 30% phosphate-buffered sucrose for 2 days.  All tissues were sectioned 

at 10 µm thickness using a cryostat and directly mounted onto Superfrost slides (Fisher 

Scientific), and then stored at -80°C.  Slides were allowed to thaw at room temperature for 5 

minutes and post-fixed in cold 2% paraformaldehyde in 0.1M phosphate buffer (pH 7.4) for 10 

minutes.  Slides were washed in 0.1M Tris buffer saline (TBS) for 5 minutes (performed after 

each step), and then blocked for 1 hour in 10% normal donkey serum (NDS) plus 0.25% triton-

X100 (TBX) at room temperature in a humidified chamber.  Sections of trigeminal ganglia were 

incubated with sheep anti-TH IgG (Millipore, Temecula, CA) and one of the following primary 

antibodies (diluted in 3% NDS plus 0.25% TBX) for 2 days at room temperature: rabbit anti-p75 

neurotrophin receptor (p75NTR) IgG (9651 IgG; kindly provided by Dr. M. Chao, NYU Langone 

Medical Center, NY), rabbit anti-cFos IgG (Abcam, Cambridge, MA), rabbit anti-ionizing 

calcium adaptor binding molecule 1 (Iba1) IgG (Wako, Richmond, VA), rabbit anti-tumor 

necrosis factor alpha (TNFα) IgG (Millipore, Temecula, CA), rabbit-anti-growth associated 

protein-43 (GAP-43) IgG (Millipore, Billerica, MA), rabbit anti-glial fibrillary acidic protein 

(GFAP) IgG (DakoCytomation), goat anti-tumor necrosis factor receptor 1 (TNFR1) IgG (Santa 



 

63 

 

cruz), and rabbit anti-inward rectifying potassium channel (Kir4.1) IgG (Alomone Labs, 

Jerusalem, Israel).  See Table 3 in Appendix E for antibody information.  Slides were incubated 

for 2 hours with appropriate secondary antibodies (in 3% NDS plus 0.25% TBX) tagged with 

fluorophores for visualization: FITC-conjugated AffiniPure donkey anti-sheep (for TH), 

DyLight
TM 

594-conjugated AffiniPure donkey anti-rabbit (for p75NTR, cFos, Iba1, GFAP, TNFα, 

and Kir4.1, all secondary antibodies from Jackson ImmunoResearch, West Grove, PA).  For 

double immunolabeling with TNFα and TNFR1, slides were first blocked in 0.3% hydrogen 

peroxide and 10% bovine serum albumin (BSA), and then incubated for 48 hours with TNFα IgG 

(1:1000; in 3% BSA); after which the sections were incubated in biotinylated goat anti-rabbit 

(1:200; in 3% BSA) for 2 hours, followed by a 2 hour incubation in ABC (Vector Laboratories).  

Positive immunostaining for TNFα was revealed by the DAB reaction, which results in a brown 

reaction product.  The sections were then rinsed in buffer and incubated for 48 hours with TNFR1 

IgG (1:1000; in 3% BSA); after which the sections were incubated in biotinylated rabbit anti-goat 

(1:200; in 3% BSA) for 2 hours, followed by a 2 hour incubation in ABC (Vector Laboratories).  

Positive immunostaining for TNFR1 was revealed by the BDHC reaction, which results in a blue 

crystalline reaction product.  All appropriate controls including the absence of primary or 

secondary antibodies revealing no autofluorescence or non-specific staining have been performed 

on sections of trigeminal ganglia from NGF mice.  Slides were cover slipped with DAPI-

mounting media (Vector Laboratories) and were viewed under a Zeiss Axioskop 2 MOT 

microscope with Zeiss axiocam.   

 

 

 



 

64 

 

3.3.3 Quantification 

Axiovision Rel. 4.5 software was used to capture images, adjust brightness, and measure axonal 

diameter, thickness and incidence of plexuses, and neurochemical cell counts from GFAPpr-NGF 

mice.  To quantify the somata diameter, and the incidence and thickness of plexuses in NGF 

transgenic mice, images (taken at 40x) from no less than 10 sections (n=20 (2-3 months), 10 (11-

14 months), 15 (16-18 months)) were used.  Neurochemical cell counts were also obtained in 

Axiovision.  Differences among the age groups were analyzed using GraphPad Prism 6 for a 

change in the thickness of plexuses using a 1-way analysis of variance (ANOVA) along with 

Tukey’s post-hoc tests for multiple comparisons.  Due to the unequal variances, logarithmic 

transformation was carried out prior to analysis.  The results for the thickness of plexuses of NGF 

transgenic mice for three age groups are plotted on a box-and-whisker plot.   

 

3.3.4 Transmission electron microscopy 

Under deep anesthesia (sodium pentobarbital at 8.2 mg/mouse delivered i.p.), NGF transgenic 

mice (n=15 per age group) were perfused transcardially with either phosphate-buffered 2% 

paraformaldehyde and 2% glutaraldehyde (pH 7.4) or phosphate-buffered 2% paraformaldehyde 

and 0.2% glutaraldehyde (pH 7.4).  The trigeminal ganglia from mice perfused with the 2% 

glutaraldehyde-containing fixative were trimmed into 2 mm
3
 pieces and post-fixed with 

phosphate-buffered 1% osmium tetroxide (pH 7.4).  These ganglionic pieces were subsequently 

dehydrated, cleared, and embedded in Epon.  The trigeminal ganglia from mice perfused with the 

0.2% glutaraldehyde-containing fixative were sectioned at ~50 µm thickness using a Vibratome.  

These sections were blocked in 10% bovine serum albumin (BSA) diluted in 0.25% TBX and 

then incubated with sheep anti-TH IgG for 5 days at room temperature.  After rinsing twice in 
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0.1M TBS, the sections were incubated with biotinylated rabbit anti-goat IgG (Vector Labs) for 3 

hours, rinsed, and then incubated in a solution containing the avidin-biotin complex (Vector 

Labs) for 2 hours at room temperature.  After a final rinse, sections were reacted in a solution 

containing 0.05% diaminobenzidine tetrahydrochloride, 0.04% nickel chloride, and 0.03% 

hydrogen peroxide in 0.1M TBS for 3 minutes.  Under a dissecting microscope, ganglionic 

sections were cut into smaller pieces and post-fixed in phosphate-buffered 1% osmium (pH 7.4); 

these tissues were subsequently dehydrated, cleared, and embedded in Epon.  All ultrathin 

sections (cut on a RMC microtome) were stained with uranyl acetate and lead citrate, and then 

viewed using a Hitachi 7000 transmission electron microscope.   

 

3.4 Results 

3.4.1 NGF-induced sympathosensory plexuses change with age 

Our group has reported the presence of sympathetic perineuronal plexuses around a subset of 

primary sensory neurons in the trigeminal ganglia of 2-3 month old NGF transgenic mice (Walsh 

and Kawaja, 1998; Walsh et al., 1999b).  These TH-immunopositive plexuses in uninjured NGF 

mice resemble those found in the affected dorsal root ganglia after peripheral nerve injury in adult 

rats and mice (Chung et al., 1993; McLachlan et al., 1993; Ramer and Bisby, 1997, 1998).  

Specifically, these ectopic axons envelop the sensory somata, conforming to the round shape of the 

perikarya.  These sympathetic axons also come in direct contact with the surrounding satellite glial 

cells (and in some instances penetrate into the glia-neuronal space; personal observations).  Here 

we showed that TH-immunoreactive axons were found throughout the trigeminal ganglia of NGF 

transgenic mice at 2-3, 11-14, and 16-18 months of age.  There were no statistically significant 
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differences in the incidence of perineuronal plexuses among these three age groups: 5% (i.e., 150 

somata with plexuses among 3051 somata from 20 sections per mouse from 2-3 month old mice, 

n=20 mice), 4% (i.e., 53 somata with plexuses among 1350 somata from 10 sections per mouse 

from 11-14 month old mice, n=10), and 4% (i.e., 138 somata with plexuses among 3236 somata 

from 20 sections per mouse from 16-18 month old mice, n=15).  On the one hand, these TH-

immunopositive sympathetic plexuses displayed common characteristics at all three age ranges: 1) 

the axons were in immediate contact with the satellite glial cell ensheathment; 2) the axons 

completely enveloped the primary sensory somata (with a mean diameter ~ 25 μm), conforming to 

the round shape of the perikarya; and 3) the plexuses were associated with p75NTR-

immunopositive sensory somata (Figure 3.1A).  On the other hand, these same plexuses exhibited 

clear changes with advancing age in the transgenic mice.  In 2-3 month old mice, individual TH-

immunoreactive sympathetic axons (with small varicosities) were seen contributing to the plexuses 

(mean thickness of plexus 5.3 ± 1.9 μm (standard deviation), n=35 plexuses) (Figures 3.1A, B).  

By 11 months of age and older, TH immunoreactivity revealed dystrophic processes with 

statistically significant thicker plexuses (mean thickness 8.6 ± 3.4 μm, n=42 plexuses at 11-14 

months of age, and 9.7 ± 4.1 μm, n=47 plexuses at 16-18 months of age) (Figures 3.1A, B).  One-

way ANOVA was used to analyze differences in the thickness of plexuses among the three age 

groups.  This analysis revealed statistically significant findings of age (F (2, 119) = 21.32, 

p<0.001).  The Tukey’s post hoc tests demonstrated that, compared to 2-3 month old NGF 

transgenic mice, both 11-14 (t119 = 6.925, p<0.0001) and 16-18 month old mice (t119 = 8.92, p 

<0.0001) have thicker sympathetic plexuses  The shape of the plexuses, in 2-3 month old mice, 

conformed to the round shape of the sensory somata with the adjacent satellite glial cells.  As early 

as 11 months of age, many of the dystrophic plexuses appeared distorted with indentations; the 
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incidence of these dystrophic plexuses increased by 16 months of age (Figure 3.1A).  From 2 to 16 

months of age, all sympathetic axons and plexuses displayed a precise colocalization of TH and 

the growth associated protein (GAP-43) in the trigeminal ganglia of transgenic mice (Figures 3.1C, 

C’), as previously shown by Jiang et al. (2007).  By 17 months of age, however, many of the TH-

immunoreactive plexuses displayed a reduction or loss of GAP-43 immunostaining (Figures 3.1D, 

D’).   

At the electron microscope level, TH immunoreactivity in the trigeminal ganglia of NGF 

transgenic mice was used to localize perineuronal plexuses at all three age ranges.  At 2-3 months 

of age, these plexuses consisted of small-diameter TH-immunostained axonal profiles that were in 

immediate contact with the enveloping satellite glial cells; rarely were sympathetic axons found in 

direct contact with the underlying sensory somata (Figures 3.2A, 2B).  Adjacent to perineuronal 

plexuses, unmyelinated TH-immunopositive axons coursing through the neuropil were ensheathed 

by Schwann cells.  Between 11 and 18 months of age, these plexuses were composed of many 

more TH-immunopositive axonal profiles ensheathed by the satellite glial cells (12 months of age, 

Figures 3.2C, D, see Appendix F for more images; 16 months of age, Figures 3.2E F, see 

Appendix F for more).   
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Figure 3. 1. Tyrosine hydroxylase (TH)-immunopositive sympathetic plexus in aged 

GFAPpr-NGF mice. 

A: Tyrosine hydroxylase (TH)-immunopositive sympathetic plexuses are associated with 

p75NTR-immunpositive sensory neurons in the trigeminal ganglia of GFAPpr-NGF transgenic 

mice at all ages examined.  Compared to 2-3 month old transgenic mice, TH-immunopositive 

sympathetic plexuses in the trigeminal ganglia of 11-14 and 16-18 month old transgenic mice 

appear swollen and distorted.  B: There is a statistically significant difference (*p<0.001) in the 

thickness of the sympathetic plexuses between the young and aged transgenic mice.  C, C’:  

Sympathosensory plexuses can be revealed by both TH and growth associated protein-43 (GAP-

43) immunostaining in adult (up to16 months of age) transgenic mice; by 17-18 months of age, 

there is a dramatic reduction in GAP-43 expression in the perineuronal plexuses (arrows; D, D’).  

Scale bars = 20 μm. 
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Figure 3. 2. Ultrastructural examination of TH-immunopositive sympathetic plexuses in 

aged GFAPpr-NGF mice. 

A, B: At the transmission electron microscope level, TH immunoreactivity reveals sympathetic 

axons (arrows) within the satellite glial cell ensheathment (shaded blue, * nucleus of satellite cell) 

in the trigeminal ganglia of 2-3 month NGF transgenic mice.  C, D: By 12 months of age, there is 

an increase in the number of sympathetic fibers immunolabeled with TH (shaded blue) in 

transgenic mice.   These sympathetic axons are seen meandering around the axon of the primary 

sensory neuron (shaded yellow).  E, F:  By 16 months of age, the density and size of TH 

immunoreactive sympathetic axons has increased and are associated with neurons containing 

enlarged and disrupted mitochondria (arrowheads).  Scale bars = 0.8 μm (A), 0.6 μm (B), 2 μm 

(C), 1 μm (D, F), and 1.6 μm (E). 
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3.4.2 Neurodegeneration associated with sympathosensory plexuses in aged transgenic mice 

In 16-18 month old transgenic mice, many of the somata surrounded by TH plexuses (i.e., 21 of 

239 plexuses, n=18 mice) were seen without neuronal profiles (i.e., an absence of somal cytoplasm 

and/or nucleus) (Figures 3.3A-D).  This observation was rarely seen in neurons in the absence of a 

sympathetic plexus.  We did, however, find one dead neuron that was not associated with a 

detectable TH-immunopositive plexus in the trigeminal ganglia of a 18 month old NGF transgenic 

mouse (Figure 3.3D).  This particular neuron was in close proximity to a neighbouring plexus.  At 

the ultrastructural level, somata enveloped by perineuronal plexuses displayed signs of 

degeneration including the presence of cytoplasmic vacuolizations and dense bodies (in a variety 

of sizes), lipofuscin, an irregular-shaped electron-lucent nucleus, and enlarged mitochondria with 

disrupted internal cristae (Figures 3.3E-G, see Appendix G).  The aforementioned are cellular 

hallmarks of necrotic cell death (Krysko et al., 2008a, b).  Some of these features (i.e., vacuoles) 

were also evident in satellite glial cells and endothelial cells of blood vessels (data not shown).  

These necrotic features were never observed in the trigeminal ganglia of 2-3 or 11-14 month old 

transgenic mice.  Importantly, by 18 months of age, all of our aged NGF transgenic mice had 

reported health problems (e.g., large abscesses, severe lethargy) and were euthanized, as requested 

by our animal care facility.   
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Figure 3. 3. Neurodegeneration associated with sympathosensory plexuses in aged NGF 

transgenic mice. 

A-D: Tyrosine hydroxylase (TH) immunostaining reveals sympathosensory plexuses (arrowheads) 

in the absence of neuronal profiles (double arrowheads) in the trigeminal ganglia of 16-18 month 

old transgenic mice.  In these aged mice, TH-immunopositive plexuses are colocalized with 

positive immunostaining for tumor necrosis factor alpha (TNFα, A), inwardly rectifying potassium 

channel (Kir4.1, B) among satellite glia and are in close association with reactive ionizing calcium 

adaptor binding molecule 1 (Iba1)-immunopositive macrophages (C).  Inset in B shows Kir4.1-

immunostaining without the overlying TH-immunopositive plexus (*).  D: By 18 months of age, 

neuronal degeneration is seen in the absence of an associating TH-immunopositive sympathetic 

plexus (arrow).  E-G: At the transmission electron microscope level, many sensory somata display 

signs of necrotic-mediated neuronal degeneration, including cytoplasmic vacuolization (*), large 

dense bodies (seen in F), irregular-shaped neuronal nuclei (arrows), and enlarged and disrupted 

mitochondria (arrowheads).  Scale bars = 20 μm (A-D), and 2 μm (E-G).  
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3.4.3 Neurochemical changes in neuronal and non-neuronal cells of aged transgenic mice 

In addition to changes in the appearance of the perineuronal plexuses and the enveloped sensory 

somata with advancing age, 11-14 and 16-18 month old transgenic mice displayed neurochemical 

alterations among the associated satellite glial cells.  First, in the aged mice, 61% (i.e., 45 of 74 

plexuses from 11-18 month old mice, n=15) of sympathetic plexuses were associated with satellite 

glial cells having robust immunostaining for the inflammatory cytokine tumor necrosis factor 

alpha (TNFα), as compared to 14% of those seen in younger mice (i.e., 7 of 50 plexuses from 2-3 

month old mice, n=10) (Figure 3.4A).  In the absence of sympathetic plexuses, ~1% of satellite 

glial cells at all examined ages displayed immunostaining for TNFα.  Weaker TNFα 

immunostaining was seen in ganglionic Schwann cells and macrophages, both of which were not 

associated with sympathetic plexuses.  Though TNFα receptor 1 was co-expressed with TNFα in 

satellite glial cells of aged mice, levels of receptor detection by immunostaining were not 

increased by the presence of sympathetic plexuses (Figure 3.4B).  Second, in the aged mice, 60% 

(i.e., 58 of 97 plexuses from 11-18 month old mice, n=15) of sympathetic plexuses were 

associated with satellite glia having strong immunostaining for the proto-oncogene cFos, as 

compared to 47% (i.e., 14 of 40 plexuses from 2-3 month old mice, n=10) of those seen in younger 

mice (Figure 3.4A).  In the absence of sympathetic plexuses, ~11% of satellite glial cells at all 

examined ages displayed immunostaining for cFos.  In the aged transgenic mice, the majority of 

sensory nuclei were immunopositive for cFos.  Other glial biomarkers such as GFAP and Kir4.1 

(inwardly rectifying potassium channel) revealed no changes in immunostaining among satellite 

glial cells with or without associated perineuronal plexuses across the three age groups examined 

(Figures 3.4C, D).  Kir4.1 immunostaining was revealed in the sensory nuclei of transgenic mice 

from all age groups.  Importantly, the application of the Kir4.1 blocking peptide along with the 



 

73 

 

Kir4.1-antibody eliminated the expression of this protein in the satellite cells however, nuclear 

expression remained, suggesting that Kir4.1-immunostaining in the neuronal nuclei is the result of 

non-specific staining.  This potassium channel marker was not detected in the nucleus of neurons 

in the trigeminal ganglia of 2-3 month wild type mice.  Young transgenic mice (and their age-

matched wild type siblings) had Iba1-immunopositive macrophages scattered throughout the 

trigeminal ganglia; these surveying macrophages displayed no discernible association with TH-

immunostained perineuronal plexuses (Figure 3.4A).  In the aged mice, the incidence of Iba1-

immunopositive macrophages was diminished, though many of the remaining cells displayed 

morphologies akin to reactive macrophages (i.e., retraction of processes and enlarged cell body) 

and were found clustered around those satellite glia/sensory somata that were associated with 

perineuronal plexuses (Figure 3.4A).   

