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Abstract 

Acquiring knowledge of the morphological, molecular, and functional changes that occur 

to neurons following axotomy is a key step for a comprehensive understanding of the 

nervous system and how it reacts to injury. Propriospinal commissural interneurons (PCIs 

or CINs) are a class of neuron with axons that project through the ventral commissure to 

the contralateral spinal cord. My goal was to examine the morphological, molecular, and 

functional changes that occur to adult feline PCIs following a proximal axotomy. 

 We first determined whether proximally axotomized PCIs develop de novo axons 

from their dendrites. C3 PCIs were proximally axotomized and several weeks later we 

stained PCIs and prepared the tissue for histological evaluation. Two primary classes of 

axotomized PCI were identified: those with a very short axon (called permanently 

axotomized) and those with an axon that projected across the injury site. Permanently 

axotomized PCIs had processes with morphological features typical of axons that 

emerged from their distal dendrites. These axonal processes of the distal dendrites also 

had GAP-43 (an axonal marker) and lacked MAP2a/b (a dendritic marker). We concluded 

that permanently axotomized PCIs develop de novo axons from distal dendrites. 

 We then determined whether the axons that crossed the lesion site were 

representative of spontaneous functional regeneration. First, we showed that PCI axons 

regenerate through an environment that is typically highly inhibitory to regenerating 

axons. Second, we established that the regenerated axons conduct action potentials. 

Finally, we found that regenerated PCI axons form functional synaptic connections with 

neurons in the contralateral spinal cord. Collectively, these data indicated that spinal 
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interneurons are capable of spontaneous functional regeneration through an injured spinal 

cord.  

 PCI growth cones are complex and unlike growth cones previously described in 

the literature. The final study of the thesis examines the morphologies of PCI growth 

cones within spinal cord injury sites. We found that PCI growth cones have a wide range 

of morphologies that is independent of their location within the lesion site.  

  Taken together, these data indicate that PCIs have a remarkable capacity for 

axonal elongation and contribute to remodelling of spinal circuitry following spinal 

injury. 
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Chapter 1: 

General Introduction 

 

In this thesis I examine axonal growth in the injured adult mammalian spinal cord. 

Effective treatments to control and promote axonal growth and the formation of new 

synaptic connections to replace those lost due to spinal cord injury (SCI) remains an 

elusive goal. The first section of my introduction examines three ways axotomized 

neurons can form new connections. The first is by regenerating the cut end of their axons. 

Achieving this goal is a daunting task because axons of the adult mammalian spinal cord 

do not typically regenerate following axotomy. The failure of axons to regenerate is due 

to a wide variety of factors including a poor regenerative response by neurons and 

inhibition of growth at the SCI site. The second way cut axons can form new connections 

is by sprouting new collaterals from uninjured regions of their axon. For this thesis, the 

phenomenon of forming new collaterals is called plasticity. A third, and less well known, 

route axotomized neurons form new connections is by sprouting new axons from the tips 

of their distal dendrites. These processes are called de novo axons.   

Forming new connections is dependent on the type of cell being examined, yet 

most SCI studies focus on either long descending axons or dorsal root ganglia (DRG) 

axons. The second section of my introduction briefly examines the roles of different 

neurons in spinal pathology and their differential ability to form new connections 

following a SCI, followed by a more detailed examination of spinal interneurons and their 

role in SCI. 
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The ability of neurons to form new connections also depends on the methods used 

to cause a SCI. Some injury models are better suited to mimic common human spinal 

trauma, whereas others are better suited to study the response of specific neurons to 

axotomy. The third section of my introduction highlights some models used in SCI 

studies and the pros and cons of these models. 

 

 

FORMING NEW CONNECTIONS IN THE INJURED MAMMALIAN SPINAL CORD 

Spinal axons are poor regenerators for two main reasons. First, axotomized CNS neurons 

often do not express adequate amounts of the proteins required to regenerate their axons. 

Second, SCI sites contain molecules that inhibit the growth of elongating axons. 

However, despite this inability to regenerate through traumatic injury sites, many spinal 

axons have been found to be quite plastic – that is, sprout new connections from 

uninjured portions of their axons. In addition, permanently axotomized neurons have been 

found to sprout new axons from their distal dendrites. This section examines these three 

ways in which new connections are formed in the injured spinal cord. 

 

REGENERATION FAILURE IN THE INJURED SPINAL CORD 

Neurons do not typically express growth related proteins following axotomy. Successful 

axonal regeneration requires the formation and maintenance of a viable growth cone at 

the distal end of the cut axon. The formation and maintenance of a growth cone requires a 

wide variety of proteins to maintain a dynamic growth cone structure and respond to 

extracellular cues; thus most of the proteins studied in regenerating growth cones are 

associated with either cytoskeletal dynamics, or signal transduction of growth, guidance, 
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and/or inhibitory cues. The expression levels of some of these proteins or their mRNA 

precursors have previously been used as markers to gauge the regenerative viability of 

neurons. The most common of these markers is growth-associated protein-43 (GAP-

43)(Fu and Gordon, 1997; Benowitz and Routtenberg, 1997; Hiebert et al., 2000; Plunet 

et al., 2002; Mason et al., 2003; Gianola and Rossi, 2004; Denny, 2006). GAP-43 has 

been shown to be located in mobile growth cones, associated with cytoskeletal 

organization, promote local acting filament-membrane attachment, and has been proposed 

as a lateral stabilizer of actin filaments in growth cone filopodia (Benowitz and 

Routtenberg, 1997; Denny, 2006). Some other markers that have been used to indicate 

regenerative viability include: α-tubulins, CAP-23, neurofilament-m, and F-actin,  

(Fernandes et al., 1999; Hiebert et al., 2000; Mason et al., 2003).  

The inability of spinal axons to express these molecules and to mount a robust 

regenerative response is highly dependent on the distance of the axotomy from the cell 

body – that is, more distal axotomies lead to a less robust regenerative response compared 

to proximal axotomies. For instance, following SCI at T10, GAP-43, α-tubulins, and 

Neurofilament-m mRNA levels remain low in axotomized rubrospinal neurons; whereas 

SCI at C3 leads to a robust increase the levels of mRNA of these proteins in rubrospinal 

neurons (Fernandes et al., 1999). This lack of regenerative response following a distal 

axotomy is a common feature of many neurons whose axons project to the spinal cord 

from higher centers (Richardson et al., 1984; Fernandes et al., 1999; Hiebert et al., 2000; 

Mason et al., 2003). Several studies have shown that augmentation of GAP-43 in neurons 

improves their regenerative capacity (Bomze et al., 2001; Al Majed et al., 2004; Gianola 

and Rossi, 2004). However, although higher levels of GAP-43 leads to increased axonal 

sprouting and elongation into injury sites, increased levels of GAP-43 alone is insufficient 
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for axons to regenerate through injury sites (Mason et al., 2000; Gianola and Rossi, 

2004).  

Collectively, these experiments indicate that upregulation of a wide range of 

regeneration-associated proteins are required for successful growth cone formation and 

axon elongation, but these proteins are either not expressed or are poorly expressed by 

most CNS neurons following SCI.  

 

Axonal growth is inhibited by a non-permissive environment.  

Aside from commissural interneurons (see Chapter 3), we are unaware of any other class 

of adult mammalian CNS neuron that can spontaneously regenerate their cut axons 

through a SCI site. Most growth cones of regenerating spinal axons collapse, retract, or 

become dystrophic when they encounter spinal cord injury sites (Silver and Miller, 2004; 

Yiu and He, 2006). 

In response to SCI, astrocytes surrounding the injury site develop a reactive 

phenotype. Reactive astrocytes divide, become hypertrophic, acquire a stellate 

morphology, and invade the injury site (Bignami and Dahl, 1976; Silver and Miller, 2004; 

Yiu and He, 2006). Invading reactive astrocytes form a dense cellular network and are the 

main cellular component of the glial scar (Windle et al., 1952). In addition, reactive 

astrocytes surround themselves with a dense extracellular matrix that contains laminin 

(Liesi, 1985; McKeon et al., 1991), tenascin (Brodkey et al., 1995; McKeon et al., 1995; 

Apostolova et al., 2006), and most importantly for this thesis, chondroitin sulfate 

proteoglycans (CSPGs)(McKeon et al., 1991; McKeon et al., 1995; Jones et al., 2003). 

CSPGs cause growth cones to become dystrophic in vitro (Tom et al., 2004) and in vivo 

(Davies et al., 1999), and inhibit regeneration following SCI (McKeon et al., 1991; 
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Brodkey et al., 1995; McKeon et al., 1995; Davies et al., 1999; Silver and Miller, 2004; 

Yiu and He, 2006; Apostolova et al., 2006; Fitch and Silver, 2008). CSPGs consist of two 

main components, a core protein and negatively charged sulfated carbohydrate side-

chains called glycosaminoglycan (GAG) side-chains (Margolis and Margolis, 1993; 

Morgenstern et al., 2002). Digestion of the GAG side-chains through the application of 

chondroitinase ABC enzymes has been shown to block the inhibitory effects of CSPGs 

following SCI and can lead to improved motor function through regeneration into and 

around the glial scar, but not necessarily beyond the glial scar (Bradbury et al., 2002b; 

Steinmetz et al., 2005; Houle et al., 2006). Recent work has shown that the 

transmembrane protein tyrosine phosphatase-σ (PTPσ) is a receptor for CSPGs (Shen et 

al., 2009). Knocking out PTPσ from dorsal root ganglia cells improves their ability to 

grow into the glial scar, but there was no robust regeneration beyond the lesion site (Shen 

et al., 2009). Other studies have shown that the inhibitory effects of CSPGs are mediated 

primarily through the phosphorylation of intracellular RhoA (Dergham et al., 2002; 

Monnier et al., 2003). The precise intracellular signalling pathways of CSPG activated 

PTPσ on growth cones remain to be determined. 

 In addition to CSPGs, regenerating axons are also inhibited by a multitude of 

myelin associated molecules and guidance molecules. Nogo is the prototypic myelin 

associated inhibitory molecule (Caroni and Schwab, 1988; Schnell et al., 1994; Chen et 

al., 2000; GrandPre et al., 2000), and blocking Nogo signalling has been shown to 

improve functional recovery following SCI (Caroni and Schwab, 1988; Bregman et al., 

1995; Fouad et al., 2001a). Since the discovery of Nogo, Myelin associated glycoprotein 

(MAG)(McKerracher et al., 1994; Mukhopadhyay et al., 1994), oligodendrocyte-myelin 

glycoprotein (OMgp)(Wang et al., 2002), and repulsive guidance molecule 
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(RGM)(Schwab et al., 2005; Hata et al., 2006) have all been shown to be molecules that 

inhibit axonal regeneration and are a component of the myelin debris at SCI sites. Nogo, 

MAG, and OMgp exert inhibitory effects on growth cone elongation through the nogo 

receptor, which couples with the p-75 receptor or LINGO1 to form a complex that 

phosphorylates RhoA, thus inhibiting growth cone mobility (Yiu and He, 2006). 

Guidance molecules such as semaphorin-4D (Moreau-Fauvarque et al., 2003), 

semaphorin-3A (Pasterkamp et al., 2001), ephrin-B2 (Bundesen et al., 2003), ephrin-B3 

(Bundesen et al., 2003), and Wnts (Liu et al., 2008), attract or repulse axons to 

appropriate brain and spinal targets during development, but can inhibit regenerating 

axons in the injured nervous system. Inhibition of axon growth by guidance molecules 

can be detrimental since they inhibit the formation of new connections, but can also be 

beneficial for restricting aberrant sprouting of certain axons. For instance, unchecked 

regeneration of nociceptive afferents in rats can lead to mechanical allodynia and thermal 

hyperalgesia (Tang et al., 2004). However, Tang et al. (2004) also showed that axonal 

growth from nociceptive sensory afferents can be selectively inhibited and restricted to 

specific regions of the dorsal horn by semaphorin-3A, which leads to reduced mechanical 

allodynia. 

 Although most growth cone inhibitory molecules activate different receptor 

systems, nearly all of the signalling pathways of these receptors lead to activation of the 

small GTP-ase RhoA (Yiu and He, 2006). RhoA has been shown to destabilize F-actin 

dynamics through activation of the ROCK-Cadherin pathway, which leads to cytoskeletal 

destabilization within the growth cone and eventual growth cone collapse (Lehmann et 

al., 1999; Dergham et al., 2002; Yiu and He, 2006). Pharmacologic inactivation of RhoA 

using C3 transferase, or inhibition of RhoA‟s downstream effector ROCK with Y27632 
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does improve growth cone stability in vitro and functional recovery in vivo (Lehmann et 

al., 1999; Dergham et al., 2002), but not regeneration through the glial scar. The paucity 

of regeneration through the glial scar is likely because Y27632 was later found to 

promote reactive astrocyte hypertrophy and CSPG production, thus reducing the 

therapeutic value of RhoA inhibition (Chan et al., 2007).  

Collectively, these data indicate that the glial scar and its molecular constituents 

are potently inhibitory and pose a formidable barrier for regenerating axons. Considering 

the poor regenerative response of most neurons and the inhibitory effects of the glial scar, 

it is not surprising that few axons are capable of spontaneous regeneration through 

traumatic injury sites.  

 

AXONAL PLASTICITY LEADS TO NEW CONNECTIONS  

One consequence of axotomy in mammalian neurons is to sprout new collaterals from 

uninjured regions of their axons and form new connections within intact regions of the 

nervous system. Sprouting to form new connections in this way is called plasticity. These 

new connections have been shown to have profound effects on functional recovery as 

well as in exacerbating spinal cord injury symptoms. 

  New circuits due to plasticity can be divided into two groups: those that 

circumvent incomplete SCI sites and those that modify existing reflex circuitry below the 

site of injury. Plasticity that circumvents incomplete injuries involves the formation of 

new synaptic connections between axotomized corticospinal neurons whose axons project 

from the brain to the spinal cord, and intact spinal interneurons whose axons are spared 

by a partial spinal injury (Bareyre et al., 2004; Courtine et al., 2008). Two studies 

illustrate this phenomenon quite well. In the first study, Bareyre et al. (2004) shows that 
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following a lateral spinal hemisection (i.e., a cut perpendicular to the longitudinal axis of 

the spinal cord on either the left or right side) of the thoracic spinal cord, axotomized 

corticospinal neurons sprouted new connections to uninjured propriospinal interneurons 

that projected beyond the lesion site. In addition, this study demonstrated that many of the 

newly innervated propriospinal neurons also sprouted new collateral arborizations to 

lumbar motoneurons. Taken together, these data indicate that both axotomized and 

uninjured spinal axons are capable of sprouting new collaterals following SCI. In the 

second study, Courtine et al. (2008) used a combination of left and right hemisections, 

step training, and selective ablation of certain spinal interneurons to demonstrate 

plasticity. They showed that axotomized propriospinal commissural interneurons can 

sprout new collaterals across the midline and form new connections with neurons below 

the injury site. The sprouting of corticospinal axons and propriospinal interneurons 

observed by Bareyre et al. (2004) and Courtine et al. (2008) involved the formation of 

new network pathways that did not exist prior to SCI.   

Plasticity that modifies existing spinal networks usually involves central pattern 

generators (CPG) and spinal reflexes (Cote et al., 2003; Cote and Gossard, 2004; Frigon 

and Rossignol, 2006; Rossignol et al., 2008), and does not require neurons whose axons 

bypass the lesion site. This form of plasticity can be augmented by physiotherapeutic 

training of motor tasks that mimics CPG outputs and activates sensory feedback signals 

(Cote et al., 2003; Cote and Gossard, 2004). Plasticity of CPGs and spinal reflexes can 

include plasticity of afferent projections to the spinal cord from the periphery, spinal 

interneurons, and motoneurons (Cote et al., 2003; Cote and Gossard, 2004; Frigon and 

Rossignol, 2006; Rossignol et al., 2008). For example, Cote et al. (2003) compared the 

input to extensor motoneurons from group I sensory afferents between two groups of cats 
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whose spinal cords were completely transected at the thoracic level. The first group of 

spinal cats received hindlimb physiotherapeutic step training until the cat was capable of 

full-weight-bearing of the hindlimbs, whereas the other group received no step training 

and had no weight-bearing support. In this study Cote et al. (2003) found that group I 

monosynaptic excitatory inputs and disynaptic inhibitory inputs were both smaller in cats 

that received step training. Cote et al., concluded that these differences in sensory 

response was due to plastic sprouting of the group I sensory afferents, and that step 

training after a spinal cord injury modulates this sprouting from group I sensory afferents. 

 Some forms of plasticity are maladaptive. For instance, autonomic dysreflexia is a 

condition that develops following a SCI and is caused by plasticity within the spinal cord. 

Autonomic dysreflexia is caused by a massive sympathetic response, often causing 

prolonged extreme hypertension, and is usually triggered by noxious or innocuous 

stimulus to the periphery or viscera (Rabchevsky, 2006). Specifically, spinal circuitry is 

altered by aberrant sprouting of spinal afferents, which increases sensory feedback to 

dorsal horn neurons that mediate sympathetic output (Krenz and Weaver, 1998). In 

addition, propriospinal neurons in the dorsal horn sprout new connections that reduce 

inhibition to thoracolumbar sympathetic preganglionic neurons (Cameron et al., 2006), 

which control peripheral vascular tone and blood pressure. Together, these forms of 

aberrant plasticity create a painful and potentially lethal spinal network in certain SCI 

individuals. 

Collectively, these studies of plasticity demonstrate that spinal circuitry is 

dynamic following injury, and that spinal interneurons have a remarkable, though 

sometimes detrimental, capacity for forming new synaptic connections following SCI.  
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DE NOVO AXONS EMERGE FROM DISTAL DENDRITES FOLLOWING 

PROXIMAL AXOTOMY.  

A less well known form of axonal growth that may be considered either a form of 

plasticity or axonal regeneration is the formation of new axons from distal dendrites of 

permanently axotomized neurons. For this thesis, new axons that emerge from distal 

dendrites are called de novo axons. The phenomenon of de novo axon formation was first 

described by Hall and Cohen (1983). In this seminal study, they found that proximally 

axotomized larval lamprey anterior bulbar cells (ABC) had an expanded dendritic arbor, 

and that these new branches had morphological feature typical of axons. This study also 

resolved that the phenomenon of de novo axon sprouting from dendrites required that the 

axotomy be permanent (i.e., the cut end of the axon did not regenerate) and that the 

axotomy had to be proximal (i.e., axotomized within 200 to 500 m from soma for best 

results)(Hall and Cohen, 1983). In later studies of lamprey ABC cells, this same group 

found that dendritic amputation of one part of the dendritic tree does not lead to the 

formation of axons from the uninjured dendrites (Hall and Cohen, 1988a), de novo axons 

retract by several months post-axotomy (Hall and Cohen, 1988b), de novo axons have 

ultrastructural features typical of axons (Hall et al., 1989), and that de novo axon 

formation is preceded by neurofilament phosphorylation and microtubule destabilization 

at the tips of distal dendrites (Hall et al., 1991).  

De novo axons have since been shown to develop following proximal axotomy to 

other neurons such as cat motoneurons (Linda et al., 1985; Linda et al., 1992; Rose and 

Odlozinski, 1998; Rose et al., 2001; MacDermid et al., 2002; MacDermid et al., 2004), 

hamster retinal ganglion cells (Cho and So, 1992), and rat motoneurons and spinal 
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autonomic neurons (Hoang et al., 2005). De novo axons of proximally axotomized cat 

motoneurons have been shown to be devoid of the dendritic marker MAP2a/b and contain 

the axonal growth marker GAP-43 (MacDermid et al., 2002), have axon-like 

ultrastructure (Rose et al., 2001), and have a myelin sheath (Linda et al., 1985; Linda et 

al., 1992; Rose et al., 2001). Further studies from the Rose lab have shown that cat de 

novo axons have bouton-like processes that contain synaptophysin and SV2 (synaptic 

markers indicative of functional synapses), and to from close appositions with dendrites 

(unpublished observations). Recent work in the Rose lab has also revealed that at long 

post-axotomy intervals, cat motoneuron de novo axons have voltage gated Na
+
 channels, 

indicating that de novo axons may conduct action potentials (unpublished observations). 

Collectively, these data indicate that de novo axons are a common feature of several 

classes of proximally axotomized neurons, and that these new processes may form new 

functional connections following injury to the nervous system. 

 

 

AXON GROWTH DEPENDS ON THE TYPE OF NEURON 

The majority of spinal regeneration studies have focused on long projection axons that 

originate from neurons in either the brainstem or cortex, or have focused on the axons of 

dorsal-root ganglia (DRG) neurons whose axons project from the periphery to the spinal 

cord. These neuron types have been of interest for SCI regeneration studies for specific 

reasons. For instance, in the case of long projection axons from higher centers, these 

neurons propagate motor and autonomic information from higher centers, and the loss of 

these projections leads to the loss of motor control and disrupted autonomic function 

below the site of injury. Regeneration of these axons would lead to a significant recovery 
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of neurological function below the injury site. However, as discussed in the section 

“Regeneration Failure in the Injured Spinal Cord” above, long ascending and descending 

axons are not capable of spontaneous regeneration following axotomy and a therapy to 

effectively and safely promote their regeneration following SCI remains elusive.  

DRGs have an unusual neuronal polarity.  DRG cell bodies are located in the 

dorsal-root ganglia and have no dendrites. DRG axons are also unusual in that they 

bifurcate a short distance from the soma; one part projects to the periphery and the other 

part projects to the spinal cord. Following a conditioning lesion of the peripherally 

projecting axon segment, DRG neurons mount a robust regenerative response 

(Richardson and Issa, 1984; Neumann and Woolf, 1999; Lu et al., 2004). This robust 

response carries over to the spinal projection of the axons and increases their ability to 

elongate their axons in the injured spinal cord, but not necessarily through the spinal cord 

injury site (Richardson and Issa, 1984; Neumann and Woolf, 1999; Lu et al., 2004). Only 

by applying neurotrphins to the spinal cord beyond the SCI site and injecting cAMP into 

the DRG, are the spinal projections of DRG axons able to regenerate into and beyond a 

spinal cord injury site (Lu et al., 2004). One advantage to studying axonal growth from 

DRGs is that they are easily visualized by transgenic expression of fluorescent proteins 

(Dray et al., 2009) and their spinal projections are within the dorsal columns thus 

allowing for relatively easy access and axotomy following a dorsal column injury (Lu et 

al., 2004; Dray et al., 2009; Shen et al., 2009). Overall, long projecting and DRG axons 

serve as excellent models in which to study spinal regenerative processes and 

regeneration failure.  
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PROPRIOSPINAL COMMISSURAL INTERNEURONS 

Spinal interneurons play a crucial role in motor and autonomic reflex pathways (see 

Axonal plasticity leads to new connections in Traumatic injury to the mammalian spinal 

cord above), and relay information between long descending axons and motoneurons (see 

next section). Previous studies have shown that spinal interneurons have a high survival 

rate near to SCI injury sites (Conta and Stelzner, 2004), and are highly plastic following 

SCI (see Axonal plasticity leads to new connections in Traumatic injury to the 

mammalian spinal cord above). Given their importance in spinal circuitry, their ability to 

survive following SCI, and their capacity for axonal growth in the form of axonal 

sprouting, these neurons may play an important role in spinal regeneration. Aside from 

our studies, we are unaware of any study that has examined the ability of spinal 

interneurons to form de novo axons or regenerate cut axons following a spinal cord 

injury. 

In this thesis I focus on axonal growth from axotomized feline cervical 

propriospinal commissural interneurons (PCI). Not including our own contributions, the 

number of studies that have examined the physiology and anatomy of cervical PCIs is 

quite thin, consisting of only four research papers (Bolton et al., 1991; Sugiuchi et al., 

1992; Bolton et al., 1993; Sugiuchi et al., 1995). There is, however, a plethora of studies 

describing the physiology and anatomy of lumbar PCIs (examples include: Butt et al., 

2002; Jankowska et al., 2003; Krutki et al., 2003; Edgley et al., 2003; Bannatyne et al., 

2003; Butt and Kiehn, 2003; Lanuza et al., 2004; Matsuyama et al., 2004; Matsuyama et 

al., 2006). As a result, although we cite cervical PCI studies whenever possible, we also 

rely partly on the physiological and anatomical features of lumbar PCIs to guide the 

interpretation of our data acquired from cervical PCIs.   
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PCI somata are primarily located in lamina VII and VIII of the ventral horns, and 

are less commonly found in the motoneuron pools located in lamina IX (Bolton et al., 

1991; Sugiuchi et al., 1992; Bolton et al., 1993; Sugiuchi et al., 1995). Their dendritic 

trees are stellate, project in all directions, and are largely restricted to the ventral horns 

(Sugiuchi et al., 1992; 1995). Some distal dendrites project into the ventral, lateral, and 

medial white matter surrounding the ventral horns (Sugiuchi et al., 1995). PCI axons 

project dorsally and medially and cross the midline through the ventral commissure 

between the central canal and ventral median sulcus (Sugiuchi et al., 1992; 1995; 

Matsuyama et al., 2004; 2006). In the contralateral spinal cord, PCI axons project either 

rostrally, caudally, or bifurcate and project both rostrally and caudally (Sugiuchi et al., 

1992; 1995; Matsuyama et al., 2004; 2006). The main axon branches can project for 

several millimetres along the rostral and/or caudal axis (Sugiuchi et al., 1992; 1995; 

Matsuyama et al., 2004; 2006), and have a gradual lateral trajectory in the ventromedial 

funiculus that follows the contour of the ventral horn (Sugiuchi et al., 1992; Matsuyama 

et al., 2004; 2006). Collaterals branch from these mains shafts and project towards the 

motoneuron pools of the ventral horn giving rise to multiple en passant and terminal 

boutons per collateral (Sugiuchi et al., 1992; 1995).  

 PCIs are an important link between the left and right spinal cord, and play 

important roles in central pattern generators (Butt et al., 2002; Butt and Kiehn, 2003; 

Lanuza et al., 2004; Jankowska et al., 2005), vestibular reflexes (Bolton et al., 1991; 

Sugiuchi et al., 1992; Bolton et al., 1993; Sugiuchi et al., 1995; Jankowska et al., 2005), 

and spinal motor reflexes (Edgley et al., 2003; Jankowska et al., 2005). PCIs can be either 

excitatory or inhibitory, and the primary innervation targets of PCIs in both the cervical 

and lumbar cord are motoneurons (Bolton et al., 1991; Sugiuchi et al., 1992; Bolton et al., 
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1993; Sugiuchi et al., 1995; Jankowska et al., 2003; Jankowska et al., 2005). Studies of 

cat lumbar PCIs have shown that they form monosynaptic connections with other 

commissural interneurons as well, and disynaptic connections with motoneurons through 

premotor interneurons (Jankowska et al., 2005; Jankowska, 2008). Studies based on 

interneurons classified by their linage indicate that other targets of lumbar PCIs include 

V2 interneurons, as well as Renshaw cells and Ia inhibitory interneurons (Zhang et al., 

2008). Lumbar PCIs receive input from a variety of sources including: brain stem neurons 

such as vestibulospinal (mono- and disynaptic), reticulospinal (mono- and disynaptic), 

and mesencephalic locomotor region neurons (di- or oligosynaptic)(Jankowska et al., 

2005; Jankowska, 2008). Lumbar PCI neurons also receive input from cerebellar fastigial 

neurons (disynaptic); corticospinal neurons (disynaptic); and muscle afferents (mono-, di-

, or oligosynaptic)(Jankowska et al., 2005; Jankowska, 2008).  

Only the vestibular input to cervical PCIs has been examined in detail. These 

studies show that a population of C2 PCIs receive monosynaptic excitatory input from 

ipsilateral vestibular neurons whose axons project along the lateral vestibular spinal tract 

(Sugiuchi et al., 1992; Sugiuchi et al., 1995). These PCIs are part of a trisynaptic 

inhibitory pathway from the lateral vestibular nucleus and contralateral neck 

motoneurons. Presumably, cervical PCIs receive input from other sources, but these 

sources have not been tested systematically. Our own data indicates that some cervical 

PCIs are excitatory (see Chapter 3) and some form synaptic connections with spinal 

interneurons (unpublished observations).  
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DIFFERENT SCI MODELS FOR DIFFERENT QUESTIONS 

Axotomized neurons can sprout and regenerate new synaptic connections in several ways, 

as outlined in the section Forming new connections in the injured mammalian spinal cord 

above. However, whether an injured neuron regenerates its cut axon, sprouts new 

collaterals, or forms de novo axons can be dependent on how its axon was damaged. This 

section compares different experimental SCI models. 