 

 

 

 

 

 

 

 

 

 

 

 



 

74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 4. Double immunolabeling reveals an association between TH-immunopositive 

plexuses and reactive satellite cells and activated macropahges in aged NGF mice.  

A: Double immunostaining reveals an association between TH-immunopositive plexuses and 

TNFα-immunopositive satellite glia, cFos-immunopositive satellite glia, and Iba1- 

immunopositive macrophages in the 11-14 and 16-18 month old trigeminal ganglia of NGF 

transgenic mice; little to no association between sympathetic plexuses and TNFα-, cFos-, Iba1- 

immunopositive cells is seen in the 2-3 month old transgenic mice.  Insets show TNFα, cFos, and 

Iba1-immunostaining without the overlying TH-immunopositive plexuses (*).  B:  TNFα-

immunopositive satellite glial cells coexpress TNF receptor 1, which is expressed by the majority 

of satellite glia and Schwann cells in the trigeminal ganglia of NGF mice.  There is no difference 

in Kir4.1 (C) and GFAP (D) immunostaining in satellite glia associated with a sympathetic 

plexuses (* indicates the presence of a plexus).  Scale bars = 20 μm (A, C, D), and 10 µm (B). 
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3.5 Discussion 

This is the first study to examine the long-term effects of NGF-induced sympathetic sprouting and 

plexus formation in the uninjured trigeminal ganglia of aged transgenic mice.  The abnormal 

process of sympathosensory sprouting involves the formation of sympathetic plexuses around the 

somata (and associated satellite glial cells) of a subset of primary sensory neurons.  In this study, 

we have found that, with advancing age, these aberrant sympathetic plexuses display specific 

alterations in three cellular elements: 1) the progressive development of dystrophic enveloping 

sympathetic axons (i.e., swollen and thickened); 2) the increased expression of TNFα by the 

satellite glial cells associated with the dystrophic plexuses; and 3) the degeneration of those 

sensory somata surrounded by dystrophic plexuses and TNFα-immunopositive satellite glial cells.   

Sympathetic perineuronal plexuses have been reported in three lines of NGF transgenic 

mice: those expressing NGF under the keratin promoter (for targeted synthesis in the skin) (Albers 

et al., 1994; Davis et al., 1994), those expressing NGF under the GFAP promoter (for targeted 

expression in the brain and spinal cord) (Kawaja and Crutcher, 1997; Walsh and Kawaja, 1998) 

and those expressing NGF under the smooth muscle α-actin protein promoter (for targeted 

expression in hollow organs such as the intestines and urinary bladder) (Petrie et al., 2013).  In 

these lines of transgenic mice, sympathetic axons invade the sensory ganglionic environment, 

where they converge on a subset of somata of primary neurons that co-express trkA and p75NTR.  

Plexuses of sympathetic axons are also seen after peripheral nerve injury in the affected sensory 

ganglia of 2-3 month old rats (Chung et al., 1993; McLachlan et al., 1993) and 16 month old rats 

(Ramer and Bisby, 1998b); these plexuses, which were examined between 5 and 70 days after 

injury, displayed no obvious morphological differences between these two ages.   It is important to 

note that, while sympathetic sprouting and plexus formation also occurs in the affected sensory 
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ganglia following peripheral nerve injury in adult mice (Ramer and Bisby, 1998a; Krol and 

Kawaja, unpublished observations), mice appear to have fewer enveloping sympathetic fibers that 

contribute to a partial plexus.  In addition, we have found that different strains of mice have 

varying degrees of sympathetic sprouting following injury.  Adult BALB/c mice have a 

significantly higher proportion of TH-immunopositive axons in the affected DRG 4 weeks 

following injury, as compared to that seen in the affected ganglia of age-matched C57Bl/6 mice 

(Krol and Kawaja, unpublished observations).  Moreover, plexuses that form in NGF transgenic 

mice are distinct from those seen in adult mice after peripheral nerve injury.  Qualitatively, the 

density of sympathetic fibers contributing to the plexuses of transgenic mice is greater than that 

observed in adult mice after nerve injury.  There is also a higher incidence of plexuses in NGF 

transgenic mice compared to nerve injured adult mice.   

In both NGF transgenic mice (2-3 months of age) and nerve-injured adult rats, the 

sympathetic plexuses are composed of thin varicosed fibers that envelop the sensory somata and 

conform to their round shape.  Here we show that, with advancing age, the sympathetic 

perineuronal plexuses in transgenic mice (overexpressing NGF under the control of the GFAP 

promoter) undergo dystrophic changes.  Specifically, there is an increase in the density of fibers 

and the individual fibers are swollen, giving the plexuses a thickened appearance.  These 

observations are also seen in the brains of aged NGF transgenic mice (Appendix H).  Those 

perikarya having dystrophic plexuses have indentations, resulting in a distorted shape of the 

enveloping plexus.  Though the reason for the appearance of dystrophic plexuses remains elusive, 

one possibility is that the levels of ectopic NGF decrease with advancing age.  In our transgenic 

mice, ectopic NGF is produced by GFAP-expressing astrocytes, which in turn stimulates the 

collateral growth of trigeminal afferents into the cerebellum (Kawaja et al., 1997).  We speculate 
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that those sensory neurons with a plexus are those trigeminal neurons sending axons into the 

cerebellum of the GFAPpr-NGF mice.  RT-PCR results however show that levels of NGF (i.e., 

specifically proNGF, Fahnestock et al., 2001) expression in the cerebellum remain comparable 

between young and aged NGF transgenic mice (data not shown).  Another probable explanation 

might be a shift in the accumulation of proNGF versus mature NGF in those sensory neurons 

associated with dystrophic plexuses.  Though proNGF, unlike NGF, has been linked to neuronal 

dysfunction and subsequent apoptosis (Lee et al., 2001), our preliminary data show that proNGF 

protein is not detectable in the trigeminal ganglia of young and aged transgenic mice.  Levels of 

mature NGF protein, on the other hand, are lower in the trigeminal ganglia of aged transgenic 

mice, as compared to those detected in young transgenic mice.  Such reduction of mature NGF 

protein in the trigeminal ganglia is likely to adversely affect the appearance/neurochemical 

phenotype of these invading trkA-positive sympathetic axons.  Our data support this postulate as 

these dystrophic plexuses exhibit a loss of GAP-43 immunostaining, the expression of which is 

regulated by NGF (Federoff et al., 1988; Meiri and Burdick, 1991).   

Sympathetic perineuronal plexuses are in immediate contact with the satellite glial cells 

that form a complete ensheathment of the primary sensory somata.  This is true for both plexuses 

seen in NGF transgenic mice (Walsh et al., 1999b) and in nerve-injured rats (Chung et al., 1997; 

Zhou et al., 1999).  Our study here is the first to examine the neurochemical reactivity of these 

glial cells in contact with sympathetic plexuses.  cFos immunostaining was revealed in the nuclei 

of sensory neurons in aged mice but absent in the 2-3 month old mice.  Though this biomarker 

appeared to be weakly or moderately affected by the presence of sympathetic plexuses, it is clear 

that those satellite glial cells associated with dystrophic plexuses in aged mice display a 

pronounced up-regulation of TNFα expression (as evidenced by shifts in immunostaining 
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intensities).  In contrast, satellite glial cells (associated with plexuses) in young transgenic mice 

display weak immunostaining for TNFα.  The precise colocalization of TNFα-immunopositive 

satellite glial cells and dystrophic sympathetic plexuses in trigeminal ganglia of aged transgenic 

mice suggest an induction of glial reactivity, specifically in the enhanced production of the 

proinflammatory cytokine TNFα.  The up-regulation of TNFα precedes the appearance of the 

dystrophic plexuses, and thus the colocalization of these two cellular events in the aged mice is a 

possible trigger for neuronal degeneration.  That the associated satellite cells express both TNFα 

and the receptor TNFR1 suggests an autoregulatory mechanism underlying this glial reactivity.  

The appearance of dystrophic sympathetic plexuses and TNFα-immunopositive reactive 

satellite glial cells coincides with pronounced degenerative ultrastructural features in the 

enveloped sensory somata.  For instance, many of these somata in the aged transgenic mice have 

indentations of the plasma membrane, which results in the distortion of the dystrophic plexuses.  

These same perikarya have cytoplasmic vacuolizations, dense bodies (in a variety of sizes), an 

irregular-shaped electron-lucent nucleus, and enlarged mitochondria with fragmented internal 

cristae, all of which are recognized features of necrotic cell death (Krysko et al., 2008a, b).  The 

accumulation of lipofuscin (i.e., indigestible residues in lysosomes) is a well-known age-related 

structural change that occurs in neurons and is thought to be correlated with mitochondrial 

degeneration (Ledda et al., 1999; Pannese, 2011).  Changes such as mitochondrial size and the 

presence of electron-dense bodies have been reported in aged rabbits (Martinelli et al., 2003; 2006; 

2007) and aged rats (Vanneste et al., 1981).  The appearance of dysfunctional mitochondria (i.e., 

swollen and absent internal cristae) in our aged transgenic mice is distinct from normal aging and 

is likely indicative of neuronal necrosis/apoptosis (Hyde and Durham, 1994). 



 

79 

 

  Though it remains to be determined whether glial-derived TNFα is the trigger for these 

neuronal degenerative features, the precise appearance of TNFα-immunopositive satellite glial 

cells enveloping those sensory somata displaying many anatomical signs of degeneration makes 

this proinflammatory cytokine a likely candidate.  Functionally, a decrease in the size of this 

neuronal population (i.e., trkA expressing nociceptive neurons) would likely have a negative effect 

on pain/temperature perception in these aged mice.  Overall, these results show that, with age, 

perineuronal plexuses undergo dystrophic changes that dramatically heighten satellite glial cell 

reactivity, and ultimately lead to neuronal degeneration in the trigeminal ganglia of adult mice.   
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Chapter 4 

The absence of nerve growth factor promoter activity in the DRG in 

mouse models of neuropathic and inflammatory pain 

 

Objective: To determine the precise cellular sites of NGF production in the DRG of adult 

reporter mice prior to and following injury. 

  

Hypothesis: In the absence of nerve injury, no cells in the DRG will synthesis NGF (revealed by a 

lack of eGFP expression in adult NGFpr-eGFP reporter mice). 

 

Hypothesis: NGF promoter activity will be revealed by eGFP expression in sensory neurons in 

the affected DRG of adult reporter mice after injury. 
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4.1 Abstract 

Injury to the peripheral nervous system triggers the collateral sprouting of sympathetic fibers into 

the sensory ganglia and around large diameter neurons that are sensitive to nerve growth factor 

(NGF).  This neurotrophin is upregulated in target tissues after injury, however there are 

conflicting observations on the exact sources of NGF synthesis prior to and following injury.  Our 

group has previously generated a line of reporter mice that ectopically express enhanced green 

fluorescent protein (eGFP) under the control of the NGF promoter.  We have previously found 

cells in the affected sciatic nerve to display detectable eGFP expression (i.e., NGF promoter 

activity) in adult mice at 2 days following nerve ligation.  Here, we have found an absence of 

NGF promoter activity in the dorsal root ganglia (DRG) of reporter mice prior to and following 

injury.  These results suggest that NGF is a target derived molecule that is retrogradely 

transported to the cell bodies of neurons rather than endogenously produced in the sensory 

ganglia.   

 

4.2 Introduction 

Peripheral nerve injury can trigger the growth of postganglionic sympathetic axons into the 

sensory ganglia and form sympathosensory plexuses around a subset of nerve growth factor 

(NGF)-sensitive primary neurons (Chung et al., 1993; Li et al., 2011; McLachlan et al., 1993; 

Ramer et al., 1998).  These sympathosensory plexuses have been implicated in the development 

and pathogenesis of neuropathic pain (Li et al., 2007; Zhang et al., 2004).  There is evidence to 

suggest a role for NGF in the formation of sympathosensory plexuses.  For example, 

overexpressing NGF using transgenic mice promotes the abnormal collateral growth of NGF-
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sensitive sympathetic axons into the sympathetically-foreign environment of the sensory ganglia 

(Davis et al., 1994; Walsh and Kawaja, 1998).  Conversely, anti-NGF treatment reduces the 

degree of collateral sprouting of nociceptive fibers, and diminishes neuropathic pain symptoms 

such as heat hyperalgesia (Ro et al., 1999) and mechanical hyperalgesia (Gwak et al., 2003) in 

adult rats and mice following nerve injury.  There is also a significant loss of nociceptive sensory 

neurons and a reduction in pain behaviour in mice lacking NGF or trkA (Crowley et al., 1994; 

Smeyne et al., 1994; McMahon, 1996).   

The underlying mechanisms for sympathosensory plexuses are elusive as the exact 

cellular sites of NGF production/expression following injury are unknown.  Though it is well 

understood that NGF is a target derived molecule there are conflicting data on whether cells 

within the sensory ganglia also produce NGF prior to and following injury.  NGF mRNA has 

been detected in the sensory ganglia of uninjured (Korshing and Thoenen, 1985; Shelton and 

Reichardt, 1984; Yamamoto et al., 1996) and injured adult rats (Li et al., 2003; Shen et al., 1999; 

Zhou et al., 1999) by reverse transcriptase polymerase chain reaction (RT-PCR) and/or by in situ 

hybridization.  These two methods have many limitations including the detection and 

amplification of false positives signals and the inability to localize proteins to specific cell types.  

Thus, novel methods are required to accurately determine which cell types produce NGF.  To 

determine if cells in the peripheral nerves and sensory ganglia synthesis NGF our group created a 

line of reporter mice that ectopically express enhanced green fluorescent protein (eGFP) under 

the control of the NGF promoter (Kawaja et al., 2011, see Appendix A).  These mice have 

allowed for the unbiased examination of the location of NGF promoter activity.  In other words, 

when the NGF promoter is active (i.e., transcribed) those specific cells will express eGFP.  
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Importantly, eGFP expression does not only represent functional protein (i.e., proNGF and 

mature NGF) but reveals the precise cellular sites of inactive preproNGF.   

In these uninjured postnatal and adult reporter mice, eGFP -positive cells were revealed 

in numerous non-neural and neural tissues including the lungs, gastrointestinal tract, cerebellum 

and spinal cord but not in the trigeminal ganglia or peripheral nerves (Kawaja et al., 2011).  

Similar to previous reports (Heumann et al., 1987), we demonstrated a nerve injury-induced 

upregulation of eGFP expression in Schwann cells and macrophages in the proximal nerve stump 

in our 2-3 month old reporter mice at 2 days post-nerve ligation (Kawaja et al., 2011).   

Here, for the first time, we examined NGF promoter activity (revealed by eGFP 

expression) in the dorsal root ganglia (DRG from lumbar level 3-6) of adult mouse models of 

neuropathic and inflammatory pain.  In addition, we investigated the effect of injury on 

sympathetic sprouting and plexus formation in the DRG of adult NGFpr-eGFP mice.  Based on 

our previous findings, we predict that NGF promoter activity, revealed by eGFP expression, will 

be observed in the DRG of adult mice following injury (i.e., partial sciatic nerve ligation and 

monosodium iodoacetate injections).  We also expect to find sympathetic sprouting and plexus 

formation in the affected ganglia of adult mice following injury.   

 

4.3 Materials and Methods 

4.3.1 Animals 

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

and Care of Animals Guidelines and were approved by the Queen’s University Animal Welfare 
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Committee.  Care was taken to reduce the number of animals, when possible.  All mice were kept 

under a 12 hours dark/light cycle, at room temperature (22-24 °C) with food and water ad libitum.   

As previously reported by our group (Kawaja et al., 2011), adult male and female 

reporter mice (2-3 month old) that express enhanced green fluorescent protein (eGFP) under the 

control of the NGF promoter (designated as NGFpr-eGFP) were used in this study.  Briefly, the 

NGFpr-eGFP construct involved removing the cytomegalovirus immediate-early gene promoter 

from the plasmid eGFP-N1 (ClonTech, Palo Alto, CA) and inserting the -2100 bp 5’ mouse NGF 

promoter into the plasmid.  The eGFP-N primer (ClonTech) was used to sequence the construct 

and to genotype all progeny by PCR.  Ear punches were taken from each animal, digested with 

EcoRI, and amplified with the following primers: NGF (5’-TCGGTGAGTCAGGCTTCTCT- 3’) 

and eGFP (5’ –TGAGTTTGGACAAACCACAAC- 3’).  All amplifications were carried out in 

an Eppendorf Mastercycler (Hamburg, Germany).   

 

4.3.2 Injury models 

Adult male and female NGFpr-eGFP mice were anesthetized under isoflurane following the 

injection of 0.2μl buprenorphine.  These reporter mice were subjected to one of two injury models 

of neuropathic pain.  For the partial sciatic nerve ligation, the left sciatic nerve was exposed 

following a mid-thigh incision and approximately half of the sciatic nerve underwent a tight 

ligation using 6.0mm silk ligatures.  The overlaying muscle and skin were sutured and stapled.  

Uninjured and sham operated mice with a mid-thigh incision and the exposure of the sciatic nerve 

were also used.  Completeness of injury was assessed by paralysis of the affected limb.  The 

following recovery periods were: 1 hour, 6 hours, 24 hours, 48 hours, 1 week, 2 weeks, and 4 

weeks.  For the model of inflammatory pain, adult mice underwent a unilateral intradermal 



 

85 

 

injection of 50µl of MIA (0.3g of sodium iodoacetate (Sigma) diluted in 5ml sterile saline) into the 

right hind limb foot pad.  Local inflammation of the footpad was reported 24 hours after injections 

in all experimental mice.  Mice were allowed to recover for 24 hours, 48 hours, 72 hours, and 1 

week. 