Some SCI models attempt to recapitulate the contusion trauma most commonly 

observed in human SCI. These models are commonly called „contusion‟ of „compression‟ 

SCI models. Most contusion and compression models involve exposing a segment of 

spinal cord and applying a mechanical force to the spinal cord in one of two ways: (1) the 

spinal cord is either clamped or compressed with a set force in the dorsoventral axis for a 

set time (Rivlin and Tator, 1978; Khan and Griebel, 1983; Young, 2002; Joshi and 

Fehlings, 2002a; Joshi and Fehlings, 2002b; Poon et al., 2007), or (2) a weight is dropped 

on the dorsal spinal cord from a certain height (Khan and Griebel, 1983; Basso et al., 

1996; Young, 2002). The SCI severity of these contusion models range from „minor‟ to 

„severe‟ depending on the magnitude and duration of the forces applied to the spinal cord 

(Joshi and Fehlings, 2002a; Joshi and Fehlings, 2002b; Poon et al., 2007). The major 

advantage of these models is that they mimic the cavitation, as well as cellular and 

molecular environment observed in most human SCIs. One disadvantage of these models, 

especially for anatomical and electrophysiology studies of axonal regeneration, is that 

these lesions are often incomplete and it is very difficult to differentiate the contributions 

of regenerating axons from spared axons (i.e., axons that were not cut by the SCI) to 

changes in spinal circuitry. Thus, these models are well suited for studying the pathology 

of SCI, but are less reliable for studies of axon sprouting and regeneration.  
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Other SCI injury models are designed to cut specific axons in a more controlled 

manner and are called „transection‟ models. Most transection lesions are performed along 

the transverse axis (i.e., perpendicular to the longitudinal axis of the spinal cord), and are 

designed to cut specific projection axons or DRG axons of the spinal cord. The location 

and extent of transection lesions is highly dependent on the types of axons to be cut and 

the questions addressed by the study. For instance, a dorsal hemisection cuts the dorsal 

half of the spinal cord, thus cutting many ascending sensory axons including spinal DRG 

axons (Lu et al., 2004). Alternatively, lateral hemisections cut the left or right half of the 

spinal cord, and are well suited to studying regeneration and plasticity of long descending 

axons and spinal interneuron axons (Bareyre et al., 2004; Courtine et al., 2008). These 

lesions have the advantage of specificity and precision – that is, when performed as 

intended, they provide a complete transection of specific axon tracts. Thus one can 

evaluate the regenerative capacity of specific axon tracts. Many of the partial transection 

lesion (i.e., dorsal or lateral hemisections) also have an advantage in that the animals do 

not lose all function below the SCI, and can regain lost function in certain cases (Bareyre 

et al., 2004; Lu et al., 2004; Courtine et al., 2008), thus maintaining a certain quality of 

life for the animals and reducing the need for specialized animal care. Studies that 

evaluate regenerative processes using these lesions are, however, subject to two caveats; 

first, transection lesions are sometimes incomplete and therefore, some axons are not cut 

by the lesion. In these cases the axons that were not cut are called „spared‟ and can lead to 

false conclusions of regeneration (Steward et al., 2003). The second caveat is that 

transection lesions do not recapitulate the central cavitation observed in human SCI as 

well as contusion SCI models. Thus, these models of SCI injury are best suited to studies 
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of the consequences of axotomy alone and not the full range of the pathological 

consequences typical of spinal cord injuries in humans. 

In our studies we cut the axons of adult feline PCIs by performing a midsagittal 

transection of the C3 spinal cord. This lesion transects the anterior commissure and PCI 

axons at the midline. Although this lesion does not fully mimic the contusion pathology 

associated with most human SCIs, these lesions do cause some compressive and vascular 

damage, and a glial scar that contains inhibitory molecules does form throughout the 

lesion site (see Chapters 3 and 4). 

 

 

GOALS OF THE THESIS 

I examined axonal growth from PCIs following proximal axotomy due to a midsagittal 

transection of the adult feline spinal cord. Specifically, we examined whether axotomized 

PCIs develop new axons from the tips of their distal dendrites and/or regenerate their cut 

axons through an inhibitory lesion site. Our observations indicate that PCIs react to 

proximal axotomy in one of two ways: the cut axons do not regenerate and the cell 

develops new axons from the tips of their distal dendrites (Chapter 2), or the cut axons do 

regenerate and new axons do not develop from the tips of their distal dendrites (Chapter 

3). We also found that regenerating axons are able to traverse the inhibitory environment 

caused by the midline lesion and form functional connections with contralateral neck 

motoneurons. Chapter 4 is based on preliminary data, and provides detailed 

morphological descriptions of PCI growth cones located within or very close to spinal 

cord injury sites at 7-days post SCI. We found that these growth cones have a wide range 

of morphological features that are independent of their location within the lesion site. 
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Collectively, the findings presented in this thesis show that PCIs have a remarkable 

capacity for axonal growth following axotomy and provide a unique experimental model 

for the study of functional axonal regeneration in the adult mammalian spinal cord.   
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Chapter 2: 

Axonal Regeneration and Development of De Novo Axons from Distal 

Dendrites of Adult Feline Commissural Interneurons after a Proximal 

Axotomy. 

Keith K. Fenrich, Nicole Skelton, Victoria E. MacDermid, Claire F. Meehan, Stacey 

Armstrong, Monica S. Neuber-Hess, and P. Ken Rose 
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ABSTRACT 

 

Following proximal axotomy, several types of neurons sprout de novo axons from distal 

dendrites. These processes may represent a means of forming new circuits following 

spinal cord injury. However, it is not know if mammalian spinal interneurons, axotomized 

as a result of a spinal cord injury, develop de novo axons. Our goal was to determine 

whether spinal commissural interneurons (CINs), axotomized by 3-4 mm midsagittal 

transection at C3, form de novo axons from distal dendrites. All experiments were 

performed on adult cats. CINs in C3 were stained with extracellular injections of 

Neurobiotin at 4-5 weeks post-injury. The somata of axotomized CINs were identified by 

the presence of immunoreactivity for the axonal growth-associated protein-43 (GAP-43). 

Nearly half of the CINs had de novo axons that emerged from distal dendrites. These 

axons lacked immunoreactivity for the dendritic protein, microtubule associated 

protein2a/b (MAP2a/b); some had GAP-43 immunoreactive terminals; and nearly all had 

morphological features typical of axons. Dendrites of other CINs did not give rise to de 

novo axons. These CINs did, however, each have a long axon-like process (L-ALP) that 

projected directly from the soma or a very proximal dendrite. L-ALPs were devoid of 

MAP2a/b immunoreactivity. Some of these L-ALPs projected through the lesion and 

formed bouton-like swellings. These results suggest that proximally axotomized spinal 

interneurons have the potential to form new connections via de novo axons that emerge 

from distal dendrites. Others may be capable of regeneration of their original axon. 

 

  

21



INTRODUCTION 

 

Several populations of neurons in the adult and larval nervous system have been shown to 

sprout de novo axons from the distal tips of dendrites following proximal axotomy. De 

novo axons emerging from distal dendrites were first described in axotomized anterior 

bulbar cells (ABCs) in the midbrain of the larval lamprey (Hall and Cohen, 1983; Hall 

and Cohen, 1988a; Hall and Cohen, 1988b; Hall et al., 1989; Hall et al., 1991; Hall et al., 

1997). Similar processes have subsequently been described in axotomized spinal giant 

interneurons of the larval lamprey (Yin et al., 1984; Mackler et al., 1986), motoneurons of 

cats and rats (Linda et al., 1985; Linda et al., 1992; Rose and Odlozinski, 1998; Rose et 

al., 2001; MacDermid et al., 2002; MacDermid et al., 2004; Hoang et al., 2005), retinal 

ganglion cells of hamsters (Cho and So, 1992), and spinal autonomic neurons of rats 

(Hoang et al., 2005).   

Despite their unusual origin, de novo axons emerging from distal dendrites have 

many features that are typical of axons. They follow a tortuous path, have a uniform 

diameter (Hall and Cohen, 1988b; Rose and Odlozinski, 1998), and form bouton-like 

structures (MacDermid et al., 2004; Hoang et al., 2005). Analysis of the ultrastructure of 

de novo axons that emerge from the distal dendrites of lamprey ABCs show that they 

have presynaptic specializations, contain vesicles, and have a cytoskeleton similar to 

axons (Hall et al., 1989). De novo axons that emerged from the distal dendrites of cat 

motoneurons also have a cytoskeletal ultrastructure typical of axons (Rose et al., 2001) 

and are myelinated (Linda et al., 1992; Rose et al., 2001). At short post-axotomy times 

(i.e., 2, 4, and 8-12 weeks), nearly all de novo axons that emerge from the distal dendrites 

of cat motoneurons are immunoreactive for the axonal growth-associated protein-43 

22



(GAP-43) at their distal tips (MacDermid et al., 2004); however, at all times post-

axotomy (i.e., 2, 4, 8-12, 20, and 35 weeks), they have no detectable immunoreactivity for 

the dendritic microtubule-associated protein2a/b (MAP2a/b; MacDermid et al., 2004). 

Although the cellular mechanisms responsible for the formation of de novo axons from 

distal dendrites have not been elucidated, it is known that these processes are much more 

common following proximal compared to distal axotomies (Hall and Cohen, 1983; Hall 

and Cohen, 1988b; Rose et al., 2004).   

In the mammalian nervous system, recent studies have shown that intact spinal 

interneurons that circumvent a spinal lesion are capable of receiving new inputs from cut 

axons and of forming new contacts with neurons beyond the lesion (Bareyre et al., 2004; 

Vavrek et al., 2006). Plasticity of spinal interneurons have also been shown to play a role 

in autonomic dysreflexia (Schramm, 2006) and central pattern generation (Rossignol, 

2006) following spinal cord injury. These studies highlight both the maladaptive and 

adaptive roles of intact spinal interneurons following spinal cord injury respectively. 

However, the contribution, if any, of injured spinal interneurons to the reorganization of 

spinal circuits is less well known. It is known that spinal interneurons, just outside the 

penumbrae caused by a spinal cord contusion, survive (Li et al., 1996; Liu et al., 1997). It 

is likely that some of these cells are proximally axotomized, and thus meet the criteria for 

the development of de novo axons from distal dendrites. However, none of the previous 

studies of de novo axons that emerged from distal dendrites in the mammalian nervous 

system have examined spinal interneurons. The goal of the present study was to 

determine whether proximally axotomized spinal interneurons develop de novo axons 

from their distal dendrites following a spinal cord injury in the cat. To realize this goal, 

we developed a novel model of spinal cord injury: a midsagittal transection of C3. This 
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injury is specifically designed to axotomize spinal interneurons whose axons cross the 

dorsal or ventral commissures. These commissural interneurons (CINs) include 

spinothalamic, spinocerebellar, and local interneurons (Matsushita et al., 1979; Comans 

and Snow, 1981; Verburgh et al., 1989; Sugiuchi et al., 1995; Mouton et al., 2005). The 

latter group has extensive projections to the contralateral ventral horn and forms 

monosynaptic connections on neck motoneurons. Due to the short distance between the 

commissures and the somata of CINs, the axotomy is typically 0.5 to 3.0 mm from the 

somata of the axotomized CINs. Hence, a key condition for the formation of de novo 

axons from distal dendrites, namely an axotomy close to the soma, is satisfied.  

Our results demonstrate that some CINs that were proximally axotomized 

developed de novo axons from distal dendrites. Unexpectedly, a second set of CINs that 

were proximally axotomized had very long processes that projected directly from the 

soma or from proximal dendrites immediately adjacent to the soma. We called these 

processes long axon-like processes (L-ALP) due their structural and molecular 

similarities to axons. Some of these processes crossed through the lesion site to the 

contralateral spinal cord. Preliminary descriptions of these data have previously been 

published (Fenrich et al., 2004). 

 

  

24



MATERIALS AND METHODS 

 

Mid-sagittal lesion of the ventral commissure at C3 

All experimental protocols were approved by the Queen‟s University Animal Care 

Committee, and were consistent with guidelines established by the Canadian Council of 

Animal Care. Specially modified scalpel blades were used for the lesions.  Breakable 

razor blades (Fine Science Tools, North Vancouver, British Columbia, Canada) were 

broken to be approximately 1 cm in length. With the aid of a dissecting microscope, the 

broken edge was sharpened by hand to the shape shown in Figure 2-1. Experiments were 

performed on twelve adult cats weighing between 2.5 and 4.5kg. The animals were 

anaesthetized with either sodium pentobarbital (35 mg/kg i.p.) or Ketamine (6.25 mg/kg 

i.v.) and Midazolam (0.31 mg/kg i.v.), and maintained with either sodium pentobarbital (5 

mg/kg i.v.) or isofluorane (1-2 %) respectively. Body temperature was maintained at 

37°C with a Bair Hugger (Benson Medical, Markham, Ontario). A dorsal laminectomy 

was performed to expose ~10 mm of the C3 spinal cord. The animals were secured in a 

stereotaxic frame and the C3 nerves innervating the right and left biventer cervicis and 

complexus muscles (BCCM) were isolated and mounted on stimulating electrodes. The 

locations of field potentials evoked by antidromic stimulation of BCCM motoneurons 

were determined for both the left and right motoneuron pools. The midpoint between the 

field potentials was used to delineate the midline of the spinal cord. The specially 

modified scalpel blade was mounted on a stepping motor microdrive and aligned with a 

predetermined anatomical marker on the midline. The pia mater along the midline was 

then removed. All lesions started caudally. Figure 2-1 shows the blade movements used 

to transect the spinal cord. The scalpel was lowered 2.5 mm into the spinal cord and then 
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Figure 2-1. Schematic diagrams of the lesion protocol and Western blot analysis of GAP-43 and 

MAP2a/b antibodies. All lesions began caudally (right) and ended rostrally (left). The leading 

edge of the blade (a) was hand sharpened, and the trailing edge (b) was the manufacturer’s edge. 

The 5 mm mark was measured from the tip of the blade, along the manufacturer’s edge, and was 

perpendicular to the manufacturer’s edge. A: The trajectories of the first series of penetrations and 

cuts. Each penetration (i) was 2.5 mm deep and each rostral movement (ii) was 0.75 mm long. B: 

The trajectories of the second series of penetrations and cuts. Starting at 2.5 mm deep, each 

penetration (iii) was the distance from 2.5 mm depth until the black mark on the blade 

disappeared below the surface of the spinal cord, and each cut (iv) was 0.75 mm long. R, rostral; 

C, caudal. C, D: Western blots of GAP-43 antibodies (C) and MAP2a/b antibodies (D). Molecular 

weight standards (Invitrogen, La Jolla, CA, cat. No. 10748-010) are indicated on the left. 
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withdrawn to the surface. The blade was moved rostrally 0.75 mm, and again lowered to 

2.5 mm. This “saw tooth” motion was repeated for the total length of the lesion (3 to 4 

mm). Once the blade had been lowered to 2.5 mm at the rostral end of the lesion, the 

blade was moved caudally and then rostrally the entire length of the lesion several times. 

The identical saw tooth action was then repeated, except that the blade was lowered to the 

5 mm mark on the blade, and retracted to 2.5 mm from the dorsal surface of the cord. 

Again, once the blade had been lowered to the desired depth at the rostral end of the 

lesion, the blade was moved caudally and rostrally the entire length of the lesion several 

times and removed from the spinal cord at the caudal end of the lesion. A lesion depth of 

5 mm was chosen. At this depth, the blade would not reach the anterior spinal artery (the 

dorsal-ventral extent of the C3 spinal cord of the adult cat is approximately 6 mm) and 

would be deep enough to transect the commissures (the tips of the ventral horns are 

approximately 4 mm from the dorsal surface of the cord). Based on the distribution of 

cervical CINs (Bolton et al., 1991; Sugiuchi et al., 1995), we estimated that CINs were 

axotomized at 0.5-3.0 mm from their soma. 

The animals were divided into three groups. One group was used to test the 

parameters of the lesion (n = 3; see following section). These experiments were 

maintained under anaesthesia and terminated several hours following the lesion, and are 

therefore called the non-recovery experiments. The second group of animals had survival 

times of 10 days (n = 2) or 8 weeks (n = 2). The third group of animals had survival times 

of 4-5 weeks (n = 3). For all the survival experiments, sutures were placed along the 

midline to rejoin dorsal neck muscles and close the skin incision. Post-operative pain was 

controlled using hydromorphone (0.05-0.1 mg/kg SQ, every 6 hours or as required) and 

metacam (1 drop/day as required). Spastic paralysis of all four limbs occurred in two 
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experiments soon after recovery, and was invariably caused by vascular injuries that led 

to large spinal cavitations. These experiments were terminated very soon after the onset 

of paralysis, and excluded from the present study. Otherwise, the survival animals 

displayed only minor and transient neurological deficits, such as hind leg ataxia. There 

were no noticeable changes in head movement as a result of the injury, or in the 

subsequent survival period. For the 10 day to 8 week survival experiments, the animals 

were anaesthetized with sodium pentobarbital anaesthesia (same anaesthesia protocol as 

described above) and the spinal cord was perfused and fixed (see Perfusion and fixation 

section below).  

 

Staining of neurons with extracellular injections of Neurobiotin 

For all non-recovery experiments and 4-5 week survival experiments, a laminectomy was 

performed to expose the spinal cord from C1 to C5. The nerves innervating the trapezius 

(TRAP) muscles, the C2 and C3 nerves innervating the splenius (SP) muscles, and the 

C2, C3 and C4 nerves innervating BCCM were isolated and mounted on stimulating 

electrodes. For the 4-5 week survival experiments, tissue that had accumulated above the 

surface of the injured spinal cord was cut away using curved spring scissors (Fine Science 

Tools, North Vancouver, British Columbia, Canada). All animals were paralyzed with 

gallamine triethiodide (Flaxedil, Poulenc, 2.5-5 mg/kg/hour i.v.) and ventilated using a 

respirator.   

Spinal neurons were extracellularly stained with iontophoretic injections of 12% 

Neurobiotin (Vector, Burlington, Ontario, Canada) in 0.5 M KCl and 0.1 M Tris-HCl 

buffer, pH 8.2. The glass pipettes were broken to achieve a tip diameter of 4 µm. Most 

injections were made on electrode tracks that traversed both SP and BCCM antidromic 
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field potentials, where the former was used as a landmark of the medial-lateral midpoint 

of the ventral horn and the latter served as an index of the most ventral extent of the 

ventral horn (cf. Richmond et al., 1978). All injections were made into laminae 

VII/VIII/IX.   

In non-recovery experiments, two injections were made in each electrode track, 

one 200 m dorsal to the BCCM field potential, and another 800 m dorsal to the BCCM 

field potential. Injections were made with 1-5 A positive pulses for 90 seconds with a 10 

second on/off duty cycle (Midgard Electronics model CS3). Each injection track was 

separated by 1 mm rostrally and caudally, and injections were made unilaterally 

throughout the entire rostral-caudal extent of each lesion and for several millimetres 

rostral and caudal of each lesion.   

In the 4-5 week survival experiments, injections were made with 1 A positive 

pulses for 1 minute with a 10 second on/off duty cycle. Each injection stained 

approximately 2 to 10 neurons. One or two injections were made in each track. The single 

injection was made 600-700 m dorsal to the BCCM antidromic field potential and the 

double injections were made at the location of the BCCM antidromic field potential and 

800 m dorsal to the first injection. Injections were separated by 2 mm rostrally and 

caudally, and injections were made bilaterally throughout the entire rostral-caudal extent 

of the lesion.  

 

Perfusion and fixation 

Following an injection of heparin (25,000 IU), all animals were euthanized with an 

overdose of sodium pentobarbital. The animals were perfused with saline (1 litre), 
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followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 30 

minutes. The spinal cord was excised, post-fixed overnight and subsequently transferred 

to 15% sucrose in 0.1 M sodium phosphate buffer (NaPBS) for several days prior to 

histological processing. 

 

Immunohistochemistry and visualization of Neurobiotin 

Using a freezing microtome (Leitz), tissue was cut into serial sections that were 50 m 

thick in the horizontal plane. The sections were incubated in 1% sodium borohydride in 

NaPBS for 1 hour. Non-specific labelling was blocked by incubating the sections 

overnight in 10% normal goat serum and 0.3% Triton X-100 (Fisher Scientific) in 0.02 M 

potassium phosphate buffered saline (KPBS) pH 7.4. The sections were initially 

processed with monoclonal antibodies that were raised against partially purified neonatal 

rat GAP-43 protein (1:40,000; clone 9-1E12; gift of David Schreyer, University of 

SaskatchewanSchreyer and Skene, 1991), which were visualized with Cy3 conjugated 

secondary antibodies (1:100, host goat; Jackson Laboratories, Mississauga, Ontario, 

Canada). The GAP-43 antibodies stained a single protein band of ~53 kDa on Western 

blots of feline spinal cord (Fig 2-1C). Staining of the injured spinal cord produced a 

patterns of somatic GAP-43 immunoreactivity that was identical with previous 

descriptions of GSP-43 immunoreactive somata in feline retina (Coblentz et al., 2003) 

and rat spinal cord (Weaver et al., 1997). To visualize Neurobiotin, the sections were 

processed with streptavidin conjugated to Alexa 488 (1:100; Molecular Probes, Hornby, 

Ontario, Canada). Sections were mounted on subbed slides with Vectashield mounting 

medium (Vector Laboratories), and stored at 2-4°C. 
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 In the 4-5 week survival experiments, the tissue sections were reprocessed to 

visualize MAP2a/b immunoreactivity. Sections were reprocessed with mouse monoclonal 

antibodies raised against bovine brain microtubule protein (1:10,000; clone AP20; 

Chemicon – Cat. No. MAB3418). The MAP2a/b antibodies were visualized with Cy3 

conjugated secondary antibodies (1:100, host goat; Jackson Laboratories, Mississauga, 

Ontario, Canada). These antibodies stain a single band of high molecular weight on 

Western blots of feline spinal tissue (Fig. 2-1D). Staining of the injured spinal cord 

produced a pattern of strong dendritic and weak or absent somatic MAP2a/b 

immunoreactivity that was identical with previous descriptions of MAP2 staining in adult 

rat cortical neurons (Bury and Jones, 2002), and produced a patterns of strong dendritic 

immunoreactivity that was identical with previous descriptions in cat motoneurons 

(MacDermid et al., 2002). After this reprocessing, former GAP-43 labelling with Cy3 

could not be detected. Since this procedure also reduced the intensity of Neurobiotin 

labelling, the tissue was also reprocessed with streptavidin conjugated to Alexa 488 

(1:200; Molecular Probes, Hornby, Ontario, Canada). 

 

Reconstruction techniques 

Neurons were reconstructed using a fluorescent microscope (Olympus BX60) equipped 

with 40x (0.75 NA) and 60x (0.90 NA) dry immersion lenses, and a Neurolucida System 

(v5.05.4). A computer-based reconstruction of a neuron is a three-dimensional tracing of 

a neuron in which each process is represented as a series of connected points starting at a 

point of origin. All processes were followed to their termination, defined by an abrupt 

loss of Neurobiotin, or the point at which Neurobiotin staining became too faint. The 

latter „endings‟ were labelled as „incomplete‟. 
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Despite our efforts to limit the number of neurons stained at each injection site, on 

several occasions complex networks of processes were stained that could not be 

accurately reconstructed using a standard fluorescent microscope. To resolve the paths 

taken by some processes in these networks, images of these regions were captured using a 

confocal microscope (Leica TCS SP2 multi photon). The process of interest was followed 

through each confocal optical slice and incorporated into the reconstruction. For cases in 

which a process entered an injection epicenter, the reconstruction was stopped at the 

injection site, and the „ending‟ was marked as „incomplete‟. 

 

Identification of double labelled processes 

Alexa 488 and Cy3 were visualized using band-pass excitation and emission filters 

(Chroma Technology) that were designed to minimize the risk of visualizing Cy3 with the 

Alexa 488 filter set and vice versa. The distribution of GAP-43 or MAP2a/b 

immunoreactivity was mapped during the reconstruction process. Markers were assigned 

to indicate the start and end of double labelling and were attached to the reconstruction to 

map the distribution of GAP-43 and MAP2a/b immunoreactivity. In cases where double 

labelling was difficult to determine by simple visual inspection, digital images were taken 

of each fluorochrome using a color CCD camera (DC330, Dage-MTI, Model #Michigan 

City, Illinois, USA) and integrating software from Image Pro Plus (Media Cybernetics 

v4.5, Silver Springs, Maryland, USA). Line-profile histograms of the process were 

acquired using Image Pro Plus, and the relative intensity of the Cy3 labelling of the 

process was compared to background intensity. If the intensity of the process was at least 

1.5 fold the intensity of the background intensity, the process was placed in the double 

labelled category; otherwise the process was considered to be single labelled. In rare 
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cases in which this method failed to unequivocally distinguish between double and single 

labelling, the processes were classified as “unknown”.  

33



RESULTS 

 

EXTENT AND RELIABILITY OF THE LESION: RESULTS FROM THE NON-

RECOVERY EXPERIMENTS 

Rostral-caudal distribution of Neurobiotin stained processes that crossed the midline. To 

determine whether the lesion protocol caused a complete transection of the commissures, 

unilateral Neurobiotin injections were made immediately after completing the lesion(s) in 

three experiments. These experiments were terminated several hours later. We examined 

a total of five lesions. Two experiments had a single lesion at C3, whereas one 

experiment had three separate lesions: one in C2, one in C3, and one in C4. Figure 2-2A 

shows the distribution of Neurobiotin labelled processes with medial-lateral projections 

near the midline for one lesion. These processes were uniformly distributed medial to the 

injection sites, but some ended abruptly as they approached the midline. In contrast, other 

processes formed a dense network that crossed the midline. These processes were located 

rostrally and caudally to those that failed to cross the midline and this distribution 

revealed a distinct and continuous region along the midline in which Neurobiotin stained 

processes were absent. The same pattern of Neurobiotin labelling was seen in the region 

of all five lesions and suggests that the distribution of Neurobiotin processes that fail to 

cross the midline is a reliable means of identifying the extent of the lesion. These results 

also indicate that our injury protocol leads to a complete transection of the commissures. 

However, there is a caveat to this conclusion. Despite the rostral-caudal proximity of the 

injections of Neurobiotin, there were regions between each injection where the labelling 

of Neurobiotin processes was sparse. Hence, we cannot exclude the possibility that the 

absence of Neurobiotin processes in some regions along the midline was due to a failure 
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Figure 2-2. Rostral-caudal distribution of Neurobiotin labelled processes and MAP2a/b 

immunoreactive dendrites that crossed the midline near five lesions as seen in non-recovery 

experiments. A: Distribution of Neurobiotin labelled processes based on one experiment. The 

distribution of Neurobiotin labelled processes was reconstructed from serial histological sections 

that contained the commissures (n = 10 to 13 sections per experiment). Each section was 

reconstructed by tracing the section outline, marking the location of the injection sites, and tracing 

all processes with medial-lateral projections near the midline. These reconstructions were 

superimposed and aligned by matching the injection sites and the outlines of the reconstructions. 

The injection sites are indicated by X’s. The Neurobiotin labelled processes are indicated by the 

lines immediately below the injection sites. The outer lines indicate the edges of the tissue 

sections. The dashed gray line indicates the midline.  The grey shaded area indicates the rostral-

caudal region in which there were no Neurobiotin labelled processes that crossed the midline. B-

F: Histograms of the distribution of MAP2a/b immunoreactive processes and Neurobiotin 

labelled processes that crossed the midline in the vicinity of midsagittal lesions. Results from all 

five experiments are shown. The frequency of MAP2a/b immunoreactive processes along the 

midline is expressed as the number of pixels (black bars) that were immunoreactive for MAP2a/b 

along a line that followed the midline. All sections that contained the commissures were 

examined. MAP2a/b immunoreactivity was quantified using Image Pro Plus. Only those pixels 

that exceeded the fluorescent intensity of the average fluorescence intensity of several isolated 

dendrites elsewhere on the section were considered to be MAP2a/b immunoreactive. The grey 

shaded areas indicate the regions in which no Neurobiotin stained processes crossed the midline, 

as determined by the method illustrated in A. In the experiments illustrated in B, E, and F, the 
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rostral-caudal axis of the spinal cord was not parallel to the trajectory of the knife cut. To avoid a 

superficial cut at one end of the transection and hitting bone at the other end of the transection the 

knife cuts were limited to a length of 2 mm. The results shown in B are from the same experiment 

illustrated in A. R, rostral; C, caudal. 
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to stain all processes that crossed the midline. To address this issue, we used a second 

approach to analyze the distribution of processes that crossed the midline.   

 

Rostral-caudal distribution of dendrites along the midline. To verify that all processes 

were cut within the midline zones in which Neurobiotin stained processes were absent, 

we determined the distribution of dendrites that crossed the midline in the vicinity of the 

lesion. MAP2a/b immunoreactivity was used as a marker for dendrites (Tucker, 1990; 

MacDermid et al., 2002). As shown in Figure 2-2B to F, MAP2a/b labelling along the 

midline abruptly decreased at the rostral border of the zone where Neurobiotin stained 

processes were absent. Within this zone, MAP2a/b labelling was either absent or 

restricted to small regions at the rostral or caudal boundaries (e.g. Fig. 2-2E). These 

experiments indicate that the zone in which Neurobiotin stained processes were absent is 

an accurate measure of the extent of the lesion. Moreover, the distribution of MAP2a/b 

immunoreactivity along the midline suggests that it can be used as an alternative means of 

defining the location of the lesion.   

 

 

GAP-43 IMMUNOREACTIVE SOMATA AND PROCESSES 

Frequency and distribution of GAP-43 immunoreactive somata. Following post-lesion 

periods of 10 days (n = 2) or 8 weeks (n = 2), many GAP-43 immunoreactive neurons 

were found in C3. The perinuclear region and proximal dendrites of these neurons were 

well labelled with Cy3 (Fig. 2-3A,B). In contrast, the nucleus was weakly stained and 

appeared as a dark core in the center of the soma. As summarized in Table 2-1, the 
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Figure 2-3. Distribution of GAP-43 immunoreactive somata. A: Epifluorescence 

photomicrographs of GAP-43 immunoreactive somata. Red indicates GAP-43 immunoreactivity. 

B: Enlarged image of the right soma shown in A. C-D: Transverse views of the locations of GAP-

43 immunoreactive somata. Dots indicate the location of GAP-43 immunoreactive somata from a 

10 day survival experiment in which the cut traversed the left ventral horn (C) and an 8 week 

survival experiment in which the cut transected the commissures through the midline (D). The 

path of the lesion, as defined by a series of holes and a disruption in the continuity of the grey and 

white matter, is indicated by the red line. E: A horizontal view of the location of GAP-43 

immunoreactive somata 8 weeks following the lesion. R, rostral; C, caudal; dots: locations of 

GAP-43 immunoreactive somata; grey areas: the location of the grey matter from a representative 

section; red line: the location of the lesion as defined by the length of the knife cut and placed 

such that it had the greatest number of GAP-43 immunoreactive somata within its rostral-caudal 

confines. F: Cumulative histograms of the distribution of GAP-43 immunoreactive somata based 

on data from four experiments: two at 10 days post-lesion, two at 8 weeks post-lesion. The 

rostral-caudal distribution of the somata was normalized to the length to the lesion (i.e., length of 

the knife cut; grey shaded area) and centered with the greatest number of GAP-43 

immunoreactive somata within the grey shaded area. Scale bars: A-B = 25 m; D = 1000 m. 
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Table 2-1. Frequency of GAP-43 immunoreactive somata and processes 

Experiment 
Survival 

time 

Length of 

knife cut 

(mm) 

GAP-43 

Somata 

Complex      

GAP-43 

processes 

Simple       

GAP-43 

processes 

% of simple 

GAP-43 

processes 

within the 

rostral-

caudal 

region of the 

lesion site 

CI-4 10 days 3.75 33 103 169 26% 

CI-5 10 days 3.00 65 32 235 20% 

CI-7 8 weeks 3.50 639 181 547 54% 

CI-8 8 weeks 3.50 446 58 310 51% 

No precautions were taken to avoid double counting of processes and somata that may have been 

split by histological sectioning. GAP-43, growth-associated protein-43. 
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number of GAP-43 immunoreactive somata was much greater at 8 weeks post-lesion than 

at 10 days post-lesion. 

These results are consistent with previous studies that have demonstrated that 

many neurons express GAP-43 following axotomy (Schwab and Bartholdi, 1996; Dusart 

et al., 2005). To verify that axotomy alone (i.e. not other factors related to the trauma 

caused by the lesion) was responsible for the expression of GAP-43 in our model of 

spinal cord injury, we determined the distribution of GAP-43 immunoreactive somata 

relative to the location of the lesion and compared the distribution to the known paths 

taken by axons of CINs in C3.  

In the transverse plane, the axons of CINs project medially, cross the midline and 

ascend or descend in the spinal cord in the ventral-medial, lateral and dorsal-lateral 

funiculi (Sugiuchi et al., 1992; Sugiuchi et al., 1995; Matsuyama et al., 2004; Matsuyama 

et al., 2006). In keeping with this path and the causal link between the expression of 

GAP-43 in CINs and transection of their axons, GAP-43 immunoreactive neurons were 

only found on the left side of the spinal cord in one experiment in which the lesion 

traversed the left ventral horn without transecting the commissures (Fig. 2-3C). In 

contrast, GAP-43 immunoreactive neurons were found on both sides of the spinal cord 

following a lesion that transected CIN axons bilaterally by a lesion through the 

commissures at the midline (Fig. 2-3D). As expected, many of these somata were found 

in regions that correspond to the location of local commissural interneurons (Sugiuchi et 

al., 1992; 1995), as well as spinothalamic and spinocerebellar neurons (Matsushita et al., 

1979; Comans and Snow, 1981; Verburgh et al., 1989; Mouton et al., 2005).  

The rostral-caudal distribution of GAP-43 immunoreactive somata was also 

consistent with the known trajectory of axons from CINs. When viewed in the horizontal 
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plane, the axons of local commissural interneurons, spinothalamic neurons, and central 

cervical nucleus neurons follow a path to the commissure that is perpendicular to the 

rostral-caudal axis of the spinal cord (Wiksten, 1979; Comans and Snow, 1981; Sugiuchi 

et al., 1992; Sugiuchi et al., 1995). Thus, only CINs that are at, or close to, the same 

rostral-caudal level of the lesion will be axotomized. Figure 2-3E shows the location of 

GAP-43 immunoreactive somata in the horizontal plane from an 8 week experiment. The 

vast majority of these cells were located at the same rostral-caudal level as the lesion that 

transected the commissures. This distribution pattern was confirmed quantitatively by 

comparing the cumulative frequency of GAP-43 immunoreactive somata to the rostral-

caudal distance spanned by the lesion (Fig. 2-3F). For all four animals examined, there 

was an abrupt increase in the cumulative frequency of GAP-43 immunoreactive somata at 

the rostral border of the lesion and an equally abrupt plateau at the caudal border of the 

lesion. These results, together with the distribution of GAP-43 immunoreactive somata in 

the transverse plane, lead to the conclusion that the somatic expression of GAP-43 is a 

reliable means of identifying axotomized CINs. 

 

Frequency and distribution of GAP-43 immunoreactive processes. Many de novo axons 

that emerged from distal dendrites of axotomized motoneurons had GAP-43 

immunoreactive tips (Rose et al., 2001; MacDermid et al., 2002; MacDermid et al., 

2004). When these GAP-43 immunoreactive processes were examined in isolation (i.e. in 

the absence of intracellular staining of axotomized motoneurons), the GAP-43 

immunoreactivity was confined to two types of processes: simple cylindrical branches or 

more elaborate bush-like arbores with several short and bulbous branches (Rose et al., 

2001). These processes matched the structure of the distal regions of de novo axons that 
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emerged from distal dendrites of motoneurons that were visualized after intracellular 

staining (Rose et al., 2001). Regardless of their morphology, all processes that were GAP-

43 immunoreactive were confined to regions of the ventral horn that contain the dendrites 

of axotomized motoneurons (Rose et al., 2001). We also found GAP-43 immunoreactive 

processes in the present experiments. These processes were classified as simple, as 

defined by no more than one swelling or bifurcation (Fig. 2-4A); or complex, as defined 

by two or more bifurcations or swellings (Fig. 2-4B,C). As summarized in Table 1, at ten 

days post-lesion, simple processes outnumbered complex processes, although the exact 

ratio varied from experiment to experiment. At this time-point, complex processes ranged 

in morphology from a small network of very short bulbous branches to larger and more 

complex arbores with many irregular swellings (Fig. 2-4B). By 8 weeks post-lesion, the 

average number of GAP-43 immunoreactive processes had doubled, but the ratio of 

simple to complex processes remained similar (Table 2-1). At this time-point, many of 

the complex processes consisted of a single branch with numerous spherical swellings 

(Fig. 2-4C). The structure of the simple processes was unchanged. 

Figure 2-4D shows the location of GAP-43 immunoreactive processes in the 

horizontal plane from the same experiment shown in Figure 2-3D. Most complex 

processes were found in the grey matter at the same rostral-caudal level as the lesion (Fig. 

2-4D). In contrast, GAP-43 immunoreactive processes that were classified as simple were 

more widely distributed (Fig. 4E). Many were found more than 3 mm rostral and caudal 

to the lesion. These results suggest that many, but not all, GAP-43 immunoreactive 

processes are located in the vicinity of axotomized CINs. To address this relationship 

more directly, we compared the cumulative frequencies of GAP-43 immunoreactive 

processes and somata to the rostral-caudal distance spanned by the lesion (Fig. 2-4F-I). In 
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Figure 2-4. Morphological characteristics and distribution of GAP-43 immunoreactive processes. 

A-C: Epifluorescence photomicrographs of simple (A) and complex (B and C) GAP-43 

immunoreactive processes. Red indicates GAP-43 immunoreactivity. D-E: Distribution of 

complex (D) and simple (E) GAP-43 immunoreactive processes in the horizontal plane. Based on 

the same experiment shown in figure 3D. R, rostral; C, caudal; grey areas: the location of the grey 

matter from a single representative section; red lines: the location of the lesion as defined by the 

length of the knife cut and placed such that it had the greatest number of GAP-43 immunoreactive 

somata within its rostral-caudal confines. F-I: Cumulative histograms comparing distributions of 

GAP-43 immunoreactive somata, simple and complex processes as a function of the distance 

from the rostral edge of the tissue. F-G: Distributions of GAP-43 immunoreactive somata and 

processes from two 10 day survival experiments. H-I: Distributions of GAP-43 immunoreactive 

somata and processes from two 8 week survival experiments. The grey boxes indicate the length 

and location of the lesion. The widths of the grey boxes are equivalent to the lengths of the knife 

cut, and are centered with the greatest number of GAP-43 immunoreactive somata within the grey 

shaded areas. Scale bars: A-C = 25 m; D-E = 1000 m. 

 
 
  

44



each experiment there was a very close correspondence between the rostral-caudal 

distribution of complex GAP-43 immunoreactive processes and GAP-43 immunoreactive 

somata. The frequency of simple GAP-43 immunoreactive processes was also higher in 

the vicinity of the axotomized CINs at 8 weeks post-injury (Figs. 2-4H and I; Table 2-1), 

but at 10 days post-injury (Figs. 2-4F and G; Table 2-1) these processes were uniformly 

distributed throughout the rostral-caudal extent of the tissue examined. In all experiments, 

at least 46% of the simple GAP-43 immunoreactive processes were located outside the 

rostral-caudal region occupied by axotomized CINs. 

The results of these experiments satisfy three critical criteria that are implicit in 

the hypothesis that axotomized CINs develop de novo axons from distal dendrites 

following a spinal cord injury. First, GAP-43 immunoreactive processes were present 

after a spinal cord injury that axotomized CINs. Second, the morphology of many of these 

processes was very similar to the GAP-43 immunoreactive regions seen in de novo axons 

that emerged from the distal dendrites of axotomized motoneurons. Finally, many of these 

processes, especially those classified as complex, were located in regions occupied by the 

dendritic trees of CINs. However, none of these results directly demonstrate that these 

GAP-43 immunoreactive processes arose from the dendrites of axotomized CINs. Nor do 

they take into account that de novo axons that emerged from distal dendrites of 

motoneurons at long post-axotomy intervals did not have GAP-43 immunoreactive tips. 

To address this issue, we took advantage of the somatic expression of GAP-43 as a means 

of identifying axotomized CINs in combination with extracellular staining techniques to 

follow the trajectory of dendrites from their origin on the somata of axotomized CINs to 

their terminations. 
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RECONSTRUCTIONS OF AXOTOMIZED CINS 

Ten CINs were partially or completely reconstructed. All 10 reconstructed cells were 

selected from a population of cells stained in three experiments following a 4-5 week 

survival period. This post-axotomy period was chosen, since animals at this time point 

had the greatest number of GAP-43 immunoreactive somata: 864, 1092, and 1191 somata 

per experiment. The selection criteria for reconstruction of a cell included: a GAP-43 

immunoreactive soma (identification criterion for axotomized CINs, see above), well 

stained by Neurobiotin, and located in regions with little overlap with other Neurobiotin 

stained cells. The last criterion was designed to minimize the risk of „losing‟ processes in 

areas of dense networks of Neurobiotin processes. Despite this criterion, some processes 

on several cells were followed into zones containing many Neurobiotin processes and 

could not be followed to their termination. To address this problem, only processes that 

fulfilled one of the following two criteria were included in the reconstructions: 1) the 

process could be followed to a well defined and abrupt termination in staining or, 2) the 

process gradually disappeared as it was followed distally. The latter type of process was 

typically found several millimetres from the soma and is identified in all reconstructions. 

The ends of these processes were assigned a unique marker. 

MacDermid et al (2002; 2004) described three key features of the distribution of 

GAP-43 and MAP2a/b immunoreactivity in de novo axons arising from distal dendrites of 

motoneurons: (1) although all GAP-43 immunoreactive processes that emerged from 

distal dendrites were de novo axons, not all de novo axons that emerged from distal 

dendrites were GAP-43 immunoreactive, especially at longer axotomy intervals (i.e., 20 

and 35 weeks); (2) the absence of MAP2a/b immunoreactivity was a feature of all de 

novo axons that emerged from distal dendrites, regardless of the post-axotomy interval; 
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(3) GAP-43 immunoreactivity was restricted to the distal tips of de novo axons that 

emerged from distal dendrites, whereas MAP2a/b immunoreactivity was absent 

throughout their length. Therefore, for this study, de novo axons that emerged from distal 

dendrites were identified as any process that emerged from a distal dendrite and lacked 

MAP2a/b immunoreactivity. GAP-43 immunoreactivity was used as a further indicator of 

de novo axons, but was not used to define de novo axons, since not all de novo axons are 

GAP-43 immunoreactive (see above). The tissue was first processed to visualize 

Neurobiotin labelling and GAP-43 immunoreactivity. The CINs were reconstructed and 

the distribution of GAP-43 immunoreactivity was determined. The tissue was then 

reprocessed to visualize MAP2a/b immunoreactivity and Neurobiotin labelling. The same 

ten neurons were reconstructed a second time to describe the distribution of MAP2a/b 

immunoreactivity. Unexpectedly, reprocessing the tissue a second time improved the 

Neurobiotin labelling. As a consequence, several of the processes that could not be 

reconstructed to their terminations in the first reconstruction, perhaps due to fading during 

the original reconstructions, could be followed to their terminations following 

Neurobiotin reprocessing.   

 

CINs with de novo axons that emerged from distal dendrites. As summarized in Table 2-

2, four CINs had de novo axons that arose from their distal dendrites. The axons of two of 

these cells ended abruptly in the grey matter. Despite a careful search in the vicinity of 

the somata of the other two cells, no axon could be found. In total, we found twenty-five 

de novo axons that emerged from distal dendrites. These were traced back to eight of the 

17 primary dendrites whose higher order branches were completely reconstructed.   
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Table 2-2. Summary of reconstructions 
 

  

CINs with de novo 

axon(s) that 

emerged from 

distal dendrites CINs with L-ALPs 

CINs with no de 

novo axons that 

emerged from 

distal dendrites or 

L-ALPs Total 

Number of CINs 4 5 1 10 

Dendritic arbores 

reconstructed 16/17* 22/25* 2/2* 40/44* 

Dendritic arbores 

with at least one de 

novo axon that 

emerged from a 

distal dendrite 8 0 0 8 

Dendritic arbores 

entirely MAP2a/b 

negative 2 0 0 2 

De novo axons that 

emerged from 

distal dendrites 25** 0 0 25** 

L-ALPs 0 5 0 5 

Dendritic arbores refer to a primary dendrite and all of the dendritic segments that emerge from 

that primary dendrite. CINs, commissural interneurons; L-ALPs, long axon-like processes; 

MAP2a/b, microtubule-associated protein2a/b, GAP-43, growth-associated protein-43. 

*Reconstructions following GAP-43 processing / Reconstructions following MAP2a/b 

processing; **The distribution of GAP-43 immunoreactivity was not recorded for three of these 

de novo axons that emerged from distal dendrites. 
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 Four of the de novo axons that emerged from distal dendrites were GAP-43 

immunoreactive (Fig. 2-5). Similar to de novo axons that arise from the distal dendrites of 

motoneurons, GAP-43 immunoreactivity was restricted to the distal tips of the de novo 

axons that emerged from the distal dendrites of CINs (Fig. 2-6A-C). MAP2a/b 

immunoreactivity was absent in these regions and extended into adjacent proximal 

segments (Fig. 2-6D-F), as previously described for de novo axons arising from the distal 

dendrites of motoneurons. Proximal dendritic segments were MAP2a/b immunoreactive 

(Fig. 2-6G-I). With one exception, the GAP-43 immunoreactive tips had a single terminal 

swelling; the exception had two bifurcations and a swelling. Overall, the de novo axons 

that emerged from the distal dendrites of CINs and had GAP-43 immunoreactive tips 

were simpler than the complex arborizations formed by many de novo axons arising from 

the distal dendrites of motoneurons.   

 Eighteen de novo axons that emerged from distal dendrites of CINs were not 

immunoreactive for GAP-43. All of these processes were identified based on the absence 

of MAP2a/b immunoreactivity. Three other de novo axons that emerged from distal 

dendrites were also identified by their lack of MAP-2a/b immunoreactivity. However, the 

absence or presence of GAP-43 immunoreactivity in these processes could not be 

determined, since they were only found after reprocessing for Neurobiotin. Sixteen of 

these 21 de novo axons had multiple structural features typical of axons and emerged 

from MAP2a/b immunoreactive dendrites. Figure 2-7A shows two de novo axons that 

arose from the same primary dendrite. The de novo axon shown in the left inset of Figure 

2-7A had an arboreal appearance. Like axons, many of the branches of this process 

emerged at right-angles to their parent branches and followed a tortuous path. The de 

novo axon shown in the right inset had a collateral-like structure (i.e., multiple fine 
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Figure 2-5. Partial reconstructions of two de novo axons that emerged from distal dendrites and 

were GAP-43 immunoreactive. Both reconstructions are shown in the horizontal plane. 

Distribution of GAP-43 and MAP2a/b immunoreactivity is indicated by the color of the 

reconstruction (see legend). Dashed lines indicate the origins of other dendritic branches that are 

not shown. The insets show higher magnification drawings of the de novo axons. A: A de novo 

axon that emerged from a distal dendrite and had an elongated terminal varicosity. This varicosity 

was GAP-43 immunoreactive. Confocal microscopic images of the regions within the dashed 

boxes are shown in Figure 6. B: A de novo axon that emerged from a distal dendrite and had two 

bifurcations and three terminal varicosities, two of which were GAP-43 immunoreactive. R, 

rostral; C, caudal; M, medial; L, lateral. Scale bars: A, B = 50 m; A inset and B inset = 10 m.  
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Figure 2-6. Distribution of GAP-43 and MAP2a/b immunoreactivity in de novo axons that 

emerged from distal dendrites.  A-B; D-E: Confocal microscopic images of GAP-43 

immunoreactivity (A), MAP2a/b immunoreactivity (D), and Neurobiotin staining (B and E) of the 

termination of a de novo axon that emerged from a distal dendrite (upper dashed box in Figure 

5A). G-H: Confocal microscopic images of MAP2a/b immunoreactivity (G) and Neurobiotin 

staining (H) of a proximal dendrite (lower dashed box in Figure 5A). C,F,I: Computer-generated 

overlays of A and B, D and E, and G and H respectively. White pixels indicate regions with 

double labelling.  Scale bar = 10 m. 
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Figure 2-7. A: Partial reconstruction, shown in the horizontal plane, of two de novo axons that 

emerged from distal dendrites and lacked immunoreactivity for both MAP2a/b and GAP-43. Both 

de novo axons originated from the same primary dendrite. Distribution of GAP-43 and MAP2a/b 

immunoreactivity is indicated by the color of the reconstruction (see legend). Dashed lines 

indicate the origins of other dendritic branches that are not shown. The insets show higher 

magnification drawings of the entire upper de novo axon (left inset) and the terminal of the lower 

de novo axon (right inset). B-C: Confocal microscopic images of MAP2a/b immunoreactivity (B) 

and Neurobiotin staining (C) of the region within the dashed box in the right inset of A. D: 

Computer-generated overlay of B and C showing synapse-like contacts between the de novo axon 

and adjacent dendrites. The white pixels indicate double labelled regions due to synaptic-like 

contacts between swellings on the de novo axon and dendrites. R, rostral; C, caudal; M, medial; 

L, lateral. Scale bars: A = 50 m; A insets and B = 10 m. 
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terminal branches) with three bifurcations and several bouton-like swellings. Confocal 

microscopic images of these bouton-like swellings indicated that several formed close 

appositions with MAP2a/b immunoreactive dendrites (Fig. 2-7B-D). These appositions 

meet criteria that have been established to define synaptic contacts at the light 

microscopic level (Fyffe, 1991; Rose et al., 1999): 1) the axon formed a round or 

elliptical swelling whose diameter was at least twice that of the adjacent shaft, 2) there 

was no discernable gap between the axon and dendrite, and 3) both the swelling and the 

dendrite are in the same focal plane at the site of the potential contact. Four de novo axons 

that emerged from distal dendrites of three CINs were examined for synapse-like contacts 

with MAP2a/b immunoreactive dendrites. Three of these four processes formed synapse-

like contacts. These de novo axons emerged from dendrites arising from two CINs.  

Two of the 21 de novo axons that emerged from distal dendrites followed a 

relatively straight trajectory, had diameters that were the same as the MAP2a/b 

immunoreactive process from which they emerged, and had less than one bifurcation 

and/or varicosity (Figure 2-8A).  

The immunocytochemical characteristics of the processes that gave rise to the last 

three of the 21 de novo axons that emerged from distal dendrites were unusual. Unlike all 

other de novo axons that arose from MAP2a/b immunoreactive dendrites, they arose from 

dendrites that lacked MAP2a/b immunoreactivity. In these cases, the loss of MAP2a/b 

immunoreactivity could not be used to define the end of the dendrite and the start of the 

de novo axon. Thus, structural features typical of dendrites were used to determine the 

end of the dendrite. Dendrites taper and have acute angled branches (Peters et al., 1991). 

Therefore the point at which the proximal process ceased to have a dendritic morphology 

was used as the start of the de novo axon. For example, as shown in Figure 2-8B, the 
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Figure 2-8. Partial reconstructions of three de novo axons that emerged from distal dendrites and 

lacked immunoreactivity for both MAP2a/b and GAP-43. Both reconstructions are shown in the 

horizontal plane. Distribution of GAP-43 and MAP2a/b immunoreactivity is indicated by the 

color of the reconstruction (see legend). Dashed lines indicate the origins of other dendritic 

branches that are not shown. The insets show higher magnification drawings of the de novo 

axons. A: An example of a de novo axon that emerged from a distal dendrite and whose 

morphology resembled the structure of the MAP2a/b immunoreactive dendrite from which it 

emerged. B: Two de novo axons with multiple right-angled branches and varicosities, which 

emerged from a dendrite lacking MAP2a/b immunoreactivity. Arrow heads indicate the points at 

which the proximal processes ceased to have a dendritic morphology. These points were 

considered to be start of the de novo axons. Arrow indicates the path of the de novo axon that 

starts at the lower arrow head. R, rostral; C, caudal; M, medial; L, lateral. Scale bars: A, B = 50 

m; A inset and B inset = 10 m. 
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dendrites proximal to the arrowheads taper and branch at acute angles, whereas distal to 

the arrowheads the de novo axons have irregular diameters, large varicosities, right-

angled branches, and arboreal-like structures.   

 

CINs with long axon-like processes. As summarized in Table 2-2, five CINs gave rise to 

long axon-like processes (L-ALPs). Unlike de novo axons that emerged from distal 

dendrites, L-ALPs projected directly from the soma or a very proximal dendrite (i.e., 

within 25 m of the soma and prior to the first dendritic branch point). Like axons, L-

ALPs lacked MAP2a/b immunoreactivity and had many morphological features typical of 

axons such as right-angled branches, followed a tortuous path, a uniform diameter, 

collateral-like branching patterns, and bouton-like varicosities (Peters et al., 1991). Three 

L-ALPs crossed the midline, one projected to the ipsilateral spinal cord, and one had 

projections to both the ipsilateral and contralateral spinal cord. These processes were 

followed for distances of ~3400 microns to a maximum of ~9700 microns. However, due 

the gradual loss of Neurobiotin staining in the most distal extremities of the L-ALPs, 

none could be followed to their termination. GAP-43 immunoreactivity was not 

detectable in L-ALPs.   

 Figure 2-9A shows an example of an L-ALP. This L-ALP followed a very 

tortuous trajectory that bifurcated into two main branches. One branch projected to the 

contralateral ventral-medial funiculus; the other entered the ipsilateral lateral funiculus. 

This L-ALP gave rise to two fine diameter branches near the soma. These fine branches 

projected towards and across the midline (Fig. 2-9A, left inset), and had many right-

angled branches and irregular varicosities, several of which formed close appositions with 
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Figure 2-9. A: Partial reconstruction, shown in the horizontal plane, of an L-ALP that projected 

to both sides of the spinal cord. The dendrites are not shown for clarity. Grey areas represent the 

location of the grey matter as seen at the dorsal-ventral level of the soma. The rostrally and 

caudally projecting branches of the L-ALP in the white matter extended beyond the region shown 

in this reconstruction. Distribution of GAP-43 and MAP2a/b immunoreactivity is indicated by the 

color of the reconstruction (see legend). The insets show higher magnification drawings of fine 

diameter branches that emerged from the L-ALP. B-C: Confocal microscopic images of MAP2a/b 

immunoreactivity (B) and Neurobiotin staining (C) of the region within the dashed box. D: 

Computer-generated overlay of B and C. The white pixels indicate double labelled regions due to 

synaptic-like contacts between swellings on the L-ALP and dendrites. R, rostral; C, caudal. Scale 

bars: A = 250 m; A left inset = 20 m; A right inset and B = 10 m. 
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MAP2a/b immunoreactive dendrites (data not shown). Two small diameter branches 

emerged at right angles from the ipsilateral branch of the L-ALP (Fig. 2-9A, right inset). 

These small-diameter branches had bouton-like varicosities that formed synapse-like 

contacts with MAP2a/b immunoreactive dendrites (Fig. 2-9B-D). Three of the five L-

ALPs had bouton-like swellings that formed synapse-like contacts.   

Figure 2-10A-E is a schematic of all five L-ALPs. Two of the L-ALPs followed 

courses that were unusual (i.e., ipsilateral projections). The morphology of two L-ALPs 

was unusual. These L-ALPs had ipsilateral collateral branches and large irregular 

varicosities (see Discussion). L-ALPs projected from CINs that did not have any de novo 

axons that emerged from distal dendrites. The absence of de novo axons from distal 

dendrites was based on the complete reconstruction of the dendritic trees of four of the 

neurons with L-ALPs, and a partial reconstruction of the dendritic tree of the remaining 

CIN.   

 

CINs with no de novo axons that emerged from distal dendrites or L-ALPs. As 

summarized in Table 2-2, one neuron had no de novo axons that emerged from distal 

dendrites or L-ALPs. However, the reconstruction of the dendritic tree of this CIN was 

limited to only two primary dendrites and their branches as the other primary dendrites 

projected into the injection epicenter (see Materials and Methods). 

 

 

L-ALPS WITHIN THE LESION SITE 

Four of the five L-ALPs projected to the contralateral spinal cord. This result raises the 

question: were these processes within regions of the spinal cord that were transected by 
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Figure 2-10. Schematic summary of reconstructed L-ALPs. A-C: L-ALPs reconstructed from 

experiment shown in Figure 2-11A,C. D,E: L-ALPs reconstructed from experiments shown in 

Figure 2-11B,D. Black circles represent somata. Grey shaded areas represent the ventral grey 

matter. Dashed line represents the midline. R, rostral; C, caudal. 
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the lesion? To answer this question, we compared the rostral-caudal positions at which 

the L-ALPs crossed to the contralateral spinal cord to the distribution of dendrites that 

crossed the midline. As shown in the non-recovery experiments, the absence of MAP2a/b 

immunoreactivity along the midline provides an accurate measure of the extent of the 

lesion immediately following a lesion. The black bars in Figures 11A and 11B indicate 

the frequency of MAP2a/b immunoreactive dendrites that crossed the midline for the two 

experiments in which midline-crossing L-ALPs were found. The distributions of 

MAP2a/b immunoreactivity along the midline at 4-5 weeks post-axotomy are consistent 

with the distribution of MAP2a/b immunoreactivity immediately following a lesion and 

with the distribution of GAP-43 immunoreactive somata (see below). This indicates that 

MAP2a/b immunoreactivity along the midline remains a valid means of defining the 

extent of the lesion at longer post-axotomy times. All four L-ALPs crossed the midline at 

points where MAP2a/b immunoreactivity was absent, suggesting that the L-ALPs were 

within regions of the midline transected by the lesion.   