 

4.3.3 Tissue preparation 

At the specific recovery periods, injured and uninjured mice were sacrificed by deep anesthesia 

(i.e., sodium pentobarbital at 8.2 mg/mouse delivered intraperitoneally) and perfused transcardially 

with 2% paraformaldehyde in 0.1M phosphate-buffered saline (pH 7.4).  The ipsilateral and 

contralateral DRG (from lumbar level 4-6) were removed, placed in perfusion fixative for 2-3 

days, and then cryoprotected in 30% phosphate-buffered sucrose for 2 days.  Tissues were 

embedded in Cryomatrix
TM

 (Shandon) frozen at -20°C, sectioned at 10 µm thickness onto 

Superfrost/Plus slides (Fischer Scientific) and stored at -20°C.  Slides were allowed to thaw at 

room temperature for 5 minutes and post-fixed for 10 minutes in cold 2% paraformaldehyde in 

0.1M phosphate buffer (pH 7.4) prior to immunostaining.   

 

4.3.4 Antigen retrieval by fluorescent immunostaining 

Slides were washed in 0.1M Tris buffer saline (TBS) for 5 minutes (performed after each step), 

and then blocked for 1 hour in 10% normal donkey serum (NDS) plus 0.25% triton-X100 (TBX) 

at room temperature in a humidified chamber.  Sections of DRG were incubated with one of the 

following primary antibodies (diluted in 3% NDS plus 0.25% TBX) for 2 days: sheep anti-tyrosine 

hydroxylase (TH) IgG (Millipore, Temecula, CA), rabbit anti-cFos IgG (Abcam, Cambridge, MA), 
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rabbit anti-ionizing calcium adaptor binding molecule 1 (Iba1) IgG (Wako, Richmond, VA), and 

rabbit anti-glial fibrillary acidic protein (GFAP, Dako).  Slides were incubated for 2 hours with 

appropriate secondary antibodies (in 3% NDS plus 0.25% TBX) tagged with fluorophores for 

visualization: Texas red-conjugated donkey anti-sheep (for TH), and Texas red-conjugated donkey 

anti-rabbit (for cFos, Iba1, and GFAP; all secondary antibodies from Jackson ImmunoResearch, 

West Grove, PA).  eGFP expression was visualized under the FITC filter.  All appropriate controls 

for both primary and secondary antibodies have been performed on sections of DRG from adult 

NGFpr-eGFP mice.  Slides were cover slipped with DAPI-mounting media (Vector Laboratories) 

and were viewed under a Zeiss microscope with axiocam.  Axiovision Rel. 4.5 software was used 

to capture images, which were adjusted for brightness in Axiovision.  No other manipulations were 

performed on these images, saved as TIFs, and all figures were created in Adobe Illustrator C5.   

 

4.3.5 Transmission electron microscopy 

At 1, 2, and 4 weeks post-ligation, 2-3 month old NFGpr-eGFP reporter mice (n=2 per recovery 

period) were anaesthetized under deep anesthesia (sodium pentobarbital at 8.2 mg/mouse delivered 

i.p.), and perfused transcardially with phosphate-buffered 4% paraformaldehyde and 2% 

glutaraldehyde (pH 7.4).  The ipsilateral DRG from injured adult mice were trimmed into pieces 

and post-fixed with phosphate-buffered 1% osmium tetroxide (pH 7.4).  These ganglionic pieces 

were subsequently dehydrated, cleared, and embedded in Epon.  All ultrathin sections (cut on a 

RMC microtome) were stained with uranyl acetate and lead citrate, and then viewed using a 

Hitachi 7000 transmission electron microscope.   
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4.4 Results 

4.4.1 NGF promoter activity in the DRG of uninjured reporter mice 

NGF mRNA and protein have been detected in the sensory ganglia of uninjured animals and 

humans (Korshing and Thoenen, 1985; Santos et al., 2012; Shelton and Reichardt, 1984; 

Yamamoto et al., 1996).  Very few studies, however, have localized NGF production to specific 

cell types in the DRG of adult mice.  To determine if NGF synthesis is present prior to nerve 

injury, we examined the lumbar DRG from uninjured 2-3 month old NGFpr-eGFP reporter mice.  

As predicted, no eGFP expression was detected in any cell type in the adult DRG of these 

uninjured mice; postnatal day 1 and day 10 mouse pups also lacked eGFP-positive cells in these 

tissues (Kawaja et al., 2011).  To confirm the presence of the eGFP transgene, all reporter mice, 

following the fixation process, had their thymus removed and viewed under the fluorescent 

microscope.  All mice in this study had eGFP expression in the thymic reticular cells (Figures 

4.1A, B).  Mice that lacked eGFP-positive cells in this tissue were not used in the study. 

 

4.4.2 NGF promoter activity and sympathetic sprouting in the DRG of reporter mice post-

nerve ligation 

Most studies have examined NGF protein expression, revealed by immunostaining, in the sensory 

ganglia after a peripheral nerve injury or spinal cord injury.  This nerve injury-induced increase in 

neuronal NGF expression is likely the result of retrograde delivery of this neurotrophin by trkA-

positive neurons from target tissues.  Our research group has revealed NGF promoter activity in 

Schwann cells and macrophages near the lesion site in the sciatic nerve at 2 days post-nerve 

injury (Kawaja et al., 2011, see Appendix A9).  In contrast, we did not detect eGFP expression in 
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either the ipsilateral or contralateral lumbar DRG (levels L3-6) of adult reporter mice at 1 hour up 

to 4 weeks post-nerve ligation (Figures 4.1C, D).  All mice displayed left hind limb paralysis 

prior to euthanasia.  

Typically in uninjured adult mice, postganglionic sympathetic axons (revealed by the 

marker, TH) are localized around the blood vessels in the sensory ganglia.  With injury, however, 

sympathetic fibers can sprout into the ganglionic environment and form plexuses around a subset 

of primary sensory somata.  In this study, there were few TH-immunopositive sympathetic fibers 

seen in the ipsilateral and contralateral DRG at 1 hour up to 48 hours post-nerve ligation (Figures 

4.1E, F).  At 24 and 48 hours following injury, two sympathosensory plexuses were revealed by 

TH immunostaining in the ipsilateral DRG of adult reporter mice (Figures 4.1G, H).  The degree 

of sympathetic sprouting increased in the ipsilateral DRG from 48 hours up to 4 weeks after 

injury, however, no sympathosensory plexuses were seen in the DRG between these time points 

(Figure 4.2A).  TH immunostaining also revealed a subpopulation of small diameter neurons that 

have been previously reported in the sensory ganglia of adult rodents (Katz et al., 1983; Price and 

Mudge, 1983).  These neurons are likely dopaminergic, and their function is unclear. 
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Figure 4. 1. NGFpr-eGFP mice following nerve ligation. 

A, B: Thymi were removed from all experimental mice to confirm the presence of the eGFP 

transgene in the thymic reticular cells; tyrosine hydroxylase (TH, arrow) immunostaining in 

observed around blood vessels in the thymus of eGFP mice.  There was no detectable eGFP 

expression in the ipsilateral (C) or contralateral (D) lumbar DRG of adult mice at any 

postoperative period.  TH-immunopositive neurons were observed, along with few sympathetic 

fibers in the ipsilateral DRG (E, arrowheads) at 48 hours after injury; no sympathetic fibers were 

seen in the contralateral DRG following injury (F).  At 24 (G) and 48 (H) hours post-ligation, two 

sympathosensory plexuses were revealed by TH immunostaining in the ipsilateral DRG of adult 

reporter mice.  Scale bars = 50 μm (A, B), and 20 μm (C-H). 
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4.4.3 Glial and monocytic cell activation in the DRG following nerve ligation 

Both neural and non-neural cell reactivity was detected in the DRG as early as 48 hours post-

nerve ligation.  To examine glial and monocytic cell reactivity following injury, immunostaining 

for the proto-oncogene, cFos, along with GFAP and Iba1 (i.e., markers of reactive satellite glial 

cells, and resting and reactive macrophages, respectively) was carried out in the DRG of adult 

reporter mice.  In uninjured mice, cFos was expressed in satellite glial cells while GFAP was 

localized to Schwann cells.  Qualitatively, there was no difference in cFos expression in the DRG 

between injured and uninjured mice at any recovery period examined (Figure 4.2B).  At 48 hours 

post-ligation, cFos immunostaining revealed a mild increase in the thickness of satellite glial cells 

in the ipsilateral DRG, compared to the contralateral side (Figures 4.2C, D).  This increase in the 

thickness of satellite glial cells was confirmed by the expression of the satellite glial cell marker, 

Kir4.1 (Figure 4.2E).  At 1 week following injury, GFAP immunostaining revealed reactive 

satellite cells in the ipsilateral DRG of adult mice (Figure 4.2F); this observation was not 

observed in the contralateral DRG of these mice.  The reactive satellite glial cells were apparent 

in the ipsilateral DRG of adult reporter mice up to 4 weeks post-injury.  At the electron 

microscope level, satellite cells appeared to undergo cellular hypertrophy and proliferation in the 

ipsilateral DRG of adult mice from 1 to 4 weeks post-nerve ligation (Figure 4.3).  At 4 weeks 

following injury, many more satellite cells were observed around the somata of sensory neurons, 

as compared to that seen in the ipsilateral DRG of adult mice at 1 and 2 weeks following nerve 

ligation.  The increase in the number of satellite cells (i.e., proliferation) is a common feature of 

these reactive glia following injury (Hanani, 2005; Pannese, 2010).           

Iba1-immunopositive cells resembling resting macrophages were seen throughout the 

ipsilateral and contralateral DRG at all post-operative periods.  There were no differences in Iba1-
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immunopositive macrophages between injured and uninjured side from 1 hour to 24 hours.  By 48 

hours, however, there were few macrophages clustered around sensory somata in the ipsilateral 

DRG (Figure 4.4A); this observation was not seen in the contralateral DRG (Figure 4.4B).  At 1 

week post-ligation, the population of Iba1-immunopositive macrophage had increased in both the 

ipsilateral and contralateral DRG (Figures 4.4C, D).  At this time, many macrophages in the 

ipsilateral ganglia were clustered around somata and displayed features of activation (i.e., 

retraction of processes and enlarged cell body).  The population of activated Iba1-

immunopositive macrophages continued to proliferate and/or infiltrate into the affected DRG 

between 2 (Figure 4.4E) and 4 weeks (Figure 4.4F); Iba1-immunostaining revealed activated 

macrophages in the contralateral DRG of adult mice at 4 weeks post-ligation (Figure 4.4G).       
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Figure 4. 2. Glial reactivity in the DRG of adult eGFP mice post-ligation. 

A: There was an increase in the degree of sympathetic sprouting in the affected DRG at 2 weeks 

post-ligation; no plexuses were observed.  cFos expression in the ipsilateral DRG at 1 hour (B) 

was comparable to that seen in uninjured mice, however, at 48 hours post-ligation, cFos 

immunostaining revealed a mild increase in the thickness of satellite glial cells (arrows) in the 

ipsilateral DRG (C), compared to the contralateral side (D); the satellite cell marker, Kir4.1 

confirmed this increase (arrows).  At 1 week following injury, GFAP immunostaining revealed 

reactive satellite cells in the ipsilateral DRG of adult mice (F); this observation was not observed 

in the contralateral DRG of these mice.  Scale bars = 50 μm.  
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Figure 4. 3. Ultrastructural observations of reactive satellite cells post-nerve ligation. 

Under transmission electron microscopy, the satellite glial cells had increased in cell number (* 

nucleus) and size (shaded blue) in the affected lumbar DRG of adult reporter mice at 2 weeks (B) 

and 4 (C) weeks post-ligation, compared to those seen at 1 week (A).  Scale bars = 3.4 μm (A), 

3.75 μm (B), and 1.9 μm (C). 
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Figure 4. 4.  Monocytic cell activation in the DRG post-ligation. 

At 48 hours following injury, resting and activated macrophages immunostained for Iba1 were 

clustered around sensory somata (arrowhead) in the ipsilateral DRG (A) of adult mice; this was 

not seen in the contralateral DRG (B).  The population of Iba1-immunopositive macropohages 

had dramatically increased in the ipsilateral (C, E, F) and contralateral lumbar DRG (D, G) of 

adult reporter mice from 1 week (C, D), 2 weeks (E) to 4 weeks (F, G) post-ligation; many 

macrophages in the ipsilateral ganglia were clustered around somata (arrowheads) and displayed 

features of activation (i.e., retraction of processes and enlarged cell body). Activated 

macrophages (arrows) were seen in the contralateral DRG at 4 weeks post-injury (G).  Scale bars 

= 50 μm.  
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4.4.4 NGF promoter activity and sympathetic sprouting in the DRG of adult reporter mice 

post-MIA injection 

The injection of MIA into the joint produces cartilage and bone degeneration (Bar-Yehuda et al., 

2009; Combe et al., 2004; Lee et al., 2011) and nociceptive neuronal activation.  The hind paw 

including the skin and foot pads are innervated by NGF-sensitive sensory fibers originating from 

the lumbar levels L3-L4 DRG of adult mice (Rigaud et al., 2008) and L4-L5 of adult rats (Rigaud 

et al., 2008; Swett and Woolf, 1985).  Though, the intradermal injection of MIA does not directly 

cause damage to the spinal nerve, it induces inflammation which may upregulate NGF expression 

in the skin (specifically in keratinocytes).   

 Here, we found no eGFP-positive cells in the affected or contralateral DRG of adult mice 

following the intradermal injection of MIA at any postoperative period.  Injury to the hind limb 

was confirmed at 24 hours by the presence of local tissue inflammation.  Sympathetic axons, 

revealed by TH were seen adjacent to blood vessels in the ganglia at all recovery periods (Figure 

4.5A).  Though there were few sympathetic fibers seen sprouting throughout the ganglionic 

environment, we did find one sympathosensory plexus in the contralateral DRG of adult mice at 

24 and 48 hours post-MIA injection (Figure 4.5B).  

 

4.4.5 Glial and monocytic cell activation in the DRG following MIA injection 

Qualitatively, at 24 hours post-injury, there were more cFos-immunopositive satellite cells in the 

affected DRG, compared to the contralateral side; this observation was also apparent at 48 and 72 

hours following injury (Figures 4.5C-F).  GFAP immunostaining revealed reactive satellite cells 

in the ipsilateral DRG of adult mice at 24 hours up to 1 week after injury (Figure 4.5G).  Unlike 

with the sciatic nerve ligation model, GFAP-immunopositive satellite glial cells were observed in 
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the contralateral DRG at 24 hours up to 72 hours post-MIA injection (Figure 4.5H).  Studies have 

reported the upregulation of various proteins (e.g., interleukin-10, transforming growth factor α) 

in satellite cells located in the contralateral DRG of adult rodent following injury (Kleinschnitz et 

al., 2005; Koltzenburg et al., 1999; Xian and Zhou, 1999).  These researchers suggested that there 

is a bilateral alteration in the expression of neuropeptides, receptor proteins, growth factor, and 

ion channels in sensory neurons following injury (reviewed by Koltzenburg et al., 1999); both 

neural and humoral mechanisms in the spinal cord may be involved in eliciting a contralateral 

effect.  In addition, this effect may be due to a systemic-related event.  Surprisingly, our 

observations revealed no change in the density or reactivity of Iba1-immunopositive cells in the 

affected DRG of adult reporter mice at any postoperative period (data not shown).  The short 

postoperative periods may be the reason for the lack of monocytic cell activation in the DRG of 

adult mice after MIA injection.   
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Figure 4. 5. Sympathetic plexuses and glial reactivity in the DRG of eGFP mice post-MIA 

injection. 

A: Tyrosine hydroxylase (TH) immunostaining revealed small neurons (likely dopaminergic) and 

few sympathetic fibers near blood vessels (arrow) in the DRG of adult mice; at 24 (B) and 48 

hours (B, inset) post-injury, two sympathosensory plexuses (arrowhead) were observed in the 

contralateral DRG of reporter mice.  There were more reactive satellite cells (double arrowheads) 

revealed by cFos and GFAP immunostaining in the ipsilateral lumbar DRG of adult mice at 24 

hours (C, G), and 72 hours (E) post-MIA injection, compared to those observed in the 

contralateral DRG (D, F, H). GFAP-immunopositive satellite glial cells were observed in the 

contralateral DRG at 24 hours (H) post-MIA injection.  Scale bars = 50 μm. 
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4.5 Discussion 

Our laboratory has previously generated a line of reporter mice that ectopically express eGFP 

under the control of the NGF promoter (Kawaja et al., 2011).  These mice have allowed for the 

unbiased examination of NGF promoter activity without the need for using techniques that 

require protein detection (e.g. immunohistochemistry, in situ hybridization).  In this study, we 

examined eGFP expression (i.e., NGF promoter activity) in the DRG (from lumbar 3-6) of adult 

reporter mice following injury.  We also investigated the effect of injury on promoting 

sympathetic sprouting and plexus formation in the DRG of adult NGFpr-eGFP mice.  Here, we 

demonstrated two important findings: 1) an absence of NGF promoter activity in the DRG of 

mouse models of neuropathic and inflammatory pain, and 2) the presence of few 

sympathosensory plexuses in the DRG of adult mice following injury. 

Similar to those findings by Kawaja et al. (2011), we did not observe NGF promoter 

activity, revealed by eGFP expression, in the lumbar DRG of uninjured reporter mice.  Though, 

NGF promoter activity was detected in Schwann cells and macrophages near the lesion site in the 

sciatic nerve of adult reporter mice at 2 days after nerve ligation (Kawaja et al., 2011), we found 

an absence of NGF promoter activity in the DRG in mouse models of neuropathic pain (i.e., 

partial sciatic nerve ligation) and inflammatory pain (i.e., MIA injection).  Previous studies have 

reported a significant increase in NGF protein and mRNA levels in the affected DRG of adult rats 

following sciatic nerve crush (Sebert and Shooter, 1993), ligation (Shen et al., 1999), spinal cord 

injury (Brown et al., 2007), and ventral root transection (Li et al., 2003).  Zhou and colleagues 

reported an increase in NGF mRNA expression (by RT-PCR and in situ hybridization) in satellite 

glial cells (in the ipsilateral DRG) and in a subpopulation of small-diameter sensory neurons 

following nerve injury in adult rats (Li et al., 2003; Zhou et al., 1999).  On the one hand, the 
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detection of NGF protein in the sensory neuron following injury likely represents the uptake and 

retrograde delivery of this neurotrophin by trkA-immunopositive neurons from NGF-producing 

target tissues (e.g., skin).  On the other hand, the upregulation of NGF mRNA in the DRG of 

adult rodents after injury has previously been detected by two main techniques, RT-PCR and in 

situ hybridizations.  These techniques have many limitations that need to be taken into 

consideration when interpreting the data.  For instance, both of these techniques are vulnerable to 

displaying false positive signals from non-specific protein binding.  In addition, RT-PCR does not 

allow for the localization of antigen/immunogen to specific cellular sites.  Conversely, our novel 

reporter mice allow for the unbiased examination of NGF synthesis under various conditions such 

as nerve injury.   