To further confirm that the L-ALPs were within regions that were transected by 

the lesion, the points at which the L-ALPs crossed the midline were compared to the 

distribution of GAP-43 immunoreactive somata. As previously described, the distribution 

of GAP-43 immunoreactive somata is equivalent to the distribution of axotomized CINs. 

Since the axons of intact CINs project to the contralateral cord at nearly the same rostral-

caudal level as their somata (Wiksten, 1979; Comans and Snow, 1981; Sugiuchi et al., 

1992; Sugiuchi et al., 1995), the rostral-caudal distribution of GAP-43 immunoreactive 

somata is another indicator of the rostral-caudal extent of the lesion. As shown in Figures 

2-11C and 2-11D, the rostral-caudal location of the GAP-43 immunoreactive somata in 

these experiments formed a discrete zone with abrupt rostral and caudal borders. All of 
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Figure 2-11. Rostral-caudal location of L-ALPs that crossed the midline relative to the 

distribution of dendrites that crossed the midline and the distribution of GAP-43 immunoreactive 

somata. Data from two experiments are shown. A,B: The distribution of MAP2a/b 

immunoreactive processes that crossed the midline. The methods used to construct these 

histograms are identical to those used in Figure 2. Three of the four reconstructed L-ALPs that 

crossed the midline were found in the experiment shown in A. These L-ALPs crossed the midline 

in a narrow rostral-caudal band, 100 µm long. The position of this band is indicated by the arrow. 

The remaining reconstructed L-ALP that crossed the midline was found in the experiment shown 

in B. The arrow indicates the location at which this L-ALP crossed the midline. C,D: Cumulative 

histograms of the rostral-caudal distribution of GAP-43 immunoreactive somata from the 

experiments shown in A and B respectively. The grey boxes indicate the length and location of 

the lesion. The widths of the grey boxes are equivalent to the lengths of the knife cut, and are 

centered with the greatest number of GAP-43 immunoreactive somata within the grey shaded 

areas. The arrows indicate the locations at which the L-ALPs crossed the midline. 
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the L-ALPs crossed to the contralateral cord at rostral-caudal levels that were well within 

the rostral-caudal zone occupied by GAP-43 immunoreactive somata. These results 

confirm the results based on the distribution of MAP2a/b immunoreactivity at the midline 

and suggest that L-ALPs were within zones that were transected by the lesion.  
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DISCUSSION 

 

This study is the first to show that mammalian spinal commissural interneurons (CINs) 

develop de novo axons from distal dendrites following a spinal lesion. De novo axons 

from distal dendrites of CINs had morphological and molecular features typical of axons 

and resembled de novo axons that originate from the distal dendrites of permanently 

axotomized motoneurons and autonomic neurons (MacDermid et al., 2004; Hoang et al., 

2005). Using confocal microscopy, we also showed that de novo axons that emerged from 

the distal dendrites of CINs form synapse-like contacts with MAP2a/b immunoreactive 

dendrites. 

The second principal finding was unexpected. Some axotomized CINs had long 

axon-like processes (L-ALPs). These processes were unexpected because they followed a 

trajectory through the injury site or they projected to funiculi that were inconsistent with 

the known path taken by axons of CINs (i.e. the ipsilateral lateral funiculus instead of 

contralateral funiculi). In contrast to de novo axons that emerged from distal dendrites, L-

ALPs projected from the soma or very proximal dendrites.   

 

DE NOVO AXONS EMERGING FROM DISTAL DENDRITES 

Previous studies used several methods to distinguish axotomized neurons from intact 

neurons. These methods included identification based on morphological features that 

were specific to the axotomized cells (Hall and Cohen, 1983; Hall and Cohen, 1988b; 

Hall et al., 1989), intracellular staining of neurons in regions known to contain the 

axotomized cells and visualization of the transected axon (Linda et al., 1985; Linda et al., 

1992), antidromic stimulation of  the proximal stump of the cut nerve  (Rose and 
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Odlozinski, 1998; Rose et al., 2001; MacDermid et al., 2002; 2004), or identification 

based on neurochemical markers that were unique to the class of neurons that were 

axotomized (Hoang et al., 2005). None of these methods were suitable for the 

identification of axotomized CINs. In the present study, antidromic identification of the 

neurons was not feasible due to the loss of the axons, neurochemical identification was 

not possible since the neurochemical features of CINs are not known, and location and 

morphology, together, are not a definitive means of identifying CINs. As a consequence, 

we identified axotomized CINs based on the presence of GAP-43 immunoreactivity in the 

soma. This approach has been used previously by Doster et al. (1991), who showed that 

only axotomized retinal ganglion cells express GAP-43, whereas intact retinal ganglion 

cells immediately adjacent to an injury do not express GAP-43. In the present study, the 

non-recovery experiments confirmed that the somatic expression of GAP-43 is also a 

rigorous means of distinguishing intact CINs from axotomized CINs.   

Most studies have used intracellular staining techniques to visualize de novo 

axons arising from distal dendrites (Hall and Cohen, 1983; Linda et al., 1985; Hall and 

Cohen, 1988b; Hall et al., 1989; Linda et al., 1992; Rose and Odlozinski, 1998; Rose et 

al., 2001; MacDermid et al., 2002; MacDermid et al., 2004). In this study, we stained 

neurons with extracellular iontophoretic injections of Neurobiotin rather than intracellular 

staining techniques. This staining technique sometimes resulted in staining of multiple 

nearby cells and high background at the injection epicenter. This rendered the 

reconstruction of entire neurons more difficult, and sometimes not possible. In the 

absence of complete reconstructions, this approach was not ideally suited to determine the 

frequency of neurons with de novo axons that emerged from distal dendrites or the 

number of de novo axons that emerged from distal dendrites on a cell-by-cell basis. 
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However, despite these limitations, it was possible to follow many dendrites and de novo 

axons that emerged from distal dendrites to their terminations using computer-aided 

reconstruction techniques. Also, although this approach was not ideally suited for 

collecting data from a large number of cells, extracellular Neurobiotin injections appeared 

to stain cells indiscriminately. Therefore the ten reconstructed neurons are a randomly 

selected population of axotomized CINs from laminae VII, VIII and IX, which indicates 

that the reconstructed neurons are, most likely, a representative sample of axotomized 

CINs.   

An absence of MAP2a/b immunoreactivity was the main criteria used to identify 

de novo axons that emerged from distal dendrites. The validity of this criterion rests on 

the assumption that dendrites always contain MAP2a/b. This is certainly the case for 

intact neurons (Tucker, 1990; MacDermid et al., 2002). However, MAP2a/b 

immunoreactivity is lost from distal dendrites in intact neurons several millimetres from 

transection injuries (Meehan et al., 2003). One might interpret these data as invalidating 

the absence of MAP2a/b immunoreactivity as an indicator for de novo axons that 

emerged from distal dendrites. However, other data from the present study speak against 

this possibility. MAP2a/b immunoreactivity was present throughout the dendritic trees of 

CINs with L-ALPs. This indicates that the loss of MAP2a/b immunoreactivity from distal 

dendrites cannot be simply attributed to the fact that these cells were in the vicinity of a 

lesion. Furthermore, nearly all de novo axons that emerged from distal dendrites and 

lacked MAP2a/b immunoreactivity also had morphological features typical of axons 

rather than dendrites. In contrast, the dendrites without MAP2a/b immunolabelling, 

described by Meehan et al. (2003) were not deemed to meet morphological criteria typical 

of de novo axons that emerge from distal dendrites (Meehan, personal communication). 
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Therefore, in the present study, although we cannot fully discount the possibility that 

MAP2a/b was lost from some distal dendrites of CINs for reasons other than the 

formation of de novo axons, there is strong evidence indicating that a lack of MAP2a/b is 

a reliable marker for de novo axons emerging from distal dendrites of CINs. 

 

Similarities and differences between de novo axons that emerged from the distal dendrites 

of CINs and motoneurons. The de novo axons that emerged from the distal dendrites of 

CINs share morphological features with de novo axons that emerged from the distal 

dendrites of cat motoneurons at 20 and 35 weeks post axotomy. For instance, the de novo 

axons that emerged from distal dendrites of both types of neurons had right-angled 

branches, collateral-like branching patterns, and bouton-like swellings (MacDermid et al., 

2004). De novo axons emerging from distal dendrites of motoneurons at earlier post-

axotomy intervals did not have these features. Since all of the de novo axons emerging 

from distal dendrites of CINs were observed at 4-5 weeks post-injury, this suggests that 

de novo axons that emerge from the distal dendrites of CINs develop faster. This 

suggestion is consistent with the low frequency of GAP-43 immunoreactive de novo 

axons emerging from dendrites of CINs (4/25) 4-5 weeks post-injury. In motoneurons, 

most (106/118) de novo axons from distal dendrites are GAP-43 immunoreactive until 20 

to 35 weeks post axotomy, at which point the frequency decreases to zero (MacDermid et 

al., 2004). It is not clear why de novo axons appear to develop faster from the distal 

dendrites of CINs compared to motoneurons, but it may be related to the proximity of the 

axotomy (3 mm versus 15-25 mm) or fundamental differences in the cells themselves. 

Approximately one-half of axotomized CINs sampled developed de novo axons 

from their distal dendrites. In contrast, all proximally axotomized motoneurons appear to 
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develop de novo axons from their distal dendrites (cf. MacDermid et al., 2004). Those 

CINs with de novo axons had an obvious axonal stump or lacked a discernable axon 

(presumably due to axonal retraction, see Zhang et al., 2005; Kerschensteiner et al., 

2005). In contrast, 5 of the 6 CINs without de novo axons emerging from their distal 

dendrites had L-ALPs. Thus, the emergence of de novo axons from the distal dendrites of 

CINs appears to be conditional on the absence of an L-ALP. 

 

 

L-ALPs 

Four of the five L-ALPs crossed the midline at the same rostral-caudal location as the 

lesion. This trajectory suggests that transected axons of CINs have an intrinsic ability to 

regenerate through a spinal lesion. However, there is recent acceptance of evidence that 

transection injuries may fail to transect all of the axons at the site of the lesion (Steward et 

al., 2003). Thus, it is possible that these L-ALPs are spared axons. Steward et al. (2003) 

put forth seven criteria to distinguish regenerated from spared axons. To determine if L-

ALPs are regenerating axons or spared axons, our data are discussed in the context of 

these criteria.   

Criterion I: the axon extends into the injury site. This criterion is based on the 

expectation that 100% of the axons in the injury site were transected. In a series of non-

recovery experiments, we made multiple injections of Neurobiotin into the ventral horn. 

These injections spanned a zone that extended beyond the rostral and caudal extent of the 

lesion. Within the regions of the lesions, we were unable to find Neurobiotin labeled 

processes that crossed the midline despite a thorough examination of all serial sections 

that contained the commissures. These results suggest that the crossing processes stained 
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by Neurobiotin were transected by the lesion. However, not all processes that cross the 

midline were stained in these experiments. Nor can we exclude the possibility that the 

absence of Neurobiotin staining opposite to the lesion was due to a functional disruption 

of Neurobiotin transport. Dendritic staining based on antibodies to MAP2a/b is not 

subject to either of these caveats. Thus, the very close match between the midline regions 

lacking MAP2a/b immunoreactive processes and Neurobiotin staining provides a more 

persuasive case for the conclusion that all commissural axons were transected. Based on 

these criteria, all four L-ALPs that crossed the midline were not spared, since all crossed 

the midline through regions that were lacking MAP2a/b immunoreactivity. But this 

conclusion ignores the possibility that the loss of MAP2a/b/ staining may be due to an 

absence of MAP2a/b, rather than a loss of the dendrites themselves (c.f. Zhang et al., 

2000). Thus, despite the congruence of the Neurobiotin and MAP2a/b data, it is 

impossible to claim that 100% of the commissural axons were transected by the lesion. It 

was for this reason that we only examined neurons whose somata were immunoreactive 

for GAP-43. Since the expression of GAP-43 appears to be contingent on axotomy 

(Doster et al., 1991; and the present data), we used this feature as another means of 

confining our study to axotomized cells. Thus, on balance, the data relevant to criterion I 

provide strong support against the possibility that at least four L-ALPs were spared axons.  

Criterion II: the axon extends into a graft or transplant. This criterion is not 

applicable to this study since there were no grafts or transplants.   

Criterion III: the axon originates at or near the site of injury. All of the L-ALPs 

were reconstructed based on serial sections. This allowed us to trace these processes 

proximal, and distal to the lesion site. Thus four of the five L-ALPs met Criterion III.   
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Criterion IV: the axon takes an unusual course through the uninjured CNS. Two of 

five L-ALPs projected to the ipsilateral white matter. Given that CINs are defined by a 

contralateral axonal projection, the path of these L-ALPs is very unusual. However, two 

other L-ALPs followed a path to the contralateral ventromedial funiculus that is 

indistinguishable from the path taken by axons of intact CINs (cf. Fig. 2-10A to Sugiuchi 

et al., 1992; 1995). Thus, as a group, L-ALPs do not consistently satisfy this criterion.  

Criterion V: the axon extends no further than can be accounted for by plausible 

regeneration rates. It was not possible to assess if L-ALPs satisfied this criterion since 

none of the L-ALPs could be reconstructed to their terminations. However, it is worth 

noting that all of the reconstructed portions of the L-ALPs were well within the plausible 

regeneration limits suggested by Steward et al. (2003).  

Criterion VI: the axon was tipped with a growth cone. Again, this criterion could 

not be assessed since the L-ALPs were not reconstructed in their entirety. However, in the 

10 day and 8 week survival experiments, many GAP-43 immunoreactive processes were 

found outside the limits expected for de novo axons arising from dendrites (MacDermid 

et al., 2002; 2004). These GAP-43 immunoreactive processes may be the growth cones of 

L-ALPs, but in the absence of more direct evidence, L-ALPs do not satisfy this criterion.  

Criterion VII: the axon had an unusual morphology. Two of five L-ALPs had 

morphologies that are not characteristic of the CINs described by Sugiuchi et al. (1992; 

1995) or Matsuyama et al. (2004; 2006). These L-ALPs had ipsilateral collateral branches 

with irregular varicosities and bouton-like varicosities. In contrast, all collaterals of CINs 

are restricted to the contralateral ventral horn. However, this evidence in favor of 

regeneration must be balanced by the seemingly normal morphology of the other 3 L-
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ALPs and the fact that there are no comprehensive descriptions of the morphology of all 

types of CINs in the upper cervical spinal cord.  

When assessed from the perspective of all seven criteria described by Steward et 

al. (2003), we believe there is enough evidence to suggest that L-ALPs may be 

regenerating axons. However, the match or mismatch to some of the criteria for 

regenerating axons could not be determined and some L-ALPs did not satisfy other 

criteria. Thus, based on the present data, it would be premature to definitively classify L-

ALPs as regenerating axons.  

 

Regeneration of CNS axons through a lesioned environment. Much of the previous 

discussion of regenerated versus spared axons rests on the assumption that axons of CINs, 

in the absence of extrinsic interventions, are capable of regeneration within a lesioned 

environment. This assumption contradicts a substantial body of evidence that shows that 

CNS axons are incapable of regeneration through an injury site due to an inhibitory 

environment (Yiu and He, 2006) and a poor regenerative capacity (Deumens et al., 2005). 

However, it is also known that motoneurons, axotomized within 0.4-1.4 mm from their 

soma, can regenerate their axons through a lesion of the spinal cord and reach the ventral 

roots (Ramon Y Cajal, 1959; Risling et al., 1983). This observation is consistent with 

other studies that have shown that proximal axotomy greatly increases the regenerative 

capacity of CNS neurons (Richardson et al., 1984; Doster et al., 1991; Fernandes et al., 

1999). The injury model used in the present study was specifically designed to axotomize 

CINs very close to their somata (0.5-3.0 mm). Thus, L-ALPs may be a direct 

consequence of the high regenerative capacity induced by the proximal axotomy. The 

finding that some L-ALPs, assuming that they are not spared axons, were found within 
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and beyond the injury site suggests that this enhanced regenerative capacity can overcome 

the inhibitory milieu of the injury site.    

 

 

SIGNIFICANCE 

It has recently been shown that axotomized corticospinal tract axons sprout to form 

functional connections with intact propriospinal interneurons that bridged the spinal 

lesion (Bareyre et al., 2004; Vavrek et al., 2006). The results of the present study suggest 

that interneurons may serve as more than just an alternative route to relay descending 

signals to spinal neurons caudal to the lesion. Instead, axotomized interneurons in the 

immediate vicinity of the injury may actively contribute to the construction of new 

circuits via de novo axons that emerge from distal dendrites. It is not known if the 

connections formed by de novo axons that emerge from distal dendrites are functional. If 

they do form functional synapses, they may represent another means by which 

interneurons contribute to detours around partial injuries of the spinal cord. The 

unexpected finding that other axotomized interneurons in the same region had L-ALPs 

serves as reminder that proximal axotomy also triggers an increased regenerative capacity 

that may be expressed by regeneration of the injured axon through the lesion. 
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Chapter 3: 

Spinal Interneuron Axons Spontaneously Regenerate following Spinal 

Cord Injury in the Adult Feline. 

Keith K. Fenrich and P. Ken Rose 
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ABSTRACT 

 

It is well established that long descending axons of the adult mammalian spinal cord do 

not regenerate following a spinal cord injury (SCI). These axons do not regenerate 

because they do not mount an adequate regenerative response and growth is inhibited at 

the injury site by growth cone collapsing molecules such as chondroitin sulphate 

proteoglycans (CSPGs). However, whether axons of axotomized spinal interneurons 

regenerate through the inhibitory environment of a spinal cord injury site remains 

unknown. Here we show that cut axons from adult mammalian spinal interneurons can 

regenerate through a spinal cord injury site and form new synaptic connections in vivo. 

Using morphological and immunohistochemical analyses, we found that following a 

midsagittal transection of the adult feline spinal cord, axons of propriospinal commissural 

interneurons can grow across the lesion despite a close proximity of their growth cones to 

CSPGs. Furthermore, using immunohistochemical and electrophysiological analyses, we 

found that the regenerated axons conduct action potentials and form functional synaptic 

connections with motoneurons, thus providing new circuits that cross the transected 

commissures. Our results show that interneurons of the adult mammalian spinal cord are 

capable of spontaneous regeneration following injury, and suggest that elucidating the 

mechanisms which allow these axons to regenerate may lead to useful new therapeutic 

strategies for restoring function following injury to the adult central nervous system. 
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INTRODUCTION 

 

 

Following injury to the nervous system, functional regeneration occurs when cut axons 

form growth cones, which elongate and navigate through or around the injury site, and 

form functional synaptic connections with appropriate targets. However, it is widely 

accepted that axons of the adult mammalian central nervous system (CNS) are not 

capable of spontaneous functional regeneration following injury (Ramon Y Cajal, 1959; 

Yiu and He, 2006). Regeneration fails partly because cut CNS axons do not typically 

acquire the appropriate proteins for growth cone formation and extension (Plunet et al., 

2002). In addition, the few axons that do form growth cones are faced with the formidable 

barrier of navigating through the glial scar at the injury site. Glial scars contain growth 

inhibitory molecules such as CSPGs, myelin derived inhibitory proteins, and repulsive 

guidance molecules (Silver and Miller, 2004; Yiu and He, 2006; Harel and Strittmatter, 

2006). 

Although the poor regenerative response and inhibitory effects of the injured CNS 

are formidable barriers, they can be overcome. For example, conditioning stimuli enhance 

central regeneration of sensory axons (Richardson and Issa, 1984; Neumann and Woolf, 

1999; Lu et al., 2004). Also, cleaving the active regions of inhibitory molecules 

(Bradbury et al., 2002a) or using antibodies to block their action (Schnell and Schwab, 

1990; Bregman et al., 1995) promotes regeneration. These studies show that certain 

classes of CNS neurons are capable of regenerating axons through or around a CNS 

injury site, but only with the aid of interventions that promote regeneration. 

 The goal of this study was to re-examine the ability of transected axons of CNS 

neurons to form functional connections in the absence of therapeutic interventions. This 
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re-examination was based on observations of axons arising from spinal interneurons. 

Previous studies have shown that spinal interneurons survive well after axotomy caused 

by contusion spinal cord injury (Conta and Stelzner, 2004), and following midsagittal 

spinal transections axotomized spinal interneurons develop axon-like processes that cross 

the midline (Fenrich et al., 2007). In addition, the axons of spinal interneurons also have a 

remarkable capacity for the formation of new collateral branches that circumvent injury 

sites following partial SCIs (Bareyre et al., 2004; Courtine et al., 2008). However, 

although these studies speak to the abilities of spinal interneuron axons to sprout 

following spinal cord injury (SCI), they do not directly examine whether spinal 

interneuron axons are capable of spontaneous functional regeneration through an injury 

site. We therefore asked two fundamental questions: (1) do spinal interneuron axons 

regenerate through an inhibitory environment in the absence of therapeutic interventions, 

and, if yes, (2) do these regenerated axons form functional synaptic connections? 

We examined propriospinal commissural interneurons (PCIs) and found that 

axotomized PCI axons regenerate through SCI lesion sites that contain dense deposits of 

inhibitory CSPGs. In addition, regenerated PCI axons were found to evoke inhibitory or 

excitatory post-synaptic potentials in motoneurons that typically receive input from PCIs. 

Our findings reveal, to our knowledge for the first time, that axons of spinal interneurons 

are capable of spontaneous functional regeneration following SCI. 
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MATERIALS AND METHODS 

 

 

SURGERIES  

All surgical and animal care protocols for these experiments were approved by the 

Queen‟s University Animal Care Committee and were consistent with the guidelines 

established by the Canadian Council of Animal Care. All surgical procedures were 

performed on adult cats (>11 months of age) under deep general anaesthesia using either 

isoflurane (recovery experiments) or sodium pentobarbital (terminal experiments). 

Surgical procedures, peripheral nerve stimulation protocols, and post-operative care 

procedures were identical to those used in previous experiments (Fenrich et al., 2007). 

Briefly, for the recovery surgeries the animal was anaesthetized and the dorsal C2 and C3 

vertebra was exposed and removed to access the C3 segment. The animal was suspended 

from a stereotaxic frame, the C3 nerves innervating the dorsal neck muscles biventer 

cervicis and complexus (BCCM) were isolated and mounted on stimulating electrodes, 

and the dura was resected to expose the dorsal surface of the spinal cord. We located the 

spinal midline in two ways. First, we recorded from antidromically activated BCCM 

motoneurons on both sides of the spinal cord. The point midway between the BCCM 

motoneuron pools was used as a marker for the position of the ventral midline. Second, 

we removed the arachnoid and pia matter to expose the dorsal median sulcus. The sulcus 

was used as a marker for the dorsal midline of the spinal cord. In nearly all experiments, 

the positions of the markers for the dorsal and ventral midlines were identical and the 

scalpel blade was aligned to the center of the dorsal medial sulcus. However, on the 

occasions in which the positions of the markers for the dorsal and ventral midlines did not 

match (i.e., the spinal cord was slightly twisted), the point midway between the two was 
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taken as the midline. We confirmed that all lesions transected the midline through the 

central canal following the terminal experiments (see below). The lesion protocol has 

previously been described in detail (Fenrich et al., 2007), and was performed using a 

specially designed double edged scalpel blade that was mounted to a motorized 

microdrive. Briefly, the knife was inserted to a depth of at least 5 mm (the most ventral 

aspect of the ventral horns is ~4 mm below the dorsal surface of the spinal cord at C3; see 

Fig. 3-1). The knife was advanced rostrally for a distance of 4 or 6 mm, returned to its 

starting position, and then advanced rostrally again for a distance of 4 or 6 mm. Most of 

the lesions were 4 mm long. In one experiment in which the intended length of the lesion 

was 4 mm, the blade was moved only 3.5 mm rostral-caudally due to a shorter 

laminectomy. Two animals received 6 mm lesions.  

Animals were divided into three groups based on the time between lesion and 

terminal experiment; these groups were called „0-day‟, „7-day‟, and „56 to 72 day‟ 

experiments. The 0-day animals were control experiments, and we proceeded to the 

terminal experiment immediately following the spinal lesion. Post-operative pain was 

controlled with buprenorphine (0.005-0.01 mg/kg s.c., every 6 hours or as required) 

and/or Metacam (1 drop oral, per day as required). For the terminal experiment, the 

animals were anaesthetized and the dorsal surface of the spinal cord was exposed from C1 

to C5 and the cat was suspended in a stereotaxic frame. The nerves innervating C2, C3, 

and C4 BCCM, C2 and C3 splenius, and trapezius muscles were mounted on stimulating 

electrodes. To eliminate movement of the spinal cord in response to peripheral nerve 

stimulation, the animals were paralyzed with gallamine triethiodide (Sigma, 2.5-5 

mg/kg/hr i.v.) and ventilated with a respirator. Respiratory-related movements were 

minimized by unilateral or bilateral pnemothoraces.  
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Figure 3-1 – Dendrites cross the spinal midline at the same dorsal-ventral level as PCI axons.  

Tiled images of representative Neurobiotin injection sites, Neurobiotin labelled processes, and 

MAP2a/b labelling in the uninjured C3 spinal cord.  Lower images are higher power views of the 

region contained within the dashed box in the upper image. Upper scale bar, 1 mm; lower scale 

bar, 250 m. Edge of tissue is outlined in grey. Star indicates the central canal. 
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INJECTIONS OF NEUROBIOTIN 

We stained PCIs with multiple iontophoretic injections of Neurobiotin into the 

extracellular space of the ventral horn as described previously (Fenrich et al., 2007). 

Briefly, Neurobiotin was injected twice in each electrode track. The first injection was 

200 m dorsal of the BCCM motoneuron pool, and the second was 800 m dorsal of the 

BCCM motoneuron pool (Fig. 3-1). Each injection was made using 5 A positive pulses 

with a 10-second on/off duty cycle for a total of 90 seconds. The first electrode track used 

to inject Neurobiotin was aligned with the rostral-caudal position of the most caudal 

stimulating electrode (see below). For most of the experiments the electrode tracks used 

to inject Neurobiotin were 1 mm apart in the rostral-caudal axis and were located at the 

same rostral-caudal level as the lesion, as well as regions rostral and caudal to the lesion 

(cf. Fig. 3-2A). In two experiments the electrode tracks used to inject Neurobiotin were 

250 microns apart in the rostral-caudal axis and were restricted to a 1 mm zone within the 

rostral-caudal confines of the lesion. These injection parameters yielded about 10-20 well 

stained neurons, per injection, within a sphere of ~700 m in diameter. Not all of these 

neurons were PCIs. However, only PCIs were examined in this study. The methods used 

to identify PCIs are described below. Following completion of the electrophysiological 

recordings the cats were perfused and the spinal cords were collected as described 

previously (Fenrich et al., 2007). 
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ELECTROPHYSIOLOGY  

General methods 

In each animal we conducted one of two types of electrophysiological experiments. The 

first type focused on extracellular recordings of antidromically identified PCIs, and are 

called „antidromic‟ experiments. The second type focused on intracellular recordings of 

post-synaptic potentials (PSPs) evoked by stimulation of PCIs, and are called 

„orthodromic‟ experiments. For all electrophysiological experiments, the nerves 

innervating the dorsal neck muscles BCCM, splenius, and trapezius were isolated and 

mounted on stimulating electrodes. PCIs were activated orthodromically or 

antidromically via electrical stimuli delivered by glass insulated tungsten electrodes (FHC 

Inc.). Four stimulating electrodes were spaced 2.5 mm apart along the rostral-caudal axis 

in the antidromic experiments, and six stimulating electrodes spaced 1 mm apart along the 

rostral-caudal axis in the orthodromic experiments. The tungsten electrodes were lowered 

into the ventral horn beside the lesion site. and recordings of antidromic field potential 

evoked by stimulation of the nerves supplying dorsal neck muscles were used to guide the 

placement of each stimulating electrode to regions in the ventral horn that contain the 

somata and axon collaterals of PCIs (Bolton et al., 1991; Sugiuchi et al., 1992; Sugiuchi 

et al., 1995). The position of the stimulating electrodes was verified histologically. To 

ensure that the electrophysiological, anatomical, and immunohistochemical data were in 

register, the rostral caudal location of the most caudal stimulating electrode was used as a 

reference for positioning all of the electrophysiological and Neurobiotin electrode tracks. 

The shrinkage of the tissue caused by histological processing was taken into account for 

all alignment procedures (see Microscopy and image analysis). We used a Datawave DT 

300 (Datawave Technologies) to collect the electrophysiological recordings and 
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SciWorks software (v. 4.1; DataWave Technologies) to display and analyze the 

electrophysiological recordings.  