Peripheral nerve injury or overexpressing NGF promotes the growth of postganglionic 

sympathetic axons into the sensory ganglia where these axons converge onto a subset of 

p75NTR- and trkA-immunopositive somata.  Nerve injury-induced sympathosensory plexuses 

have been reported in the affected DRG of adult mice (Krol and Kawaja, unpublished 

observations; Ramer et al., 1998a) and rats (Hu and McLachlan, 2000; Li et al., 2011).  In this 

study, we found a total of four plexuses in the DRG of adult mice at 24 and 48 hours post-lesion.  

Since these plexuses were seen shortly after injury, as well as in the contralateral DRG post-MIA 

injection, is it possible that these sympathetic fibers were present prior to injury.  Sympathetic 

plexuses have been previously reported in healthy uninjured animals (Garcia-Poblete et al., 

2003).  Ramer and Bisby (1997b) reported sympathosensory plexuses in the affected DRG of 

adult rats as early as 4 days after a chronic constriction injury.  However McLachlan et al. (1993) 

suggested that several weeks are required for sympathetic fibers to form plexuses in the DRG 

when the spinal nerve has been damaged at mid-thigh level.  While our sciatic nerve ligations 
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were performed at this level, the MIA injections were significantly distal from the affected 

ganglia.  The location of the lesions supports the conclusions that these plexuses were present in 

the sensory ganglia prior to peripheral injury.  Surprisingly, no plexuses were observed in the 

DRG of adult mice at the later postoperative periods.  The absence of injury-induced 

sympathosensory plexuses may be due to factors such as the type of injury (i.e., partial ligation 

versus complete ligation and transection), site of injury, age or gender of animal, tissue 

preparation, or the strain of mice used; all factors shown to affect the degree of sympathetic 

sprouting and plexus formation (Hu and McLachlan, 2000; Kim et al., 1996; Lee et al., 1998; 

Ramer and Bisby, 1998a, b).  Our group has found that C57B1/6 and BALB/c display marked 

differences in the incidence of perineuronal plexuses (Krol and Kawaja, unpublished data); 

BALB/c mice had a significantly higher proportion of sympathetic axons and perineuronal 

plexuses in the ipsilateral DRG (compared to contralateral and C57B1/6 mice) 4 weeks after 

peripheral nerve injury.  Our NGFpr-eGFP reporter mice are on the C57Bl/6 background strain.  

This may provide an explanation for the low number of plexuses seen in the affected ganglia 

following injury.  Nerve injury-induced sympathosensory plexuses are observed less often in 

adult mice, compared to adult rats.  The higher levels of NGF in adult rats compared to that of 

adult mice (Suda et al., 1978) may provide a reason for the differences in the degree of 

sympathetic sprouting and in the incidence of sympathosensory plexuses between mice and rats. 

In this study, we demonstrated that NGF is not synthesized by any cell type within the 

lumbar DRG of adult mice after nerve ligation or following MIA injection.  Therefore, NGF 

remains a target derived molecule that is picked up from NGF-producing peripheral tissues and 

retrograde transported to the sensory cell body to carry out its various functions.   
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Chapter 5 

The absence of p75NTR augments the population of Iba1-

immunopositive macrophages in the DRG of mouse models of 

neuropathic and inflammatory pain 

 

Objective: To determine the effects of p75NTR on monocytic cell activity (i.e., proliferation, 

infiltration, and activation) in the affected DRG of adult mice following injury. 

 

Hypothesis: There will be a significant increase in the population of peripheral macrophages 

revealed by Iba1-immunostaining in the ipsilateral sensory ganglia of adult p75NTR-deficient 

mice following injury. 
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5.1 Abstract 

The neurotrophin receptor, p75NTR regulates both neurotrophin (e.g. nerve growth factor, NGF) 

and cytokine (e.g., tumor necrosis factor alpha, TNFα) function in the sensory ganglia following 

nerve injury.  The aim of this study was to determine the effects of p75NTR on injury-induced 

glial and monocytic cell activation/infiltration in the affected dorsal root ganglia (DRG) of adult 

mouse models of neuropathic pain (i.e., sciatic nerve ligation) and inflammatory pain (i.e. 

monosodium-iodoacetate injection into the hind limb footpad).  Our results revealed a significant 

difference in the percentage of area occupied by Iba1-immunopositive cells in the DRG of adult 

p75
-/-

 mice following injury, compared to that seen in age-matched control mice (i.e., C57Bl/6N 

and non-hypomorphic p75
+/+

 mice).  Immunostaining for GFAP revealed reactive and swollen 

satellite cells in the DRG of adult p75NTR-deficient mice.  Qualitatively, there were no 

differences in cFos or TNFα immunostaining in the affected sensory ganglia of p75
-/-

 and control 

mice.  These data suggest that p75NTR plays an important role in regulating the neuro-immune 

interactions in the DRG of adult mice following injury.  

 

5.2 Introduction 

Injury and/or disease to the peripheral nervous system triggers the activation and 

proliferation/infiltration of resident immune cells (e.g., macrophages) in the affected peripheral 

nerves and associated sensory ganglia of adult mice.  Those infiltrating peripheral monocytic cells 

release various proinflammatory cytokines, such as tumor necrosis factor alpha (TNFα) (Kust et 

al., 2006), which can further enhance the inflammatory process.  Though the activation of 

immune cells following injury is essential to minimize tissue damage, prolonged inflammation in 
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the peripheral nervous system may lead to excessive nerve injury (resulting in neuropathic pain) 

and/or disease progression (e.g., osteoarthritis).   

Neurotrophins such as nerve growth factor (NGF) are known mediators of inflammation 

and monocytic cell infiltration (McMahon, 1996; Nockher and Renz, 2003; Woolf et al., 1996).  

The neurotrophin receptor, p75NTR can bind to all neurotrophins (e.g., NGF and brain-derived 

neurotrophic factor, BDNF) and to many cytokines (e.g., TNFα) with similar low affinity.  In the 

mature uninjured peripheral nervous system, p75NTR is expressed in sensory neurons and in glial 

cells (i.e., Schwann cells and satellite glial cells) (Schor, 2005; Hempstead, 2002; Song et al., 

2004).  The expression of p75NTR is highest during development, and can be upregulated 

(specifically in glial cells) following neuronal injury (Conti et al., 1997; Cragnolini and 

Friedman, 2008).  The importance of p75NTR for proper neural development and maintenance 

was recognized following the availability of hypomorphic mice that carry two mutated alleles in 

exon III of the p75NTR gene (Lee et al., 1992, see Appendix B for a full description on the 

p75NTR-deficient mice).  In these uninjured mice, both thinly myelinated and unmyelinated (i.e., 

those neurons subserving nociception) sensory neurons are functionally impaired (Stucky and 

Koltzenburg, 1997).  In addition, these mice have significantly thinner myelin sheaths in the 

intact sciatic nerve (Song et al., 2006).  Following nerve injury, p75NTR-deficient mice display 

alterations in the collateral sprouting of sympathetic and sensory axons (Hannila and Kawaja, 

2005).  There is also an augmentation in the proportion of immune cells in the spinal cord (Kust 

et al., 2006) and an enhanced disease state (i.e., chronic inflammation and fatality) of p75NTR 

hypomorphic mice following the induction of experimental autoimmune encephalomyelitis 

(Copray et al., 2004). 
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Few studies have examined the effects of p75NTR on monocytic cell activity in the 

dorsal root ganglia (DRG) following injury in adult mice.  Here, we induced inflammation and 

monocytic cell proliferation/infiltration in p75NTR exon III mice using two pain models.  We 

tested two different injury models to determine whether nerve injury is required to produce a 

p75NTR-mediated immune response in the DRG of adult mice.  That is, the sciatic nerve tight 

ligation directly damages the axons of the spinal nerve, while the MIA injection into the hind 

limb footpad induces local inflammation in the absence of nerve injury.  We predicted that with 

injury there would be a statistically significant increase in the population of monocytic cells in the 

associated DRG of p75NTR-deficient mice, compared to that seen in control mice.  This is the 

first study to show that p75NTR is involved in regulating the neuro-immune interactions in the 

DRG of adult mice following peripheral injury. 

 

5.3 Materials and Methods 

5.3.1 Animals 

Adult male mice (2-3 month old, 30-35 g) carrying two mutated alleles of exon III (encoding for 

the second, third and fourth cysteine-rich repeats in the extracellular domain) in the p75NTR gene 

(Lee et al., 1992) were used in this study.  These hypomorphic mice contain a truncated form of 

p75NTR that is rendered non-functional (Dechant and Barde, 1997).  For control mice, we chose 

age-matched male C57Bl/6N (for the partial sciatic nerve ligations) and age-matched non-

hypomorphic mice (for the MIA injections).  The experimental groups were: 1) C57Bl/6N mice 

(n=10) with partial sciatic nerve ligation; 2) p75NTR-deficient mice (designated as p75
-/-

, n=10) 

with partial sciatic nerve ligation; 3) non-hypomorphic mice (designated as p75
+/+

, n=12) with a 
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MIA injection into the footpad; and 4) p75
-/-

 mice (n=12) with a MIA injection into the footpad.  

Uninjured p75
-/-

 , C57Bl/6N, and p75
+/+

 mice (n=3 per group) were also included in this study. 

Genotyping was conducted by polymerase chain reaction to determine if mice were 

p75NTR hypomorphic (p75
-/-

) or non-hypomorphic (p75
+/+

).  Briefly, ear punches were taken 

from each animal, and the isolated DRG was digested with EcoRI, and amplified with the 

following primers: p75NTR exon III (5’/WT: 5’-GTGTTACGTTCTCTGACGTTGTG; 3’/WT: 

5’-TCTCATTCGGCGTCAGCCCAGGG; and 3’/NEO: 5’-GATTCGCAGCGCATCGCCTT).  

All amplifications were carried out in an Eppendorf Mastercycler (Hamburg, Germany).  All 

experiments were performed according to the guidelines of the Canadian Council for the Use and 

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

Committee.  Care was taken to reduce the number of animals, when possible.   

 

5.3.2 Injury models 

Mice were injected subcutaneously with buprenorphine for pain control and anesthetized under 

isoflurane.  For the partial sciatic nerve ligation, the left sciatic nerve was exposed following a 

mid-thigh incision and roughly half the nerve underwent a tight ligation using 6.0 mm silk 

ligatures.  The overlaying muscle and skin were sutured and stapled, and mice were allowed to 

recover for 1 or 2 weeks (n=5 mice per recovery period).  Completeness of injury was assessed at 

24 hours by paralysis of the affected limb.  For the MIA injections, adult mice underwent a 

unilateral intradermal injection of 50µl of MIA (0.3g of sodium iodoacetate (Sigma) diluted in 5ml 

sterile saline) into the right hind limb footpad.  Local inflammation of the footpad was reported 24 

hours after injections in all experimental mice.  Animals were allowed to recover for 1 or 2 weeks 

(n=6 mice per recovery period). 
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5.3.3 Tissue preparation 

At 1 and 2 weeks post-ligation and post-MIA injection, mice were sacrificed by deep anesthesia 

(i.e., sodium pentobarbital at 8.2 mg/mouse delivered i.p.) and perfused transcardially with 2% 

paraformaldehyde in 0.1M phosphate-buffered saline (pH 7.4).  The ipsilateral and contralateral 

DRG (from lumbar level 3-6) were removed from injured and uninjured mice and placed in 

perfusion fixative for 2-3 days.  Tissues were then cryoprotected in 30% phosphate-buffered 

sucrose for 2 days and embedded in Cryomatrix
TM

 (Shandon) frozen at -20°C.  Tissues were 

sectioned at 10 µm thickness onto Superfrost/Plus slides (Fischer Scientific) and stored at -20°C 

until they were used for immunostaining.  

 

5.3.4 Fluorescent immunostaining 

Slides were allowed to thaw at room temperature for 5 minutes and post-fixed for 10 minutes in 

cold 2% paraformaldehyde in 0.1M phosphate buffer (pH 7.4).  Slides were washed in 0.1M Tris 

buffer saline (TBS) for 5 minutes (performed after each step), and then blocked for 1 hour in 10% 

normal donkey serum (NDS) plus 0.25% triton-X100 (TBX) at room temperature in a humidified 

chamber.  Sections of DRG were incubated with one of the following primary antibodies (diluted 

in 3% NDS plus 0.25% TBX) for 2 days at room temperature: rabbit anti-cFos IgG (1:1000, 

Abcam, Cambridge, MA), rabbit anti-ionized calcium adaptor binding molecule 1 (Iba1) IgG 

(1:1000, Wako, Richmond, VA), rabbit anti-tumor necrosis factor alpha (TNFα) IgG (1:1000, a 

kind gift from Dr. C. Cahill, University of California, Irvine), and rabbit anti-glial fibrillary acidic 

protein (GFAP) IgG (1:1000, Dako).  See Table 4 in Appendix E for more information on the 

antibodies.  Slides were incubated for 2 hours with the appropriate secondary antibodies (1:200, in 

3% NDS plus 0.25% TBX) tagged with fluorophores for visualization: DyLight
TM 

594-conjugated 
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AffiniPure or FITC-conjugated donkey anti-rabbit (for cFos, Iba1, TNFα, and GFAP; all 

secondary antibodies were from Jackson ImmunoResearch, West Grove, PA).  All appropriate 

controls including omitting either the primary and secondary antibody have been performed on 

sections of sensory ganglia in these strains of adult mice.  No background or non-specific staining 

was observed.  Slides were cover slipped with DAPI-mounting media (Vector Laboratories) and 

were viewed and images captured using a Zeiss Axioskop MOT 2 microscope with axiocam.  No 

other manipulations were performed on these images, saved as jpeg, and all figures were created in 

Adobe Illustrator C5.   

 

5.3.5 Chromogenic immunostaining for quantification 

Slides were allowed to thaw at room temperature for 5 minutes and post-fixed for 10 minutes in 

cold 2% paraformaldehyde in 0.1M phosphate buffer (pH 7.4).  Slides were rinsed in 0.1M TBS 

(pH 7.4) and then incubated in 0.3% hydrogen peroxide in TBS for 1 hour.  These sections were 

then treated for 1 hour with 10% bovine serum albumin (BSA) diluted in 0.25% TBX.  After 

consecutive treatments with avidin and biotin blocking solutions (Vector Laboratories), sections of 

DRG were incubated for 48 hours at room temperature in rabbit anti-Iba1 IgG (1:1000, Wako).  

Tissues were rinsed, incubated in biotinylated goat anti-rabbit IgG (1:200, Vector Labs) for 2 

hours, and then incubated in a solution containing the avidin-biotin complex (Vector Labs) for 2 

hours. After another rinse, tissues were reacted in a solution containing 0.05% diaminobenzidine 

tetrahydrochloride, 0.04% nickel chloride, and 0.015% hydrogen peroxide in 0.1M TBS.  Sections 

were dehydrated, cleared, and cover slipped with Permount (Fischer Scientific) for viewing under 

bright-field microscopy.  Tissues were viewed under a Zeiss microscope with axiocam.  

Axiovision Rel. 4.5 software was used to capture images, and adjusted for brightness.  No other 
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manipulations were performed on these images, saved as TIFs, and all figures were created in 

Adobe Illustrator C5.   

 

5.3.6 Quantification for the percentage of area occupied by Iba1+ cells 

Sections of DRG (i.e., uninjured, ipsilateral and contralateral from p75
-/-

, C57Bl/6N, and p75
+/+

 

mice) stained for Iba1 were examined by bright field microscopy using a Zeiss microscope with 

Axiocam.  At 40x magnification, images were captured based on uniform and clear 

immunostaining.  In Axiovision Rel 4.5, images were then converted to grayscale, saved as TIFs 

without further manipulation, and were coded for quantification.  ImageJ software (with Hessian 

plugin) was used to determine the appropriate thresholds for the positive immunostaining in each 

image, and then used to quantify the percentage of area occupied by Iba1-immunopositive cells.  

Differences between the groups were analyzed for differences between strains of mice, injury (i.e., 

uninjured, ipsilateral, contralateral), and interaction between these groups using a two-way 

ANOVA along with Tukey’s and/or Sidak’s post hoc tests for multiple comparisons.  Scatter plots 

and statistical analyses were generated in GraphPad Prism 6.   

 

5.3.7 Transmission electron microscopy 

 Under deep anesthesia (sodium pentobarbital at 8.2 mg/mouse delivered i.p.), 7 month old 

p75NTR exon III mice (n=2) were perfused transcardially with phosphate-buffered 4% 

paraformaldehyde and 2% glutaraldehyde (pH 7.4).  DRG were removed from uninjured adult 

mice, trimmed into pieces and post-fixed with phosphate-buffered 1% osmium tetroxide (pH 7.4).  

These ganglionic pieces were subsequently dehydrated, cleared, and embedded in Epon.  All 
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ultrathin sections (cut on a RMC microtome) were stained with uranyl acetate and lead citrate, and 

then viewed using a Hitachi 7000 transmission electron microscope.  

  

5.4 Results 

5.4.1 Percentage of area occupied by Iba1+ cells in uninjured DRG 

In order to determine the degree of infiltration and/or proliferation of immune cells in the DRG of 

injured adult mice, we first needed to quantify the percentage of area occupied by these cells in 

the DRG of uninjured p75
-/-

 and control mice.  The monocytic cells were identified by the 

expression of Iba1, a calcium binding protein that identifies both surveying/resting and activated 

macrophages, peripherally, and microglia, centrally.   Here, we report no statistically significant 

differences in the population of Iba1-immunopositive cells in the lumbar DRG among uninjured 

C57Bl/6N (i.e., 0.97% ± 0.079), p75
+/+

 (i.e., 1.06% ± 0.092), and p75
-/-

 (i.e., 0.81% ± 0.085) mice 

(Figure 5.1A, no fewer than 9 sections from 8 ganglia, n= 3 mice per group).  These Iba1-

immunopositive cells were uniformly scattered throughout the ganglionic environment and 

resembled (at the light microscope level) resting or surveying macrophages.    

To examine whether the absence of p75NTR affects glial and monocytic cell reactivity in 

the absence of injury, immunostaining for GFAP, cFos, and TNFα was carried out in the lumbar 

DRG of adult p75
-/-

 and control mice.  The proto-oncogene, cFos is a marker of early cell 

activation, and was revealed in the majority of satellite cells with weaker expression in resident 

macrophages and Schwann cells in the DRG of all uninjured adult mice (Figure 5.1B).  GFAP is 

a glial cell marker that is known to become upregulated following injury.  Both GFAP, and the 

inflammatory cytokine, TNFα were robustly and ubiquitously expressed by Schwann cells with 
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no expression observed in the satellite glial cells or macrophages in the lumbar DRG of uninjured 

adult mice (Figure 5.1B).  Qualitatively, there were no differences in immunostaining for cFos, 

TNFα and GFAP among the 3 different strains of adult mice. 

 

5.4.2 Phagocytic macrophages in the uninjured DRG of adult p75
-/-

 mice 

At the electron microscope level, numerous macrophages were seen in close proximity to satellite 

glial cells and the underlying sensory somata in the lumbar DRG of uninjured adult mice lacking 

functional p75NTR (Figure 5.2).  These monocytic cells appeared to be phagocytic as both 

electron dense lysosomes and vacuoles containing debris were observed.  These phagocytic 

macrophages were very prominent and occurred quite frequently in the DRG of uninjured 

p75NTR-deficient mice.  In wild type uninjured adult mice, peripheral macrophages are often 

found in the resting stage and it is with injury and/or disease that these monocytic cells become 

activated (i.e., retract their cell processes and exhibit an enlarged cell body) and phagocytic. 
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Figure 5. 1. Glial and monocytic cell activity in the DRG of uninjured adult mice. 

A: There are no statistically significant differences in the percentage of area occupied by Iba1-

immunopositive cells in the DRG among C57Bl/6N (0.97% ± 0.079), p75
+/+

 (1.06% ± 0.092), and 

p75
-/-

 (0.81% ± 0.085) mice.  B: Representative images showing Iba1-immunopositive surveying 

macrophages scattered throughout the DRG of adult mice.  In uninjured adult mice, cFos is 

localized to satellite cells while GFAP is expressed in Schwann cells; there are no differences in 

the pattern of expression for cFos, or GFAP among the 3 different strains of adult mice.  Scale 

bars = 20 µm.  

 

C57Bl/6N p75
+/+

 p75
-/-

 

Ib
a1

 

cF
o
s 

G
F

A
P

 

A 

B 



 

112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2. Phagocytic macrophages in the DRG of uninjured p75
-/-

 mice. 

Under transmission electron microscopy, multiple macrophages are seen adjacent to satellite glial 

cells (shaded blue) and sensory somata in the lumbar DRG of uninjured p75NTR-deficient adult 

mice.  These macrophages appear to be phagocytic as they contain phagosomes (arrows).  Scale 

bars = 2.65 μm (A), 1 μm (C, D), and 1.5 μm (E). 
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5.4.3 Percentage of area occupied by Iba1+ cells in the DRG following nerve ligation 

Injury to the sciatic nerve triggers the infiltration/proliferation and activation of immune cells in 

the damaged peripheral nerve and associated lumbar DRG. Activated/proliferating immune cells 

can be identified and quantified by Iba-1 immunoreactivity. The percentage area within the DRG 

occupied by Iba-1 immunopositive in response to peripheral sciatic nerve injury was compared 

between wild-type and p75NTR-deficient mice. Within each strain, we compared the percentage 

area occupied by Iba1-immunopositive cells (injury) in the DRG of adult mice at 1 week 

following nerve ligation (ipsilateral versus contralateral to the nerve injury) with uninjured DRG.  

Two-way ANOVA (strain X injury) revealed statistically significant main effects of mouse strain 

(F (1, 67) = 4.686, p = 0.034) and injury (F (2, 67) = 47.07, p<0.0001), and a significant 

interaction (F (2, 67) = 8.429, p = 0.0005) between strain and injury, suggesting that the lack of 

fully functional p75NTR affects the Iba1-immunopositive cell population at 1 week post-nerve 

injury (Figure 5.3A).  Post hoc tests demonstrated that, compared to uninjured mice of either 

strain, there were greater Iba1-immunoreactivity in the ipsilateral ganglia of both C57Bl/6 (t67 = 

9.585, p<0.05) and p75NTR-deficient mice (t67 = 9.663, p<0.05). In C57Bl/6 mice, Iba1-

immunoreactivity was elevated in the ipsilateral DRG compared with the contralateral DRG (t67 = 

8.614, p<0.05). Further, the interaction between strain and injury was driven by the fact that the 

contralateral ganglia of p75NTR-deficient, but not C57Bl/6, mice exhibited elevated Iba1-

immunoreactivity at 1 week post-sciatic nerve injury (t67 = 7.447, p<0.05).  Importantly, post hoc 

tests revealed that, compared to the contralateral DRG of C57Bl/6 mice, there was a statistically 

significant increase in the area occupied by Iba1-immunopositive cells in the DRG of p75NTR 

hypomorphic mice (t67 = 4.568, p<0.05) at 1 week following nerve ligation (Figure 5.3A).  At 2 

weeks post-ligation, two-way ANOVA demonstrated a statistically significant main effect of 
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injury (F (2, 80) = 17.0, p<0.0001).  Post hoc tests revealed that, compared to uninjured DRG of 

either strain of mice, the percentage area occupied by Iba1-immunopositive cells is greater in the 

ipsilateral DRG of C57Bl/6 (t80 = 4.898, p<0.05) and p75NTR hypomorphic (t80 = 6.477, p<0.05) 

mice.  Similarly, compared to the contralateral DRG of either strain, the percentage area occupied 

by Iba1-immunopositive cells is greater in the ipsilateral DRG of p75NTR hypomorphic mice (t80 

= 4.133, p<0.05) (Figure 5.3B).   

 

5.4.4 Glial and monocytic cells activation in the DRG following ligation 

All mice had paralysis of the left hind limb at 24 hours following nerve ligation.  Qualitatively, 

Iba1-immunopositive cells appeared activated in the lumbar DRG of p75
-/-

 mice at 1 and 2 weeks 

post-ligation (Figures 5.3C, 5.4).  These cells were clustered around individual sensory somata in 

adult p75
-/-

 mice at 2 weeks following injury.  These activated macrophages were not seen in the 

lumbar DRG of C57Bl/6N mice; instead these macrophages appeared to be surveying 

macrophages (i.e., small cell body with multiple cytoplasmic processes).  At the light microscope 

level, GFAP immunostaining revealed reactive satellite glial cells in the ipsilateral DRG of 

control and p75
-/-

 mice at 2 weeks post-ligation (Figure 5.4B); no reactive GFAP-immunopositive 

satellite cells were seen in the affected DRG at 1 weeks post-injury (Figure 5.4A).  Compared to 

control (i.e., C57Bl/6N) mice, however satellite glial cells in the affected DRG of p75
-/-

 mice 

appeared swollen.  The cytoplasmic swelling and the upregulation of GFAP are common glial 

responses that can occur following peripheral nerve injury (Scholz and Woolf, 2007).  There were 

no GFAP-immunopositive satellite cells in the contralateral DRG of adult control and p75
-/-

 mice 

at 1 week or 2 weeks after nerve ligation.  Similar to that seen in uninjured mice, TNFα 

immunostaining was detected in the majority of Schwann cells and cFos immunostaining was 
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observed in satellite glia; qualitatively, there were no differences in cFos or TNFα expression 

between injured and uninjured adult mice (Figure 5.4; TNFα data not shown).  It is possible that 

these two injury-induced markers may have early (i.e., hours to days) temporal expression in the 

DRG of adult mice following injury.  Our laboratory has found that cFos can become upregulated 

in satellite cells as early as 6 hours post-nerve injury (personal observations) while others have 

reported that TNFα is upregulated in these glial cells as early as 3-5 days post-nerve injury 

(Ohtori et al., 2004). 
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Figure 5. 3. Percentage of area occupied by Iba1+ cells in the DRG post-ligation. 

Compared to that seen in uninjured DRG, there is a statistically significantly greater (*p<0.05) 

population of Iba1-immunopositive cells in the ipsilateral DRG of both p75
-/-

 and control mice at 

1 week (A) and 2 weeks (B) following nerve ligation.  The percentage of area occupied by Iba1-

immunopositive cells is significantly higher in the contralateral DRG of p75
-/-

 mice, compared to 

that seen in the contralateral DRG of control mice at 1 week post-ligation (A).  C: Representative 

images for the quantification of Iba1-immunopositive cells in the DRG of adult p75NTR-

deficient and control mice at 1 and 2 weeks following sciatic nerve ligation.  Scale bar= 20 µm. 

 

 

C57Bl/6N p75
-/-

 

Ib
a1

, 
1
w

k
 

Ib
a1

, 
2
w

k
s 

ipsilateral contralateral ipsilateral contralateral 

A 

C 

B 

* * 

* 
* 

* * 
* * 



 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 4. Glial and monocytic cell activation in the DRG of adult mice post-ligation. 

At 1 week (A) and 2 weeks (B) following nerve ligation, Iba1 immunostaining revealed activated 

macrophages (arrowheads) in the lumbar DRG of p75
-/-

 mice and they clustered around individual 

sensory somata in the contralateral DRG at 2 weeks post-injury.  GFAP immunostaining revealed 

reactive satellite glial cells in the ipsilateral DRG of control and p75
-/-

 mice at 2 weeks post-

ligation; these cells appeared swollen in p75
-/- 

mice (arrows). cFos immunostaining was observed 

in satellite glia, however there were no differences in cFos expression between injured and 

uninjured adult mice. Scale bars = 40 μm. 
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5.4.5 Percentage of area occupied by Iba1+ cells in the DRG post-MIA injection 

Previous studies have shown that the intra-articular injection of MIA into the knee joint disrupts 

chondrocyte metabolism (Lee et al., 2011), and causes cartilage degeneration (Combe et al., 

2004) and bone lesions (Bar-Yehuda et al., 2009).  Here, we injected MIA intradermally into the 

right hind limb footpad.  At 24 hours after injection, local tissue inflammation was observed in all 

mice.  It is important to note that 4 out of the 6 p75
-/-

 mice had significantly greater and prolonged 

inflammation (i.e., seen at 72 hours) of the footpad, compared to that seen in control mice. 

 The percentage area within the DRG occupied by Iba-1 immunopositive in response to a 

MIA injection into the hind limb footpad was compared between non-hypomorphic and p75NTR-

deficient mice. Within each strain, we compared the percentage area occupied by Iba1-

immunopositive cells (injury) in the DRG of adult mice at 1 week following MIA injection 

(ipsilateral versus contralateral to the nerve injury) with uninjured DRG.  Two-way ANOVA 

demonstrated a statistically significant main effect of injury (F (2, 74) = 15.36, p<0.0001), 

indicating that injury affects the Iba1-immunopositive cell population at 1 week following MIA 

injection (Figure 5.5A).  Post hoc tests revealed that, compared to uninjured  mice of either strain, 

there were greater Iba1-immunoreactivity in the ipsilateral ganglia of p75
+/+

 mice (t74 = 5.869, 

p<0.05) and p75NTR-deficient mice (t74 = 4.748, p<0.05).  Further, Iba1-immunoreactivity was 

elevated in the contralateral ganglia of control (t74 = 4.056, p<0.05) and hypomorphic mice (t74 = 

4.781, p<0.05), compared to uninjured mice of both strains.  At 2 weeks post-ligation, two-way 

ANOVA demonstrated statistically significant effects of injury (F (2, 65) = 11.56, p<0.0001) and 

interaction (F (2, 65) = 7.335, p= 0.0013) between strain and injury, indicating that the lack of 

fully functional p75NTR affects the Iba1-immunopositive cell population at 2 weeks post MIA 

injection.  Post hoc tests revealed that, compared to the uninjured and contralateral DRG of 
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p75NTR hypomorphic mice, the percentage of area occupied by Iba1-immunopositive cells is 

greater in the ipsilateral DRG of these mice (t65 = 7.658, p<0.05 and t65 = 5.044, p<0.05 

respectively).  Further, the interaction between strain and injury was driven by the fact that the 

ipsilateral DRG of p75NTR hypomorphic mice but not p75
+/+

 mice, had greater Iba1-

immunoreactivity at 2 weeks post MIA injection (t65 = 3.846, p<0.05) (Figure 5.5B). 
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Figure 5. 5. Percentage of area occupied by Iba1+ cells in the DRG post-MIA injection. 

Compared to that seen in uninjured DRG, there is a statistically significant greater (*p<0.05) 

population of Iba1-immunopositive cells in the ipsilateral and contralateral DRG of both p75
-/-

 

and control mice at 1 week (A) following MIA injection.  At 2 weeks after injection (B), there is 

a statistically significant difference in the population of Iba1-immunopositive cells in the 

ipsilateral DRG of p75
-/-

 mice, compared to that seen in ipsilateral DRG of p75
+/+

 mice.  C: 

Representative images for the quantification of Iba1-immunopositive cells in the DRG of adult 

p75NTR-deficient and control mice at 1 and 2 weeks following MIA injection into the hind limb 

footpad.  Scale bar= 20 µm. 
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5.4.6 Glial and monocytic cell activation in the DRG post-MIA injection 

Qualitatively, Iba1-immunopositive cells did not appear activated in the DRG of p75
-/-

 or control 

mice at 1 and 2 weeks post-injection (Figures 5.6A, B).  Similar to those found in uninjured mice, 

these cells were scattered uniformly throughout the ganglionic environment.  Though, monocytic 

cells did not display signs of activation at 1 and 2 weeks following MIA injection, GFAP 

immunostaining did reveal a few reactive satellite glial cells in the ipsilateral DRG of control 

mice (Figures 5.6 B).  Similar to that observed in uninjured mice, GFAP and TNFα expression 

were revealed in the majority of Schwann cells (Figures. 5.6B).  Immunostaining for cFos in the 

lumbar DRG of adult control and p75NTR-deficient mice resembled that seen in the DRG of 

uninjured adult mice (data not shown).   
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Figure 5. 6. Glial and monocytic cell activiation in the DRG post-MIA injection. 

At 1 week (A) and 2 weeks (B) following MIA injection, Iba1-mmunopositive macrophages were 

scattered throughout the lumbar DRG of adult mice; no monocytic cell activation was seen.  

GFAP immunostaining revealed reactive satellite cells (arrow) in the ipsilateral DRG of control 

mice.  Similar to that seen in uninjured mice, tumor necrosis factor α (TNFα) immunostaining 

was localized to Schwann cells in the DRG of adult mice post-MIA injection.  Scale bars = 40 

μm.   
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5.5 Discussion 

To our knowledge, this is the first study to demonstrate an effect of p75NTR in regulating 

monocytic cell activity in the DRG of adult mice following injury.  Our observations have led to 

three important findings.  First, as predicted, in the absence of p75NTR the population of 

macrophages immunostained for Iba1 is significantly increased in the DRG of adult mice after 

injury.  Second, nerve injury is not required for the p75NTR-regulated infiltration and/or 

proliferation of monocytic cells in the DRG of adult mice.  Third, in the absence of functional 

p75NTR, the morphology of satellite glial cells appears altered following nerve injury, compared 

to that seen in control mice.   

Within the sensory ganglia, p75NTR expression is detected in the majority of primary 

sensory neurons, and in non-myelinating and myelinating Schwann cells.  Since satellite cells are 

neural crest-derived and belong to the glia family, it is likely that these cells also express this 

neurotrophin receptor, albeit at low and often undetectable levels in adult mice and rats.  p75NTR 

is a member of the tumor necrosis factor receptor (TNFR) superfamily.  This receptor can bind to 

all members of neurotrophin family (e.g., NGF, BDNF, NT3) and can be upregulated by 

inflammatory cytokines such as TNFα and interleukin 1β (Choi and Friedman, 2009).  Though 

the cytokine receptor TNFR2 (also called p75) has a similar structure to that of p75NTR, it lacks 

the death-related domain and is functionally distinct from the neurotrophin receptor (Dechant and 

Barde, 2002).  

In this study, we found no statistically significant differences in the percentage of area 

occupied by Iba1-immunopositive cells in the lumbar DRG between uninjured p75
-/-

 and control 

(i.e., C57Bl/6N and non-hypomorphic p75
+/+

) mice.  Interesting, ultrastructural observations 

revealed numerous phagocytic macrophages in close proximity to satellite glial cells and neurons 



 

124 

 

in the uninjured DRG of adult p75NTR-deficient mice; these phagocytic cells are not seen in the 

sensory ganglia of uninjured adult wild type mice.  Since previous studies have reported that p75
-

/-
 mice have a significant degree of neuronal cell loss (Fan et al., 2004; Krol et al., 2001; Sato et 

al., 2006), an explanation for this observation may be that these phagocytic cells are trying to 

minimize the extent of damage by clearing the cellular debris, which is caused by the partial loss 

of functional p75NTR.  With injury, we found that there was a statistically significant effect in 

the percentage of area occupied by Iba1-immunopositive cells in the contralateral DRG of adult 

p75NTR-deficient mice at 1 week post-nerve ligation, compared to control mice.  It was 

surprising to observe a significant increase in the population of monocytic cells in the 

contralateral DRG of p75NTR hypomorphic mice at 1 week following a partial sciatic nerve 

ligation.  An increase in macrophage activity in the contralateral ganglia following nerve injury 

has been previously reported (Lu and Richardson, 1993).  This group suggests that this effect may 

be due to injury to the contralateral dorsal cutaneous nerves which occurs during the exposure of 

the proximal segment of the sciatic nerve.  Future studies using sham operated mice will be 

valuable in determining the effects of exposing the sciatic nerve.  With injury, there was a 

statistically significant effect in the percentage of area occupied by Iba1-immunopositive cells in 

the ipsilateral ganglia of adult p75NTR hypomorphic mice at 2 weeks following MIA injection.   