 

Antidromic experiments 

We recorded antidromically activated PCIs using glass micropipettes (tip diameter, 1.3 to 

2.0 m) filled with 2.0 M potassium acetate (pH 8.0). We searched for antidromically 

activated PCIs using a precise grid of electrode tracks. Briefly, for each track the 

recording electrode was lowered at a 6° angle pointing medially to about 2000 m dorsal 

of the motoneuron pools (based on the depth of the motoneuron field potentials recorded 

in the previous track or the first Neurobiotin injection). From this depth the recording 

electrode was lowered in steps of 20 m. At every step along the track, we recorded the 

responses to sequential stimuli delivered to the tungsten electrodes. These stimuli 

consisted of negative, constant current pulses, 200 s long (DS3 isolated constant current 

stimulator, Digitimer). The search for antidromically activated PCIs continued to a depth 

of ~4000 m or until antidromic field potentials were observed following stimulation of 

the nerves supplying BBCM. Each subsequent track was 150 microns rostral from the 

previous track, and 150 microns medial or lateral to optimize the magnitude of the BCCM 

field potentials. Antidromically activated PCIs were identified based on the following 

criteria: 1) a consistent response to every stimulus pulse, 2) a constant latency, 3) all-or-

nothing at stimulus strengths near threshold, and 4) the peak to peak amplitude of the 

antidromic response was greater than twice the amplitude of the baseline noise. Based on 

previous studies (Shinoda et al., 1976), we chose a maximum stimulus of 95 A to 
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minimize current spread and exclude the possibility of activating contralateral axons. 

Stimulus thresholds for antidromic activation of PCIs ranged from 4.5 A to 92 A.  

 

Orthodromic experiments 

Intracellular recordings were obtained using glass micropipettes (tip diameters, 1.3 to 1.8 

m) filled with 2.0 M potassium acetate (pH 8.0). We recorded from three types of 

neurons: 1) antidromically identified motoneurons, 2) other motoneurons, and 3) 

interneurons. Antidromically identified motoneurons had antidromic action potentials 

evoked by stimulation of nerves supplying dorsal neck muscles. Other motoneurons were 

located deep within the ventral horn and had action potentials with the same size and 

shape of typical action potentials of identified cervical motoneuron, but no antidromic 

action potentials were evoked by stimulation of nerves supplying dorsal neck muscles. 

Interneurons were located dorsal to the motoneurons, had narrower action potentials than 

typical cervical motoneurons and were not antidromically activated by stimulation of 

nerves supplying dorsal neck muscles. We tested for PSP responses from each of the 

stimulating electrodes for all impaled neurons that had a stable membrane potential of at 

least -35 mV. Based on previous studies (Stoney et al., 1968), we chose a maximum 

stimulus of 60 A to minimize current spread and exclude the possibility of activating 

axons rostral or caudal of the lesion zone. Stimulus thresholds to evoke PSPs ranged from 

10 A to 60 A.  
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HISTOLOGY  

All spinal cords were processed for immunohistochemical evaluation as described 

previously (Fenrich et al., 2007). Briefly, Neurobiotin was visualized with streptavidin 

conjugated to Alexa-488 (1:100; Molecular Probes). Primary antibodies raised against the 

following antigens were used: MAP2a/b (1:10,000; mAB AP-20; Chemicon), CSPG 

(1:250; mAB CS-56; Sigma), and synaptophysin (1:1,000; polyclonal Anti-

Synaptophysin-2; Invitrogen). Secondary antibodies were conjugated with one of the 

following fluorochromes: 7-amino-4-methylcoumarin, Cy3, and Cy5 (Jackson 

ImmunoReasearch).  

 

 

MICROSCOPY AND IMAGE ANALYSIS  

Images were captured using an Olympus BX60 fluorescent microscope equipped with a 

computer-driven stage-controller and a monochrome CCD camera (Retiga EXi, 

QImaging).  Tiled images were acquired and surveys (see below) were made using a 20X 

(0.5 NA) objective, and reconstructions (see below) were made using 40X (0.75 NA) and 

60X (0.95 NA) objectives. The distribution of Neurobiotin, CSPG, and MAP2a/b 

labelling on each tissue section was determined from tiled images that captured the entire 

tissue section and was analyzed using Image-Pro Plus (v. 6.2; Media Cybernetics).  

 

Evaluation of the extent of the lesion using MAP2a/b staining of dendrites at the midline 

We used the absence of MAP2a/b labelled dendrites at the midline as a marker for the 

extent and location of the midline lesions. The steps for determining the distribution of 

MAP2a/b along the midline as well as the consistency and validity of this approach are 
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described in the Results section.  We analyzed all serial sections that included tissue from 

the ventral tip of the ventral horn to the dorsal tip of the dorsal horn. If there were 

MAP2a/b positive dendrites that crossed the midline in any of the serial sections, these 

regions were considered „unlesioned‟ and any Neurobiotin labelled axons that crossed 

these zones were defined as uninjured, whereas any region without any MAP2a/b positive 

dendrites throughout the entire dorsal-ventral extent of the spinal cord was considered 

„lesioned‟. The position of the lesion was aligned with the Neurobiotin injections and the 

length of the lesion was corrected for tissue shrinkage according to the spacing of the 

Neurobiotin injections. These lesion parameters were used for all subsequent anatomical, 

immunohistochemical, and electrophysiological analyses. All experiments described in 

this report had lesions that transected the midline and penetrated ventrally to a minimum 

depth that corresponded to the ventral tips of the adjacent ventral horns. 

In one 56 to 72 day experiment three isolated MAP2a/b labelled dendrites were 

found at different rostral-caudal locations and projected a short way across the midline. 

Since there were no other indicators that the lesion was incomplete, we attributed the 

presence of these dendrites to dendritic regeneration and they were excluded in the 

evaluation of the lesion site parameters. The exclusion of these dendrites did not affect 

our general findings or our conclusions.  

 

Surveys and reconstructions of Neurobiotin labelled processes 

We examined the processes labelled with Neurobiotin in two ways. Only processes that 

were well stained with Neurobiotin were used for both types of analyses. The first 

analysis was based on computer-based drawings of Neurobiotin labelled processes 

located in the ventromedial funiculi along the midline. However, in the contralateral 
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spinal cord PCI axons project rostrally and/or caudally. For the surveys, we were 

interested in where processes cross the midline. Therefore, to avoid contaminating the 

surveys with the rostral and caudal projections of PCIs, only processes with 

predominantly medial-lateral trajectories were included in the surveys. Each tissue 

section was examined independently and no attempt was made to reconnect processes that 

were cut by histological sections. We refer to this method as a „survey‟. In contrast, 

reconstructions of Neurobiotin labelled processes linked the processes cut by histological 

sectioning as they were followed from section to section. Thus, we could trace the three-

dimensional trajectory taken by the process from the midline to the soma from which it 

originated. Both types of analysis were made using Neurolucida neuron tracing software 

(MicroBrightdfield, v. 5.0). All surveys and reconstructions were corrected for tissue 

shrinkage as described above. 

Surveys of Neurobiotin stained processes at or near the midline were based on 

multiple tissue sections and were used to determine the rostral-caudal location of all 

Neurobiotin stained processes that crossed the midline. All tissue sections with 

Neurobiotin stained processes that crossed the midline were examined in each experiment 

(range = 8 to 26 sections per animal, and average = 15 sections across all animals). The 

drawing of each survey began by tracing Neurobiotin stained processes along and near 

the midline in a section, followed by tracing the outline of the tissue section. A composite 

of the individually traced tissue sections was compiled by overlaying the tracings and 

were aligned according to the outlines of the tissue section. These surveys show the 

distribution of Neurobiotin stained processes at or near the midline for the entire dorsal-

ventral extent of the spinal cord. 
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Neurobiotin injections stained a variety of neurons, including PCIs. Therefore, all 

reconstructions began by following Neurobiotin labelled axons that projected towards the 

midline. Only those axons that could be traced back to a soma in the adjacent grey matter 

were considered to arise from PCIs and only reconstructions of PCIs were included in this 

study. All reconstructions began with a thorough search of the lesion site for processes 

that crossed the midline or approached the midline from the injection sites. For 0-day 

experiments, reconstructions began at the cut axon terminals near the lesion (i.e., 

retraction bulbs). For 7-day and 56 to 72 day experiments, all reconstructions began at a 

growth cone in the lesion site or at a process that crossed the midline within the lesion. 

Reconstructions thus provided a detailed morphological representation of PCI axons and 

their somata, and the locations of these axons and somata and immunohistochemical 

markers. 

 

Quantitative analysis of CSPG labelling  

We measured the average intensity of CSPG labelling within regions of interest (ROIs) at 

the lesion site and lateral white matter for all experiments. All images of CSPG labelling 

were collected using the same acquisition settings and exposure times. For this analysis, 

we used a secondary antibody conjugated to AMCA to visualize the distribution of CSGP 

and Vectashield as a mounting medium. However, Vectashield caused a faint blue auto-

fluorescence. To reduce the incidence of false-positive CSPG labelling, the magnitude of 

the blue auto-fluorescence caused by Vectashield (as measured in regions immediately 

adjacent to each tissue section) was subtracted from the blue fluorescence measured in the 

ROIs. There was no difference between the relative intensity of CSPG labelling using this 

method, compared to similar measures based on tissue that was mounted with a mounting 
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media that does not auto-fluoresce blue (Citifluor) or after bleaching the blue auto-

fluorescence of the Vectashield (data not shown).  

In the 0-day experiments, all tissue sections that had retraction bulbs were 

analyzed for CSPG intensity. In the 7-day experiments, all tissue sections that had growth 

cones near the lesion were analyzed for CSPG intensity. In the 56 to 72 day experiments 

all tissue sections that had growth cones near the lesion or axons crossing the lesion site 

were analyzed for CSPG intensity. The rostral-caudal locations of the ROIs were 

determined by the rostral-caudal location of the lesion and the width of the ROIs was set 

at 390 m.  

Within ROIs there were often regions without spinal tissue (i.e., tissue voids) or 

regions with auto-fluorescent dust particles (see Fig. 3-8). Tissue voids were easily 

detected by the absence of fluorescence regardless of which fluorochrome was examined. 

Tissue voids were traced using the images of Neurobiotin labelled processes. Dust 

particles are defined as intensely fluorescent regions that are not in the same focal plane 

as the tissue (i.e., are between either the tissue and the slide, or the tissue and the cover-

slip). Both tissue-voids and dust particles were excluded from the regions used for 

measurements of CSPG intensity.  

 

Quantitative analysis of synaptophysin labelling 

To determine the distribution of synaptophysin within the boutons of uninjured and 

regenerated PCI axon collaterals, images of the Neurobiotin and synaptophysin labelling 

were acquired at multiple focal planes with  a 60X (0.95 NA) objective. The focal plane 

of each set of images was controlled by a computer driven stage controller, and each focal 
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plane was separated by 1 m. Neurobiotin stained swellings were defined as boutons if 

their diameter was at least twice that of the parent shaft (Grande et al., 2005).   

Synaptophysin „positive‟ boutons were those with punctate synaptophysin labelling that 

was co-localized to the bouton when viewed in the x- and y-axes, and at least two 

adjacent focal planes when viewed in the z-axis. Synaptophysin „negative‟ boutons were 

those with no synaptophysin labelling. These criteria assume that the fluorescence 

generated by synaptophysin in synapses adjacent to Neurobiotin stained boutons does not 

„spread‟ into the volume of tissue occupied by the bouton. To test this assumption, we 

examined the registration of objects viewed with the same filter sets used to image 

Neurobiotin and synaptophysin using 4 m diameter TetraSpecs fluorescent microspheres 

(Invitrogen). The red and green fluorescence emitted by the TetraSpecs were co-localized 

to within 1 pixel (0.2 m x 0.2 m) in the x- and y-axes and to within 1 focal plane in the 

z-axes (data not shown). Thus, our assumption was justified. 

 

STATISTICS  

Statistical significance was determined using the Kruskal-Wallis one-way analysis of 

variance, the Mann-Whitney U test, or the Kolmogorov-Smirnov test (Systat, SPSS). The 

specific tests used for each evaluation are described in the figure legends.  
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RESULTS 

 

PCI AXONS ARE CUT BY A MIDSAGITTAL SPINAL LESION 

The axons of PCIs were cut at the point where they cross the midline with a midsagittal 

cut of the spinal cord at C3 (Fig. 3-2A). This study had three post-axotomy intervals. 

Animals who had received a midline transection several hours prior to fixation were 

called „0-day‟ experiments and animals that received a midline transection 7 days or 56 to 

72 days prior to fixation were called „7-day‟ and „56 to 72 day‟ experiments respectively. 

The approximate locations of the midline lesions were easily identified on serial 

horizontal sections that contained grey matter. These sections had a longitudinal hole 

running along the midline in 0-day experiments, dense CSPG labelling along the midline 

in the 7-day and 56 to 72 day experiments (see below), and a consistent lack of MAP2a/b 

labelled dendrites at the midline in all experiments (see below). Since the absence of 

MAP2a/b at the midline is the only consistent feature of the lesion site for all post-

axotomy intervals, we used the absence of MAP2a/b labelled dendrites at the midline as a 

marker for the lesion. However, since studies of this sort are susceptible to false-positive 

conclusions of regeneration (Steward et al., 2003), we determined whether the absence of 

MAP2a/b dendrites at the midline is an accurate indicator of the extent and position of the 

spinal lesions regardless of the post-injury interval.  

To test this, we first examined whether the midsagittal transection protocol cuts 

PCI axons at the midline in the 0-day and 7-day experiments. During these experiments 

Neurobiotin was injected into the extracellular space of the ventral horn at the same 

rostral-caudal level of the lesion. We constructed surveys (see Methods) of the 

Neurobiotin stained processes at the midline from these experiments to examine the 
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Figure 3-2 – Morphological characteristics of midsagittal lesions observed at different post-injury 

intervals. (A) Schematic of the C3 spinal cord as viewed in the horizontal plane, showing a 

midline lesion (red line) and PCI axotomy. Green stars indicate the location of Neurobiotin 

injections. (B-D) Representative surveys of Neurobiotin stained processes at the midline for a (B) 

0-day, (C) 7-day, and (D) 72-day experiment. Neurobiotin processes are shown in black. Red 

lines indicate regions at the midline where crossing axons were transected as determined by the 

distribution of MAP2a/b labelled dendrites near the midline. Hatched area in right grey matter of 

D indicates damaged grey matter (see Regenerated PCI axons conduct action potentials in 

Results). Scale bar, 1 mm. (E)Tiled images of MAP2a/b labelling in the white matter, grey matter, 

and along the midline (including the lesion site) of a representative section from a 0-day 

experiment. Scale bar, 1 mm. (F) Enlarged view of the rostral edge of the lesion shown in E. 

Upper panel shows MAP2a/b labelling, and lower panel shows a Neurobiotin injection site in the 

corresponding region. The horizontal edge of the ┴ symbol indicates the rostral boundary that 

separates a rostral region that contained midline MAP2a/b immunoreactive dendrites from a 

caudal region where MAP2a/b immunoreactive dendrites did not cross the midline on this section. 

Scale bar, 0.5 mm. (G) Schematic description of the methods used to determine the extent and 

location of the lesion based on analysis of MAP2a/b labelling at the midline of multiple serial 

tissue sections. The horizontal edge of the ┴ and ┬ symbols indicate the rostral-caudal 

boundaries, respectively, that separated midline regions with and without MAP2a/b 

immunoreactive dendrites. Each symbol shows the boundary for an individual tissue section. The 

most caudal ┴ across from injection 6 defines the rostral edge of the lesion, and the most rostral ┬ 

across from injection 2 defines the caudal edge of the lesion. WM, white matter; GM, grey matter. 
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distribution of processes along the midline (Fig. 3-2B-C). At both 0 days (n = 3) and 7 

days (n = 3) post-injury there were no Neurobiotin stained processes that crossed the 

midline within a zone that was equivalent to the intended length of the transection (3.5 or 

4 mm). PCI axons and dendrites from a variety of cells cross the spinal midline from the 

ventral commissure to the anterior median fissure (Fig. 3-1). Since dendrites cross the 

midline throughout the entire dorsal ventral extent through which PCI axons cross the 

midline, we determined whether regions along the midline without MAP2a/b labelled 

dendrites match the regions where Neurobiotin stained processes are also absent. The 

lesioned zones were defined by those regions without any midline MAP2a/b labelling as 

observed in all of the serial sections. We first determined the rostral edge of the lesion. 

For each section, the MAP2a/b labelled dendrite that crossed the midline just rostral to 

the zone without MAP2a/b dendrites was identified. The rostral-caudal position of this 

dendrite was measured relative to the rostral-caudal location of a predetermined 

Neurobiotin injection site (Fig. 3-2E-F). These steps were repeated for all serial sections 

that included tissue from the ventral tip of the ventral horn to the dorsal tip of the dorsal 

horn. The position of the most caudal dendrite based on all these sections was defined as 

the rostral edge of the lesion. This process was repeated to determine the caudal edge of 

the lesion, except the most rostral dendrite at the edge of the lesion was used to define the 

caudal edge. This method for defining the extent of the lesion yielded the smallest region 

without MAP2a/b labelled dendrites along the midline (Fig. 3-2G).  

We compared the distribution of Neurobiotin stained axons at the midline with the 

distribution of MAP2a/b labelled dendrites at the midline for all 0-day and 7-day 

experiments. This analysis consistently indicated that midline regions without MAP2a/b 

labelling (red lines overlaid on surveys in Fig. 3-2B-C) do not have spared axons and 
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midline regions with MAP2a/b labelling have intact axons. These data indicate that the 

midline regions without MAP2a/b dendrites provide an accurate measure of the rostral-

caudal extent of the transection for the 0-day and 7-day experiments. 

 For the 56 to 72 day experiments, we collected surveys of Neurobiotin stained 

processes located at the midline (Fig. 3-2D; n = 8) and determined the rostral to caudal 

region lacking MAP2a/b stained dendrites as described for the 0-day and 7-day 

experiments. To determine whether the absence of MAP2a/b dendrites at the midline is a 

valid indicator of the location and extent of where PCI axons were cut along the midline 

at later post-injury times, we compared the lengths of the regions without MAP2a/b from 

the different post-axotomy times. There were no significant differences between the 

average rostral to caudal length of these regions at 0 days, 7 days, and 56 to 72 days post-

injury (P > 0.05; Kruskal-Wallis one-way ANOVA; data not shown). Taken together with 

the other observations, the regions lacking MAP2a/b immunoreactive dendrites at the 

midline is an accurate indicator of both the extent and location of where commissural 

axons were cut from 0-days to 72-days post-lesion. 

 

PCI AXONS REGENERATE THROUGH THE LESION SITE 

The large numbers of Neurobiotin stained processes that crossed the midline at the site of 

the lesion (Fig. 3-2D) suggest that transected axons from PCIs have regenerated through 

the injury site by 56-72 days post-lesion. However, these observations do not provide 

morphological information regarding the path followed by individual axons and therefore 

we could not differentiate between regenerated axons and collaterals that may have 

emerged from uninjured axons near the lesion. Therefore, we traced the path followed by 

axons that projected towards or through the midline lesion site.  
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At 0 days post-injury, although the surveys showed that there were many 

Neurobiotin stained processes that projected towards the lesioned midline, we had no 

evidence of regeneration across the lesion site (Fig. 3-2B). To confirm that the 

Neurobiotin stained processes that approached the midline were the cut axons of PCIs, we 

performed reconstructions of these Neurobiotin stained processes (Fig. 3-3A). All of 

these processes had morphological features that were consistent with axons (e.g. did not 

taper en route from the soma). None of these axons crossed the midline lesion (n = 0 of 

39), all had bulbous terminals (Fig. 3-3A), and all were traced to somata in the adjacent 

grey matter. A detailed examination of the other processes emerging from the somata 

revealed no other axons (i.e. all of the processes were dendrites as defined by rapid 

tapering and acute angle branching), and were therefore considered axotomized PCIs.  

We also performed reconstructions of Neurobiotin stained processes that approached the 

midline for all 7-day experiments. All of the processes had morphological features typical 

of axons and were traced to somata in the adjacent grey mater. These somata had no other 

axons, and were therefore considered axotomized PCIs. One of the PCI axons in the 7-

day experiments crossed the midline lesion (n = 1 of 27; reconstruction not shown). The 

main axon of this PCI was traced to an abrupt bulbous termination in the contralateral 

ventral medial funiculus and did not enter the grey matter. All other reconstructed axons 

from 7-day experiments terminated before or within the lesion site (Fig. 3-3B). The 

terminals of these PCI axons varied in complexity; from a simple swelling at the end of 

the axon, to structures with many branches, tortuousities, and varicosities. These 

terminals were called growth cones.  

At 56 to 72 days post-injury there were many Neurobiotin stained processes that 

crossed the lesion site according to our surveys of Neurobiotin stained processes (Fig. 3-
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Figure 3-3 - PCIs regenerate through the lesion site following axotomy. (A-C) Upper panels, 

mosaic images of axotomized PCIs stained with Neurobiotin. Lower panels, reconstructions of the 

PCIs shown in the upper panels (axons in black; somata in blue). (A) PCI axon 0 days after 

axotomy. Mosaic (n = 4 images from 3 serial sections) shows a typical bulbous terminal (arrow). 

The reconstruction indicates the location of the bulbous terminal relative to midline lesion. Scale 

bars, 200 m. (B) PCI axon 7 days after axotomy. Mosaic (n = 8 images from 4 serial sections) 

shows a complex growth cone (arrow). The reconstruction indicates the location of growth cone 

relative to midline lesion. Scale bars, 200 m. (C) PCI axons 72 days after axotomy. Mosaic (n = 

40 images from 16 serial sections) shows a representative PCI axon that crosses the midline lesion 

(red line) and forms collaterals (left and inset). The arrowhead indicates the location of the soma 

of the axon that regenerated across the lesion site. The arrow indicates the location where the 

main axon bifurcated and continued rostrally and caudally. These branches are not shown for 

clarity. The reconstruction also shows a PCI axon that did not regenerate across the midline 

lesion, and terminated in a growth cone (star). Scale bars: mosaic and reconstruction, 200 m; 

inset, 25 m. 
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2D). Thirty-three of these processes within the lesion site were followed to somata in the 

adjacent grey matter, and all had morphological features typical of axons (Fig. 3-3C). 

Although several of these axons had fine collaterals which branched off of the main shaft 

(see below), the main shaft did not bifurcate en route to the soma as would be expected if 

the regenerated axons were collateral branches of a main axon that projected elsewhere. A 

detailed examination of the other processes emerging from the somata revealed no other 

axons. Thus, we concluded that the processes at the lesioned midline were extensions of 

the cut PCI axons that had regenerated subsequent to the injury and were not collaterals 

from uninjured axons.  

Of the 33 axons described above, 26 traversed the lesion and entered the 

contralateral ventromedial funiculus. (Fig. 3-3C; data collected from 4 animals, n‟s of 7, 

3, 15 and 1 respectively). Ten of these axons crossed the midline lesion in the caudal third 

of the lesion, nine crossed in the middle third, and the remaining seven crossed in the 

rostral third of the lesion (Fig. 3-4). Thus, the location at which regenerating axons 

crossed the lesioned midline appeared to be independent of their position relative to the 

lesion. This wide distribution along the rostral-caudal length of the lesion was also a 

feature of the 15 axons that were examined in one experiment.  In the contralateral cord, 

most of these axons projected rostrally and/or caudally with a gradual ventral progression, 

and formed collaterals in the contralateral ventral horn. These morphological features are 

typical for cervical PCI axons (see below and  Sugiuchi et al., 1992; Sugiuchi et al., 

1995). It should be noted that the ratio of 26/33 is likely an overestimate of the proportion 

of PCI axons that regenerate into the contralateral spinal cord. All of the reconstructions 

began at or near the midline and we therefore excluded axons that may have retracted to 

the soma or axons from PCIs that died due to the injury. The reconstructed PCI axons that 
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Figure 3-4 – Locations where regenerated PCI axons crossed the midline relative to the rostral-

caudal extent of the lesions. Data from different experiments are shown in different colors. The 

rostral-caudal scale was normalized across all animals. A representative reconstruction of a PCI 

axon crossing the midline is shown for each of the experiments. The strings of dots indicate the 

axons projected more distally. These projections are not shown for clarity. 
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did not cross the midline lesion ended in growth cones near the midline (Fig. 3-3C). 

Axons that terminated in growth cones of the 56 to 72 day experiments tended to have 

fewer branches and swellings, and were longer with more tortuous trajectories than axons 

with growth cones of 7-day experiments. These axons may account, in part, for the high 

density of Neurobiotin processes near the midline lesion in the 56 to 72 day experiments 

(cf. Fig. 3-2D). 

As seen in the 0-day and 7-day experiments, in the 56 to 72 day experiments, 

axons crossing the lesion site were not detected in certain parts of the lesions (Fig. 3-4). 

Lesioned zones without regenerated PCI axons in the 56 to 72 day experiments were 

always immediately adjacent to regions that had very little electrophysiological activity 

(i.e., few or no spontaneous or injury discharges; see Regenerated PCI axons conduct 

action potentials below), very few Neurobiotin labelled somata, no MAP2a/b labelling, 

and strong CSPG labelling (Fig. 3-5). We presume that these regions were severely 

compromised by the midline lesion (i.e., vascular or compressive damage; see hatched 

area in Fig. 3-2D and starred arrow in Fig. 3-5) and that few neurons survived to 

regenerate from these regions. Similar regions were observed in the 0-day and 7-day 

experiments, and were always associated with a lack of antidromically activated PCIs, 

similar Neurobiotin and MAP2a/b staining characteristics, and little electrophysiological 

activity (data not shown). 

To compare the morphologies of uninjured and regenerated PCI axons, we 

reconstructed uninjured PCI axons (n = 23) from 0-day experiments. These axons were 

located rostral and caudal of the lesion sites. As described above, the reconstructions 

started at the midline and followed the axon to its soma of origin (Fig. 3-6A). We also 

traced each of these axons for several hundred microns en route to their terminations in 
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Figure 3-5 – Grey matter is often damaged due to the midline lesion. Tiled images showing (A) 

Neurobiotin injections, (B) MAP2a/b labelling, and (C) CSPG labelling at 72 days post-injury. 

Horizontal arrows point to the location of the Neurobiotin injections sites within the grey matter. 

Starred arrow points to an injection site that had no Neurobiotin labelled somata (A), no MAP2a/b 

labelling (B) , and strong CSPG labelling (C). The same region had little to no spontaneous or 

injury discharges during electrophysiological recordings. The horizontal edges of the ┴ and ┬ 

symbols show the rostral and caudal borders of the lesion, respectively. Scale bar, 1 mm. Lower 

images are higher power views of the regions contained within the dashed boxes shown in the 

upper images. Scale bar, 250 m. WM, white matter; GM, grey matter. 
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Figure 3-6 – Regenerated PCI axons are morphologically similar to uninjured PCI axons. (A) 

Reconstructions of intact (left; n = 24; 13 were derived from one animal, the remaining were 

based on data collected in a second animal) and regenerated (right; n = 26) PCI axons that crossed 

the midline (reconstructions continue in contralateral spinal cord, but have been truncated for 

clarity). The reconstructions are shown in the horizontal plane and are aligned rostral-caudally to 

the point at which each axon crossed the midline. Reconstructions in black show the PCI axons 

with the most rostral and caudal somata relative to the location at which their axons crossed the 

midline. The parameters used for calculating the transition zones of the ‘antidromic’ experiments 

(see Results: Regenerated PCI axons conduct action potentials) are shown on the right of the 

uninjured reconstructions. Scale bars, 1 mm. (B-C) Quantification of the morphological 

parameters of intact and regenerated PCI axons. (B) Box plot showing the rostral to caudal 

difference between the locations of PCI somata relative to the location at which their axons 

crossed the midline. (C) Box plot showing the diameter of PCI axons measured at the midline. 

(D) Box plot showing the length of the axon between the PCI somata and the location at which 

their axons crossed the midline (*P < 0.05, KS test).  

 
 
 
 
 

98



the contralateral spinal cord. Uninjured PCI axons typically projected dorsally and 

medially from the soma and crossed the midline in the ventral commissure. In the 

contralateral cord, the axons projected rostrally, caudally, or bifurcated and projected both 

rostrally and caudally (data not shown). Other studies have shown that uninjured PCI 

axons typically project rostrally and/or caudally for several millimetres in the 

contralateral ventral funiculus and send collaterals into the adjacent ventral horn 

throughout their length (Sugiuchi et al., 1992; Sugiuchi et al., 1995). We also compared 

the rostral-caudal location of PCI somata relative to the location at which their axons 

cross the midline (Fig. 3-6B), axon diameter at the midline (Fig. 3-6C), and the length of 

the axon from the soma to the midline (Fig. 3-6D). The characteristics of regenerated PCI 

axons tended to be more variable than uninjured PCI axons. The average axon length 

from the soma to the point at which it crosses the midline was significantly longer for 

regenerated axons than intact axons (P < 0.05; Fig. 3-6D). Also, several regenerated 

axons (n = 4 of 23) formed collaterals before crossing the midline, whereas the uninjured 

axons had none.  