The effects of p75NTR on monocytic and immune cell activity have been previously 

demonstrated in the central nervous system following injury.  Copray and colleagues reported an 

increase in inflammation and an alteration in the proportion of immune cells in the spinal cord of 

p75NTR exon III mice following the induction of experimental autoimmune encephalomyelitis 

(Copray et al., 2004; Kust et al., 2006).  Whether this observation would be seen following a 

partial sciatic nerve ligation remains unknown, however, a greater number of immune cells in the 
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spinal cord may provide another possible explanation for the effects seen in the contralateral 

DRG of adult p75
-/-

 mice post-ligation.  That is, the monocytic and immune cells in the DRG may 

have enhanced communication via those cells located in the spinal cord.   

Following nerve injury, p75NTR is required for axonal regeneration (Song et al., 2009), 

and remyelination (Tomita et al., 2007).  This receptor is also involved in the pro-apoptotic 

signaling pathway and thus following injury, researchers have demonstrated a greater number of 

surviving neurons in adult p75NTR-deficient mice (Lebrun-Julien et al., 2009; Jahed and Kawaja, 

2005; Sorensen et al., 2003).  Though enhanced survival is typically desired, injury in adult mice 

lacking p75NTR results in an increase in lesion size following an excitotoxic injury (Griesmaier 

et al., 2010),  and an increase in inflammation in the spinal cord, brainstem, and in peripheral 

tissues (e.g., lungs) (Gschwendtner et al., 2003; Kerzel et al., 2003; Kust et al., 2006).  Adding to 

these data, we observed a heightened (and possibly prolonged) inflammatory response in the 

footpad of our adult p75
-/-

 mice.  This enhanced inflammation is likely due to an increase in the 

infiltration and/or proliferation of immune cells into the injured hind limb, similar to that 

observed in the DRG of adult p75NTR-deficient mice following injury     

Sciatic nerve injury results in the cellular activation, and the infiltration/ proliferation of 

resident immune cells in the associated DRG of adult rats and mice.  There are few studies that 

have reported these findings in the associated DRG of adult mice following MIA injection.  MIA 

inhibits glycolysis (Combe et al., 2004) and induces local inflammation and cartilage 

degeneration.   Here, MIA was injected intradermally into the hind limb foot pad and though it is 

substantively distal from the corresponding DRG, we observed an augmentation in the monocytic 

cell population in adult mice lacking functional p75NTR.  These results suggest that nerve 

damage is not required for the p75NTR-mediated infiltration/proliferation of the monocytic cell 
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population in the DRG of adult mice.  Since the DRG are not directly injured, these observations 

also suggest that neuronal signaling must occur for this p75NTR-mediated regulation.  One way 

to test this hypothesis is to completely transect the sciatic nerve of adult p75
-/-

 mice and determine 

if there is an augmentation in the population of monocytic cells in the associated DRG.  

Gschwendtner et al. (2003) reported a significant increase in the number of CD3+ T cells in the 

facial nucleus after transecting the facial nerve in adult mice with functional deletions in either 

exon III or exon IV of the p75NTR gene.  It remains to be determined whether sciatic nerve 

transection would produce similar findings.   As for the signaling molecule involved in this 

p75NTR-mediated response, that requires further examination.  Preliminary data have suggested 

that NGF is not involved in the p75NTR-dependent regulation of macrophages in the DRG of 

adult mice.  That is, the population of Iba1-immunopositive cells in the DRG of uninjured adult 

p75
-/-

 and p75
+/+

 mice that overexpress NGF (under the control of the GFAP promoter) is 

dramatically reduced, compared to that seen in uninjured p75-deficient mice (see Appendix G).  

If NGF was the signaling molecule, we would expect the number of macrophages to increase with 

the overexpression of this neurotrophin.  We speculate that the growth factor, brain-derived 

neurotrophic factor (BDNF) is a likely candidate as it, similar to NGF, binds to p75NTR, 

promotes the survival of sensory neurons (Schecterson and Bothwell, 1992), and modulates 

cytokine production (Bayas et al., 2003).  BDNF is also involved in the crosstalk between neural 

and immune cells (Ren and Dubner, 2010).     

The partial sciatic nerve ligation injury represents a behavioural and neuroanatomical 

model of neuropathic pain (Malmberg and Basbaum, 1998; Seltzer et al., 1990) and has been 

shown to produce substantial activation in the associated DRG.  An upregulation in the glial 

marker, GFAP in satellite glial cells was observed in the ipsilateral DRG of adult p75
-/-

 and 
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control mice.  One interesting observation was the appearance of swollen GFAP-immunopositive 

satellite cells in the DRG of p75NTR-deficient mice; this finding was not seen in control mice.   

Following nerve injury, satellite glial cells can upregulate GFAP and undergo cellular 

hypertrophy and proliferation, thereby increasing their cell size and number (Hanani, 2005; 

Pannese, 2010).  These swollen satellite cells are likely associated with the somata of axotomized 

axons.  Following MIA injection there was an upregulation of GFAP in a few satellite cells in the 

ipsilateral DRG of p75
-/-

 and control mice, however, GFAP expression did not reveal swollen 

satellite glial cells in the sensory ganglia of adult mice post-MIA injection.  This finding helps 

support the idea that axonal injury triggers a greater degree of activation in the associated DRG, 

where in the absence of functional p75NTR, these glial cells become hyperactive.  Taken 

together, the increase in the population of macrophages and in inflammation, as well as an 

heightened glial reactivity suggest that p75NTR plays an important role in regulating the neuro-

immune interactions in the sensory ganglia following injury.  
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Chapter 6 

General Discussion 

6.1 Overall findings 

Following nerve injury, postganglionic sympathetic axons can abnormally sprout from local 

blood vessels into the environment of the sensory ganglia and around a subset of primary sensory 

neurons.  These sympathosensory plexuses consist of multiple sympathetic fibers that associate 

with NGF-sensitive (i.e., trkA- and p75NTR-immunopositive) sensory neurons.  The focus of this 

project was to examine the morphological and neurochemical features of sympathosensory 

plexuses, as well as to determine the fate of sensory neurons that are associated with plexuses in 

adult NGF transgenic mice, and in adult mice following injury.  It is hoped that these findings 

will provide new insight into the underlying mechanisms of NGF-mediated sympathetic sprouting 

and plexus formation in the sensory ganglia.  The main observations are: 

Chapter 2:  Proteomic technology revealed the upregulation of ApoA1 protein in blood vessels in 

the sensory ganglia of adult mice over expressing NGF.  High levels of NGF may provide 

vascular protection, as well as create new blood vessels which would provide a direct route for 

the aberrant sprouting of sympathetic axons into the sensory ganglia.   

Chapter 3: The morphological and neurochemical characteristics of sympathosensory plexuses 

and the associated sensory somata and glial cells are significantly altered in aged NGF transgenic 

mice.  The chronic formation of sympathetic plexuses results in the degeneration of sensory 

neurons, activation of glial and monocytic cells, and potentially a lower survival rate of adult 

mice.  
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Chapter 4: Our laboratory has created a line of reporter mice that ectopically express eGFP under 

the control of the NGF promoter.  We have found that NGF is not produced by any cell type 

within the lumbar DRG of adult mice prior to and following injury.  Thus NGF remains a target-

derived molecule which is internalized by trkA- and p75NTR-positive sensory neurons and 

retrogradely delivered to the neuronal cell body. 

Chapter 5: The NGF receptor, p75NTR is involved in regulating the interactions between the 

nervous and immune system in the DRG of adult mice following injury.  Direct nerve injury does 

not seem to be required to elicit this p75NTR-mediated response however, axonal signaling is 

essential after injury.  It is well recognized that p75NTR is an important protein for glial cell 

function.  Here, in the absence of p75NTR, glial cells (i.e., satellite cells) become hyperactive in 

the sensory ganglia of adult mice following injury.  Preliminary data suggest that this p75NTR 

regulation is independent of NGF. 

 

6.2 Future studies and considerations 

Though many questions regarding the mechanisms of sympathosensory plexus formation have 

been addressed in this project, there are still some issues that unfortunately remain unanswered.  

For instance, how is NGF released from the cell body of sensory neurons in order to promote the 

growth of nearby sympathetic axons?  Is this release similar to that observed in primary cultures 

and slices of rat hippocampus where NGF is released in a constitutive and activity-dependent 

manner, which is influenced by extracellular sodium (Blochl and Thoenen, 1995).  Is NGF 

packaged into exocytotic vesicles that allow for its continuous release from the cell?  To address 

this question, one could create lines of transgenic mice that have the NGF protein directly tagged 
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to a traceable peptide such as eGFP, human influenza hemagglutinin (HA), FLAG, or myc.  

These proteins would allow for the detection of NGF as it is transported intracellularly and 

released from the somata into the extracellular environment.  Under electron microscopy, the 

releasing mechanisms of NGF could be examined.  These mice would also be beneficial for 

determining the nerve injury-induced formation of sympathosensory plexuses.  That is, do 

sympathetic axons target those sensory neurons that release the highest levels of NGF following 

injury?  In our NGF transgenic mice, we speculate that sympathosensory plexuses form around 

those sensory neurons that project into the cerebellum where they pick up large amounts of NGF.  

This abnormal sensory innervation does not likely occur in non-transgenic adult mice following 

injury however, it is possible that those sensory neurons which are internalizing/releasing the 

greatest amounts of NGF into the ganglionic environment are the ones associated with a plexus.  

Furthermore, our results show that NGF is not synthesized by cells in the sensory ganglia.  Which 

cell types are actually releasing NGF following injury?  Do the sensory neurons associated with a 

plexus project to specific tissues?  Our eGFP mice used in this current study allowed us to 

determine which cells have NGF promoter activity but this does not necessarily indicate the 

production of functional protein or the release of protein.  Creating mice that have the active NGF 

protein directly tagged allows us to demonstrate which cell types are expressing and releasing 

NGF.  These mice will provide essential information to the field of NGF biology. 

 Another issue that needs to be addressed involves the overall functional consequences of 

sympathosensory plexuses.  These plexuses have been implicated in the pathogenesis of 

neuropathic pain.  Here, we have demonstrated that the chronic formation of plexuses causes 

degeneration of the associated sensory neuron.  Our aged mice had a shorter life span, compared 

to non-transgenic mice.  We can only speculate that the increase in sympathetic sprouting (into 
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the sensory ganglia and brain) and the presence of aberrant plexuses are linked to a reduced 

survival rate.  Examining the sensory ganglia of other aged NGF transgenic mice (e.g., our 

SMPpr-NGF, Davis’s K14-NGF mice) may provide us with a better understanding of the 

consequences of sympathosensory plexuses.  Would blocking proinflammatory cytokine (e.g., 

TNFα) activity prevent the cell death of sensory neurons?  There are available TNFα knockout 

mice that have been shown to have less axonal degeneration following peripheral nerve injury 

(Sibert and Bruck, 2003).  In the absence of functional TNFα, would sympathetic plexuses cause 

neurodegeneration in the associated sensory somata of adult mice overexpressing NGF?  What 

are the long term functional effects of plexuses in the human population?  There is only one study 

that has reported the occurence of sympathetic plexuses in the sensory ganglia of individuals with 

severe cases of chronic pain (Shinder et al., 1999).  While it is extremely difficult to obtain 

ganglionic tissues from humans, it would be of great interest to determine if people with chronic 

neuropathic pain also have sympathosensory plexuses.       

 The NGF receptor, p75NTR has many functions in the nervous system.  Here, we have 

provided evidence for its role in regulating the interactions between the nervous and immune 

system.  Does p75NTR directly affect the monocytic and immune cell populations or are there 

additional factors involved?  Is there an alteration in this neurotrophin receptor in diseases that 

result in chronic inflammation such as allergies, Alzheimer’s disease, arthritis, and diabetes?  

Since p75NTR has widespread expression and carries out numerous cellular functions, it would 

be difficult to examine this receptor following injury.  Importantly, the p75NTR-deficient mice 

used in this study are not null mutants but retain some functional properties.  These hypomorphic 

mice have allowed us to examine the effects of p75NTR, nonetheless, caution must be taken 

when interpretating the data.  Recently, Bogenmann et al. (2011) created new lines of p75NTR-
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deficient mice that display the typical features of p75NTR mutant mice (i.e., hind limb clenching 

and abnormal reflexes) but have a lower survival rate compared to that reported in previous 

p75NTR hypomorphic mouse lines.  Since p75NTR has many significant roles, one should expect 

a high fatality rate in true p75NTR knock-out mice.  It remains to be determined whether these 

lines of mice represent null mutants, which would provide novel information on the function of 

this neurotrophin receptor. 

 

6.3    Conclusions 

The late Rita Levi-Montalcini made one of the most significant contributions to the field of 

neurobiology when she and her fellow colleagues discovered NGF.  Though NGF was the first 

neurotrophin to be discovered, we likely do not recognize or understand its complete function.  

The role of NGF in promoting the sprouting of sympathetic (and sensory) axons is clear however, 

its expression, signaling, and release pathways still require further attention.   
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Appendix A 

Nerve growth factor promoter activity revealed in mice expressing 

enhanced green fluorescent protein 

(Published in its entirety, Kawaja MD., Smithson LJ, Elliott J., Trinh G., Crotty AM, Michalski 

B, Fahnestock M. (2011).  Journal of Comparative Neurology, 519(13), 2522-45.) 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure A 1. NGFpr-eGFP construct and eGFP expression in the salivary glands. 
A: The linear map of the construct of the mouse NGF promoter driving expression of the 

reporter gene EGFP (this construct is designated as NGFpr-EGFP).  The -2100 base pair 

fragment of the mouse NGF promoter, which includes an AP-1 transcriptional factor binding 

site (black box), was cloned upstream of the EGFP cDNA and the adjacent SV40 early 

polyadenylation signal sequence (Poly A) (forward arrow: transcription start site; ATG: 

translation start site).  B:  Examination of sections of the salivary glands from adult NGFpr-

EGFP transgenic mice (as determined by PCR genotyping) revealed a robust population of 

EGFP-positive tubular cells in the submaxillary glands (but not in the adjacent sublingual or 

parotid glands).  This section was stained with DAPI to reveal nuclei.  C, C’:  Skin taken 

from the external auditory meatus of adult transgenic mice displayed EGFP-positive cells 

associated with the roots of each hair follicle (Fig. C’ shows autofluorescence by the hairs 

under the rhodamine filter).  Scale bars: 200 μm (B), 500 μm (C, C’). 
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Appendix Figure A 2. Distribution of eGFP+ neurons in the neocortices of transgenic mice. 

A: In the piriform cortex of adult animals, a prominent population of EGFP-positive neurons 

is evident in layer III (arrows), as well as other neurons in the underlying dorsal endopiriform 

nucleus (arrowheads).  B: At a higher magnification, this population of piriform cortical 

neurons resolves into two subtypes: larger neurons with clearly visible dendritic processes 

extending from the somata, and smaller neurons with shorter dendritic processes.  C:  In the 

neocortex of PD1 pups, a robust population of EGFP-positive neurons is seen in layer V.  D-

F:  In the entorhinal cortex (EC) from PD10 pups, numerous EGFP-positive neurons are 

present in layer III (with a sparse scattering of neurons in layers I/II), as seen at low (D), 

intermediate (E), and high (F) magnifications.  As observed elsewhere in the cortices, there 

appear to be both large- and small-sized EGFP-positive neurons.  Scale bars: 200 μm (A, E), 

100 μm (B, C, F), and 500 μm (D).   
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Appendix Figure A 3. Distribution of eGFP+ neurons in the hippocampus. 

At both low (A, B) and high (C, D) magnifications, a prominent population of EGFP-positive 

neurons is evident in the CA1-3 fields of the hippocampal formation.  By comparison, the 

dentate gyrus (DG) has only a sparse population of EGFP-positive hilar neurons.  EC, 

entorhinal cortex.  Scale bars: 500 μm (A), 200 μm (B), 100 μm (C, D). 
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Appendix Figure A 4. Distribution of eGFP+ neurons in various neural tissues of transgenic 

mice. 

A: The nucleus basalis (NB) and reticular thalamic nucleus (RT) both show robust 

populations of EGFP-positive neurons in adult mice.  B, C:  EGFP-positive neurons in the 

nucleus basalis which have two or three dendritic processes are smaller in size than the 

p75NTR-immunopositive projection neurons (red) (see C’ inset).  D: The cerebellum of adult 

mice displays numerous EGFP-positive neurons in the molecular layer (M), with fewer 

neurons seen in the granular layer (G).  The adult cerebellum was the only central tissue in 

which a population of EGFP-expressing glial cells is clearly visible.  Astrocytic Fañanas 

cells (arrow in D’ inset) are seen enveloping the somata of EGFP-negative Purkinje neurons 

(*).  E, F:  In the spinal cord of PD1 transgenic pups, numerous EGFP-neurons are seen 

throughout the central grey matter (E), but by PD10 the incidence of these neurons is 

drastically diminished, with only sparse populations found in the superficial laminae and 

adjacent to the central canal (F).   Scale bars: 200 μm (A, E, F), 50 μm (B, D), and 100 μm 

(C). 
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Appendix Figure A 5. Distribution of eGFP+ cells in the gastro-intestinal tracts of 

transgenic mice. 

The stomach of PD1 pups (A), PD10 pups (B), and adult mice (C) show robust populations of 

EGFP-positive cells in the mucosa (M) of the cardiac region (L, lumen).  By adulthood, it is 

apparent that these are a subpopulation of epithelial cells in the cardiac glands.  Note that the 

smooth muscle cells of the underlying external muscle layer (EM) lack EGFP expression.  By 

contrast, the intestines of PD1 pups (D-F) have EGFP-positive cells in the external muscle layer 

(arrows) but not in the developing epithelia of the mucosa.  At higher magnification, these cells 

have several processes radiating from the cell bodies, giving the appearance of developing 

neurons in the enteric plexuses. Scale bars: 200 μm (A, D), 100 μm (B, E, F), 20 μm (C). 
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Appendix Figure A 6. Distribution of eGFP+ cells in exocrine glands of transgenic mice. 