These results indicate that PCI axons regenerate through the lesion site between 7 

days and 56 to 72 days post-injury, and that regenerated PCI axons are morphologically 

similar to intact PCI axons. 

 

PCI AXONS RARELY REGENERATE ROSTRAL OR CAUDAL TO THE LESION SITE 

Although the data shown in the previous sections indicate that the axons of PCIs 

regenerate through the lesion sites, these data do not preclude the possibility that some 

regenerating PCI axons followed a circuitous route, whereby they projected rostrally or 

caudally and skirted the lesion (see diagram example in Fig. 3-7A, bottom cell). 
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Figure 3-7 – PCIs regenerate through the lesion site rather than rostral or caudal to the lesion site. 

(A) Schematic of the experimental design to detect PCI axons that regenerate through the lesion 

(upper cell) and those that regenerate rostral or caudal (lower cell) of the lesion. Green stars 

indicate the location of Neurobiotin injections. (B and C) Surveys of Neurobiotin stained 

processes at the midline for two 56-day experiments. Neurobiotin processes are shown in black. 

Red lines indicate regions at the midline where crossing axons were transected as determined by 

the distribution of MAP2a/b labelled dendrites near the midline. Hatched areas in grey matter 

indicate damaged grey matter (see Regenerated PCI axons conduct action potentials in Results). 

Scale bar, 1 mm. 
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Therefore, to determine whether cut PCI axons cross the midline rostral or caudal of the 

lesion site we performed two 56-day experiments as outlined in Figure 3-7A, in which the 

Neurobiotin injections were restricted to grey matter adjacent to the lesion. Due to 

extensive scarring on the dorsal surface of the spinal, it is not possible to use anatomical 

markers as a means of accurately determining the rostral-caudal location of the lesion at 

8-10 weeks post axotomy. Therefore, to increase the probability of restricting the 

Neurobiotin injections to within the rostral-caudal confines of the lesion, the lesions in 

these experiments were 6 mm long in the rostral-caudal plane. Neurobiotin injections 

were made 250 microns apart in the rostral-caudal plane and were restricted to a 1 mm 

zone of grey matter adjacent to the lesion.  

In one experiment all of the Neurobiotin injections were well within the rostral-

caudal confines of the lesion (Fig. 3-7B). Many Neurobiotin stained processes were 

observed at the midline within the lesion site and across the lesion site contralateral of the 

Neurobiotin injections. One process crossed the midline about 1 mm rostral of the lesion 

site. The presence of this axon rules out the possibility that the absence of axons rostral or 

caudal to the lesion is due to the inability of the axons to transport Neurobiotin for long 

distances. In the experiment shown in Figure 4C the rostral three injections were within 

or very close to damaged grey matter and therefore stained very few cells. The most 

caudal Neurobiotin injection was immediately adjacent to the caudal edge of the lesion, 

and was therefore in a location that contained a combination of axotomized and uninjured 

PCIs (cf. Fig. 3-6A). Despite the positioning of the injections in this experiment, many 

Neurobiotin stained processes were observed at the midline within the lesion site and 

across the lesion site contralateral of the Neurobiotin injections. Also in this experiment, 

one process crossed the midline about 1 mm caudal of the lesion site. In both 
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experiments, all of the Neurobiotin stained processes that crossed the midline had 

morphological features typical of axons and were not MAP2a/b immunoreactive, thus 

indicating that these processes were likely regenerated axons.  The experiments shown in 

Figure 3-7 indicate that the vast majority of regenerating PCI axons grow through the 

lesion site rather than rostral or caudal of the lesion site.  

 

PCI AXONS REGENERATE THROUGH A CSPG RICH ENVIRONMENT 

Given the ability of some PCI axons to grow through the lesion site following axotomy, 

we next determined whether the lesion site contained inhibitory molecules. We tested for 

the presence of CSPGs at the lesion site, since previous studies have shown that CSPGs 

cause growth cone stalling (Tom et al., 2004) and regeneration failure (McKeon et al., 

1991).  In addition, since CSPGs within the glial scar are produced by reactive astrocytes, 

the distribution of intense CSPG may be considered a rough estimate of the distribution of 

reactive astrocytes. This is consistent with Davies et al. (1999) who show consistent 

overlap between CSPG and GFAP labelling following dorsal hemisections in the rat 

spinal cord. The distribution of CSPGs in the midline at each post-injury interval had a 

distinct labelling pattern. At 0 days there was little or no CSPG staining at the lesion site 

(Fig. 3-8A). At 7 days (Fig. 3-8B) and 56 to 72 days (Fig. 3-8C) post-injury, CSPG 

labelling was clearly visible throughout the rostral-caudal extent of the midline lesion, 

and extended several hundred microns lateral. At 7 days post-injury the CSPG labelling 

formed „tube-like‟ structures throughout the lesion site (cf. Fig. 3-8B and F). By 56 to 72 

days post-injury, CSPG labelling was more uniform and either formed a „ring-like‟ 

pattern around the lesion or filled the center of the lesion (cf. Fig. 3-8C and G).  
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Figure 3-8 – PCI axons regenerate through an environment containing CSGP immunoreactivity. 

(A-C) Representative tiled images of CSPG labelling at the lesion site and surrounding areas at 

(A) 0 days, (B) 7 days, and (C) 65 days post-lesion. Red rectangles represent the regions of 

interest (ROI) for analysis of the density of CSPG labelling in the lesion site for that tissue 

section; green rectangles represent the ROIs for analysis of the density of CSPG labelling in the 

lateral white matter for that tissue section. Scale bars, 1 mm. (D) Enlarged images of the lesion 

site shown in A (intensity increased for the purposes of illustration). Green areas show the regions 

without tissue (left) and regions of dust particles (right). These areas were excluded from the 

analysis of CSPG density. Scale bar, 0.5 mm. (E) Bar graphs showing the average density of 

CSPG labelling per animal (n = 3 for 0 day; n = 3 for 7 day; n = 8 for 56 to 72 day experiments). 

Values represent means ±s.e.m (*P < 0.05, Mann-Whitney-U test). (F) Representative example of 

a PCI growth cone at 7 days post-lesion, and its close apposition with CSPG labelling. Scale bar, 

100 m. (G) Representative example of regenerated PCI axons that cross the midline lesion at 72 

days post-lesion. The lesion was densely labelled for CSPG. Scale bar, 100 m. WM, white 

matter; GM, grey matter.  

 
 
 

103



The presence of CSPGs at the lesion site in the 7-day experiments, prior to 

regeneration, and in the 56 to 72 day experiments, after regeneration, suggests that PCI 

axons regenerate through an inhibitory environment. To confirm that CSPG was 

upregulated prior to regeneration, the average density of CSPG labelling was quantified. 

The amount of CSPG labelling in the lesion site was compared to the amount of CSPG 

labelling in the lateral white matter (excluding regions without tissue and auto-fluorescent 

dust particles; see Fig. 3-8D and Methods section). We found that there was significantly 

more CSPG at the midline lesion site than the lateral white matter in the 7-day and 56 to 

72 day experiments (P < 0.05; Fig. 3-8E). However, there was no difference between the 

density of the CSPG labelling at the lesion site and lateral white matter in 0-day 

experiments. This indicates that CSPGs are typically expressed at low levels in the intact 

spinal cord, but are upregulated by 7 days after the lesion and maintained at the injury site 

for at least 72 days following a midline spinal lesion. We also examined the CSPG 

labelling adjacent to the growth cones of the 7-day experiments and the regenerated PCI 

axons of the 56 to 72 day experiments. We found that the growth cones in 7-day 

experiments were closely apposed to the CSPG labelled tube-like structures (Fig. 3-8F), 

and that all of the regenerated axons of the 56 to 72 day experiments crossed regions of 

dense CSPG labelling (Fig. 3-8G). These results show that midline lesions contain 

molecules that potently inhibit regenerating axons, and that PCI growth cones are in close 

association with these molecules while crossing the lesion site.  

 

REGENERATED PCI AXONS CONDUCT ACTION POTENTIALS 

Since the conduction of action potentials is an inherent requirement for functional 

regeneration, we tested the ability of regenerated PCI axons to conduct action potentials. 
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PCIs were activated antidromically by stimulation through an array of stimulating 

electrodes in the contralateral spinal cord (Fig. 3-9A). Antidromic responses of stimulated 

PCIs were recorded extracellularly (Fig. 3-9B). These electrophysiological experiments 

were performed in the same animals that were used for the studies of Neurobiotin labelled 

processes, the distribution of MAP2a/b dendrites, and the distribution of CSPG (0-day, n 

= 3 animals; 7-day, n = 3 animals, 56 to 72 days, n = 3 animals). Based on histological 

analysis of the lesion, the grey matter was divided into three rostral-caudal zones: grey 

matter that contained uninjured PCIs (uninjured zone), transition grey matter (transition 

zone), and grey matter that contained axotomized PCIs (lesioned zone; Fig. 3-9A). 

Recordings were made in all three zones. Transition zones were devised to reduce the 

possibility of recording antidromic responses from uninjured PCIs and attributing them to 

regenerated PCI axons. The transitions zones thus contain a mixture of PCI somata whose 

axons were cut by the midline lesion and those whose axons were not cut by the lesion. 

The extent of the transition zones were based on the rostral to caudal trajectory followed 

by axons of uninjured PCIs en route from their somata to the midline. As shown in Figure 

3-6A, the maximum caudal distance travelled by PCI axons before crossing the midline 

was 138 m. The maximum rostral distance travelled by PCI axons before crossing the 

midline was 760 m. To these distances, we added 100 m (50 m rostral and 50 m 

caudal) to account for the spread of extracellularly recorded antidromic action potentials 

(based on the recordings from antidromically activated PCIs; data not shown; Fig. 3-6A).  

Thus, the total length of the transition zone was almost 1000 m. These zones were 

aligned with the rostral and caudal borders of the lesions (triangular zones in Fig. 3-9A), 

as defined by the MAP2a/b labelling.   
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Figure 3-9 - Regenerated PCI axons conduct action-potentials. (A) Schematic of the experimental 

setup for recording antidromic responses of stimulated PCIs and locations of uninjured, transition 

and lesioned zones. (B) Representative extracellular recordings of antidromically activated PCIs 

from uninjured, transition, and lesion zones of the grey matter. Average of 10 sweeps per trace. 

(C)  Representative diagrams of the rostral-caudal distributions of antidromically activated PCIs 

in the uninjured, transition, and lesioned zones at different post-lesion time intervals. Multiple 

filled symbols arranged in a horizontal row indicate the number of PCIs recorded in the electrode 

track at that rostral-caudal position. Scale bar, 1 mm.  (D) Histograms showing the latencies of 

antidromically activated PCIs recorded in the uninjured, transition, and lesioned zones. There was 

no significant difference between the latencies in the uninjured and transition zones at different 

post-lesion times (KS test, P > 0.05). These latencies were therefore combined. (E) Bar graphs 

showing the average number of antidromically activated PCIs recorded per electrode track in the 

intact, transition, and lesion zones for all 0-day, 7-day, and 56 to 72 day antidromic experiments. 

Values represent means ±s.e.m. (*P < 0.001, comparison between the 56 to 72 day lesion zone 

and 0-day and 7-day lesion zones intervals using Kruskal-Wallis one-way ANOVA, and post-hoc 

analysis using Mann-Whitney-U test with Bonferroni correction). 
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At 0 days and 7 days post-injury multiple antidromically activated PCIs were 

recorded in most electrode tracks within the uninjured zones. Fewer PCIs were recorded 

in the transition zones, and none were recorded in the lesioned zones (Fig. 3-9C). At 56 to 

72 days post-injury, we also identified multiple antidromically activated PCIs recorded in 

most electrode tracks within the uninjured zone and, similar to the experiments at 0 to 7 

day post-injury, fewer antidromically activated PCIs were recorded in the transition 

zones. In contrast, by 56 to 72 days post-injury, antidromically activated PCIs were 

recorded in the lesioned zones (Fig. 3-9C). These cells were observed in all three 

experiments, with n‟s of 9, 4 and 5, respectively. Collectively with the data indicating that 

nearly all cut PCI axons regenerate through the lesion site rather than around the lesion 

site (cf. Fig 3-7), nearly all of these antidromic responses may be attributed to the 

conduction of action potentials by axons that crossed the lesion site. There were no 

significant differences (P > 0.05; Fig. 3-9D) between the latencies of antidromic 

responses recorded from PCIs in all three zones. Data from all of the antidromic 

experiments were grouped, and the frequency of recording antidromically activated PCIs 

per electrode track for each of the zones was compared across survival times. We found 

that there were significantly more antidromically activated PCIs within the lesioned zones 

of 56 to 72 day experiments than 0-day and 7-day experiments (P < 0.001; Fig. 3-9E).  

We also observed that the lesioned zones with antidromically activated PCIs 

corresponded to regions with regenerated axons that crossed the lesion site. Taken 

together with the survey and reconstruction data, the results shown in this section indicate 

that regenerated PCI axons conduct action potentials through the lesion site and provide a 

qualitative index of the frequency of axons that had regenerated through the lesion site. 
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As seen in the 0-day and 7-day experiments, in the 56 to 72 day experiments, 

antidromically activated PCIs were not detected in many electrode tracts in the lesion 

zones (e.g. rostral part of lesion in 72-day experiment of Fig. 3-9C). These regions 

containing the tracks without antidromically activated PCIs often corresponded to the 

grey matter regions that were damaged by the midline lesion as described above (see PCI 

axons regenerate through the lesion site). 

 

BOUTON-LIKE STRUCTURES ON REGENERATED PCI AXONS CONTAIN 

SYNAPTOPHYSIN 

We next tested whether regenerated PCI axons form putative synaptic connections. Figure 

7 compares the distribution of synaptophysin, a synaptic vesicle marker, in boutons of 

intact and regenerating PCI axons. All of the boutons assigned to the „intact‟ group arose 

from reconstructed axons that crossed the midline well rostral or caudal of the lesion site, 

whereas boutons assigned to the „regenerating‟ group arose from reconstructed axons that 

crossed the midline through the lesion site. All of the boutons were located in the ventral 

horn contralateral to their somata and were examined 56 to 72 days post-injury. 

Synaptophysin labelling in en passant and terminal boutons on collaterals from uninjured 

PCIs was restricted to punctate zones (Fig. 3-10A; 131 boutons were examined in three 

animals; n = 48, 32, and 51 per animal). Many boutons of regenerated PCI axons also had 

a similar punctate distribution of synaptophysin (Fig. 3-10B; 126 boutons were examined 

in two animals; n = 83 and 43 per animal); however, a lower proportion of the 

regenerated boutons contained synaptophysin compared to uninjured boutons (Fig. 3-

10C). There were no differences in the occurrence of synaptophysin negative boutons 
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Figure 3-10 – Boutons on regenerated PCI axons contain synaptophysin. (A and B) 

Representative images of boutons from uninjured (A) and regenerated (B) PCI axons that were 

stained with Neurobiotin and labelled for synaptophysin. Scale bars, 10 m. The orientation of the 

upper images is such that rostral is up (y-axis) and medial right (x-axis). The lower images were 

generated by rotating parts of the upper images 90° about the x-axis. The regions of the upper 

images that were rotated to generate the lower images are indicated on the overlays. (A) 

Distribution of synaptophysin labelling in three boutons from an intact PCI axon (arrows). All 

boutons contained synaptophysin. The lower images consist of 9 focal planes (z-axis). Each focal 

plane is 1 m thick. (B) Distribution of synaptophysin labelling in boutons from a regenerated 

PCI axon. Two of the three boutons (indicated by the arrows) contained synaptophysin. 

Synaptophysin was not visible in the other bouton (indicated by the arrowhead; not shown in the 

rotated image of the lower panels). The lower images consist of 7 focal planes (z-axis). Each focal 

plane was 1 m thick. (C) Bar graphs showing the proportion of boutons with synaptophysin 

labelling from intact (n = 131 boutons) and regenerated (n = 126 boutons) PCI axons.  
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examined in different animals. These data indicate that many of the boutons of 

regenerated PCI axons may be capable of synaptic transmission. 

 

STIMULATION OF PCI AXONS EVOKES PSPS IN MOTONEURONS 

We then tested whether regenerated PCI axons evoke post-synaptic potentials (PSPs) at 

56 to 72 days post-injury. Neurons were impaled and we recorded monosynaptic PSPs 

evoked by stimuli delivered to regions that contained PCIs in the contralateral cord (Fig. 

3-11A). Data were collected from four of the five animals that were used for 

reconstructions, and analysis of CSPG and synaptophysin distributions (see previous 

sections). Data from one animal was excluded because the stimulating electrodes were 

discovered to lie outside the lesion zone after histological processing. Similar to the 

experiments in which antidromically activated PCI action potentials were recorded, the 

spinal cord was divided into uninjured, transition, and lesioned zones (see Regenerated 

PCI axons conduct action potentials). However, unlike the antidromic experiments, the 

stimulating electrodes (rather than the recording electrodes) were assigned to one of these 

zones. As a consequence, the transition zones were lengthened by 250 m. This change 

was designed to take into account the current spread from stimulating electrodes (Stoney 

et al., 1968). The distance that current spreads from stimulating electrodes is much larger 

than the spread of extracellularly recorded antidromic action potentials (c.f. Fig. 3-9A, 50 

m).  

We recorded from antidromically identified motoneurons, other motoneurons that 

were not antidromically identified, and interneurons (n, respectively = 37, 8, and 11; see 

Methods for the criteria of each neuron type). PSPs were evoked following stimulation of 
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Figure 3-11 – Regenerated PCI axons form functional synaptic connections. (A) Schematic of the 

position of stimulating electrodes relative to the lesion and intracellular recordings. The 

stimulating electrodes are coloured according to the zone in which they are located: light grey for 

uninjured zones, medium grey for transition zones, and dark grey for lesioned zones. (B) 

Histograms showing the latencies of PSPs evoked by stimuli delivered to uninjured, transition, 

and lesioned zones. (C and D) Representative examples of monosynaptic PSPs recorded in 

motoneurons, in response to stimulation of the uninjured (C) and lesioned (D) zones. Upper traces 

show inhibitory monosynaptic PSPs in response to a single stimulus. Middle traces show PSPs in 

response to three consecutive stimuli (500 Hz) delivered to the same electrode used to evoke the 

responses shown in the upper traces. Bottom traces show the responses recorded extracellularly to 

the motoneuron somata, same stimulus parameters as the middle traces. Average of 25 sweeps per 

trace. (E) Bar graph showing the probability of evoking a PSP from stimuli delivered to the 

uninjured, transition, and lesioned zones. The probabilities were weighted to account for the 

number of stimulating electrodes in each zone for each experiment.  
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the uninjured, transition, and lesioned zones, and had latencies ranging from 0.56 ms to 

3.73 ms (Fig. 3-11B). The distribution of latencies of PSPs evoked from stimuli delivered 

to the uninjured zones had two peaks. The midpoint between these peaks corresponded to 

1.3 ms. The first peak is a short latency group and is typically ascribed to monosynaptic 

connections, the second peak is a long latency group and is typically ascribed to 

multisynaptic connections, and the midpoint between the peaks is considered the upper 

limit for monosynaptic latencies (cf. Sugiuchi et al., 1995). All of these PSPs had a 

constant latency less than 1.3 ms and reliably followed high frequency stimulus trains 

(>250 Hz).  

Monosynaptic PSPs evoked by stimuli delivered to the uninjured and transition 

zones were recorded in 36 and 25, respectively, of the 58 neurons examined (Fig. 3-11C). 

Monosynaptic PSPs evoked by stimulation of the lesioned zones were recorded in 6 of 

these neurons (Fig. 3-11D; n = 2 excitatory PSPs, n = 4 inhibitory PSPs). On an 

experiment by experiment basis, the number of neurons with monosynaptic PSPs evoked 

by stimuli in the lesioned zones was 2, 3, 1, and 0. All neurons that received 

monosynaptic input from PCIs in the lesioned zones were motoneurons (n = 4 

antidromically identified motoneurons; n = 2 motoneurons not antidromically identified). 

These motoneurons also received monosynaptic and/or multisynaptic connections from 

PCIs in the transition and intact zones.  

The probability of evoking a monosynaptic PSP was calculated for each of the 

stimulus zones (Fig. 3-11E). To account for differences between the number of 

stimulating electrodes for any given zone (cf. Fig. 3-11A), the probability of recording a 

monosynaptic PSP was weighted by the number of stimulating electrodes in each region. 

We found that the probability of evoking PSPs was highest following stimulation of the 
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uninjured zone, lowest following stimulation of the lesioned zone, and intermediate 

following stimulation of the transition zone. This pattern is consistent with the decreasing 

frequency of antidromically activated PCIs in the respective zones for the 56 to 72 day 

experiments (Fig. 3-9F). Taken together, these data indicate that some motoneurons 

receive monosynaptic connections from regenerated PCIs, and that regenerated PCIs form 

connections with neurons that typically receive connections from uninjured PCIs.  
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DISCUSSION 

 

Following SCI, the spontaneous sprouting of spinal interneuron axons plays an important 

role in restoring function by increasing synaptic connections within existing spinal 

circuits and forming new spinal circuits around the injury site (Bareyre et al., 2004; 

Courtine et al., 2008). Here we show that spinal interneuron axons are also capable of 

spontaneously regenerating through the inhibitory environment of the injury site and 

forming functional synaptic connections with appropriate neural targets. 

 

Regeneration despite Inhibition 

To our knowledge, this is the first study to describe a class of adult mammalian CNS 

neurons that can spontaneously regenerate through an environment that would typically 

be considered highly inhibitory (i.e., contains CSPGs). This raises the question: what 

allows PCI axons to grow in an environment where all other known CNS axons fail to 

grow? There are several strategies PCI axons may use to grow despite a close interaction 

with an inhibitory environment.  

First, it is possible that PCI axons are not inhibited by inhibitory molecules. This 

is conceivable since some populations of axons are better than others at growing in 

inhibitory environments (Snow and Letourneau, 1992; Inman and Steward, 2003). 

Inhibitory molecules prevent growth cone progression primarily through activation of the 

RhoA-ROCK pathway (Winton et al., 2002; Monnier et al., 2003; Yiu and He, 2006; 

Conrad et al., 2007), which disrupts the regulation of the actin cytoskeleton (Maekawa et 

al., 1999). It is therefore possible that the RhoA-ROCK pathway is not activated in 

regenerating PCI axons in response to inhibitory environments.  
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It is also possible that PCI axons may have an unusual capacity for growth, which 

supersedes the inhibitory effects of CSPGs. Proximal axotomies are linked to altered 

expression of growth-associated proteins such as GAP-43, α–tubulins, and neurofilament-

m (Fernandes et al., 1999), and are associated with increased axonal growth capacity 

(Richardson et al., 1984). We have previously shown that PCIs are proximally 

axotomized and express GAP-43 following a midline lesion (Fenrich et al., 2007). GAP-

43 expression is often used as an indicator of axonal regenerative capacity, and is 

associated with actin stabilization within growth cones (Denny, 2006). These data support 

the idea that proximally axotomized PCI axons may overcome an inhibitory environment. 

Another strategy may be that PCI growth cones are highly adept at „path finding‟. 

In vitro, adult growth cones have dynamic structures that protrude and retract along 

gradients of CSPGs (Tom et al., 2004). At 7 days post-lesion, the distribution of CSPGs 

at the lesion site is not uniform and PCI growth cones tend to have multiple branches, 

varicosities and tortuous trajectories. Many of the branches of PCI growth cones are in 

close apposition with dense CSPG labelling, whereas other branches are within zones of 

relatively low CSPG labelling. Given this arrangement, it is possible that PCI growth 

cones extend multiple branches to seek out regions with less inhibitory molecules. 

Branches that project to regions of little inhibition remain viable, whereas branches that 

extend to regions of dense inhibition collapse and retract. Repetition of this process would 

allow growth cones to extend beyond highly inhibitory regions of the injury site.  

To gain an understanding of how PCI axons regenerate, it will be vital to study 

whether PCI axons use any one or a combination of these strategies to navigate the 

inhibitory environment of the injury site. In particular, a description of how the molecular 

pathways associated with growth cone extension and collapse are affected and controlled 
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in PCI axons is a crucial step for understanding how PCI axons react to inhibitory 

environments. Also, since some PCI axons did not regenerate through the lesion site, to 

fully understand PCI axon regeneration it is important to determine what advantage some 

PCI axons have for regenerating over those that do not regenerate. 

 

Crossing the Midline 

Guidance of spinal axons across the midline is one of the most complex and extensively 

studied processes of neural development. Our data show that, despite many potential 

neural targets ipsilateral of the lesion site, regenerated PCI axons cross the lesioned 

midline to form synaptic connections with contralateral neurons. This implies that 

regenerating PCI axons are guided towards and across the lesioned midline.  

During development, spinal axons that cross the midline are initially attracted to 

guidance proteins released at the ventral midline, but these axons switch their attraction to 

repulsion once they have crossed the midline; this switch promotes growth beyond the 

midline and prevents re-crossing the midline. Guidance proteins from the midline include 

netrin-1 (Serafini et al., 1996), slits (Kidd et al., 1999; Brose et al., 1999), and Sonic 

hedgehog (Shh) (Charron et al., 2003). All of these guidance proteins are upregulated at 

or near the injury site following SCI (Chen et al., 2005; Wehrle et al., 2005). Taken 

together, it is tempting to speculate that lesions restricted to the midline lead to the release 

of guidance molecules from within the lesion site, thus mimicking the medial-lateral 

distribution of these molecules during development.  

When presented with an appropriate distribution of guidance molecules at the 

midline, axons must first be attracted towards then repelled by these guidance molecules 

to cross the midline. Prior to crossing, developing axons express the receptors DCC 
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(KeinoMasu et al., 1996), Robo3.1 (Chen et al., 2008), and biregional Cdon-binding 

protein (Okada et al., 2006), which are known to attract the axons towards netrin-1, slit, 

and Shh respectively. At the midline, developing axons express the „repulsion‟ receptors 

UNC-5 (Hong et al., 1999), Robo3.2 and Robo1/2 (Chen et al., 2008), and Hip (Bourikas 

et al., 2005), which leads to repulsion of developing axons away from netrin-1, slit, and 

Shh respectively. Our data shows that cut PCI axons recapitulate their original growth 

trajectories by regenerating across the midline. However, following axotomy, axons that 

are typically restricted to one side of the spinal cord can also sprout new collaterals that 

cross midline (Bareyre et al., 2004; Courtine et al., 2008). This suggests that there may be 

an inherent ability for certain populations of cut axons to respond to guidance cues and 

cross the midline. Low et al. (Low et al., 2008) have shown that cut rubrospinal axons 

respond to netrin-1 following SCI. However, the study of Low et al. (Low et al., 2008) 

shows that netrin-1 inhibits rubrospinal axon growth rather than guide axons across the 

midline. Taken together, these data indicate that, in response to injury, some axons may 

respond to guidance molecules in a way that allows them to cross the midline, whereas 

others are inhibited by these molecules. 

 

Synaptic Connections with Appropriate Targets 

Our data shows that regenerated PCI axons have collaterals that project to the 

contralateral ventral grey matter, similar to intact PCI axons. In addition, we found that 

regenerated PCI axons form synaptic connections with motoneurons that receive input 

from intact PCI axons (Sugiuchi et al., 1992; Sugiuchi et al., 1995). Although we cannot 

preclude the possibility that some regenerated PCI axons form aberrant connections, our 

results indicate that regenerating PCI axons form connections with appropriate targets 
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once they have crossed the lesion site. How PCIs are guided to their appropriate targets, 

and form connections with these targets is unknown. One possible mechanism is by 

forming surplus connections and retaining only those that are functionally appropriate. 

For instance, in response to partial spinal lesions, spinal interneurons form a surplus of 

new synaptic connections within a few weeks of injury, but many of these new 

connections retract within several weeks of their formation, and only the connections that 

contribute to functional recovery remain (Bareyre et al., 2004). It has been speculated that 

the functionally relevant connections are maintained through activity-dependent 

stabilization of appropriate connections (Bareyre et al., 2004). It is possible that surplus 

connections are formed by regenerating PCI axons and these connections are pruned over 

time. Currently, we cannot determine if significant pruning has occurred since this study 

has only one post-axotomy interval with collaterals from regenerated PCI axons (56 to 72 

days).  

 

Significance for Spinal Injuries 

Previously it was believed that adult mammalian CNS axons were incapable of 

regeneration through an inhibitory injury site in the absence of therapeutic interventions. 

Our results show that not all regenerative attempts after CNS lesions are futile, and that at 

least some spinal interneurons are capable of spontaneous functional regeneration across 

inhibitory lesions. Following partial SCIs, in addition to the plasticity of their axons, 

spinal interneurons also receive new connections from axotomized corticospinal axons. 