A:  The submaxillary gland of both male and female mice have scattered populations of EGFP-

positive tubular cells.  B:  Lacrimal glands had a dispersed population of EGFP-positive serous 

cells in the secretory acini (inset B’ of a single lacrimal serous cell).  C:  Skin, such as that 

external auditory meatus used for genotyping (shown here), has an abundance of EGFP-positive 

cells found in association with individual hair follicle.  Using confocal microscopy, it was 

revealed that these EGFP-positive cells are found in the sebaceous glands (data not shown).  D:  

The footpads showed a sparse population of EGFP-positive cells at the base of small gland-like 

structures.  E:  The only EGFP-positive cells seen in the reproductive tracts of male and female 

adult mice are the scant population of columnar epithelial cells in the secretory tubules (*) of the 

prostate.  Sections in (D) and (E) were stained with DAPI to reveal nuclei.  F.  The prepubertal 

glands of males had numerous EGFP-positive cells.  Scale bars: 50 μm (A, B, D) 200 μm (C), 

100 μm (E, F).  
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Appendix Figure A 7. Distribution of eGFP+ cells in other organs of transgenic mice. 

A-C:  Both cortical and medullary regions of the adult kidney have robust populations EGFP-

positive interstitial cells.  In the renal cortex, these cells often appear as columns adjacent to the 

tubular and vascular structures, whereas in the renal medulla these cells have a scattered 

organization.  Sections of adult kidneys immunostained for GAP-43 (a marker of peripheral 

axons) reveal no obvious association between EGFP-positive interstitial cells and GAP-43-

immunopositive fibers (red axons in C).  D:  Dense clusters of EGFP-positive cells are seen in the 

thymus of adult mice (primarily in the medullary portion).  E:  The only example of EGFP-

positive smooth muscle cells appears to be those at the openings of the pulmonary alveoli in PD1 

pups (arrows).  F:  The developing pituitary also has EGFP-positive cells in PD1 mice.   Scale 

bars: 200 μm (A, B, E), 50 μm (C), 100 μm (D, F).  
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Appendix Figure A 8.  Immunoblotting for proNGF and mature NGF in a variety of tissues 

isolated from adult transgenic and wild type (C57Bl/6) mice. 

Membranes were immunoblotted using the MC-51 NGF IgG (A) and MC-51 and H-20 NGF 

IgGs plus β-actin IgG (A, A').  Purified samples of proNGF were loaded in lane 1, and purified 

samples of 2.5S NGF were loaded in lanes 12 and 13.  Protein samples of tissues from transgenic 

mice were loaded, as follows: submaxillary gland in lane 2, lung in lane 3, thymus in lane 4, heart 

in lane 5, liver in lane 6, descending colon in lane 7, kidney in lane 8, lacrimal gland in lane 9, 

hippocampus in lane 10, and neocortex in lane 11; protein samples of neocortical tissue from wild 

type mice were loaded in lane 14.  Using the MC-51 and H-20 NGF IgGs simultaneously, 

intensely stained bands at ~13 and ~14 kDa were detected in the submaxillary gland, and 

intensely stained bands at ~32 kDa were detected in the heart, liver, kidney, and lacrimal gland.  

Digital pseudo-coloring of the same gel (A') reveals positive immunostaining with the NGF IgGs 

(green) and positive immunostaining with the β-actin IgG (red).    
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Appendix Figure A 9. Localization of eGFP+ cells after sciatic nerve injury. 

A, B:  At two days post-injury, EGFP-positive cells are seen in the proximal nerve stump. (Two 

examples are shown here at both low (A’) and high (B’) magnifications.)  The distal nerve stump, 

as well as the uninjured sciatic nerve, does not display EGFP-positive cells (data not shown).  C:  

At six days after injury, a small number of EGFP-positive neurons (arrows) are detected in the 

ipsilateral spinal cord (left), with no positive cells seen on the contralateral side (right); 

arrowhead is placed at spinal cord midline.  EGFP is not detected under other filters for 

fluorescence microscopy (rhodamine filter shown in A-C).  Scale bars: 200 μm (A), 100 μm (B, 

C).        
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Appendix Figure A 10. Localization of eGFP+ cells in the pineal gland 

At embryonic day 20, the pineal gland (arrow) was clearly identified in horizontal sections 

through the neuroaxis, as it is situated between the two cerebral cortices (CC) rostrally and the 

two superior colliculi (SC) caudally (A, low magnification; B, higher magnification).  No EGFP-

positive cells were found in the pineal glands post-natal or adult mice, and following a unilateral 

sympathetic deafferentation, the absence of EGFP-positive cells persisted (C; this section was 

stained with DAPI to reveal nuclei).  Scale bars:   μm (A), μm (B), (C).       
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Table 3.  Relative intensities of EGFP in central and peripheral tissues of NGFpr-EGFP 

transgenic mice: +++, very strong; ++, moderate; +, weak; –, absent; nt, not tested.  

          PD1     PD10      Adult (3 months)      Adult (8 months)                

Brain 

Neocortices1   +++   +++   +++  +++ 

Hippocampus1   -                                      +++   +  + 

Nucleus basalis1  ++   +++   +++  +++ 

Reticular Thalamic1  ++   +++   +++  ++ 

Cerebellum1,2   -      -    +++  - 

Spinal Cord1   +++   ++   -  - 

Irides    -   -   -  - 

Sensory ganglia   -   -   -   

Sympathetic ganglia  -   -   -  nt 

Peripheral nerves   -   -   -  - 

Pituitary     ++   -   -  nt 

Salivary glands 

Submaxillary gland3  -   -   +++  ++ 

Sublingual gland  -   -   -  - 

Parotid gland   -   -   -  - 

Lacrimal gland4   nt    nt   ++  ++ 

Pineal gland   -   -   -   

Thymus5    +++   +++   +++  - 

Heart     -   -   -  - 

Lung6    +   -   -  - 

Liver    -   -   -  - 

Stomach7      ++   ++   +++  +++ 

Pancreas    -   -   -  - 

Intestine8    ++   ++   ++  ++ 

Kidney9    ++   ++   +++  ++ 

Urinary bladder   -   -   -  - 

Prostate10    -   -   +  nt 

Prepubertal gland   nt   nt   ++  +++ 

Uterus   nt   -   -  - 

Skin11    -   -   +++        variable 

Footpad gland   -                  -       +  nt 

____________________________________________________________________________________________________ 

EGFP-positive cells include (1) neurons, (2) astrocytes, (3) tubular cells, (4) serous cells, (5) reticular cells, (6) smooth muscle 

cells, (7) mucosal epithelia, (8) enteric neurons, (9) interstitial cells, (10) columnar epithelia, and (11) sebaceous gland cells.   
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Appendix B 

p75NTR hypomorphic mice 

The availability of p75NTR-deficient mice has allowed us the opportunity to examine the 

function of this neurotrophin receptor, in vivo.  The role of p75NTR in the development and 

maintenance of the nervous system is apparent upon examination of adult mice that are deficient 

for p75NTR.  These hypomorphic mice carry a targeted deletion in exon III of the p75NTR gene; 

the 3
rd

 exon contains the cysteine-rich repeats encoding for the extracellular domain and is 

required for ligand binding (Yan and Chao, 1991).  These mice are viable and fertile but have 

abnormalities in their skin (i.e., ulcerated and loss of hair follicles and toenails) and often display 

deformities in both the forelimb and hind limbs (Lee et al., 1992).  The absence of p75NTR 

greatly affects the sensory nervous system of these mice.  The following observations have been 

reported by Lee et al. (1992; 1994) and others: 1) a reduction in calcitonin gene-related peptide 

(CGRP)- and substance P (SP)-immunopositive sensory innervation of the extremities; 2) a 

decrease sensitivity to NGF by embryonic DRG and postnatal sympathetic ganglia, in vitro; 3) a 

decrease in the size of the DRG (i.e., loss of thinly myelinated and unmyelinated sensory 

neurons) (Stucky and Koltzenburg, 1997); and 4) a reduction of heat sensitivity.  These uninjured 

hypomorphic mice also have a loss of peripheral myelination (Song et al., 2006), spiral ganglion 

neurons (i.e., leading to progressive hearing loss) (Sato et al., 2006), trigeminal neurons (Krol et 

al., 2001), and a loss of geniculate ganglion neurons (Fan et al., 2004).  Their sympathetic 

nervous system is also affected, displaying features such as a reduction in the sympathetic 

innervation in the subendocardium of the left ventricle (Lorentz et al., 2010) and in the atria 

(Habecker et al., 2008).  This hypoinnervation leads to altered cardiac β1-adrenergic receptor 

expression, depressed basal heart rate, increased spontaneous ventricular arrhythmias, and an 

increase in norepinephrine expression (Habecker et al., 2008; Lorentz et al., 2010).    

In the brain of p75NTR exon III mice, there are severe alterations in the basal forebrain 

cholinergic pathway.  For example, there is a significant increase in the size and number of 

choline acetyltransferase (ChAT)-immunopositive cholinergic neurons (Barrett et al., 2010; 

Greferath et al., 2012; Yeo et al., 1997).  There is also a reduction in adult hippocampus 

neurogenesis (Colditz et al., 2010), an impairment in NGF transport and expression in cholinergic 

neurons (Kramer et al., 1999; Krol et al., 2000), and an increase in the spine density and dendritic 
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arborisation of these neurons in the postnatal hippocampus (Zagrebelsky et al., 2005).  Memory 

and behavioural tasks including water maze, motor activity, and stress-related performances (e.g., 

freezing in open-field test) have all led to conflicting results in p75NTR exon III mice (Barrett et 

al., 2010; Catts et al., 2008; Martinowich et al., 2012; Peterson et al., 1999).   

It is well understood that programmed cell death (i.e., apoptosis) is regulated by p75NTR.  

Thus, it is not surprising that in the absence of functional p75NTR, there is an increase in the 

survival rate of sensory and sympathetic neurons during development and following injury in 

adult mice (Lebrun-Julien et al., 2009; Jahed and Kawaja, 2005; McDonald et al., 2009; Sorensen 

et al., 2003).  Though enhanced survival is typically desired, injury in adult mice lacking 

p75NTR results in an increase in lesion size following an excitotoxic injury (Griesmaier et al., 

2010), and a reduction in remyelination and axonal regeneration after peripheral nerve injury 

(Cosgaya et al., 2002; Tomita et al., 2007).  In addition, alterations in neuronal activity, and an 

increase in inflammation in the spinal cord, sensory ganglia, and in the brainstem after nerve 

injury have been reported in adult p75NTR-deficient mice (Gschwendtner et al., 2003; Kerzel et 

al., 2003; Kust et al., 2006).   

Aside from the p75NTR exon III mice, there are four additional p75NTR-deficient mouse 

models.  It was reported that the p75NTR exon III mice retained a truncated protein from the 

alterative splicing of exon III (von Schack et al., 2001).  In addition, a fragment of the 

intracellular domain has been shown to produce Trk-mediated trophic signaling in mice lacking 

the extracellular ligand-binding domain (Matusicia et al., 2013).  Since the presence of this 

transcript product may result in a functional p75NTR, von Schack et al. (2001) constructed a line 

of mice that carried a targeted deletion in exon IV of the p75NTR gene.  Both exon III and exon 

IV mice had no specific neurotrophin binding in vitro, and lacked the major 75kDA p75NTR 

protein bands when analyzed in primary cultures of Schwann cells.  In contrast to exon IV, the 

Schwann cell extracts from exon III, however, revealed a band at 62 kDa and was p75NTR 

immunoreactive (von Schack et al., 2001).  The p75NTR exon IV-deficient mice have 

abnormalities in their extremities (similar to exon III) but have a significantly lower numbers of 

L5 DRG neurons from postnatal pups, and a higher embryonic fatality rate due to severely altered 

vasculature.  Though exon IV mice were design to improve our understanding of the function of 

p75NTR, these exon IV mice, as suggested by Paul et al. (2004) represent a loss-of-function 
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rather than a p75NTR knock-out.  Paul et al. (2004) demonstrated that these mice still express a 

fragment of the p75NTR protein that can activate signaling pathways.    

In addition to the p75NTR exon III mice, Lee and colleagues also created conditional 

p75NTR-deficient mice that selectively deleted p75NTR in retinal ganglionic neurons localized 

to specific retinal domains (Lim et al., 2008).  These mice have normal retinal morphology but 

have alterations in the topographical mapping of retinal ganglionic axons in the superior 

colliculus.  While these mice are useful in examining the role of p75NTR in the visual system, 

they likely cannot be used for more widespread effects of p75NTR.  Recently, Bongenmann et al. 

(2011) reported two new p75NTR-deficient mouse lines (i.e., a neural crest-specific 

p75NTR/Wnt1-Cre mutants and p75NTR-null mutants with a disruption in exon 4-6 (i.e., flanked 

by loxP sites) of the p75NTR gene).  Both of these p75NTR-deficient mice displayed abnormities 

in their hind limb function (i.e., clenching) and reflexes (Bogenmann et al., 2011).  There is also a 

loss of small diameter axons resulting in a size reduction of the DRG and sciatic nerve diameter.  

Whether these mice contain a functional fragment of p75NTR remains unknown, however, care 

needs to be taken when using these mouse lines and interpreting the results as different motifs and 

post-translational modifications of the abnormal protein may produce functional effects.   
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Appendix C 

Review Paper: Materials and Methods 

6.4 Animals 

Transgenic mice: We have generated transgenic mice that ectopically express NGF under the 

control of the GFAP promoter (Kawaja and Crutcher, 1997); these animals display sympathetic 

perineuronal plexuses in the uninjured trigeminal ganglion (Walsh and Kawaja, 1998; Walsh et al., 

1999b).  Genotyping was conducted by polymerase chain reaction.  Briefly, ear punches were 

taken from each animal at 1 month of age, digested with EcoRI, and amplified with the following 

primer: NGF (5’-CTAGAATTCTGCAGGCAACTCAGCC; 5’-

CCTGAATTCTAGTGAACATGCTGTGCC).  All amplifications were carried out in an 

Eppendorf Mastercycler (Hamburg, Germany).  For this study, we used both male and female 2-3 

month old NGF transgenic mice.   

 

Nerve injured rats: (Taken from Krol and Kawaja, thesis 2006) Adult male Wistar rats (100-150g; 

n=37) were deeply anesthetized with a mixture of ketamine (5.6 mg/kg), acepromazine (0.75 

mg/kg), and Rompun (4 mg/kg), and then underwent a unilateral ligation of the fifth lumbar spinal 

nerve distal to the junction of the gray ramus with the spinal nerve proper.  This is a well-

established surgical procedure for generating neuropathic pain in rats.  After recovery periods of 1 

(n=14), 2 (n-11), and 3 (n=12) weeks, the rats were again deeply anesthetized and transcardially 

perfused with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1M phosphate buffer (pH 7.4).  

Ipsilateral and contralateral L5 DRG were removed and stored in the same fixative.  All 

experiments were performed according to the guidelines of the Canadian Council for the Use and 

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

Committee.   

 

6.5 Immunohistochemistry for nerve-injured rats 

After storage in fixative for 3 days, all ganglia were sectioned at 50 μm thickness using a 

Vibrotome.  The sections were collected in 0.1M Tris buffered saline (TBS, pH 7.4), and 

processed for the immunohistochemical detection of TH, a reliable marker of sympathetic axons.  
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All control sections were processed previously in the absence of primary IgGs.  Sections of rat 

sensory ganglia were first incubated in 10% normal rabbit serum (NRS) in 0.1M TBS plus 0.02% 

TBX for 2 hours at room temperature.  All sections were then incubated in sheep anti-TH IgG in 

3% NRS in TBX for 4 days at room temperature.  After rinsing in TBS for 15-30 minutes, the 

sections were incubated with biotinylated rabbit anti-goat IgG for 3 hours at room temperature.  

After rinsing, the sections were incubated with avidin-biotin peroxidase complex for 3 hours.  

Sections were reacted in a solution of containing 0.05% DAB, 0.04% nickel chloride, and 0.015% 

hydrogen peroxide in 0.1M TBS for up to 5 minutes, until the product was clearly visible. 

 

6.6 Peripheral nerve injuries 

Adult C57Bl/6 (n=5) and BALB/c (n=4) mice were deeply anesthetized with a mixture of 

ketamine (100 mg/ml) and Rompun (20 mg/ml) and an incision was made in the dorsal aspect of 

the left mid-thigh and the posterior thigh muscles were carefully dissected apart to isolate the 

sciatic nerve.  The nerve was tightly ligated with 4-0 silk sutures, cut, distally resected several 

millimeters, and cut again, and the overlying muscles and skin were sutured to close wound.  

Mice were allowed to survive for four weeks following injury. 

 

6.7 Transmission electron microscopy 

Nerve-injured rats: TH-immunostained sections of plexuses were treated overnight in 1% 

phosphate-buffered osmium tetrooxide, and then dehydrated through a graded series of 

methanols, cleared with propylene oxide, and embedded in Epon.  Both semithin and ultrathin 

sections were cut using a LKB Ultramicrotome, the latter of which were collected onto copper 

grids and stained with uranyl acetate and lead citrate.   

 

NGF transgenic mice: Under deep anesthesia (sodium pentobarbital at 8.2 mg/mouse delivered 

i.p.), NGF transgenic mice (n=15 per age group) were perfused transcardially with phosphate-

buffered 2% paraformaldehyde and 0.2% glutaraldehyde (pH 7.4).  The trigeminal ganglia were 

sectioned at ~50 µm thickness using a Vibratome.  These sections were blocked in 10% bovine 

serum albumin (BSA) diluted in 0.25% TBX and then incubated with sheep anti-TH IgG for 5 
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days at room temperature.  After rinsing twice in 0.1M TBS, the sections were incubated with 

biotinylated rabbit anti-goat IgG (Vector Labs) for 3 hours, rinsed, and then incubated in a 

solution containing the avidin-biotin complex (Vector Labs) for 2 hours at room temperature.  

After a final rinse, sections were reacted in a solution containing 0.05% diaminobenzidine 

tetrahydrochloride, 0.04% nickel chloride, and 0.03% hydrogen peroxide in 0.1M TBS until 

brown product was visualized.  Under a dissecting microscope, ganglionic sections were cut into 

smaller pieces and post-fixed in phosphate-buffered 1% osmium (pH 7.4); these tissues were 

subsequently dehydrated, cleared, and embedded in Epon.  All ultrathin sections (cut on a RMC 

microtome) were stained with uranyl acetate and lead citrate, and then viewed using a Hitachi 

7000 transmission electron microscope.   

 

6.8 Proteomic evaluation on trigeminal ganglia 

6.8.1 Protein isolation 

Adult GFAPpr-NGF mice (7 months old, n= 3 pooled) and adult non-transgenic mice (7 months 

old, n=3 pooled) were deeply anesthetized with sodium pentobarbital (32.5mg/kg) and perfused 

transcardially with 100 ml of 0.1M phosphate-buffered saline (pH 7.4) to remove blood for 

tissues.  The pairs of trigeminal ganglia were removed from all mice and quickly flash frozen in 

liquid nitrogen, and stored at -80 °C. Tissues were weighed and homogenized on ice in 300 µl of 

8M urea, 2M thiourea, and 4% (w/v) CHAPS in 15 mM Tris (pH 8.8).  The samples were 

centrifuged for 20 minutes at 13,000 x g (at 4°C) and the supernatants were collected and stored 

at -80°C.  The protein concentration of each sample was determined using a 2D Quantification 

Kit (Amersham Biosciences).   

 

6.8.2 2-dimensionl PAGE, silver staining and mass spectrometry 

Immobilized 24 cm pH gradient (IPG) strip gels (pH 4-7, Amersham Biosciences) were 

rehydrated overnight with 200 µg of trigeminal protein diluted in rehydration buffer containing 

8M urea, 2M thiourea, 4% (w/v) CHAPS, 2% (w/v) and 0.5% ampholytes (pH 4-7).  Isoelectric 

focusing was carried out 250V for 8h, 500V for 1h, 1000V for 1 hour, linear ramping to 10,000V 

for over 3h, 10,000V for 65 kVh.  Focused strips were stored at - 80°C until used for 



 

177 

 

electrophoresis.  For 2-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), 12% acrylamide with Bis-Tris (pH 7.4) was utilized along with MOPS (3-(N-

morpholino) propanesulfonic acid) in the electrophoresis buffer.  IPG strips with resolved 

proteins were thawed and equilibrated for 15 min in a buffer containing 8 M urea, 30% (w/v) 

glycerol, and 2% SDS in 50 mM Bis-Tris (pH 8.8) with 1% (w/v) DTT, and then for 15 min in in 

a buffer containing 8 M urea, 30% (w/v) glycerol, and 2% SDS in 50 mM Bis-Tris (pH 8.8) 

supplemented with 2.5% (w/v) iodoacetamide. The strips were then individually placed directly 

on top of 2-dimensional gels, and a solution of 0.5% (w/v) low-melt agarose in MOPS 

electrophoresis buffer overlay with a trace of bromophenol blue was used to embed the strips.  

Large format 2-dimensional SDS-PAGE electrophoresis was carried out in a DALT6 apparatus 

(Amersham Biosciences) at 50 V at 4 °C for 1 hour, then 100V at 4°C overnight, until the 

bromophenol blue reached the bottom of the gel. 2-dimensional gels were removed from glass gel 

holder and were developed and silver stained with silver nitrate.  Mass spectrometry and protein 

identification were carried out by Dave McLeod from the Queen’s University Protein Function 

Discovery Facility. 

 

6.9 Immunohistochemistry 

Under deep anesthesia (sodium pentobarbital at 8.2 mg/mouse delivered i.p.) NGF transgenic mice 

(2-3 month old, n=5) and adult non-transgenic mice (2-3 month old, n=5) were perfused 

transcardially with 2% paraformaldehyde in 0.1M phosphate buffer (pH 7.4).  The trigeminal 

ganglia and dorsal root ganglia were removed from each animal, post fixed in perfusion fixative 

for 2 days, and then cryoprotected in 30% phosphate-buffered sucrose for 2 days.  Tissues were 

embedded in Cryomatrix
TM

 (Shandon) frozen at -20°C, sectioned at 10 µm thickness onto 

Superfrost/Plus slides (Fischer Scientific) and stored at -20°C.   

 

6.9.1 Antigen retrieval by fluorescent immunostaining 

Slides were allowed to thaw at room temperature for 5 minutes and post-fixed for 10 min in cold 

2% paraformaldehyde in 0.1M phosphate buffer (pH 7.4).  Slides were washed in 0.1M Tris 

buffer saline (TBS) for 5 minutes (performed after each step), and then blocked for 1 hour in 10% 
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normal donkey serum (NDS) plus 0.25% triton-X100 (TBX) at room temperature in a humidified 

chamber.  Sections of ganglia were incubated with goat anti-apoprotein A1 (ApoA1) IgG (1:500, 

Santa Cruz).  Slides were incubated for 2 hours with FITC-conjugated donkey anti-goat (1:200, in 

3% NDS plus 0.25% TBX, Jackson ImmunoResearch, West Grove, PA).  Slides were cover 

slipped with DAPI-mounting media (Vector Laboratories) and were viewed under a Zeiss 

microscope with axiocam.   

 

6.9.2 Antigen retrieval with chromogenic staining 

For double labeling with antibodies made in the same species (i.e., ApoA1IgG and TH IgG, both 

of which were made in goat/sheep), we used the chromogens 3,3'-diaminobenzidine (DAB) and 

benzidine dihydrochloride (BDHC) for visualization of positive immunostaining (Levey et al., 

1986).  For the DAB and BDHC reactions, slides were first blocked in 0.3% hydrogen peroxide 

and 10% bovine serum albumin (BSA), and then incubated for 48 hours with sheep anti-TH IgG 

(1:1000; in 3% BSA); after which the sections were incubated in biotinylated rabbit anti-goat 

(1:200; in 3% BSA) for 2 hours, followed by a 2 hour incubation in ABC (Vector Laboratories).  

After another rinse, tissues were reacted in a solution containing 0.05% diaminobenzidine 

tetrahydrochloride, 0.04% nickel chloride, and 0.015% hydrogen peroxide in 0.1M TBS.  Positive 

immunostaining for TH was revealed by the DAB reaction, which results in a brown reaction 

product.  The sections were then rinsed in buffer and then blocked in 10% BSA, and then  in 

incubated for 48 hours with goat anti-ApoA1 IgG (1:1000; in 3% BSA); after which the sections 

were incubated in biotinylated rabbit anti-goat (1:200; in 3% BSA) for 2 hours, followed by a 2 

hour incubation in ABC (Vector Laboratories).  Positive immunostaining for ApoA1 was revealed 

by the BDHC reaction, which results in a blue crystalline reaction product.  Sections were 

dehydrated, cleared, and cover slipped for viewing under bright-field microscopy.  Axiovision Rel. 

4.5 software was used to capture images, which were adjusted for brightness in Axiovision.  No 

other manipulations were performed on these images, saved as TIFs, and all figures were created 

in Adobe Illustrator C5.   
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Appendix D 

The role of p75NTR on sympathosensory plexuses in the dorsal root 

ganglia of adult SMPpr-NGF mice 

 (Published in its entirety, Petrie CN, Smithson LJ, Crotty AM, Michalski B, Fahnestock M., 

Kawaja MD. (2013). Overexpression of nerve growth factor by murine smooth muscle cells: The 

role of p75 neurotrophin receptor on sympathetic and sensory sprouting. Journal of Comparative 

Neurology, in press) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure D. 1. Sympathosensory 

plexuses in the DRG of adult SMPpr-

NGF mice. 

Sympathetic sprouting in the dorsal root 

ganglia on NGF/p75
+/+

 mice.  Tyrosine 

hydroxylase-immunopositive sympathetic 

perineuronal plexuses are seen in the 

cervical (A), thoracic (B), lumbar (C), and 

sacral (D) dorsal root ganglia of adult 

SMPpr-NGF mice.  The incidence of 

sympathetic plexuses increases from 

cervical to sacral spinal levels.  Scale bar = 

50 μm.     
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Appendix Figure D. 2. Sympathosensory plexuses associated with trkA-, CGRP-, and 

p75NTR-immunopositive sensory neurons. 

No sympathetic perineuronal plexuses (as detected by TH-immunostaining were seen in the 

sensory ganglia of wild type mice (A, D, G, J).  In NGF mice with a fully functional p75NTR (B, 

E, H, K), sympathetic plexuses (green) were associated with trkA- (E, red), CGRP- (H, red), and 

p75NTR- (K, red) immunopositive neurons.  In NGF mice carrying a p75NTR null mutant (C, F, 

I, L), TH-immunopositive sympathetic fibers were found extending throughout the ganglionic 

environment with very few perineuronal plexuses seen.  Small TH-immunopositive neurons 

(green) were observed in the dorsal root ganglia of all lines of transgenic mice.  As an internal 

control, no p75NTR immunostaining was detected in NGF/p75
-/- 

mice (L).  Scale bar = 100 μm.     

(see Supplemental Figure 2 for images converted to magenta-green).   
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Appendix E 

Primary Antibody Table 

Table 4: Characterization of primary antibodies. 

Antibody Antigen/immunogen Species 
Optimal 

Concentration 

Company/ 

catalogue # 
Identifies/marker  

ApoA1 (apoprotein A1) 
A peptide mapping within an internal region of 

mouse apoA1 
Goat polyclonal 1:500 

Santa Cruz, sc-

23605 

Protein component of high 

density lipoprotein 

Annexin V E. coli-derived, recombinant human annexin V Goat polyclonal 1:1000 
R&D Systems, 

AF399 

Exact function unknown, 

apoptosis 

CGRP (calcitonin gene-

related peptide) 
Synthetic CGRP Rabbit polyclonal 1:1000 

Millipore, 

AB15360 
Peptidergic sensory neurons 

CGRP (calcitonin gene-

related peptide) 
Synthetic peptide of CGRP Rabbit polyclonal 1:1000 

Peninsula 

Laboratories LLC, 

T-4032 

Peptidergic sensory neurons 

cFos 

Synthetic peptide: MMFSGFNADYEASS, 

corresponding to N-terminal amino acids 1-14 of 

human cFos 

Rabbit polyclonal 1:1000 Abcam, ab7963 Cellular activation 

DBH (dopamine beta 

hydroxylase) 

Full length native protein (purified) from cow 

adrenal medulla 
Rabbit polyclonal 1:500 Abcam, ab43868 

Postganglionic sympathetic 

neurons (noradrenergic), 

dopaminergic neurons 

DBH (dopamine beta 

hydroxylase) 
Native enzyme from cow adrenal glands Rabbit polyclonal 1:500 Millipore, AB1585 

Postganglionic sympathetic  

(noradrenergic) neurons, 

dopaminergic neurons 

Galanin Pig galanin Rabbit polyclonal 1:500 Millipore, AB1985 
Non-peptidergic sensory 

neurons 
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GFAP (glial fibrillary 

acidic protein) 
GFAP isolated from cow spinal cord Rabbit polyclonal 1:1000 

DakoCytomation, 

Z0334 
Schwann cells, astrocytes 

GAP43 (growth 

associated protein 43) 
Recombinant rat GAP-43 (complete sequence) Rabbit polyclonal 1:1000 Millipore, AB5220 

Schwann cells, growing 

axons 

IB4 (isolectin B4) Bandeiraea simplicifolia BS-I isolectin B4 (FITC conjugate) 1:2000 Sigma, L2895 
Nonpeptidergic sensory 

neurons 

Iba1 (ionized calcium 

binding adapter 

molecule) 

Synthetic peptide corresponding to C-terminus of 

Iba1 
Rabbit polyclonal 1:1000 Wako, 019-19741 Microglia, macrophages 

ISL-1 (islet 1) 
KLH-conjugated linear peptide corresponding to 

human ISL-1 
Rabbit polyclonal 1:1000 Millipore, AB4326 

Expressed in cell bodies of 

active cells 

Kir4.1 (inwardly 

rectifying potassium 

channel subunit 4.1) 

Peptide (C)KLEESLREQAEKEGSALSVR) 

corresponding to residues 356-375 of rat Kir4.1 
Rabbit polyclonal 1:1000 

Alomone Labs, 

APC-035 

Satellite glial cells, 

astrocytes 

NeuN (neuronal nuclei) Purified cell nuclei from mouse brain 
Mouse 

monoclonal 
1:3000 Millipore, MAB377 Neuronal cell bodies 

NGF (nerve growth 

factor) 

Native mouse salivary gland  NGF(>95% 

purified) 
Rabbit polyclonal 1:1000 Abcam, ab6198 

Neural and non-neural cell 

types 

NGF (nerve growth 

factor) 

Native mouse salivary gland NGF (>95% 

purified) 
Rabbit polyclonal 1:1000 Abcam, ab6199 

Neural and non-neural cell 

types 

NGF (nerve growth 

factor) 
HPLC purified mouse 2.5S NGF Rabbit polyclonal 1:1000 

Cedarlane, 

CLMCNET-051 

Neural and non-neural cell 

types 

NOS1 (nitric oxide 

synthesis 

A peptide mapping near the C-terminus of rat 

NOS1 
Rabbit, polyclonal 1:500 Santa Cruz, sc-648 Nitric oxide synthases 
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p75NTR (p75 

neurotrophin receptor) 

GST-tagged p75NTR corresponding to the cell 

membrane 
Rabbit polyclonal 1:1000 Millipore, AB1554 

Schwann cells, satellite glial 

cells, sensory neurons 

p75NTR (p75 

neurotrophin receptor 

9992, intracellular domain of mouse p75NTR as a 

GST-2T fusion protein 
Rabbit polyclonal 1:2000 

A kind gift from 

Dr. Moses Chao 

Schwann cells, satellite glial 

cells, sensory neurons 

p75NTR (p75 

neurotrophin receptor) 

9651, extracellular domain of mouse p75NTR 

(amino acids 43-161) as a GST-2T fusion protein 
Rabbit polyclonal 1:2000 

A kind gift from 

Dr. Moses Chao 

Schwann cells, satellite glial 

cells, sensory neurons 

S100 S100 isolated from cow brain Rabbit polyclonal 1:1000 
DakoCytomation, 

Z0311 
Schwann cells, 

Sortilin 
Mouse myeloma cell line NSO-derived 

recombinant mouse sortilin 
Goat polyclonal 1:1000 

R&D Systems, 

AF2934 
Wide range of cell types 

SP (substance P) Substance P Rabbit polyclonal 1:500 Millipore, AB1566 Peptidergic sensory neurons 

TH (tyrosine hydroxylase Native TH from rat pheochromocytoma Sheep polyclonal 1:1000 Millipore, AB1542 
Postganglionic sympathetic 

neurons 

TNFα (tumor necrosis 

factor alpha) 
Highly pure (>98%) recombinant mouse TNFα rabbit polyclonal 1:1000 

Millipore, 

AB2148P 

Macrophages, microglia, 

satellite glial cells 

TNFRI (tumor necrosis 

factor alpha receptor II) 

E. coli-derived recombinant mouse TNF RI 

(lle22-Ala212) 
Goat polyclonal 1.25µg/ml 

R&D Systems, AF-

425-PB 

Macrophages, satellite cells, 

microglia 

TrkA (tyrosine kinase A) 
purified protein corresponding to the entire 

extracellular domain of rat trkA 
Rabbit polyclonal 1:100 Millipore, 06-574 Nociceptive sensory neurons 
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Appendix F 

Tyrosine hydroxylase-immunopositive sympathetic axons in the 

trigeminal ganglia of 12 month old NGF mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure F. 1. Tyrosine hydroxylase (TH)-immunopositive sympathetic axons in the 

trigeminal ganglia of 12 month old GFAPpr-NGF mice. 

A-C: At the transmission electron microscope level, TH immunoreactivity revealed 

postganglionic sympathetic fibers in the satellite glial cells ensheathment (shaded yellow; * glia 

nucleus) in the trigeminal ganglia of aged NGF transgenic mice.  D-E: The density and size of the 

sympathetic axons had dramatically increased in aged mice, compared to those seen in 2-3 month 

old NGF transgenic mice.  Scale bars = 2.7 μm (A), 1.4 μm (B, C), 0.9 μm (D), and 0.8 μm (E). 
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Appendix G 

Neurodegeneration in the trigeminal ganglia of aged NGF mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure F. 2. Neurodegeneration in the trigeminal ganglia of aged NGF mice. 

A, C: At the light microscope level sections of trigeminal nerve (A) and trigeminal ganglia (C) 

stained for toluidine blue (i.e., nucleic acid and polysaccharide stain)  displayed features of 

neurodegeneration such as large dense bodies (arrows) , injured and swollen axons (arrowheads), 

and missing axonal profiles (*).  These observations were also seen under the transmission 

electron microscope (B, D).  Scale bars = 20 μm (A, C), and 3.2 μm (B), and 3 μm (D).  
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Appendix H 

Sympathetic sprouting in the brains of aged mice that overexpress nerve 

growth factor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure H. 1. Tyrosine hydroxylase (TH) immunostaining in the cerebellum of 

aged NGF mice. 

TH-immunopositive sympathetic axons are seen sprouting into the cerebellum via the inferior 

cerebellar peduncle of NGF transgenic mice at 1 month of age (A; higher magnification in B), 14 

months (C; higher magnification in D), and 16 months of age (E; higher magnification in F).  

Scale bars = 100 μm (A, C, E) and 50 μm (B, D, F).  
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Appendix Figure H. 2. Tyrosine hydroxylase (TH) immunostaining in the optic tract of 

NGF transgenic mice. 

TH-immunopositive sympathetic axons are seen sprouting in the optic tract of GFAPpr-NGF 

transgenic mice at 1 month of age (A; higher magnification in B), 11 months (C; higher 

magnification in D), and 16 months of age (E; higher magnification in F).  Scale bars =   200 µm 

(A, C), 100 μm (B, E) and 50 μm (D, F).    

 

B 

D C 

A 

E F 



 

188 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure H. 3. Tyrosine hydroxylase (TH) immunostaining in the hippocampus of 

NGF mice. 

TH-immunopositive sympathetic axons are seen sprouting in the hippocampus of GFAPpr-NGF 

transgenic mice at 1 month of age (A; higher magnification in B), 11 months (C; higher 

magnification in D), 14 months (E; higher magnification in F), and 16 months of age (G; higher 

magnification in H).  Scale bars =    100 μm (A, C, G), 50 μm (B, D, F, H), and 200 μm (E).  
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Appendix I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure I. 1. Percentage of area occupied by Iba1+ cells in the DRG of adult p75
+/+

 

and p75
-/-

 mice overexpressing nerve growth factor. 

Though there are significantly more Iba1-immunopositive macrophages in the lumbar DRG of 

NGF/p75
+/+

 mice compared to NGF/p75
-/-

 mice, the overall population of macrophages in the 

DRG of NGF transgenic mice is approximately 50% less than that observed in p75NR-deficient 

only mice.  *p<0.05. 

* 