Spinal interneurons thus act as „relays‟ for injured corticospinal signals around spinal 

lesions (Bareyre et al., 2004; Courtine et al., 2008). Although we could not test whether 

PCIs with regenerated axons receive new inputs following a midline lesion, one might 

119



speculate that they may also serve as relays through spinal lesions by receiving new 

inputs from cut axons that cannot regenerate. 

This study shows that spinal commissural interneurons can regenerate following 

SCI. Resolving the molecular mechanisms that allow PCI axons to grow through an 

inhibitory environment and to find appropriate targets will prove an important tool for 

devising new therapeutic strategies for enhancing regeneration of other descending and 

ascending spinal axons following SCIs.   
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Chapter 4: 

Growth cones of regenerating propriospinal commissural interneurons 

following spinal cord injury in the adult feline: a morphological study 

Keith K. Fenrich and P. Ken Rose 
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INTRODUCTION  

 

Axonal growth cones are the mobile tips of developing and regenerating axons. Their 

function is to navigate the environment of the nervous system and search out appropriate 

innervation targets for the axon (Ramon Y Cajal, 1959). Growth cones have highly 

dynamic morphologies that vary depending on the animal or cell culture model, and the 

cellular and molecular environment in which the growth cone is located. For instance, 

cultured neurons are typically grown on two dimensional protein coated surfaces, and 

their growth cones thus have a flat and splayed structure (Dent and Gertler, 2003). 

Growth cones of cultured neurons are connected to the parent axon by a well 

characterised central region, which is surrounded by a transition zone that leads to fine 

protruding structures called filopodia or sheetlike extensions called lamellipodia. The 

filopodia and lamellipodia are the leading edge of these growth cones and extend and 

retract in response to trophic and guidance cues, thus making them the most 

morphologically dynamic regions of these growth cones.  

Growth cones of developing animals have more diverse structures than growth 

cones from cultured neurons. For instance, growth cones in the lumbosacral region of the 

developing chick embryo have filopodial and lamellipodial structures, but only at regions 

where a directional decision must be made (ex. nerve plexus) (Tosney and Landmesser, 

1985). Conversely, these growth cones become small and varicose in the spinal nerve and 

nerve trunk regions (Tosney and Landmesser, 1985). Consistent with these observations, 

growth cones that project across the corpus callosum – that is, must decide whether to 

cross the brain midline – are more complex as they approach and are crossing the midline 

compared to growth cone that have already crossed the callosum (Ozaki and Wahlsten, 
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1992; Ozaki and Wahlsten, 1993). Perhaps the most complex growth cones described in 

the developing nervous system are those innervating myotomes in the developing chick 

(Tosney and Landmesser, 1985).  These growth cones are not directed by a nerve tract 

and are thus highly branched and tortuous with many varicosities and terminal swellings.  

 Regenerating growth cones in the CNS of the adult mammal are mobile and 

extend the axon rapidly in intact nervous tissue (Davies et al., 1999), but are often unable 

to penetrate and cross the inhibitory environment of traumatic injury sites. There are few 

studies that describe the morphological characteristics of regenerating growth cones in 

vivo. One example is a study by Davies et al. (1999), who showed growth cones of 

transplanted adult dorsal root ganglia (DRG) neurons. These DRG growth cones 

consisted of a simple varicosity while located within intact regions of the spinal cord 

white matter, and generally developed several branches and had a more splayed structure 

when located near the grey-white matter interface. However, within the growth inhibitory 

environment of a glial scar, regenerating DRG axons had tortuous trajectories, multiple 

varicosities, and swollen endballs. Similar growth cone morphology has been described 

for cut corticospinal axons within a glial scar (Li and Raisman, 1994; Li and Raisman, 

1995). Growth cones within the glial scar and with these morphological characteristics 

are often described as dystrophic since these axons are not capable of growth through the 

inhibitory environment of the glial scar (Ramon Y Cajal, 1959; Davies et al., 1999). 

We recently showed that axotomized propriospinal commissural interneurons 

(PCI) can spontaneously regenerate their cut axons through a spinal cord injury site in the 

adult feline (Fenrich and Rose, 2009). At 7-days following a midsagittal lesion most of 

the axons studied terminated within the lesion site. The goal of the present study was to 

provide a detailed description of the morphological characteristics of PCI growth cones 
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within a spinal cord injury (SCI) site at 7 days following a midsagittal transection of the 

C3 spinal cord in the adult feline. We found that PCI growth cones have a wide range of 

morphological characteristics, and many are far more complex than those of CNS axons 

that do not regenerate through inhibitory lesion sites. In addition, we found that the 

number of branches and size of growth cones was independent of how far the growth 

cones had penetrated into the inhibitory environment of the spinal cord injury site. These 

results suggest that the highly complex structure of PCI growth cones may not be 

indicative of failed regeneration, but rather of highly dynamic structures designed to 

navigate the inhibitory environment of a spinal cord injury site.  
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MATERIALS AND METHODS 

 

SURGERIES 

All surgical and animal care protocols for these experiments were consistent with the 

guidelines established by the Canadian Council of Animal Care and were approved the 

Queen‟s University Animal Care Committee. These experiments were performed on two 

adult cats (>10 months of age) weighing 3.2 kg and 3.5 kg. Animals were pre-medicated 

with a cocktail of medetomidine (0.03 mg/kg), ketamine (5.0 mg/kg), glycopyrrolate 

(0.005 mg/kg) and hydromorphone (0.075 mg/kg) subcutaneously; and deep anaesthesia 

was maintained with either isoflurane (recovery experiments; 1-2%) or sodium 

pentobarbital (terminal experiments; 10 mg/kg i.v.; supplemental dosages, 5 mg/kg i.v.). 

We used identical surgical procedures, peripheral nerve stimulation protocols, and post-

operative care procedures to those used for previous studies (Fenrich et al., 2007; Fenrich 

and Rose, 2009). Briefly, the animal‟s head was suspended from a stereotaxic head-

holder and the C2 and C3 vertebra were exposed and the dorsal bone covering the C3 

segment was removed. The spinous process of an upper thoracic vertebra was exposed 

and the animal was further suspended within the stereotaxic frame by the exposed spinous 

process. The nerves innervating the C3 biventer cervicis and complexus (BCCM) muscles 

were isolated and mounted on hook stimulating electrodes. The dura was opened and 

folded onto the lateral vertebral opening to expose the dorsal surface of the C3 spinal 

cord.  
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MIDLINE SPINAL TRANSECTIONS 

The spinal midline was located in two ways. First, we identified the midline as a point 

equidistant from the BCCM motoneuron nuclei located in the left and right ventral horns. 

We recorded antidromically activated BCCM motoneurons and found the center of the 

motoneuron pool on both sides of the spinal cord. The mid-point between these bilateral 

motoneuron pools was considered the „ventral‟ midline. Second, we removed the 

arachnoid and pia matter throughout the exposed dorsal spinal cord. This served two 

purposes: first, to reduce the amount of tissue drag and dimpling encountered during the 

lesion (see below), and second, to expose the dorsal median sulcus. The sulcus was used 

to mark the „dorsal‟ midline of the spinal cord. In one experiment the ventral and dorsal 

midpoints matched. However, in the other experiment the medial-lateral location of the 

ventral and dorsal midlines did not match (<150 m difference), thus indicating that the 

spinal cord was slightly twisted. In these case we used the midpoint between the dorsal 

and ventral midlines to indicate the path of the lesion.  

 Lesions were performed using specially modified double-edged scalpel blades. 

These blades were mounted to a microdrive attached to the stereotaxic frame. The lesion 

protocol has previously been described (Fenrich et al., 2007). Briefly, the tip of the blade 

was placed parallel to the midline on the dorsal surface of the spinal cord at the caudal 

edge of the intended lesion site. The blade was lowered 2.5 mm into the spinal midline 

and then retracted to the surface. The blade was advanced rostrally 0.5 mm and the spinal 

midline was pierced using the same procedure. These advances were continued to the 

rostral edge of the lesion, where the blade was lowered 2.5 mm. While the blade was still 

2.5 mm from the dorsal surface of the spinal cord, the blade was moved caudally then 
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rostrally then caudally then entire length of the lesion. From a depth of 2.5 mm and 

starting at the caudal edge of the lesion, the piercing and advancing procedure was 

repeated except the blade was lowered until a 5 mm depth indicator on the blade was no 

longer visible at the dorsal surface of the spinal cord. Once we reached the rostral edge of 

the lesion, the blade was lowered so that the 5 mm depth indicator was no longer visible, 

and the blade was moved caudally then rostrally then caudally the entire length of the 

lesion and removed from the spinal cord. We have previously shown that this lesion 

protocol effectively cuts all axons that cross the midline throughout the entire length of 

the lesion. All lesions for this study were between 4 mm and 6 mm in length. Post-

operative pain was controlled with burenorphine (0.005-0.01 mg/kg s.q., every 6 hours or 

as required) and/or Metacam (1 drop oral, per day as required).  

 

NEUROBIOTIN STAINING 

All terminal experiments were performed at 7-days post-lesion. In these experiments the 

dorsal vertebrae were removed to expose the C1 to C5 spinal cord. The animal was 

suspended from a stereotaxic frame and the nerves innervating the left C3 and C4 BCCM, 

C2 and C3 splenius, and trapezius muscles were mounted on stimulating electrodes. At 7-

days post-lesion a deposition of dense tissue had accumulated on the dorsal surface of the 

spinal cord at the spinal cord injury site. This tissue was sufficiently dense to break the 

glass electrodes used in these experiments, and was removed using curved spring scissors 

(Fine Science Tools). All animals were paralyzed with gallamine triethiodide (Sigma, 2.5-

5 mg/kg/hr i.v.) and ventilated using a respirator. 

 The Neurobiotin injection protocols are identical to those used for previous 

studies (Fenrich et al., 2007; Fenrich and Rose, 2009). Briefly, glass micropipette tips 
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were broken to achieve a tip diameter of 4 m. Pipettes were filled with 12% Neurobiotin 

(Vector, Burlington, ON, Canada) in 0.5 M KCl and 0.1 M Tris-HCl buffer, pH. 8.2. All 

injections were made into the extracellular space of the left ventral horn. For each track in 

which Neurobiotin was injected, an injection was made at 200 m dorsal of the BCCM 

field potential and another at 800 m dorsal of the BCCM field potential. Injections were 

made with 5 A positive pulses for 90 seconds with a 10-second on-off duty cycle 

(Midgard Electronics, Canton, MA, USA, model CS3). These injection parameters 

yielded about 5-15 well stained neurons per injection site. The first injection track of each 

experiment was 1-2 mm caudal of the caudal edge of the midline lesion site. Each 

subsequent injection track was 750 m rostral of the previous. Injections were made 

throughout the entire rostral-caudal length of the midline lesion and 1-2 mm rostral of the 

midline lesion. Following the final Neurobiotin injection, the tracer was allowed to spread 

for 8-10 hours prior to fixation. 

 

TISSUE PREPARATION AND IMMUNOHISTOCHEMISTRY 

All animals were administered Heparin (25,000 IU i.v.) followed by a euthanizing dose of 

sodium pentobarbital. The animals were perfused with 1 litre of saline followed by 4% 

paraformaldehyde in 0.1 M PBS for 20 minutes. The spinal cords were post-fixed 

overnight and then transferred to 20% sucrose in PBS for several days prior to sectioning.  

 Horizontal serial sections (50 m thick) were cut using a freezing microtome. 

Sections were placed in PBS with 30% sucrose and 30% ethylene glycol and stored at -20 

°C for several weeks. Sections were removed from the freezer and rinsed several times in 

PBS. Sections were incubated in 0.1% NaBH4 in PBS for 25 minutes, and then rinsed 
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several times in PBS. To visualize CSPG immunostaining, the sections were incubated 

with a monoclonal antibody that recognizes the glycosaminoglycan (GAG) portion of 

CSPGs (1:250; mAb CS-56; Sigma) for two nights at 4 °C. These antibodies were 

visualized with AMCA-conjugated secondary antibodies (1:250; Gt. anti Ms. IgM -

chain specific; Jackson ImmunoResearch, Mississauga, ON, Canada). To visualize 

Neurobiotin, the sections were incubated in streptavidin conjugated to Cy5 (1:100; 

Jackson ImmunoResearch). Sections were mounted on subbed slides with Vectashield 

mounting medium (Vector) and stored at 2-4 °C. 

 

RECONSTRUCTIONS 

Axons and growth cones were reconstructed using a fluorescent microscope (Olympus 

BX60) equipped with 40X (0.75 NA) and 60X (0.90) dry immersion lenses, a 

Neurolucida System (MBF Biosciences, Williston, VT, USA) ( v. 8.22), and a Retiga EXi 

camera (QImaging, Surrey, BC, Canada). A reconstruction is a three-dimensional tracing 

of a neuron, or part of a neuron, through serial histological sections in which each process 

is represented as a series of connected points. Each point has an x- (mediolateral), y- 

(rostrocaudal), and z- (dorsoventral) coordinate and a diameter. All reconstructions began 

at the growth cone and followed the trajectory of the parent axon back to the cell of origin 

in the ventral horn. All growth cone and axonal processes were followed to their 

termination, defined by an abrupt loss of Neurobiotin. Only growth cones that were well 

stained with Neurobiotin and were sufficiently well isolated from other Neurobiotin 

stained processes were reconstructed. All reconstructions were corrected for tissue 

shrinkage. 
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MORPHOLOGICAL QUANTIFICATION AND STATISTICAL ANALYSIS 

Morphological analysis was performed on entire growth cones and their parent axons, or 

on select parts of the growth cones and/or parent axons based on their location relative to 

the lesion site. To analyze segments of growth cones and/or axons, the segments of 

interest were separated from the rest of the reconstruction and analyzed separately. 

Quantitative morphological data was collected using NeuroExplorer (MBF Biosciences) 

(v.4.7).   

 Statistical significance was evaluated using nonparametric tests, including the 

Kruskal-Wallis test, and Mann-Whitney U test (Systat: SPSS). The specific tests used for 

each evaluation are described in the figure legends. 
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RESULTS 

 

DIFFERENTIATING GROWTH CONES FROM THE PARENT AXON 

The axons of 16 PCIs were reconstructed and included in this study. The terminals of 

regenerating PCI axons had multiple branches, swellings and tortuousities. However, the 

extent to which the terminals had these characteristics varied greatly. Some terminals had 

only a few branches at the distal most tip of the axon (Fig. 4-1A), whereas others had 

more complex structures that extended for many microns towards the somata (Fig. 4-1B, 

C). This heterogeneity in morphology raised the question: what regions of the cut axon 

terminal constitute the growth cone? For the purposes of this study, we considered growth 

cones as the distal regions with many branches and swellings, emerging from a relatively 

simple axon with a uniform diameter and no branches or swellings for >50 m. These 

relatively simple parent axons also had branches and swellings, but these features were 

separated from the growth cones by a considerable distance (see Growth cones and parent 

axon structure below).  

Branch orders were assigned to all branches within the growth cones and 

segments of the parent axons. For parent axons, the root axon was considered the process 

that formed a continuous connection between the soma and growth cone (Fig. 4-2 top). 

All branches emerging from the root axons were considered primary branches, and all 

branches emerging from the primary branches were considered secondary branches, and 

so on. For growth cones, the root axon was chosen based on three criteria: length, 

mediolateral distance from the midline, and thickness (Fig. 4-2 bottom). In most cases, 

the longest process also projected the greatest distance to the midline and was quite thick 
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Figure 4-1 – The terminals of cut PCI axons have a wide range of morphological features. (A-C) 

Representative confocal image stacks of cut PCI axon terminals that were stained with 

Neurobiotin. Scale bars, 20 m. Rostral, up; Medial, left.  
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Figure 4-2 – Parts of reconstructions showing the branching order assignment for parent axons 

and growth cones. Root axons shown in black. Branches are color coded according to their branch 

order. Top reconstruction: part of the parent axon of 66-13. Bottom reconstruction: growth 

cone of 66-12. Scale bar, 25 m. 
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compared to the other processes of the growth cone, and was therefore considered the 

root axon. However, in 5 cases, the longest process was thin, tortuous and/or did not 

project to the midline. For these growth cones a thick process that terminated close to the 

midline, and had morphological characteristics similar to the parent axons of the other 

growth cones was chosen as the root axon. The branching order of growth cones was 

assigned in the same way as those of parent axons.  

 

 

GROWTH CONE AND PARENT AXON STRUCTURE 

Table 4-1 is a summary of the branching structure, length, surface area, and volume 

characteristics of the reconstructed PCI growth cones and their parent axon. The growth 

cones were classified as simple, medium complex, or highly complex growth cones based 

on their number of branches.  

Simple growth cones had only a few branches (n ≤ 5), swellings, and tortuousities 

(Fig. 4-3A, C and D). The length of the branches of these growth cones was typically 

short with few second and third order branches. Two of these growth cones penetrated 

deep within the lesion site with dense CSPG labelling (Fig. 4-3C and D). One of these 

growth cones was at the border between the grey matter and the start of the dense CSPG 

labelling. This growth cone had several large swellings followed by a thin tortuous branch 

at its terminal (Fig. 4-3A).  

Nine growth cones had a medium complex branching structure, consisting of 

several dozen branches (n = 14 to 63), swellings and tortuousities (Fig. 4-3B, E-H). The 

branches of these growth cones appeared longer than those of the simple growth cones 

and had more higher-order branches (Table 4-1). Six of these growth cones had 
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1° 2° 3° 4° >4°

66-10 GC 1 2 0 0 0 3 136 1073 1089

P. axon 16 2 0 0 0 18 1050 12246 13878

66-4 GC 5 0 0 0 0 5 132 621 301

P. axon 7 0 0 0 0 7 1518 9423 6272

66-2 GC 1 2 2 0 0 5 103 532 280

P. axon 10 4 4 4 6 28 1905 8761 4386

66-5 GC 10 4 0 0 0 14 289 1679 1189

P. axon 2 0 0 0 0 2 407 1667 620

66-11 GC 11 6 4 2 0 23 358 1544 1056

P. axon 3 0 0 0 0 3 1040 5928 3133

66-3 GC 5 7 9 2 0 23 367 969 337

P. axon 8 2 0 0 0 10 1184 9287 7058

66-8 GC 16 8 0 0 0 24 654 2506 1064

P. axon 5 0 0 0 0 5 2540 9245 2994

66-1 GC 5 7 8 8 12 40 600 3078 2172

P. axon 0 0 0 0 0 0 1738 15220 11446

66-6 GC 13 14 8 2 8 45 971 2999 2085

P. axon 16 4 2 2 2 26 1402 5622 2697

66-7 GC 25 12 6 4 2 49 1516 3967 1240

P. axon 8 0 0 0 0 8 927 5009 2545

66-12 GC 26 19 10 2 4 61 1149 4783 2929

P. axon 0 0 0 0 0 0 571 3810 2512

67-5 GC 10 9 10 8 26 63 1047 2239 620

P. axon 30 16 6 6 13 71 2368 9512 4185

67-1 GC 24 33 21 13 43 134 2649 5895 2113

P. axon 1 0 0 0 0 1 762 4219 2277

67-7 GC 22 29 24 31 52 158 2817 5911 1720

P. axon 0 0 0 0 0 0 564 3621 3015

67-3 GC 58 65 51 37 281 492 6581 19470 10160

P. axon 4 0 0 0 0 4 409 2689 1603

66-13 GC 43 44 55 33 411 586 14528 28173 7882

P. axon 28 30 17 6 4 85 2459 29127 40022

GC 17.2  3.9 16.3 ± 4.5 13.0 ± 4.3 8.9 ± 3.2 52.4 ± 29.5 107.8 ± 43.7 2118.6 ± 922.7 5339.9 ± 1895.8 2264.8 ± 693.4

P. axon 8.6 ± 2.4 3.6 ± 2.0 1.8 ± 1.1 1.1 ± 0.5 1.6 ± 0.9 16.8 ± 6.4 1302.8 ± 181.1 8461.7 ± 1657.6 6790.1 ± 2388.9

Average 
S.E.M.

*See text for description of branching order

**Includes the root axon and all branches

Table 4-1: Comparison of branch structure and size of reconstructed growth cones and their parent axons

Name Process
No. of branches according to branch order* Total No. of 

branches

Total length 

(micron)**

Surface area 

(micron2)**

Cytoplasmic volume 

(micron2)**
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Figure 4-3 – Regenerating PCI growth cones are morphologically diverse. Reconstructions of 

PCI growth cones with simple (A, C), medium complex (B, D-H), and highly complex (I) 

branching structures, and the distal sections of their parent axons. Stars indicate the point at which 

the parent axons ends and the growth cones begin. Grey shaded areas indicate the grey matter. 

White background indicates dense CSPG labelling. All reconstructions are at the same scale. 

Scale bar, 25 m.  
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penetrated deep within the lesion site and had long delicate branches with multiple 

varicosities and terminal swellings (Fig. 4-3E-F). Many of these branches projected 

towards the contralateral spinal cord, whereas others projected predominantly rostral, 

caudal, or back towards the ipsilateral grey matter.  The remaining three medium complex 

growth cones were located near the junction between the grey matter and dense CSPG 

labelling. Two of these had large swellings at or near their terminal (Fig. 4-3B) similar to 

the growth cone shown in Figure 4-3A. The remaining growth cone near the CSPG 

border had many fine branches similar to the growth cones within the CSPG labelling, but 

also terminated in a large swelling near at the CSPG border (Fig. 4-3H).  

The final group of growth cones had highly complex structures with over a 

hundred branches (n = 134 to 586) and swellings (Fig. 4-3I). These growth cones 

typically had many fine branches that projected over a large area, and had many higher 

order branches. The higher-order branches appeared tortuous and often had a tangled 

appearance. Two of these growth cones were at the junction of the CSPG rich lesion site, 

and two had penetrated deep within the CSPG rich lesion site. Both growth cones at the 

junction of the CSPG rich lesion site had two distinct regions of complexity, separated by 

a relatively simple shaft (Fig. 4-3I). In contrast, both of the growth cones that penetrated 

deep within the CSPG rich lesion site had only a single region of high complexity at their 

terminal. One of these growth cones terminated ipsilateral of the midline, whereas the 

other projected across the midline a short distance (see section Parent axon morphology 

relative its location in the spinal cord below). 

 Parent axons that gave rise to simple growth cones tended to have more terminals 

than their growth cones (Fig. 4-4A and Table 4-1). Most growth cones with medium (Fig. 

4-4B) and highly complex (Fig. 4-4C) structure were attached to parent axons with few 
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Figure 4-4 – Most PCI growth cones have more branches and tortuousities than their parent axon. 

(A-C) Reconstructions of three PCI growth cones, parent axons, and somata at 7-days after 

axotomy. (A) Simple growth cone. (B) Medium complex growth cone. (C) Highly complex 

growth cone. Grey shaded areas indicate the grey matter. White background between the grey 

matter and midline lesion indicates dense CSPG labelling. Scale bar, 100 m.  
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branches and swellings. There were, however, three exceptions to this general rule (Table 

4-1; 66-6, 67-5, and 66-13). The parent axons of these growth cones had many branches 

near the location where the axon crossed from the grey matter to the CSPG rich lesion site 

(see also section Changes in parent axon morphology relative to its location in the spinal 

cord below). 

 

 

RELATIONSHIP BETWEEN GROWTH CONE MORPHOLOGY AND LOCATION IN 

THE SPINAL CORD 

Growth cone morphology is not dependent on its rostrocaudal location relative to the 

lesion site. In a previous study (Fenrich and Rose, 2009), we found that midsagittal 

lesions often cause damage to the ventral horn adjacent to the rostral, and sometime 

middle third of the lesion. We observed similar damaged zones in the experiments of this 

study. We therefore hypothesized that the heterogeneity between rostral, middle, and 

caudal thirds of the lesion sites may lead to different morphological characteristics of 

growth cones in these regions. The rostrocaudal location of the growth cones was 

determined relative to the rostrocaudal extent of the CSPG labelled lesion site. Growth 

cones were categorized as either within the rostral third of the lesion site, the middle third 

of the lesion site, or the caudal third of the lesion site. Since the mediolateral extent of the 

CSPG labelling is not constant throughout the length of the lesion site, we compared the 

rostrocaudal location of the growth cones to the mediolateral distance the leading tips of 

the growth cones had penetrated the CSPG labelling and the mediolateral distance the 

leading tips of the growth cones was from the midline (Table 4-2). The rostrocaudal 

location of the growth cones was also compared to the maximum size of the growth cones 
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Name

Rostrocaudal location of leading 

tip relative to the rostrocaudal 

extent of the lesion*

Mediaolateral distance from 

the leading tip to the midline 

(micron)**

Mediolateral distance the 

leading tip had penetrated the 

CSPG (micron)***

Location of growth relative 

to midline and lesion 

site****

Rostrocaudal 

size (micron)

Mediolateral 

size (micron)

Dorsoventral 

size (micron)

66-1 C -210 300 CSPG 66 89 48

66-2 M -160 300 CSPG 31 46 6

66-3 M -390 140 CSPG 56 74 40

66-4 M -70 500 ML 50 27 18

66-5 M -550 75 CSPG border 30 102 33

66-6 M -330 290 CSPG 73 104 50

66-7 R -15 570 ML 266 171 191

66-8 M -340 300 CSPG 66 152 102

66-10 C -420 50 CSPG border 52 25 98

66-11 C -435 40 CSPG border 45 50 52

66-12 C -384 -10 CSPG border 146 108 130

66-13 C 80 390 ML 537 210 612

67-1 R -535 -40 CSPG border 114 187 166

67-3 R -280 215 CSPG border 222 233 534

67-5 M -110 675 CSPG 64 120 90

67-7 M -480 250 CSPG 129 176 396

Average - -289.3 252.8 - 121.7 117.1 160.4

*** Negative numbers indicate the mediolateral distance the tip of the growth cone was from penetrating the CSPG.

* R = rostral 1/3 of lesion; M = middle 1/3 of lesion; C = caudal 1/3 of lesion

Table 4-2: Comparison of spatial distribution and size of reconstructed growth cones

** The midline is equal to zero, negative is towards the injection sites and somata of stained PCIs, positive is towards the contralateral spinal cord.

****CSPG border = within 100 m of the border of densly CSPG labelled injury site; CSPG = within the densely CSPG labelled injury site; ML = within 100 m of the midline.
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in the rostrocaudal, mediolateral, and dorsoventral planes (Table 4-2) as well as to the 

number of branches per growth cone. To measure the rostrocaudal size of the growth 

cones we measured the distance between the most rostral and caudal process of the 

growth cone. Equivalent measurements were made in the mediolateral and dorsoventral 

planes. Contrary to our hypothesis, we found no differences between the rostrocaudal 

location of growth cones and their number of branches, distance from the midline, 

penetration of the CSPG environment, or size (p > 0.05, Kruskal-Wallis one-way 

ANOVA and post hoc analysis using Mann-Whitney U test) (Fig. 4-5).   

 

Growth cone complexity is not dependent on its penetration into CSPG or proximity to 

the midline. A previous study by Davies et al, (1999) showed that growth cones within 

the inhibitory environment of a glial scar and surrounded by dense CSPG labelling are 

more complex than growth cones within the white matter away from the injury site. 

Conversely, Li and Raisman (1994) show that growth cones that circumvent the lesion are 

more complex than those within the glial scar. To determine whether PCI growth cone 

structure is dependent on the extent to which it has penetrated the CSPG environment, 

growth cone structure was compared to the distance the growth cones had penetrated into 

the injury site. There was no correlation between the number of branches and the distance 

the growth cone had penetrated the CSPG rich lesion site (Fig. 4-6A). Similar results 

were observed between the length of CSPG penetration and growth cone size (Fig. 4-6B-

D).  

Qualitative observations of reconstructed PCI growth cones seemed to indicate 

that growth cones at the midline and at the edge of the dense CSPG labelling of the lesion 

site had more extensive branching patterns. To test whether the complexity of growth 
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Figure 4-5 – The morphology of PCI growth cones is independent of their rostrocaudal location 

relative to the lesion site. The lesion sites were divided into rostral, caudal and middle thirds, and 

the growth cones were grouped according to the rostrocaudal location of their leading tip. Top 

row: Vertical scatter plots showing the number of branches per growth cone (left), the 

mediolateral distance from the leading tip of each growth cone to the midline (middle), and the 

mediolateral distance from the leading tip of each growth cone to the lateral border of dense 

CSPG labelling (right). Bottom row: Vertical scatter plots showing the size of growth cones in 

the rostrocaudal (left), dorsoventral (middle), and mediolateral (right) plane.  
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Figure 4-6 – The morphology of PCI growth cones is independent of the mediolateral distance 

penetrated into the CSPG rich lesion site. (A) Scatter plot showing the number of ends per growth 

cone relative to the mediolateral distance the leading tip has penetrated the injury site as defined 

by dense CSPG labelling. (B-D) Scatter plots showing the size of growth cones in the 

rostrocaudal (B), mediolateral (C), and dorsoventral (D) planes relative to the mediolateral 

distance the growth cones have penetrated the injury site as defined by dense CSPG labelling.   
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cones is dependent on their mediolateral location, growth cones were grouped according 

to their proximity to the border of the CSPG labelling and midline, and the number of 

branches per growth cone was compared between groups. For each growth cone, the 

terminal of the root axon was used to categorize the mediolateral location of the growth 

cones. The growth cones were: a) within 100 m of the border between the ipsilateral 

grey matter and dense CSPG labelling; b) within the CSPG rich lesion site ipsilateral of 

the midline; or c) within 100 m of the midline (Fig. 4-7A). All growth cones were 

within one of these categories. The number of branches per growth cone was compared 

between groups. Although the average number of branches was higher for growth cones 

at the midline and CSPG border compared to those in the CSPG, these differences were 

not significant (p > 0.05, Kruskal-Wallis one-way ANOVA)(Fig. 4-7B). 

  

 

PARENT AXON MORPHOLOGY RELATIVE ITS LOCATION IN THE SPINAL CORD  

Parent axons become more complex distally. Previous work has shown that uninjured PCI 

axons and regenerated PCI axons at 8-10 weeks post-spinal cord injury have few or no 

branches in the ipsilateral spinal cord (Fenrich and Rose, 2009). Qualitative observations 

indicate that parent axons had more branches near the border of the lesion site defined by 

dense CSPG labelling (Fig. 4-8 and Fig. 4-9). To determine whether the parent axons are 

more complex in certain regions, the parent axons were divided into parts based on their 

mediolateral locations relative to the CSPG border, and the number branches was counted 

for each segment. The parent axon sections were located within: a) the CSPG rich lesion 

site ipsilateral of the midline; b) 100 m of the border between the ipsilateral grey matter 
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Figure 4-7 – (A) Schematic of the C3 spinal cord viewed in the horizontal plane, showing the 

mediolateral divisions used to assign the location of the growth cone (B) or divide the parent axon 

(C). (B) Bar graphs showing the average number of branch ends per growth cone relative to the 

mediolateral location of its leading tip. (C) Bar graphs showing the average number of branch 

ends per parent axon segments relative to their mediolateral location (*p < 0.05, Kruskal-Wallis 

one-way ANOVA and post hoc analysis using Mann-Whitney U test). ML, located within 100 m 

of midline; CSPG border, located within 100 m of border of dense CSPG labelling; CSPG, 

located in the dense CSPG labelling and between the ML and CSPG border; GM located within 

the grey matter. 
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Figure 4-8 – (A) Reconstruction of cell 66-13 in the horizontal (top) and transverse (bottom) 

planes. Part of the anterior median fissure is indicated by a thick black line below the growth cone 

in the transverse reconstruction. Black lines indicate the axon. Dark shaded areas indicate the 

soma. Blue lines delineate the border of the dense CSPG labelling. Scale bars, 50 m. (B) 

Enlarged view of the reconstructed growth cone of 66-13 in the horizontal plane. Scale bars, 100 

m. (C) Enlarged view of the reconstruction of the parent axon of 66-13 near the CSPG border. 

Scale bars, 25 m.  
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Figure 4-9 – Photomicrographs of the parent axon of 66-13 (arrow) at the CSPG border and the 

terminal of 66-12 (arrowhead). Upper trace shows CSPG labelling. Middle trace shows 

Neurobiotin staining. Middle trace is an overlay of the upper two traces. Light grey line indicates 

the border of the CSPG labelling used for analysis, with the dense CSPG labelling to the left of 

the line and the grey matter to the right of the line. Scale bar, 100 m. 
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and dense CSPG labelling; and c) the ventral horn. There were significantly fewer 

branches on parent axon segments within the grey matter compared to segments at the 

CSPG border or within the dense CSPG labelled lesion site (Fig. 4-7C). These data 

suggest that the parent axons retain some of the branching structure of the growth cones 

once the growth cone has proceeded deeper within the CSPG labelling. 
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DISCUSSION 

 

 

Axotomized PCIs spontaneously regenerate through the inhibitory environment of a SCI 

site (Fenrich and Rose, 2009). Here we show preliminary data indicating that regenerating 

PCI growth cones en route to or within a lesion of the spinal cord have a wide range of 

morphological features, and some PCI growth cones are more complex than growth cones 

of regenerating axons arising from other types of neurons.  

 

 

PCI GROWTH CONES COMPARED TO GROWTH CONES OF MOBILE 

REGENERATING AXONS 

A previous study by Davies et al. (1999) shows that adult dorsal root ganglion neurons, 

microtransplanted into rat spinal white matter, regenerate axons through uninjured white 

matter tracts adjacent to the injection site, but not through a SCI site located caudal of the 

injection site. Within the white matter, prior to the SCI site, growth cones had simple 

terminals with few branches and a single terminal swelling. These growth cones were also 

described as streamlined and followed the trajectory of the white matter axons. At the 

grey-white matter interface, Davies et al. found growth cones that had several filopodia 

and a splayed appearance. Both types of growth cones are similar to those described in 

the developing nervous system (Tosney and Landmesser, 1985; Ozaki and Wahlsten, 

1992; Ozaki and Wahlsten, 1993) and were considered as representative of mobile growth 

cones.  

We found that some PCI growth cones had a terminal swelling with few branches 

(Fig. 4-3C,D), similar to growth cones from dorsal root ganglion neurons within the white 
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matter tracts (Davies et al., 1999), but these PCI growth cones were not „streamlined‟ and 

did not have intact white matter tracts to follow. None of the PCI growth cones had 

morphological features similar to the splayed structure of observed at the grey-white 

matter interface. These differences are, however, subject to two caveats. First, PCI growth 

cones were selected based on the intensity of their Neurobiotin staining, their location 

relative to the SCI site, and their location relative to other Neurobiotin stained growth 

cones. These selection criteria may preclude observations of streamlined simple or 

splayed growth cones. Second, our conclusion that PCI growth cones do not have 

morphological characteristics similar to growth cones of bona fide regenerating axons are 

based on a dataset of only 16 reconstructed PCI growth cones. Considering the diversity 

of morphological features observed between these 16 reconstructions, it is possible that 

further reconstructions may yield growth cones with morphological features reminiscent 

of the mobile growth cones of regenerating transplanted DRG neurons (Davies et al., 

1999) or developing axons (Tosney and Landmesser, 1985; Ozaki and Wahlsten, 1992; 

Ozaki and Wahlsten, 1993). 

 

 

COMPARISONS OF GROWTH CONES ON PCI AXONS AND THE TERMINATIONS 

OF AXONS TRAPPED WITHIN SPINAL LESION SITES  

Within SCI sites, the terminals of cut corticospinal axons and transplanted sensory neuron 

axons tend to be branched and tortuous, with multiple varicosities and terminal swellings 

(Li and Raisman, 1994; Li and Raisman, 1995; Davies et al., 1999). We found that the 

growth cones of many regenerating PCI axons have similar morphological features. 

However, some PCI growth cones were far more complex. For instance, the growth cones 
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of cells 67-1, 67-7, 67-3, and 67-13 each had more than 100 branches.  Li and Raisman 

(1994) described the terminals of cut corticospinal axons that were adjacent to the core of 

a lesion and appeared to be circumventing the lesion site. These terminals had regenerated 

further and were more complex than those found in the lesion site. These data indicate 

that the more complex growth cones are better regenerators, and that complexity may be 

used as a marker for mobile growth cones. A similar conclusion regarding the mobility of 

PCI growth cones may be warranted, since the PCI growth cones were typically more 

complex than those of cut corticospinal axons (Li and Raisman, 1994), and the most 

complex PCI growth cone examined was also the growth cone that had successfully 

crossed a short distance across the lesioned midline (Fig. 4-8). Together, these 

observations are consistent with the idea that growth cone complexity may be indicative 

of an enhanced regenerative capacity.  

 

 

PCI GROWTH CONES AT BORDER OF THE CSPG ZONE AND AT THE MIDLINE 

Developing axons (Tosney and Landmesser, 1985; Ozaki and Wahlsten, 1992; Ozaki and 

Wahlsten, 1993) and regenerating axons (Davies et al., 1999) are more complex at 

locations where a directional decision must be made (i.e., branching point in peripheral 

nerves) or there is a change of cellular or molecular environment (i.e., transition between 

grey and white matter). To test whether the same is true for regenerating PCI growth 

cones, we compared the number of branches per growth cone relative to their proximity 

to the CSPG border or the midline (Fig 4-7). Contrary to previous studies, there was no 

significant difference between the numbers of branches at the CGSP border or midline 

compared to other regions. This difference may be due to a fundamental difference in 
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how PCI growth cones interact with transitional zones, or, more likely, due to the small 

number of growth cones reconstructed. 

 

 

PCI PARENT AXONS 

We also examined the morphological characteristics of the parent axons that gave rise to 

the growth cones. The structure of these axons became progressively more complex (e.g. 

more branches) in their more distal segments. Other studies have examined collateral 

sprouting from cut axons (Weidner et al., 2001; Fouad et al., 2001b; Bareyre et al., 2004). 

The morphologies of PCI parent axons were unlike those of axons sprouting collaterals 

from intact regions of the axon. For instance, the parent axons of PCIs were often swollen 

and distended with no collateral-like branching structures or bouton-like swellings. The 

complex regions of PCI parent axons may be the remnant of a growth cone that formed at 

an earlier stage while the axon was en route to its current location. Regardless of their 

origins, the parent axons of regenerated PCIs at 8 to 10 weeks post injury do not have 

these branches or irregular diameters (Fenrich and Rose, 2009), thus indicating that these 

structures are lost, resulting in a more axon-like process as regeneration progresses. 

 

 

CONCLUSIONS 

 This study is the first to provide detailed morphological descriptions of growth 

cones from a class of neuron that that can regenerate functional axons through a SCI site. 

Our data indicates that PCI growth cones have a wide range of morphological features 

and can be composed of hundreds of short branches. Previous studies suggest that at least 
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some of the stained PCI axons will regenerate across the lesion site given more time 

(Fenrich and Rose, 2009). In the present study, using only morphological characteristics, 

we were unable to classify growth cones as mobile or stalled. However, at the post-injury 

interval examined in this study, only one of the reconstructed growth cones within the 

lesion site had crossed the midline. There were no examples of a growth cone that had 

penetrated deep within the lesion site in the contralateral spinal cord. The structure of 

these growth cones may be more informative as these growth cones are at the leading 

edge of PCI axons that have successfully traversed most of the lesion.   
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Chapter 5: 

General Discussion 

 

We have shown that proximally axotomized PCIs are capable of growing axons in 

one of two ways. First, PCIs that fail to regenerate their cut axon can form de novo axons 

from the tips of their distal dendrites. PCI de novo axons have morphological and 

molecular features that are consistent with functional axons. These findings are consistent 

with studies that have examined the formation of de novo axons following proximal 

axotomy in other classes of neurons (Hall and Cohen, 1983; Linda et al., 1985; Cho and 

So, 1992; Rose and Odlozinski, 1998; Rose et al., 2001; Hoang et al., 2005). The second 

main finding of this thesis is that some PCIs regenerate their cut axons through the SCI 

site to the contralateral spinal cord. These regenerated axons have morphological and 

molecular features typical of uninjured PCI axons, and form functional synaptic 

connections with neurons in the contralateral spinal cord. These findings contradict a 

long-held belief that the axons of neurons in the CNS cannot regenerate their axons 

through inhibitory lesion sites (Ramon Y Cajal, 1959; Yiu and He, 2006). An enhanced 

capacity for regeneration of spinal interneuron axons is, however, consistent with several 

other studies which show: (1) spinal interneurons are adept at surviving spinal trauma 

(Conta and Stelzner, 2004), (2) spinal interneurons have a robust capacity for sprouting 

new connections following spinal injury (Bareyre et al., 2004; Courtine et al., 2008), and 

(3) that proximal axotomy leads to a robust regenerative response in other CNS neurons 

(Richardson et al., 1984; Doster et al., 1991; Fernandes et al., 1999; Mason et al., 2003).  
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We also examined the detailed morphological characteristics of PCI growth cones 

within or near inhibitory spinal cord injury sites at 7-days post lesion. We found that most 

PCI growth cones had many branches, swellings, and tortuousities. Curiously, growth 

cones with similar features have previously been described as dystrophic and/or not 

capable of growth through the inhibitory environment of the injured CNS (Ramon Y 

Cajal, 1959; Li and Raisman, 1994; Li and Raisman, 1995; Davies et al., 1999). Since our 

earlier studies indicated that some axons are capable of regenerating through the lesion 

site, we concluded that at least some of the complex PCI growth cones were actively 

elongating and that complex morphologies may be a means whereby the growth cones 

search for the most appropriate path of regeneration.  

Together, the data from this thesis indicate that PCIs have a remarkable capacity 

for axonal growth and regeneration following proximal axotomy. These findings lead to 

many new and exciting questions and future directions for regenerative research, several 

of which are discussed below. 

 

 

DE NOVO AXONS 

De novo axons have bouton-like structures that form close appositions with dendrites and 

meet criteria previously established for identification of functional synapses (Fyffe, 1991; 

Rose et al., 1999). However, whether these de novo axons are functional is unknown. 

Recent work has shown that the bouton-like structures of motoneuron de novo axons 

contain the synaptic vesicle markers synaptophysin and SV2, and that the main shafts of 

these de novo axons have voltage-gated Na
+
 channels, which are required for action 

potential propagation (unpublished observations from the Rose lab). Collectively, these 
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data suggest that de novo axons have the molecular machinery and morphological 

characteristics required to transmit action potentials and form functional synaptic 

connections with other neurons. However, several gaps in our knowledge must be filled 

before we can definitively claim that do novo axons are functional contributors to neural 

networks. For instance, although Hoang et al. (2005) have shown that rat motoneuron and 

autonomic neuron de novo axons have enzymes necessary for the production of  the 

neurotransmitter acetylcholine (i.e., choline acetyltransferase), no study has yet examined 

whether the bouton-like terminals of de novo axons contain neurotransmitters or whether 

the post-synaptic membranes contain the appropriate receptors for these 

neurotransmitters. In addition, to date, no study has yet recorded an action potential from 

a de novo axon or post-synaptic responses evoked by a de novo axon action potential. 

Establishing whether de novo axons are functional is an essential step for ascertaining 

how de novo axons contribute to neural networks following nervous system injury. 

 

Whereas intact PCI axons project to the contralateral spinal cord, all of the de novo axons 

described in this thesis were restricted to the ipsilateral spinal cord. Assuming that PCI de 

novo axons are functional (see above), their projection only to the ipsilateral spinal cord 

indicates that they do not recapitulate the neural wiring of the intact spinal cord. This 

raises two questions: with what neurons do de novo axons form connections, and do these 

new connections contribute to neurological recovery or neurological defects?  

Assessment of the connectivity of PCI de novo axons may include two levels of 

analysis: the first is an examination of the projections of de novo axons (i.e., dorsal or 

ventral, rostral or caudal), and the second is an examination of the neurons with which de 

novo axons form connections. Data in Chapter 2 indicate that PCI de novo axons are 
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restricted to the ventral regions of the spinal cord, and are therefore unlikely to innervate 

neurons of the dorsal horn. This is an important finding since noxious sensory stimuli are 

relayed through dorsal horn neurons and activation of these neurons can lead to painful 

sensations (Cameron et al., 2006). Although our data indicate that PCI de novo axons are 

restricted to the ventral horn, we have no data indicating the types of neurons with which 

de novo axons form connections. Experiments for elucidating these connections may 

include staining a variety of neurons in the ventral horn, including motoneurons, 

autonomic neurons, and other interneurons, and examining whether PCI de novo axons 

form synaptic contacts with these neurons. Staining these ventral horn neurons can be 

accomplished either through intracellular staining techniques or by using genetic mouse 

models in which specific cell types express fluorescent proteins (for example see Zhang 

et al., 2008).  

The behavioural consequences of PCI de novo axon formation was not examined 

for this thesis. The lesion protocol used in this thesis is poorly suited for evaluating 

functional changes due to de novo axon formation for two reasons. First, transecting 3-6 

mm of the C3 midline does not cause any obvious neurological deficits. However, these 

lesions transected only a small portion of the cervical midline. Also, we did not use 

quantitative tools to test neurological function; therefore subtle changes in neurological 

function would be easily missed. Second, measurements of behavioural changes 

associated with de novo axon activity are confounded by the behavioural changes 

associated with functional regeneration of PCI axons across the lesion site. These 

observations indicate that a different PCI injury model is required to assess whether de 

novo axons of PCIs contribute to neurological recovery or deficit following SCI. The new 

PCI injury model would have to meet two criteria: (1) the changes in sensory and motor 
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function must be measured quantitatively using behavioural tests or sensitive measures of 

kinematics (i.e., EMG activity), and (2) the formation of de novo axons must be regulated 

(i.e., one group of spinal cord injured animals would have de novo axons, and the other 

group of spinal cord injured animals would have no de novo axons). This second point is 

a particularly important control, since plastic changes other than de novo axons may also 

contribute to neurological function, which would confound the interpretation of the data. 

Collectively, with this data we could begin to assess whether it is beneficial to promote or 

inhibit de novo axon formation and expansion, and to develop therapies to regulate de 

novo axons. 

 

In order to develop therapies to control de novo axon formation and expansion, one must 

understand the cellular mechanisms which lead to de novo axon formation. Although 

there are no studies that have yet examined the molecular mechanisms which lead to de 

novo axon formation, the current literature and our findings provide insight into where 

such studies should be focused. For instance, two important observations based on the 

formation of de novo axons in motoneurons are: (1) if the original axons re-establish 

connections after the formation of de novo axons the de novo axons retract (unpublished 

observations from the Rose lab), and (2) few or no de novo axons form on cells that are 

distally axotomized (Sumner and Watson, 1971; Standler and Bernstein, 1982; Hall and 

Cohen, 1983; Yawo, 1987; Hall and Cohen, 1988b; Brannstrom et al., 1992a; Brannstrom 

et al., 1992b; Hall et al., 1997; and unpublished observations from the Rose lab) despite 

an increase in growth associated proteins (Fu and Gordon, 1997). The first observation 

suggests that the formation of PCI de novo axons and axonal regeneration may occur 

simultaneously and that the connectivity of the original axon affects the stability of de 
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novo axons. This conclusion, however, implies that there is a transition period between 

the establishment of connections by the original axon and the retraction of the de novo 

axons. During this period the original axon is regenerating and de novo axons are 

emerging. We did not observe such a transition state in any of the PCIs in Chapter 2. 

However, our sample size is small and we only searched for de novo axons at a single 

post-axotomy interval (4-5 weeks), so we cannot discount this possibility. The second 

observation indicates that axotomy alone does not lead to de novo axon formation, and de 

novo axon formation requires additional cues. Collectively these findings show that 

although de novo axons are dependent on the increased growth proteins associated with 

axotomy, these growth proteins are present in the distal tips of dendrites only under 

certain conditions. This observation implies that the formation of de novo axons may be 

highly dependent on the trafficking of growth proteins, or the constituents needed to make 

these proteins, to the distal tips of dendrites. Neurons are polar cells, and the movement of 

axonal and dendritic molecules within axonal and dendritic compartments respectively is 

highly controlled (Horton and Ehlers, 2003). Therefore, a reasonable starting point for 

elucidating the mechanisms that lead to de novo axon formation is an examination of the 

trafficking of axonal proteins to distal dendrites. For example, ankyrin-G is a protein that 

anchors voltage gated Na
+
 channels to the cell membrane within the axon initial segment 

and nodes of ranvier (Berghs et al., 2000; Jenkins and Bennett, 2001). Ankyrin-G is also 

associated with regulating the flow of proteins to the more distal segments of the axon 

(Horton and Ehlers, 2003). Selected deletion of ankyrin-G in mouse Purkinje cells causes 

axonal projections to develop with dendritic characteristics (Sobotzik et al., 2009).  These 

findings suggest that ankyrin-G prevents the flow of dendritic proteins down the axon, 

and thus plays a role in neuronal polarity. The inverse of this phenomenon may cause de 
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novo axons to form; following proximal axotomy ankyrin-G may accumulate in dendrites, 

restricting dendritic proteins from accessing distal dendrites, thus leading to axonal 

sprouting.  

 

 

SPONTANEOUS AXONAL REGENERATION ACROSS THE LESION SITE 

One of the most pressing questions arising from Chapter 3 is what is/are the 

mechanism(s) that allow PCI axons to grow through the inhibitory environment of a 

spinal lesion. We suggest three possible mechanisms for this phenomenon: PCI growth 

cones (1) are not responsive to the inhibitory environment, (2) have a regenerative 

capacity that supersedes the effects of inhibition, and (3) are capable of navigating 

through the inhibitory zones of the spinal injury site by finding the least inhibitory route. 

Although these mechanisms are presented as distinct and separate possibilities, 

determining whether any, or all, of these phenomenon occur in combination is a far more 

appropriate and comprehensive question. A key experiment in answering this question is 

determining the relative distribution of growth cone stabilizing and growth cone 

collapsing proteins within the growth cones of regenerating PCI axons, and comparing 

these distributions to the relative intensity of the surrounding inhibitory molecules and 

trophic molecules. In Chapter 4 we show that PCI growth cones are complex with many 

branches, varicosities, and tortuousities, which may be consistent with a „path finding‟ 

approach for navigating the least inhibitory parts of the lesion site. GAP-43 and F-actin 

are associated with growth cone stability and regeneration (Dent and Gertler, 2003). 

Preliminary experiments indicate that GAP-43 and F-actin are present within growth 

cones and that their distribution within growth cones is dependent on the extracellular 
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levels of CSPGs. These data suggest that growth promoting or growth limiting proteins 

may be distributed to specific regions of the growth cones of regenerating PCI axons, 

presumably in response to inhibitory or trophic cues from the environment through which 

they are navigating. Taken together, the complexity of the growth cones and the 

distribution of growth proteins to certain regions of the growth cones relative CSPG 

labelling indicate that PCI growth cones may use more than one approach for penetrating 

the lesion site, but more experiments are required to draw any definite conclusions.  

 Two types of axons have been shown to have the ability to regenerate through a 

CSPG rich spinal cord injury site: PCIs (Chapter 3), and spinal DRG axons following a 

minimal pin-prick lesion (Dray et al., 2009). DRG axons, however, only regenerate 

through a spinal transection lesion following therapeutic interventions to promote 

regeneration (Lu et al., 2004; Kadoya et al., 2009). PCIs, therefore, appear to be unique in 

their ability to regenerate axons through a spinal transection of the adult mammalian 

spinal cord without therapeutic interventions. Whether axonal regeneration through an 

environment that contains inhibitory molecules is a common feature of many types of 

spinal interneurons or a common feature of all proximally axotomized CNS neurons is 

unknown. Previous studies have shown that other types of spinal interneurons survive 

following a spinal cord injury (Conta and Stelzner, 2004) and are very plastic following 

spinal injuries (Bareyre et al., 2004; Courtine et al., 2008). Also in the study by Courtine 

et al. (2008) retrograde tracing studies were performed on mice 10 weeks following left 

spinal hemisections. In these experiments they injected a retrograde tracer below the 

lesion site and found that there was an increase in the number of stained ipsilateral spinal 

interneurons above the injury site. This increase in retrogradely labelled interneurons may 

indicate that some of these neurons regenerated across the SCI site, whereas other may 
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have sprouted new connections that circumvented the SCI site. In addition, Courtine et al. 

(2008) also found that at 10-weeks post-hemisection mice usually recovered bipedal 

hindlimb stepping and selective ablation of spinal interneurons just above the spinal 

hemisection eliminated recovered motor function. Taken together, the study by Courtine 

et al. (2009) shows that ipsilaterally projecting spinal interneurons may regenerate across 

a SCI site, but if true, they alone cannot mediate locomotor function.  

Other types of CNS neurons have been shown to express high levels of 

regenerative molecular machinery following a proximal axotomy compared to a distal 

axotomy (Doster et al., 1991; Fernandes et al., 1999; Mason et al., 2003). It was not, 

however, examined in these studies whether the axons of proximally axotomized neurons 

were capable of regeneration deep within or through the lesion site. Work by Richardson 

et al. (1984), has shown that red nucleus, ventrolateral pontine tegmentum, and raphe 

neurons are capable of more robust regeneration into peripheral nerve grafts when 

axotomized at the cervical level (i.e., proximal axotomy) compared to when they are 

axotomized in the thoracic and lumbar cord (i.e., distal axotomy). Taken together these 

studies suggest that spinal axons cut close to the soma may be capable of regeneration 

through a SCI site.  

 

Our studies of axonal regeneration focus primarily on three post-injury intervals: 0-days, 

7-days, and 56-72 days. We found that regeneration occurs primarily between 7 and 56-

72 days post-axotomy. We therefore do not know whether regeneration occurs near 7 

days post-axotomy, or at later post-axotomy times. Data from Chapter 2 indicates that at 

least some regeneration occurs by 4-5 weeks post-axotomy, but we did not systematically 

evaluate the extent of regeneration of characterize the distribution of CSPGs at this time 
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interval. This raises the questions: at what post-axotomy interval do PCI axons regenerate 

across the lesion site, what is the distribution of inhibitory molecules at this post-axotomy 

interval, and does the lesion site contain growth promoting molecules at this time? To 

answer these questions one can correlate the levels of regeneration with the distributions 

of CSPGs and growth permissive/trophic molecules such as laminin or BDNF at multiple 

times between 7-days and 56-days post-injury.  

At all post-axotomy intervals, we found that PCIs with axons that crossed the 

midline only have a single axon that emerges from the soma or a proximal dendrite. 

However, due to the long interval between 7-days and 56-72 days post-injury we cannot 

definitively conclude that the regenerated axons emerged from the cut axon tips. 

Alternatively, the original cut axon may have retracted and a new axon emerged from the 

soma or proximal dendrites. To test whether this is the case one may examine whether 

PCIs have more than one axon (i.e., one axon retracting and one emerging) or no axons 

(i.e., at the point where the first axon has retracted, but the first has not yet begun to 

grow) at any post-axotomy interval. This may be accomplished either using classical 

neuron staining and reconstruction techniques or by using fluorescent transgenic animals 

in which only PCIs are fluorescent. These experiments may be performed in parallel with 

those proposed in the previous paragraph. 

 

One of the underlying goals of this thesis is to promote the use of spinal interneurons as a 

viable model for examining CNS regenerative processes. The methods developed for this 

thesis provide a framework to study axonal regeneration in the adult mammalian spinal 

cord. However, all of the experiments of this thesis were performed on adult felines. For 

most laboratories, felines are difficult to acquire, expensive, require large amounts of 
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space, and require specialized care and equipment for experimentation. These limitations 

make feline models inaccessible for most laboratories. In addition, felines are not 

currently amenable to genetic manipulation, and thus one cannot examine how specific 

genes affect interneuron regeneration using these animals. These factors indicate a great 

need for a more accessible model of adult mammalian interneuron regeneration, 

specifically mouse and rat models. Such models are more affordable and accessible to 

multiple laboratory setups, and can be genetically controlled to examine the effects of 

certain genes on regeneration.  

Rodent models also hold the promise of providing a means of identifying the 

regenerating cells in a more specific and functional manner. There are several classes of 

PCI, and each class plays a particular role in motor function (Zhang et al., 2008; Stepien 

and Arber, 2008). Rodent models have been developed in which specific classes of PCIs 

have been deleted or fluorescently tagged (Zhang et al., 2008). Therefore, rodent models 

also provide a means of identifying whether certain classes of PCI are better regenerators 

than other, and whether regenerated PCIs retain their original classification or transform 

to a new cell type that meets new functional objectives.  

One drawback of rodent models is that they are not amenable to cervical 

midsagittal lesion protocols. This is due primarily to the small size of their spinal cords 

and because such lesions would damage the corticospinal axon tract that is located along 

the midline just ventral of the posterior medial sulcus in rodents. Cervical midsagittal 

lesions in rodents may therefore cause quadriplegia and drastically increase the need for 

specialized animal care. Conversely, severe lesions of the lower thoracic and lumbar 

spinal cord are routinely performed on rodents in many labs. Midsagittal or transverse 
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transection lesions of the lumbar spinal cord may therefore prove to be a more useful 

lesion model for examining interneuron regeneration in the rodent. 

 

CONCLUSION 

We have shown that PCIs have a remarkable capacity for axonal growth following 

proximal axotomy. This growth is in the form of de novo axons or regeneration of axons 

across the spinal cord injury site. These findings provide the stimulus for studies of the 

behavioural consequences of the formation of these axonal processes and the mechanisms 

that lead to their formation. In this regard, we have laid the foundation and framework for 

many future studies regarding the regenerative capacity of CNS neurons and spinal 

interneurons in particular.   
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